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Eutrophication, the transition of an aquatic ecosystem from nutrient-scarce to nutrient
enriched conditions, is a water quality concern for rivers and coastal zones globally. The
tidal freshwater (TFW) Potomac River, in particular, was strongly impacted by
anthropogenic eutrophication throughout the twentieth century. Hydrometeorological and
in situ biogeochemical factors may contribute to the persistence of eutrophic conditions in

the TFW Potomac River, despite advancing nutrient management initiatives.

This study investigated the patterns of TFW Potomac River eutrophication and examined
water quality relations to nutrient inputs, climate change, and in situ factors over the

1985-1997 period. Eutrophication indicators included total phosphorus (TP), total



nitrogen (TN), and algal biomass as Chlorophyll a (Chl a). Nutrient inputs from the non-
tidal river and nearby wastewater treatment plants (WWTPs) were examined separately
and in aggregate. Climatic factors, such as solar energy, air temperature, wind,
precipitation, and freshwater inflow, were also considered. /n situ factors comprised both

abiotic (e.g., pH) and biotic (e.g., the Asiatic clam, Corbicula fluminea) variables.

Statistical parametric, non-parametric and graphical methods were used to analyze
historical data from various federal, state, and local monitoring agencies, both before and
after a basin-wide ban on phosphate in laundry detergents. A field study over summer
1997 further clarified effects of partial effluent denitrification at Blue Plains, the region’s
largest WWTP. Data analysis examined patterns and relations longitudinally, across

various temporal scales (multi-day, seasonal, annual, and inter-annual).

Ambient nutrient concentrations were generally an attenuated function of upstream source
nutrient concentrations. TP was longitudinally stable, while TN crested near the outfall
pipes from the largest WWTPs. Below this area, Chl a increased substantially. Chl a
varied directly with 14-day solar energy, 4-day temperature and, in upper segments, wind
speed; and inversely to freshwater inflow and, in lower segments, 4-day wind speed. Chl
a also increased with TP during warm, dry weather, consistent with pH-related sediment

TP release. No clear relation was established between Corbicula and algal biomass,



however. Both the phosphate detergent ban and Blue Plains denitrification were found to
have limited impact on TFW Potomac eutrophication. Season-specific and year-to-year

patterns and relations are also discussed.



1.0 Introduction

The Nutrient Enrichment Crisis

Civilization’s tremendous population growth is, quite literally, fed by nutrients. Whereas
nutrient availability once limited agricultural productivity, humanity now fertilizes lands
with nutrients such as phosphorus (P) from strip mines and guano mounds and nitrogen
(N) fixed from the atmosphere by legumes, industrial processes, and internal combustion
engines. Farmers apply excess nutrients consolidated from animal manure to their crops,
while municipal sewage sludge is distributed over manicured landscapes. Nutrients not
recycled and retained in the human economy, meanwhile, are delivered as byproducts to
the greater biosphere. Such anthropogenic nutrient enrichment alters historical patterns of
biogeochemical cycling and ecological communities (Schlesinger 1991; Paerl 1993;

Nixon 1995; Vitusek et al. 1997; Carpenter ef al. 1998).

Naumann (1919) first noted that lakes low in nutrients like nitrogen, phosphorus, and
calcium have fewer planktonic algae and lower organic production than those in more
fertile regions nearer to human activity. In addition to increasing phytoplankton, a variety
of impacts of nutrient enrichment on net primary production, aquatic community

structure, water column chemistry, and biogeochemical cycles have since been identified



(Thienemann 1922; NAS 1969; Likens 1972; Neilson and Cronin 1981; Majumdar et al.
1987; Ryding and Rast 1989; Harper 1992; Carpenter ef al. 1998; NRC 2000). Of
particular concern is the emergence of nuisance algal blooms. When fertilized by
anthropogenic nutrients, such blooms lead to the increased accumulation of organic
matter (OM), change in aquatic community structure, hypoxia, fish kills and other
symptoms of aquatic ecosystem degradation (Axelrad ef al. 1981; Thompson and Ho
1981; Majumdar et al. 1987; Paerl 1988; Oviatt et al. 1989; Ryding and Rast 1989;
ICPRB 1990; Nilsson 1991; Epstein 1993; Carpenter et al. 1998; Nelison and Stefels

1998; NRC 2000).

This fertilization and its effects are collectively associated with the term "eutrophication,”
the transition of an aquatic ecosystem from oligotrophic (nutrient-deprived) to eutrophic
(nutrient-enriched) or even hyper-eutrophic conditions (Weber 1907; Naumann 1919;
Rodhe 1969; Correll 1999). Eutrophication has been observed in freshwater, estuarine
and marine habitats around the world (NAS 1969; Ryther and Dunston 1969; Neilson and
Cronin 1981; Ryding and Rast 1989; Nixon 1990; Harper 1992). “Cultural
eutrophication” is sometimes used to describe the phenomenon whereby eutrophic
conditions are human-induced, as opposed to naturally occurring (Goldman and Horne
1983). Cultural eutrophication has had enormous impacts on aquatic ecosystems from
European lakes and rivers to estuaries along the Pacific rim (NAS 1969; Neilson and
Cronin 1981; OECD 1982; Banens and Davis 1988; Harper 1992; Nakanishi ef al. 1992;

Vandijk et al. 1994).



Meanwhile, removal of human-derived nutrients has helped restore water quality over
time in various aquatic systems (Edmondson and Lehman 1981; Levine and Schindler
1989; Mauleg et al. 1973; Moshiri et al. 1981; Nixon 1987; Smith 1981). This is
particularly relevant given the estimated hundreds of millions of dollars in annual costs
and benefits per regional watershed (Donlan and Ewen 1995). Rates of ecosystem
recovery are nonetheless highly variable, with eutrophication often persistent and

recovery slow (Carpenter ef al. 1998; Harper 1992; Kunishi 1988).

As human settlement and population have increased, so too have nutrient loads and their
impacts on aquatic systems (Hessen ef al. 1997; Howarth et al. 1994; Nixon 1990; Paerl
1993; Smith et al. 1999). Meybeck (1982) estimated world-wide river loads of N have
doubled and loads of P have tripled since pre-industrial times. In the Chesapeake Bay
watershed, USA sediment cores and other methods indicate about an order of magnitude
increase in nutrient loads since colonial times (Boynton et al. 1995; Cooper 1995; Cooper

and Brush 1993).

Increasing nutrients in the Chesapeake were associated with an increase in algal biomass,
as measured by chlorophyll a (Chl a) during the second half of the twentieth century
(Harding 1994; Harding and Perry 1997). Similar concurrent increases in nutrients and
algal blooms or hypoxia were observed from the Western Dutch Wadden Sea (Marsdiep)

and to the Louisiana Continental Shelf (Cadee 1986, 1992; Eadie et al. 1992). Twenticth



century demographics along the Potomac River watershed, a Chesapeake tributary,
further illustrate how burgeoning urbanization and consequent cultural eutrophication
rapidly overwhelmed smaller freshwater and estuarine systems (Bartsch 1961; ICPRB

1990; Jaworksi and Hetling 1970).

Coastal and estuarine waters such as these comprise only 10% of the world’s oceans, but
produce 40% of global oceanic primary production (Mantura et al. 1991). They serve as
spawning grounds for a variety of anadromous fish and shellfish, as well as habitats for
various catadromous fish. For instance, over 60% of Atlantic fisheries species spend
some portion of their lives in estuaries (Seaman 1988). Coastal zones and estuaries are
also “among the most intensively fertilized environments on earth” (Nixon et al. 1986).
Thus, estuarine vulnerability to cultural eutrophication is a serious threat to fisheries

world-wide (e.g., Majumdar et al. 1987).

The Importance of River-Dominated Estuaries

Vitusek and colleagues (1997) declared that human alterations to the N cycle have greatly
increased N delivery from rivers to estuaries and coastal zones, changing community
composition and ecosystem function, and resulting in a long-term decline in fisheries.

Other researchers have echoed these concerns (e.g., Carpenter et al. 1998).



River-dominated estuaries deliver anthropogenic nutrients and nutrient-fertilized organic
matter in river water to coastal zones, thus linking human actions to coastal responses
(Kennedy 1984). Justic and colleagues (1995a and 1995b), for example, have
demonstrated how riverine supplements of anthropogenic nutrients have greatly impacted
coastal zones in the Adriatic Sea, Gulf of Mexico, and possibly elsewhere. Similar coastal
plumes of nutrient-enriched river water have been widely reported in the literature (e.g.,

NOAA 1995, 1997).

Human settlement has blossomed along North America’s coastlines over the past century,
increasing population over 50% from 1950 to 1990 in mid-Atlantic watersheds alone
(Culliton ef al. 1990). This includes urbanizing areas along river-dominated estuaries
such as the Chesapeake Bay and its tidal tributaries (Maryland, Virginia, and Washington,
DC); the Delaware River and Bay (Delaware, New Jersey, and Pennsylvania); Long
Island Sound, Hudson River and Raritan Bay (New York). Human impact on their
respective watersheds has been intense (Briggs ef al. 1989). Furthermore, hyper-eutrophic
conditions have been reported in 9 of 22 estuaries in the mid-Atlantic region, across
almost 20% of its estuarine surface area (NOAA 1997). The degree of cultural
eutrophication along these riverine estuaries may predicate similar problems along the

Atlantic shelf.

The majority of mid-Atlantic estuaries’ watersheds lie above falls which separate

Piedmont rivers from tidal coastal zones. In places like the Chesapeake, Patuxent, and



Potomac estuaries, the bulk of nutrient loads come from riverine inputs above the fall
line, along with waste water treatment plants (WWTPs) near the head of estuary
(Magnien et al. 1992; Boynton et al. 1995). There is also significant nutrient removal
with distance downstream — about 50% of N entering the Chesapeake Bay and 50% of N
and P entering the Delaware Bay (Fisher ef al. 1988). Meanwhile, Bennett (1983)
estimated such nutrient removal as high as 82% for N and P in the Potomac River estuary.
Consequently, such estuaries are important as both conduits for and attenuators of

anthropogenic nutrients heading towards the adjacent coastal shelf (Kennedy 1984).

The Role of the Tidal Freshwater River

In a river-dominated estuary, freshwater inflow strongly influences hydrodynamics and
chemistry near the head of tide (Callender et al. 1984; Lippson et al. 1981). Thus tidal
freshwater (TFW) conditions (salinity < 0.5 ppt) characterize the most upstream tidewater

habitats.

Prior to reaching the brackish estuary, nutrients entering the TFW area often contribute to
local cultural eutrophication (e.g., ICPRB 1990). Organic carbon (C) inputs, for instance,
create highly turbid, bacteria-rich, and hypoxic conditions along the TFW Hudson River
(Findlay et al. 1991; Findlay ef al. 1991). Nutrient fertilized algal growth also supplies
endogenous organic C to tidal freshwater areas. In fact, algal biomass accumulation can

be greater here than in either upstream rivers or downstream brackish waters (Deseve



1993; Marshall and Affronti 1992). Sellner et al. (1988) have furthermore described how

detritus from such TFW algal blooms may fuel seaward hypoxia.

Specific TFW characteristics allow river sediments to settle and other nutrient filtrating
processes to occur (e.g., Bennett 1983). Critical among these is prolonged, but variable
hydrologic residence time and concomitant lower current velocities relative to upstream
flowing waters (Lippson et al. 1981; Schunardt et al. 1991). In keeping with TFW
hydrodynamics, water levels oscillate with tides about one meter in the tidal freshwater
Potomac River, for instance, and water parcels frequently change velocities and directions
(Lippson et al. 1981; Schunardt ez al. 1991). Lower conductivity permits biogeochemical
processes in this area which are distinct from those of salinity-buffered waters

downstream (e.g., Jones 1991; Sellner ef al. 1988).

As a result, Schunardt e al. (1991) stated, “tidal freshwater reaches are an important site
of physical, chemical, and biological processes which may alter riverine input before it
reaches the freshwater seawater interface.” The tidal freshwater zone plays a critical role
in both transporting nutrients and transforming water quality en route to brackish and
ocean waters. Thus understanding the response of TFW areas to increased nutrients and
their ability to mitigate anthropogenic nutrient loads under various hydrometeorological
and nutrient management regimes is crucial to protecting downstream estuarine and

coastal zones.



Eutrophication in the Tidal Freshwater Potomac River

The following case study investigates the impacts of variable fertilization rates,
hydrometeorological conditions, and in situ factors on cultural eutrophication in the tidal
freshwater Potomac River. This area ranks among the few most eutrophic TFW systems
along the mid-Atlantic USA (NOAA 1997). The TFW Potomac River also provides a
critical vector for delivering nutrients from the upper watershed (above the fall line) and
adjacent Washington, DC metropolis to the lower Potomac estuary and Chesapeake Bay

(Bennett 1983; Lippson ef al. 1981).

As alluded to above, the tidal freshwater Potomac River is situated within a growing
metropolitan region actively engaged in ongoing efforts to mitigate cultural
eutrophication (Callender ef al. 1984). These efforts have included ongoing non-point
source controls, WWTP upgrades to remove C (as of the 1950s) and P (1970s), and a
basin-wide ban on phosphate (PO,) in laundry detergents (mid-1980s). Such actions
helped to reverse long-term increases in P inputs, even as N inputs continued to rise
(Champ et al. 1980). Effluent nitrification (starting in 1981) and denitrification (starting
1996) at Blue Plains, the area’s oldest and largest WWTP, aim to similarly control N in

the TFW Potomac and beyond (Shultz 1989).

The overarching goal of this project is to characterize the causal linkages between driving

factors (e.g., nutrient inputs, light, temperature, and flow) and eutrophication-related



water quality responses before and during management efforts over the 1985-1997 period.
Investigated water quality responses include ambient concentrations of total nitrogen
(TN), total phosphorus (TN), and Chl a. For these indicators, principle objectives are:

1. To examine longitudinal integration: determining how the tidal freshwater Potomac
integrates (or attenuates) inputs along its length, and algal response, from the fall line
through near brackish waters;

2. To characterize factor-response relations: identifying and prioritizing key factors
which drive variability with respect to water quality responses;

3. To analyze temporal patterns: distinguishing multi-day patterns, seasonal periods,
and inter-annual trajectories of factors and responses over the period of study; and

4. To relate patterns in factors and responses across various temporal scales.

The study begins with a review of characteristics and factors affecting eutrophication in
various freshwater systems (Section 1.1). Next, a conceptual model is derived from this
literature (Section 1.2), in order to generate hypotheses about the dynamics of TFW
eutrophication. The metropolitan tidal freshwater Potomac River study site is then

introduced in some detail (Section 1.3).

Analysis begins (Section 2.0) by integrating various agencies’ historical water quality
data (1985-1995) from the decade before denitrification was initiated at Blue Plains
WWTP. This is supplemented by water quality data my colleagues and I collected during

a subsequent summer (1997). Exploratory data analysis and non-parametric statistics are
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then utilized to examine various spatio-temporal patterns and relations between water
quality responses and underlying factors along the TFW Potomac. Specific analyses
address hypotheses related to:

e Longitudinal Patterns (Section 2.1)

e Factor-Response Relations (Section 2.2)

e Multi-day Dynamics and Functional Relations (Section 2.3)

e Seasonal Patterns and Relations (Section 2.4)

¢ Inter-annual Patterns and Reponses to Nutrient Management (Section 2.5)

The study concludes with (Section 3) a discussion of implications for future research and

management of eutrophication in this and related tidal freshwater habitats.



1.1 Tidal Freshwater Eutrophication

The tidal freshwater zones of river-dominated estuaries belong to a class of freshwater
aquatic systems which also includes lakes, rivers, and reservoirs. Despite variable
morphology and hydrology, Table 1 summarizes similarities across these ecosystems in
terms of the relative importance of external nutrient inputs and nutrient cycling, as well as
endogenous versus exogenous sources of carbon and organic matter (Kimmel ez al. 1990;
Lippson et al. 1981; Schunardt et al. 1991). Such commonalities have led to descriptions
of both reservoirs and tidal freshwater rivers as being “river-lake hybrids” or “as much
like a lake as [like] a river” (e.g., Bartsch 1961; Kimmel et al. 1990). As a result, river,
lake, and reservoir studies help to clarify the characteristics of and factors underlying tidal

freshwater eutrophication.

Characterizing Eutrophication in Freshwater Systems

Due to the variety of circumstances and consequences of eutrophication, some
subjectivity exists in characterizing the specific trophic status of an aquatic ecosystem. In
temperate lakes, eutrophication is characterized by various biological, chemical, physical
and water usage components (Ryding and Rast 1989). Eutrophic lakes have higher animal

and plant production, greater biomass, more frequent algal blooms, and greater green

11
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algae and cyanobacteria (blue-green algae) relative to other algae and vascular plants.
Hyper-eutrophic conditions, meanwhile, may equate with substantial reduction in lake
biodiversity. Eutrophy also relates to hypoxia or anoxia (low or undetectable oxygen) in
benthic (profundal) waters during thermal stratification, along with occasional peaks in
specific conductance. Oligotrophic lakes are generally large and deeper, with cold benthic
waters. In contrast to eutrophic lakes, oligotrophic lakes' water quality generally permits

usage for most domestic, industrial, and recreational purposes.

Taylor et al. (1980) summarized various trophic classification criteria for temperate lakes.
Among related efforts, the OECD (1982) used experts' judgment to classify over 100
European lakes into trophic levels — oligotrophic, mesotrophic, eutrophic, and hyper-
eutrophic. Ranges for specific trophic indicators were then derived for each trophic level,
as presented in Table 2. The United States Department of Agriculture recently developed
a similar classification system for American lakes (USDA 1999). Using multiple
indicators may lead to multiple classifications for the same water body, however. For
example, eutrophic or hyper-eutrophic conditions existed at 35-75% of European lakes
when classified using different parameters (Ryding and Rast 1989). Thus, composite or

integrative indices could more accurately quantify a pattern of potential eutrophication.

Vollenweider (1968, 1975, 1976) established a series of meaningful composite indices for
temperate lake eutrophication. These integrate input dynamics and basin morphology,

such as the ratio of areal TP load to areal water load or of TP input concentration to
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hydrologic residence time. Once accurately calibrated, these indices provide means to
functionally link anthropogenic phosphorus inputs with cultural eutrophication. These P-
specific indices do not account for N limitation in P saturated lakes or tropical lakes,

however (Ryding and Rast 1989).

Carlson (1977), meanwhile, developed his trophic state index (TSI) by associating key
eutrophic indicators (Secchi depth, TP, and Chl a) through power-transformed linear
regressions. The resultant unit-less TSI provides a standard metric and range (0-100) for
characterizing lake eutrophication across water quality parameters, as shown in Table 3.
Carlson (1977) furthermore suggested that similar regression techniques could link the
TSI with other parameters, such as ambient N or nutrient input rates (see examples in
Appendix B). Each of these approaches — OECD, Vollenweider, and Carlson — provides

empirically meaningful methods for characterizing trophic state in lakes.

In lotic systems, faster flows and more shallow, elongated morphology result in shorter
hydrologic residence time, and rapid downstream flushing of nutrients and algal biomass.
Faster flows also produce greater hydrologic advection (horizontal transport) of
sediments, thereby increasing turbidity and decreasing light available for photosynthesis.
As a result, trophic classification schema for lakes may only be appropriate for the most
slow moving riverine systems (USEPA 1999b). Nonetheless, nutrient enrichment does
produce patterns of cultural eutrophication in rivers. For example, enrichment tends to

result in an upstream migration of ecological features normally found in lower river
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reaches (Hynes 1969). Riverine nutrient enrichment is often followed by a longitudinal
progression of enhanced algal productivity, decomposition and consequent dissolved
oxygen (DO) consumption in benthos (bottom water and floor), which produces a
laterally displaced oxygen sag some distance downstream from nutrient inputs (Goldman
and Horne 1983). In tidal rivers, there may also be downstream increases in higher

trophic-level organisms, including fish (Tsai et al. 1991).

These modified symptoms of eutrophication led the United States Environmental Agency
(USEPA) to develop a distinct trophic classification system for rivers and streams
(USEPA 1999b). Based on Dodds et al. (1998), the USEPA parameters and schema
(Table 4) resemble those of OECD for lakes. In lieu of subjective professional judgment,
however, USEPA establishes trophic boundaries at successive 33% intervals along the
cumulative distribution function (CDF) for each parameter (TP, TN, Chl a) across all
published studies. The CDF at a given value in a data distribution is the percentage of

data points which are less than or equal to that value.

While identifying tiers of relative eutrophication between lotic ecosystems — by definition
one third of all examined systems are eutrophic — this “bottom-up” classification schema
is not free from sampling bias underlying publishable studies. For instance, if all
published studies were conducted on eutrophic rivers, then USEPA’s tiers would each

represent one third of the range in eutrophic rivers alone. Thus, this mechanism may
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inappropriately skew the perceived natural distribution of water quality parameters or fail

to capture other non-nutrient factors affecting stream and river eutrophication.

Kimmel et al. (1990), meanwhile, described using endogenous C production (g C m™ y™)
as a parameter for comparing eutrophication in lake and reservoir ecosystems. Their
survey of C production across 64 reservoirs indicated higher proportions of both
mesotrophic (52%) and eutrophic (33%) conditions than in their natural lake counterparts
(40% and 14%, respectively), presented in Table 5. Hence reservoirs as “lake-river
hybrids” may be, on the whole, more enriched and perhaps more productive than

naturally-formed lakes.

Chl a and C production measure similar, but not identical phenomena. In particular, the
former includes only chlorophyll molecules in algal biomass, while the latter also may
incorporate heterotrophic consumption of exogenous OM. C production also includes
more "desirable" macrophyte-derived OM. The Hudson River, for instance, is considered
eutrophic by virtue of heterotrophic bacterial production being fueled by exogenous OM,
while algae endogenously produce oligotrophic C levels of less than 180 g C m™y!
(Findlay ef al. 1991). Similarly phytoplankton in the tidal freshwater Potomac River
produce 100-600 g C m™y" — oligotrophic to mesotrophic by standards in Table 5 —
despite general consensus that this area is highly eutrophic (Lacouture 1997; NOAA
1997). Chl a focuses more narrowly on specific nuisance conditions of net algal biomass

and "undesirable" algal communities of concern to freshwater and estuarine managers
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(McErlean and Reed 1981; NOAA 1997). Chl a is also easier to measure and historically
more thoroughly documented that in situ C production. Hence, Chl a is often a preferred

indicator for cultural eutrophication in these aquatic systems.

The United States National Oceanic and Atmospheric Administration (NOAA) recently
developed its own classification for tidal freshwater and estuarine eutrophication using
dissolved nutrients and surface Chl a, as summarized in Table 6 (NOAA 1997). NOAA's
trophic status indicators for 14 river-dominated tidal freshwater areas across the mid-
Atlantic USA are presented in Table 7. Among these, Chl a indicated mesotrophic
conditions in only two tidal freshwater zones (14%), while the majority (72%) were
eutrophic. Two additional Maryland rivers were characterized as hyper-eutrophic: the
Chester and the Potomac. Furthermore, NOAA (1997) identified hyper-eutrophic
conditions (> 60 ug/L Chl a) over 21% of the total tidal freshwater area in the mid
Atlantic states, including over 50% of the tidal freshwater Potomac River! Thus, NOAA’s
estuarine-specific trophic classification scheme indicates substantial eutrophication in this

TFW set of “river-lake hybrid” habitats.

While dissolved inorganic concentrations provide one measure of nutrient availability to
phytoplankton, they do not account for any recyclable P or N currently stored in organic
form (OP, ON) or other particulate matter (PP, PN). Thus, dissolved P or N (DP, DN) are
non-conservative measures of ambient nutrient concentrations. As a result, dissolved

nutrients may underestimate the volume of nutrients circulating through the water column
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and underlying sediments (Correll 1987; USEPA 1999b). Consequently, TP and TN —
commonly used across other freshwater systems — are preferred indicators of nutrient

enrichment for the present study.

Several important points can be gleaned from this review of trophic measures across
various freshwater ecosystems. First, TP, TN, and Chl a are standard, justifiable units for
investigating eutrophication. Second, there are potentially logical relations between these
water quality parameters within certain aquatic ecosystems. Finally, when considering
effects of ambient nutrients on algal biomass, other factors, such as nutrient input rates,

water turnover time, and basin geomorphology, are also important.

Factors Affecting Tidal Freshwater Eutrophication

Across freshwater systems, eutrophication is broadly determined by sources of nutrient
enrichment, how fertilizing nutrients are delivered and processed in situ, and the degree to
which algal growth is limited by ambient nutrient concentrations versus other non-
nutrient factors. The interaction between these elements and tidal freshwater morphology
and hydrology provides the basis for a conceptual model of eutrophication dynamics

within a tidal freshwater river.
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Nutrient Sources and Delivery

Ambient nutrient concentrations and algal productivity are controlled to a large extent by
external nutrient inputs (Boynton et al. 1995; Legovic et al. 1994; Portielje and Van der
Molen 1999; Tsai et al. 1991). These, in turn, depend upon a region’s climatic regime and
watershed characteristics (e.g., morphology, soil type, and land-use) (Harper 1992;
Kennedy and Walker 1990; Omernik 1977). Biological and human nutrient sources are

also important.

Macronutrients P and N enter a freshwater system via both natural and anthropogenic

processes within its watershed and airshed. Natural processes vary by nutrient:

Weathering and erosion of rock and soil are the ultimate sources of natural phosphorus
entering the hydrosphere (Schlesinger 1991). Phosphate (PO4) sorbed to such particles is
essentially unavailable to biota (occluded) unless proper pH (near 5.7) or certain organic
acids allow it to dissolve in solution (Lindsay and Vlek 1977; Jurinak et al. 1986).
Sediments suspended in storm water or wind-blown dust deliver P to surface waters. In
addition, seabirds have been known to amass labile P in guano mounds, while water fowl
may deposit P directly onto shores or surface waters (Ryther 1954; Bartsch 1961; Ryther

and Dunstan 1969; BICONET 1999).
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Nitrogen, by contrast, is principally stored as a relatively inert gas (N,) comprising 78%
of the Earth’s atmosphere (Schlesinger 1991). More biologically reactive N molecules
(e.g., NO,, NO;, NH3) make up less than 1 x 10 percent of the atmosphere. Hence the
ability of microbes, including certain terrestrial and aquatic bacteria, to fix diatomic N gas
is critical to its biological availability (Sonderlund and Rosswell 1982). Lightning also
provides abiotic conditions for a secondary process of N fixation in the atmosphere
(Mancinelli and McKay 1988), as does photochemical oxidation (D. Kelso, GMU, pers.
comm.). Atmospheric fixed N dissolves in rainwater (wetfall) or settles (as dryfall)
directly onto land and water surfaces (Fisher and Oppenheimer 1991). On land, fixed N
which is not biologically sequestered nor reduced to N, gas through nitrification and
denitrification (N-D) may dissolve in surface or ground water flows to eventually enter

freshwater systems.

Most P and N macronutrient influxes are fairly well conserved within the non-human
terrestrial biosphere (Henderson et al. 1978; Schlesinger 1991). Human land-uses,
meanwhile, can saturate local landscapes with excess fertilizer, fix and release excess N
to the atmosphere, and deliver nutrients from accumulated manure and sewage directly to
freshwater ecosystems (e.g., Fisher and Oppenheimer 1991; Lugbill 1990). As a result,
various studies have shown nutrient loads and surface water quality relate directly to clear
cutting and increased agricultural human land-use (e.g., Balls 1994; Correll ef al. 1992;
Le Pape et al. 1996; Likens et al. 1977; Lowrance and Leonard 1988). Patterns of land-

use across the landscape also affect ambient nutrient concentrations in adjacent waters, as
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shown by the strong nutrient removal effect of vegetated riparian buffers in the coastal

plain (Correll and Ford 1982; Jordan et al. 1993; Lowrance ef al. 1984).

Nutrient runoff also varies greatly with the density of urbanization (Grizzard et al. 1978;
Lee and Bang 2000). For instance, Meybeck (1998) found that the Seine River near Paris
had nutrient concentrations 50 times greater than in its pristine tributaries, and that the
metropolis’ impact on water quality extended 75-200 km downstream. Furthermore,
Parisian streams converted to covered sewers had 100 fold greater nutrients than pristine
streams. This concurs with Jaworski ez al. (1992) observation that “land-use changes that
increase either the rate or amount of water flow through a watershed are most likely to
lower the N retention capacity of the watershed,” which seems to hold for P retention as

well.

Thus, surface geology and soil factors combine with land-use and urbanization to
profoundly influence aquatic nutrient enrichment (McMahon and Harned 1998; Miller et

al. 1997).

In addition to land-use related runoff, urbanized areas deliver nutrients in waste water
directly to aquatic ecosystems. The relative contribution of point source (PS) WWTPs
and non-point source (NPS) runoff varies from basin to basin, by location within a basin,
and from year to year. Boynton et al. (1995), for example, showed > 50% of N and P

nutrients come from PS inputs to the Patuxent River, compared with > 60% NPS
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contributions to Potomac and Chesapeake Bay receiving waters. Table 8 further shows
how local NPS contributions comprised a smaller proportion of nutrient loads in the TFW
Potomac River than in the Potomac estuary as a whole (Hickman 1987). Temporal
variability in watershed runoff is highlighted by the 2 to 4 fold variation in TN and TP

loads to the Bay from the Susquehanna River, its largest tributary (Boynton et al. 1995).

Climate affects nutrient fluxes to surface waters. For instance, Correll et al. (1999)
identified a relationship between seasonal air temperature and P fluxes, especially from
cropland, in the Rhode River watershed. Smith et al. (1997) also found temperature could
be used to predict land-water N delivery across the coterminous non-tidal USA.
Furthermore, Mulholland ez al. (1994) suggest that rising air temperature increases
terrestrial evapotranspiration, resulting in lower baseflow conditions and more extreme

storm events.

Nutrient fluxes to freshwater systems also relate to variability in storm-related
precipitation and river flow. A number of researchers have linked the temporal
distribution and magnitude of precipitation to nutrient runoff patterns (Correll ez al. 1999;
Hessen et al. 1997; Jordan et al. 1995). Since runoff delivers NPS pollutants to aquatic
systems, nutrient inputs generally increase with freshwater inflow (Fisher ef al. 1988;
Lowrance and Leonard 1988). In addition, nutrient concentrations often peak during an
upswing of the hydrograph, as runoff washes pollutants off the landscape (House et al.

1998; Lee and Bang 2000).
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For watersheds where point source nutrient concentrations are greater than ambient
concentrations, seasonal increases in river flow can paradoxically result in dilution of
ambient pollutant concentrations (Fisher ef al. 1988; Vega et al. 1998). Conversely,
WWTPs in metropolitan areas like Washington, DC, contribute much more significantly
to total freshwater flow and nutrient inputs during low river flow (Champ et al. 1980). As

a result, nutrient input concentrations may be greater at low flow.

The above examples illustrate how nutrient loads and concentrations to freshwater
systems are impacted directly by nutrient sources and hydrodynamics and indirectly by
regional temperature and precipitation regimes. Appendix A examines this topic in some

detail for the TFW Potomac area.

In Situ Nutrient Processes

Various researchers have noted that aquatic nutrient removal is often greater during low
freshwater inflows (e.g., Jaworski and Hetling 1970; Schemel et al. 1984). Conservative
mixing of estuarine nutrients is generally a function of flushing, which controls the extent
to which biotic and abiotic factors can modify nutrient inputs (Balls 1994). Thus,
ambient nutrients are conserved in short rapidly flushing headwaters, while internal
processes are more important to nutrient fluxes as cumulative hydrologic residence time

increases downstream (Shultz 1989).
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When freshwater inflow is at its nadir, such as during summer baseflow conditions, TFW
nutrient processes resemble those of shallow lakes and downstream portions of reservoirs.
In absence of strong winds or hydrological events, vertical gradients in light, temperature,
and dissolved substances may separate surface productivity from benthic decomposition
(Kimmel et al. 1990). Dissolved nutrients are consumed by surface plankton which, in
turn, feed higher order consumers (e.g., fish), as nutrients cycle rapidly through the upper
water column (Christian ef al. 1996). Nutrients sequestered in unconsumed organic
detritus or attached to inorganic particles, meanwhile, gradually settle out of solution and
onto benthic sediments (Harper 1992). This results in notable nutrient concentrations in
near surface sediments (5-43 ppt C, 0.9-3.5 ppt N, and 0.1-2.1 ppt P) of the tidal
freshwater Potomac River (Glenn 1988). In the benthos, high bacterial activity readily
digests organic P and N metabolites to inorganic forms, particularly phosphate (PO4) and
ammonia (NH3). Such mineralization rates are both temperature- and pH-dependent

(Harper 1992).

Inorganic nutrients in the benthos may adhere to sediment particles and become buried
indefinitely, recycle to the water column or, in the case of N, be removed from most
biotic activity by N-D. Both N and P return to the water column via passive diffusion or
physical disturbance (e.g., wind-induced mixing, burrowing by benthic worms). Anoxic
or high (> 9.5) pH conditions may result in P release from benthic sediments (Andersen

1975; Jacoby et al. 1982; Harper 1992; House et al. 1998; Ruban et al. 1999). N-D occurs
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when inorganic N as ammonium (NHy") is nitrified (converted to nitrate (NO53)) by
certain microbial taxa in oxygenated waters, while other microbes denitrify NO;™ to

unreactive N under anaerobic conditions (Cole 1983).

Shultz (1989) noted how the tidal freshwater Potomac River is a partially closed system
during the low flow summertime (little downstream transport), but more like an open
conduit for N during higher flows. Spring snowmelt, hurricanes and other episodic
hydrological events drive TFW nutrient dynamics towards more river-like conditions,
dominated by high flushing rates and seaward advection. Through such transport, rivers
worldwide deliver one third of the N and nearly all of the P annually entering the Earth’s
oceans (Maybeck 1982; Schlesinger 1991). A major storm event along the upper Potomac
River in November 1985 illustrates this effect: In that one month, fall line flow delivered
11% of N and 31% of P inputs brought to the estuary over the entire 1985-1989 period

(Magnien et al. 1992).

The disproportionately large fractions of particulate N and P delivered via the falls in the
1985 storm suggest that a high percentage of such inputs would likely settle in slower
moving tidewaters a short distance downstream (Magnien et al. 1992). If so, tidal forces
and prolonged residence times relative to the non-tidal river support a role for the
tidewater as a particulate nutrient trap, even in the wake of flood events. This is supported
by Bennett’s (1983) calculation that the Potomac tidewater sequesters most sediment

inputs. Furthermore, Seitzinger (1986) estimates that denitrification may remove as much
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as one third of N loads entering the tidal freshwater Potomac River. In this nutrient
removal capacity, the tidewater functionally resembles many reservoirs, where nutrient
concentrations often decrease with distance downstream (Thornton ez al. 1990; OWML

1979, 1981; Hickman 1987; Perkins and Underwood 2000).

On the other hand, such nutrient gradients might not appear if the tidal river behaves
more like a river than a reservoir or if riparian inputs recharge ambient nutrient levels
down the length of the tidewater. Newbold et al. (1983) found benthic-water column
recycling, coupled with lotic advection may result in “nutrient spiraling” from water to
sediments and back, all the while proceeding downstream. In this scenario, particulate
nutrients deposited in the upper TFW sediments might later return to the water column to

impact water quality downstream.

Others have suggested certain seasonality to tidal freshwater spiraling: Nutrients
delivered to sediments during high flow springtime are mineralized by microbes and
released to the water column by summer (Bennett et al. 1986). Summer algal blooms in
the freshwater river thrive on these recycled nutrients then eventually die off. This
deposits particulate nutrient detritus as microbial fertilizer in benthos downstream

(Sellner ef al. 1988), completing an annual spiral each fall.

In tidal freshwater systems such spirals could extend both upstream and downstream from

a nutrient PS in tidal freshwater systems, depending on the tide. Tidal excursion
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(horizontal displacement of water over 2 of the tidal cycle) can extend almost 10 km
along narrower portions of the tidal freshwater Potomac, for instance (Lippson ef al.
1981). Measures of nutrient spiraling are further complicated by inputs from WWTP
treatment plants along most of the TFW stretch of the river (Callender et al. 1984;

Lippson et al. 1981).

Nutrient enrichment itself may affect in sifu biogeochemical nutrient processes. First,
high water column nutrient concentrations can reduce the passive diffusion of sediment
nutrients back to the water column (Harper 1992), thereby potentially increasing long-
term nutrient burial. In addition, N fixation is unlikely in aquatic habitats where dissolved
inorganic nitrogen (DIN) levels are already high (Howarth et al. 1988), as is the case
throughout most tidal freshwater areas in the mid-Atlantic region (Table 6). Furthermore,
when tidal freshwater phytoplankton are not N limited, thus not retaining excess N, then
unused DIN may pass through surface waters to fertilize benthic organisms or the
downstream estuary (Conley 1999; Shultz 1984). When algal bloom detritus decomposes
in benthic sediments, low dissolved oxygen (DO) may result in increased P release, NH,"
release, and denitrification (Harper 1992). Finally, algal blooms’ photosynthetic activity
can increase water column pH by altering the carbonate-bicarbonate equilibrium (CO3>
<>H,CO3), which may also lead to sediment P release (Cerco 1988; Seitzinger 1986,
1991). Thus, even when algae are not nutrient-limited, they may play an important role in

perpetuating high water column nutrient concentrations.
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Factors Limiting Algal Growth

Algal growth and net accumulation are controlled by a variety of hydrometeorological,
chemical, and biological factors (e.g., Boynton 1982; Cohen 1988; Paerl 1988; Harper
1992; Jones et al. 1992; Mallin et al. 1993). Factors which promote photosynthesis and
algal growth include aquatic nutrient and light availability, as well as photosynthetic rate-
limiting water temperature (Wetzel 1975; Goldman and Horne 1983). Factors which
inhibit algal growth include those responsible for shading, grazing, flushing, sinking,
burying, desiccating or chemically stressing algae (Goldman and Horne 1983; Wetzel
1975). Habitat chemistry and geomorphology (edaphic factors) also affect the degree to

which algae are limited by one or more nutrients.

NOAA'’s (1997) estuarine eutrophication survey identified P, N, light, and flow (flushing)
as principle factors limiting net algal growth in mid-Atlantic TFW rivers (Table 7). Only
2 out of 13 TFW zones (15%) were characterized exclusively by nutrient limitation.
Among most others, either light alone was limiting (38%) or else light in combination
with P (23%) or N (15%). The Potomac River had the only tidal freshwater zone deemed
to be limited by a combination of light, P, and flow. As a result, the Potomac River
provides a unique opportunity to examine how light, hydrodynamics and nutrient
limitation can co-modulate eutrophication in a mid-Atlantic tidal freshwater river.

Discussion below will focus on NOAA'’s four limiting factors as well as edaphic factors,
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temperature, and grazing, which have also received attention in the literature (e.g., Cohen

1988; Kimmel et al. 1990; Harper 1992; Coles 1994; NRC 2000).

Researchers have observed particular differences in nutrient-limitation between
freshwater and saltwater ecosystems, with P normally limiting the former and N the latter
(e.g., Vollenwieder 1976; Schindler 1981; Howarth 1988; Sellner ez al. 1988; Fisher et al.
1992; Harper 1992; Paerl 1993; Doering et al. 1995; Jian and Yu, 1998; Correll 1998,
1999). Table 9 shows the ratios of typical nutrient supplies in the world’s river water
compared to nutrient content in or requirement by freshwater plants. P is 80,000 times
more concentrated in plant matter than in freshwater and N 30,000 times more
concentrated — both ratios significantly greater than for any other element. In particular,
atmospheric carbon dioxide (CO,) dissolves readily in water, and thus C does not
normally limit aquatic photosynthesis, nor are micronutrients usually limiting (Shapiro
and Ribeiro 1965; Schindler 1971). In addition to fixing CO, through photosynthesis,
certain freshwater cyanobacteria (blue-green algae) species are capable of fixing
dissolved N, directly from the atmosphere. This further eases any potential for N
limitation when these species are present and more reactive N ions are unavailable
(Limno-Tech 1993; Smith 1990). By calculation from Table 9, freshwater plants have
stoichiometric macronutrient ratios of 210 C:19 N:1 P, while freshwater itself has ratios
of 1200 C: 61 N:1 P. Consequently, burial of relatively P-rich plant matter further

promotes relative P scarcity (Perkins and Underwood 2000).
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The average molecular composition of phytoplankton can roughly be characterized by the
empirical formula (CH,0);06(NH3)16H3PO4 (Richards 1965). Thus, phytoplankton's
relative nutrient limitation has been assessed by comparing ambient N:P ratios relative to
the corresponding benchmark ratio of 15-16 N: 1 P (by atoms) or 7-8 N: 1 P (by mass)
when other factors are not limiting (Redfield 1958; Correll 1987; Ryding and Rast 1989).
There is nonetheless a wide range of nutrient ratio requirements and contents in various
algal species (Fuhs ef al. 1972; Schindler 1977; Rhee 1982; Smith 1983). In addition,
nutrient turnover rates may be rapid and algae limited by non-nutrient factors in eutrophic
habitats (Correll 1987; Harper 1992; Jones 1988, 1999). Thus, N:P ratios may not

sufficiently characterize nutrient limitation in aquatic ecosystems.

Response to artificial nutrient enrichment or dilution is another approach for determining
nutrient-limitation of algal biomass (Gibson 1971; Correll 1987; Jones 1988). For
example, Edmondson (1969, 1972, 1985) observed that increases in sewage P to
unproductive Lake Washington produced reversible increases in algal biomass. In a series
of summer-time full lake nutrient manipulations, Schindler (1971, 1974, 1977, 1981)
further established the primacy of freshwater P limitation over N or C limitation, readily

provided by N-fixing cyanobacteria and COx(g) diffusion, respectively.

In lieu of spiking entire tidal rivers, estuarine researchers have utilized enclosed
containers or open air mesocosms to investigate relative nutrient limitation in sifu. Jones

(1988) used enclosed containers to determine that summer tidal freshwater algal blooms
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were affected by degrees of P enrichment or dilution but also exhibited signs of C
deficiency when atmospheric diffusion was eliminated. Bioassays in the Potomac estuary
also indicated P limitation of tidal freshwater phytoplankton in summer alone (Fisher
1997). Due to hydraulically driven high turbidity, light limited freshwater algal growth

there in all but the warmest three months (Fisher 1999).

Decrease in light limitation and increase in nutrient limitation should suggest water
quality improvement (Fisher ef al. 1999). Lacouture et al. (1997), on the other hand,
characterized how decreasing suspended sediments in situ may reduce light limitation in

enriched waters, thereby increasing phytoplankton nutrient uptake and algal blooms.

Studies above highlight importance of abiotic factors — light, temperature, and flow — in
limiting phytoplankton growth. In vitro analysis of tidal freshwater Potomac River
plankton indicates some species are sensitive to temperature changes in the range of 15-
25 or 30°C, while productivity also increases with light intensity (Harper 1988; Coles
1994; Jones 1998). O’Donohue and Dennison (1997) noted that algal productivity may be

particularly temperature limited in winter.

By increasing photosynthetic and metabolic rates, light and temperature affect
phytoplankton sensitivity to nutrient enrichment. For example, Spoon (1982) found algal
growth in sewage sludge-activated water was much more rigorous as water temperature

rose from 30 to 40°C, simulating the joint impact of power plant warming and pre-treated
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waste water discharge. Extreme light or temperature increases may also have an

inhibitory effect (Simmons and Armitage 1974; Harper 1992; Coles 1994; Jones 1998).

In reservoir systems, flow has an important influence on light availability, nutrient

transport, and vertical mixing, as well as hydrologic residence time and flushing rate of

algal biomass. For example, Kimmel (1981) noted that turbid inflow pulses resulted in a

series of algal responses:

1. Limitation by exogenous turbidity (oligotrophy)

2. Advection downstream, flocculation and settling with suspended sediments

3. Photosynthetic stimulation once turbidity no longer limits light (eutrophy)

4. Re-equilibration at lower productivity with ongoing nutrient flushing and re-
establishment of nutrient limitation (oligotrophy or mesotrophy).

This pattern is similar to the seasonal progression of algal biomass from high flow spring

to low flow summer in various temperate TFW areas (Lippson ef al. 1981; Sin and

Wetzel 1996; NOAA 1997). Meanwhile, rivers such as the Elbe with high spring inflow

may be too turbid and fast moving to support the sort of phytoplankton development

observed in other tidal freshwater zones (Muylaert and Sabbe 1999).

Longitudinal trophic patterns in reservoirs recapitulate the inflow-trophic level sequence:
Algae are light limited in turbid riverine waters (oligotrophy), while flourishing as water
clarity improves with distance downstream (eutrophy). At the lake-like terminus of a

reservoir, continued nutrient removal eventually results in P limitation (Kimmel et al.
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1990; Perkins and Underwood 2000). In the absence of further nutrient enrichment in
downstream areas, water parcels return to oligotrophic or mesotrophic conditions in the

lake-like portion of the reservoir, if the reservoir is large enough.

A similar progression in Chl a has been observed in mid-August (1985) along the tidal
Potomac River (Jones 1991). Algal chlorophyll rose from low levels (< 20 ug/L) just
below the first huge (>1 m’/s) WWTP outfall pipes to hyper-eutrophic (> 150 ug/L)
levels downstream from the most seaward of the huge WWTP outfalls. Thereafter, Chl a
declined, but still remained at least eutrophic (> 50 ug/L) even into brackish waters.
Given similar gradients in other tidal rivers and estuaries, longitudinal superposition of
light and nutrient limitation may be a general characteristic of semi-fluvial systems
receiving turbid and nutrient-enriched freshwater inputs (Stross and Stottlemeyer 1965;

Kimmel and Groeger 1984).

Basin morphology influences the flow-driven trophic gradients which emerge over time
and with distance downstream. For instance, Chapra (1975) and Reckhow (1979) note
different mechanisms govern link between P loading and trophic response at overflow
rates (mean depth / residence time) > 50 m/y. This threshold is approximately that of the
tidal freshwater Potomac during certain portions of the year (Lippson ef al. 1981). When
hydrologic residence times are < 1 week within a basin, algal biomass may be absolutely
controlled by advective flushing, as washout rate exceeds maximum algal growth rate

(Kimmel et al. 1990; Uhlman 1968). Some studies have indicated longer hydrologic



33

residence times are required for phytoplankton to increase in some freshwater systems
(e.g., Kawara ef al. 1998). For reservoirs, if flushing rate is significantly slower than algal
accumulation rate, then increasing inflow may elicit higher productivity by increasing
nutrient delivery (Kimmel ef al. 1990). The advective effects of water residence times on
phytoplankton renewal are limited to residence times of < 60-100 d, so there is a critical
turnover period (7-100 d) within which algal biomass accumulation is influenced, but not
overwhelmed by advection (Kimmel ef al. 1990; Muylaert et al. 1997). Hydrologic
residence time in the tidal freshwater Potomac River generally lies at the lower end of this
range, as calculated from Lippson et al. (1981). When average monthly mean fall line
flow exceeded 200 m*/s in July or August Chl a levels were limited to < 50 ug/L
(Bennett et al. 1986). Hence, variable flow is likely to have a non-linear influence on tidal

freshwater trophic levels.

Experimental manipulation alone cannot capture all the aggregate effects of various
factors on algal biomass accumulation. As suggested above, nutrient inputs and algal
biomass may vary with recent weather and hydrodynamics, as well as the particular
geomorphology along a water body. This has been demonstrated by various authors
comparing algal concentrations along the TFW Potomac mainstem with more eutrophic
conditions in adjacent shallow embayments (e.g., Harper 1992; Jones 1998). In addition,
empirical observations have identified a pervasive suite of in situ abiotic factors relating
to Chl a across various tidal freshwater systems. Along the York River, Chl a varied

inversely w/river flow rate and directly with temperature (Sin and Wetzel 1996). Summer



34

Chl a varied directly with previous 28-day average solar energy (minute of sunshine) and
air temperature in the tidal Potomac mainstem and with previous 28-day mean
temperature and four-day wind velocity in Gunston Cove, an adjacent tidal embayment
(Jones 1999). Chl a at both locations also correlated negatively with previous 28 day

mean flow or log-transformed flow at the Potomac River fall line.

While inter-annual patterns in summer Chl a followed those of TP in Gunston Cove,
patterns in the TFW Potomac mainstem and several other embayments have not (Jones
1999; Sklarew 1997, summarized in Appendix E). Furthermore, when Jones (1999)
statistically removed the effect of hydrometeorological factors, nutrient trends still did not
explain observed patterns in Chl a. Two potential explanations emerge from the literature:
Either phytoplankton could have been harvesting P previously stored in benthic
sediments, as discussed above, or else grazing may have limited algal biomass

accumulation.

Sediment TP release may be mediated by algal photosynthesis. Seitzinger (1986, 1991)
found that pH >9 released TP sufficient to support hyper-eutrophic algal blooms.
Furthermore, photosynthesis increases water column pH. This set of circumstances has
led to the conclusion that algal processes may, in effect, harvest sediment TP (Harper
1988). This, in turn, would produce increases in algal biomass which are independent of

nutrient inputs.
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Grazing provides a top-down limit on algal biomass in various lake ecosystems.
Throughout 231 freshwater lakes in the Netherlands, for example, grazing of
phytoplankton has been used to explain low Chl a:nutrient concentrations (Portielje and
Van der Malen 1999). With prolonged residence times, lakes are like hydrologically
closed systems where grazing can overwhelm Chl a growth factors (Sommer et al. 1986).
In reservoir systems, where water turnover is faster, grazing seems to be less important
(Perkins and Underwood 2000). Low DO also inhibits zooplankton thereby liberating
algal blooms from grazing pressure in the tidal freshwater Schelde, Belgium (Muylaert et
al. 1997). In tidal freshwater Potomac River, cyanobacteria which comprise summer algal
blooms are not effectively grazed by zooplankton (Sellner et al. 1993). Thus zooplankton
control of phytoplankton in this area has been dismissed (Buchanan and Schloss 1983;

Jones et al. 1992; Sellner et al. 1993).

Semi-fluvial systems provide a more ideal habitat for algal control by benthic filter
feeders. In particular, suspension feeding bivalves are like “aquatic kidneys,” rapidly
filtering algae and other OM from the water column (Roditi e al. 1996). In the San
Francisco River, increased abundance of suspension feeding clams has been attributed
with removal of the local Chl a maximum (Alpine and Cloern 1992). The effect of
invasion by the prolific zebra mussel (Dreissena polymorpha) on phytoplankton biomass
and community structure in the tidal Hudson River is also well documented (Roditi e al.
1996; Bastviken et al. 1998; Strayer et al. 1999). Meanwhile, Phelps (1994) has

determined that benthic gardens of the invasive Asiatic clam (Corbicula fluminea) 5 km



36

below Washington DC have been sufficient to remove “one third to all of the water in this
region of the [Potomac] estuary.” Cohen (1988) also linked Corbicula in this area to a
local sag in phytoplankton abundance and, along with high discharge and low TP, to
reduced abundance downstream (summers 1980 and 1981). Thus, benthic filter feeders,
particularly Corbicula, provide a probable cause for some algal biomass control not

directly associated with climate, flow or nutrients in the TFW Potomac River.

Dynamics of Tidal Freshwater Eutrophication

As presented above, nutrient enrichment does not inevitably lead to persistent algal
blooms. The extent to which anthropogenic nutrient inputs result in cultural
eutrophication is a function of the characteristics of the receiving body of water, along

with various growth and removal factors driving ambient nutrient and algal dynamics

For mid-Atlantic tidal freshwater rivers, Figure 1(a) and (b) generally characterize the
processes influencing changes in freshwater P and N concentrations (Prpw and Ngy),
respectively. For both nutrients, inputs arrive from the non-tidal river via the fall line
(PrL, Npr) and from large waste water treatment plants (Pwwrp, Nwwrp) adjacent to the
TFW river itself. Bi-directional nutrient fluxes between benthic sediments and the
overlying water column (Psgp, Nsgp) occur over a variety of hydrological and chemical
conditions that may recycle or permanently sequester nutrients via burial. Those nutrients

remaining dissolved or suspended in the water column will eventually be flushed out
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(PrLusn, NeLusnh) of the tidal freshwater area. In addition to sediment fluxes, ambient N
dynamics include additional atmospheric components, comprised of inputs via
atmospheric deposition of nitrogen (Napn) directly onto surface waters and diatomic
nitrogen fixation (Npix), and losses via nitrification and denitrification (Nn.p) as well as
possibly ammonia volatilization (Nv). Previous discussion noted that N fixation should
be low in N enriched waters, while ammonia volatilization is likely to be less important

in Potomac waters receiving nitrified N effluent and maintaining low ambient NH3:TN.

In the tidal freshwater river, the dynamics affecting algal biomass (Apyw) is complicated
by the non-conservative nature of such biomass in situ, Figure 1(c). Algae may arrive
from the turbid non-tidal river via the fall line (Ar). With acceptable incident light (L),
temperature (T) and ambient nutrients, algal growth (Agrow) will occur, as modulated by
various loss factors. Important algal losses result from sedimentation (Aggp), grazing

(AGrazg), and downstream flushing (Appush).

These three diagrams provide conceptual models for designing dynamic systems formulae
to generate and test hypotheses about eutrophication in the tidal freshwater Potomac

River, as presented in subsequent sections. from Hickman (1987).



Table 1. A comparison of freshwater aquatic ecosystem characteristics.
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supply

Features Rivers ' TFW Rivers * Reservoirs ' Lakes '
Basin Elongate, Elongate, Intermediate Circular/ovoid,
morphology channelized channelized bowl-shaped
Flow Rapid, directional | Rapid, oscillating | Intermediate, semi- | Slow, non-
bi-directional directional directional
Flushing rate Rapid Seasonally Rapid- | Intermediate Slow
to- Intermediate
Watershed Very great Great Intermediate Less
influence
Nutrient supply Advection, Episodic Advection and in In situ recycling
relatively advection, situ recycling
continuous ongoing in situ
recycling
Primary modes of | Advection Advection and Advection and Sedimentation
nutrient loss sedimentation sedimentation
Organic matter Exogenous Intermediate Intermediate Endogenous

' Modified from Kimmel ez al. (1990).

? Based on Lippson et al. (1981) and Schunardt ez al. (1991).



39

Table 2. Criteria thresholds dividing trophic levels of temperate lakes according to
boundary values within a fixed interval classification system, with Carlson’s (1977) TSI
metric equivalent.

Parameter Oligotrophic- Mesotrophic- Eutrophic-

(Annual Mean) Mesotrophic Eutrophic Hyper-Eutrophic
Boundary Boundary Boundary

TP (mg/L) ' 0.010 0.035 0.100

TN (mg/L) * 0.35 0.65 1.2

Chl a (ug/L) ' 2.5 8 25

Max Chl a (ug/L) ' 8 25 75

Secchi depth (m) ' 6.00 3.00 1.50

TSI Equivalent® 35-40 40-60 55-75

' Adapted from OECD (1982)
? Adapted from USDA (1999)

? Derived from Carlson (1977) in Table 3 below.



Table 3. Lake trophic state index (TSI), derived from Carlson (1977).

Trophic Equivalent ' | TSI TP (mg/L) Chl a (ug/L) Secchi (cm)
Oligotrophic 0 0.00075 0.04 6400
10 0.0015 0.12 3200
20 0.003 0.34 1600
30 0.006 0.94 800
Mesotrophic 40 0.012 2.6 400
50 0.024 6.4 200
Eutrophic 60 0.048 20 100
70 0.096 56 50
Hyper-eutrophic 80 0.192 154 25
90 0.384 427 12
100 0.768 1183 6

" Adapted from R.C. Jones (pers. comm.), with reference to Table 2 above.

40
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Table 4. Boundaries for trophic classification of streams and rivers (USEPA 1999b). each
trophic category includes 33% of all observed lotic systems from various studies.

Parameter Oligotrophic- Mesotrophic- N
Mesotrophic Eutrophic
Boundary Boundary
TP (mg/L) 0.025 0.075 1366
TN (mg/L) 0.700 1.500 1070
Chl a (ug/L) 10 30 292

Table 5. Trophic state categories in lakes and reservoirs,' based on areal daily C
production, along with proportion of studied lakes and reservoirs assigned to each state.

Parameter Oligotrophic Mesotrophic Eutrophic N
Carbon Production > 50-300 250-1000 >1000

(gCm?y")

% of Lakes * 46% 40% 14% 102
% of Reservoirs ' 16% 52% 33% 64

! Adapted from Kimmel ez al. (1990).

?From Likens (1975) and Wetzel (1983).



Table 6. Quasi-trophic classification of estuarine systems in the mid-Atlantic United
States according to dissolved phosphorus (DP), dissolved nitrogen (DN), and Chl a
(NOAA 1997).

Parameter Low (L) — Medium (M) — High (H) -
Medium (M) High (H) Hyper-Eutrophic (E)
Boundary Boundary Boundary

DP (mg/L) 0.01 0.1 n.a.

DN (mg/L) 0.1 1.0 n.a.

Chl a (ug/L) 5 20 60
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Table 7. Existing conditions in DP, DN, Chl a, Chl a limiting factor(s), and seasonal Chl
a maximum in 13 mid-Atlantic river-dominated tidal freshwater areas. Adapted from

NOAA (1997).
State | TFW Body of Water | DP' | DN' | Chla' | Chl a Limit Chl a Max
RI Narragansett Bay H H M Light Late spring-summer
CT Connecticut River L M H n.a. Late summer
NY Long Island Sound H H H N Late spring-summer
NY Hudson River / Raritan | M H H Light Summer
Bay
DE Delaware Bay H H H Light Summer
MD Chesapeake Bay M H H Light, P Winter, summer
MD Patuxent River H H H Light, N Summer
MD Potomac River M H E Flow, Light, P Summer
MD Chester River M H E Light, P Spring-fall
MD Choptank River M H H Light, N Summer-fall
MD Tangier / Pocomoke H H H Light Summer
Sound
VA Rappahannock River H H P Late spring-summer
VA York River M M Light, P Summer
VA James River H H H Light Summer

' Ranges from Table 6.



Table 8. Percentage of N and P loads to the TFW Potomac River and Potomac River

estuary from various sources (1979-81). Adapted from Hickman (1987).
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Loads to TFW River

Loads to Estuary

Source (1979-81) N P N P
Chain Bridge (AFL " river) 62% 54% 57% 43%
BFL WWTPs 28% 31% 26% 25%
Local NPS (CSOs, 10% 15% 25% 17%
BFL? streams,

direct precipitation)

Shore Erosion n.d. n.d. n.d. n.d.

' AFL = above fall line.

2 BFL = below fall line.




Table 9. Ratio of essential elements for growth in living tissues of freshwater plants
versus in mean world river water supply. Adapted from Wetzel (1983) with data from

Vallentyne (1974).

Element Ratio for Plants vs. Average Plant Content | Average Supply in
in Fresh Water Supply | or Requirements (ppt) Fresh Water (ppt)

P 80,000 0.8 0.00001

N 30,000 7 0.00023

C 5,000 65 0.012

Si 2,000 13 0.0065

K 1,300 3 0.0023

Ca < 1,000 4 0.015

Other Nutrients < 1,000 <2.7 <0.027

H & O (water) <1 902 1000.

45
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(a) Tidal Freshwater Phosphorus Fluxes

Inputs Outputs

PwwTtp
PFw PFLUSH
PFL
1L
PSED

Figure 1. Conceptual models for (a) phosphorus (= P), (b) nitrogen (= N), and (¢) Chl a
(= A) concentration dynamics in the tidal freshwater Potomac River. FW = ambient
freshwater, WWTP = waste water treatment plants, FL = upper watershed/fall line flow,
SED = benthic sediments, FLUSH = flushing/net downstream advection, FIX = microbial
nitrogen fixation, ADN = atmospheric deposition, N-D = nitrification-denitrification, AV
= ammonia volatilization, GROW = growth via photosynthesis, GRAZE = grazing by
heterotrophs, OM = organic matter.
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(b) Tidal Freshwater Nitrogen Fluxes

Inputs Outputs

NADN NN-D
N
o~y
NFIX ?7 ~ 1L T"> NAV
NWWTP
NFW NFLUSH

NFL
ﬁ
~~

NSED

1]




(c) Tidal Freshwater Chlorophyll a Growth and Loss Factors

Growth Loss

Light %
Temperature %

(Non-algal OM)

AFL AFW AFLUSH
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1.2 Conceptual Approach

Nutrients entering the Potomac estuary may fertilize algal blooms during periods when
light, temperature, grazing, and flushing rate do not otherwise limit phytoplankton
accumulation. Ambient nutrient concentrations also change with physical and loading
factors, such as freshwater inflow and flushing, and fluxes between sediments and the
water column. The box models introduced in the previous section serve as a basis for
formalizing the dynamics of these relations for both nutrient concentration and algal

biomass responses.

Nutrient Concentrations

Given conservation of mass, the total quantity of a nutrient in the water column of a river
segment at a given time should be equivalent to “recent” inputs less “recent” outputs. The
mass balance formula, Retention (R) = inputs (I) - outputs (O), provides one means for
formalizing the expected relationships between these driving factors and water quality
responses. Iterating mass-balance change over time, produces difference equations

(AR/At) with testable implications for water quality.

For phosphorus, mass-balance change over time can be expressed as:

49
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Equation 1(a): Py, (1 +1) = (Ppyy (6) + Pey + Pyyrp) — Prvs — Poep

Here, Prw(t) represents the accumulated phosphorus mass in the water column of the
freshwater (FW) segment at time t. Py and Pwwrp are loads per unit time via the fall line
(FL) and waste water treatment plants (WWTPs), respectively. PgLysy and Psgp represent
rates of loss via downstream flushing and net sedimentation. This model is illustrated in

Figure 1(a) of the previous section.

Assuming total water volume (Vpw) does not change significantly over the short term,
water volume flushed (Vi ysh) should approximately equal the sum of water inflow via
the falls, WWTPs, and precipitation onto surface water (Vg +VwwrptVprecip). Then, if
phosphorus is flushed in proportion to its concentration ([Prw]), equation 1(a) can be

rewritten -

Equation 1(b):

AP (O Bep +Bywre )=V, YVwwre Y erecip ) 10w () —Pogp §
Vew

[P, N +1) =

or by the difference equation —

Equation 1(c):
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A[PFW ] — {([PFALL ]_[PFW ])*VFALL +([PSTP ]_[PFW ])*VSTP_[PFW ]*VPRECIP_PSED }

At Vew

Thus, changes in observed total phosphorus concentration (TP) over time should be
proportional to the product of the water volume of each input (FL, WWTP) times the
difference between its phosphorus concentration and the ambient concentration, less
dilution by P free precipitation and some internal flux of net sedimentation. Net
sedimentation could be occasionally negative, e.g., when flushing is high (scouring) or
pH >9 (desorption). Otherwise, positive sedimentation implies that ambient TP will
generally be less than load concentrations, and therefore increasing flows will increase

ambient TP levels, according to equation 1(c).

For nitrogen, the mass-balance change over time is complicated by its atmospheric
component. Atmospheric nitrogen deposition (Napn) and nitrogen fixation (Npx) increase
fixed nitrogen in estuaries. Nitrification and denitrification (Nn.p) and ammonia
volatilization (Nav) remove fixed nitrogen. The overall result is the following mass-

balance equation:

Equation 2(a):

NFW(t+1):(NFW(t)+NFL +NWWTP+NADN+NFIX)_NFLUSH_NSED_NN D_NAV
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where subscripts match their counterparts from the phosphorus model. The nitrogen box

model is illustrated in Figure 1(b).

Since N and P availability in the Potomac are both adequate to support an algal
community without eliciting nitrogen-fixation (Limno-Tech 1993), nitrogen fixation
(Nrrx) 1s not a crucial factor in the current model. Similarly, since Potomac mainstem
NH, " concentration is small relative to TN (usually less than 10%), ammonia
volatilization — which is also difficult to quantify — can also be removed as a factor
driving in situ TN. Finally, since anoxic conditions necessary for denitrification are
virtually nonexistent in the water column (less than 1% of samples), denitrification
should be relegated to anoxic sediments, incorporated into the net sedimentation term

(Nsep). Thus simplifying equation 2(a) and converting to concentrations,

Equation 2(b):

{(Npw(O+N gL+ NypwrptN apn ) =Ver HVwre HVerece IV pw 108)—Nggp §
Vew

[Ny I +1) =

Fw

or as a difference equation,

Equation 2(c):

ALN gy ] — LN gL I-IN gy DV +(INyyrp 1=IN g D*Vipwre + (LN apn 1IN g D*V precip = Nsep |
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As with sedimentation (Nggp), the atmospheric deposition factor (Napn) may alter [Npw]
without substantially changing water volume. Although direct precipitation comprises
less than 1% of freshwater inputs, atmospheric deposition onto the river surface has both
dissolved (wetfall) and gaseous (dryfall) components. ADN as dryfall is usually
considered proportional to ADN in wetfall, thus can be included by multiplying wetfall N

by a constant (Fisher and Oppenheimer 1991).

Aqueous N or P input concentrations in equations 1(c) and 2(c) can be aggregated into a
single term ([Pn] or [Nin]), calculated as a flow-weighted mean concentration from all
sources (WWTP, fall line, and wet deposition). For P, this flow weighted "all source

concentration" is:

Equation 3:

_ Z [F 'V
[Py 1= Vw > Where V= >V, .
i={WWTP,FL} i={WWTP,FL}

Here, [P1v] is the estimated source concentration of P entering the tidal freshwater river,
while Py and Virepresent the P concentration and total water volume from each source
and V| is the sum of water entering from all sources. The source concentration estimate
for N parallels that for P, with an additional source added for wet atmospheric deposition

of nitrogen (ADN):
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Equation 4:

— [N: ]
Ny 1= Z Vv > and ¥V, = ZV

1

i={WWTP,FL,ADN} i={WWTP,FL,PRECIP}

The empirically derived equivalents of [Piy] and [Ny] will be referred to as TP and

TNy in subsequent analyses.

If nutrient inputs are relatively constant over the short-term, then "steady state"

concentrations of ambient N and P should emerge:

Equation 5:

[Prw] = [PN] - Psep

Equation 6:

[Nrw] = [Niv] - Nsep

such that ambient N and P concentrations are proportional to their source concentrations,
less net sedimentation. Furthermore, if sedimentation is positive, then freshwater

concentrations should decrease with distance downstream from nutrient inputs.
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The ability of ambient nutrient concentrations to arrive at a steady state is limited,
however, by (a) variability in nutrient inputs, (b) variability in (total freshwater) inflow,
(c) temperature- and flow-dependent variability in tidal river water volume and net
sedimentation, and (d) biological processes influencing nutrient biogeochemistry (Section
1.1). Furthermore, based on equations 1(c) and 2(c), the speed with which ambient
nutrients track their respective source concentrations should be a direct function of inflow

and an inverse function of river water volume.

Thus, changes in these abiotic and biotic factors together determine spatial and temporal

variability in nutrient concentrations.

Algal Biomass

Algal biomass accumulation (Arw) in the tidal fresh zone may also be modeled as a

function of inputs less outputs:

Equation 8 (a):
Apw(t+]) = Arw(t) + (ArL + AGrow) — ArLust — AGraze — Asep

or by difference in concentration over time,

Equation 8(b):

A[Alrw/At = { (ArL - ArLusn) T (AGrow - AGraze) - Asep | / Viw
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New terms include algal growth (Agrow), grazing by consumers (Agrazg), and algal

death, sedimentation, and decay (Asgp), as shown in Figure 1(c).

Both nutrient and non-nutrient factors affect algal growth:

Equation 9(a): Acrow f'([Nrw], [Prw], New/Prw, T, L)

Here, growth is a positive function of nutrient concentrations, their ratio (Npw/Prw),

temperature (T), and light availability (L). Light availability is also composed of several

factors:

Equation 9(b): L = (o, A, Zninx),

with incident light intensity (Io), light extinction coefficient A, and water mixing depth

(Zmix), such that -

Equation 9(c): A f(TSS)

Equation 9(d): ZMix f(WIND, ZMAX, TIDE, ATDAy)
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given total suspended solids (TSS), wind velocity (WIND), water column depth (Zyax),
tidal current velocity (TIDE), and diel (daily) temperature range (ATpay). Ongoing
observations have indicated that mixing depth is essentially equivalent to water column
depth throughout the year (R.C. Jones, pers. comm.), and thus equation 5(d) may be

replaced by Zyix = Zmax-

Grazing of algae (Agraze) can be decomposed into water column (zooplankton) and
benthic (bivalve filtration) consumers. In the tidal freshwater Potomac, zooplankton do
not appear to remove a significant fraction of algal biomass (Buchanan and Schloss 1983;
Sellner et al. 1993). Benthic filter feeders, particularly the invasive species Corbicula
fluminea, have been implicated as possible top-down influence on algal growth (Cohen et
al. 1984; Cohen 1988; Phelps 1994). There should also be significant relations between
[A] and growth factors (Iy, T, [P], [N]) and inversely between [A] and loss factors
(flushing, Zyax, WIND) in the tidal freshwater (Jones ef al. 1992; Limno-Tech 1993).
Relatively little [A] enters the TFW river via the fall line from fast moving, turbid non-

tidal river, however (R. C. Jones, pers. comm.).

Based on the above, an empirically simplified version of equation 4(b) would be —

Equation 10: A[A]rw/At = { AGrow - ArLusH — AFiLTER - Asep | / Viw
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where Apy rgr represents filtration by benthic organisms. As measured by Chl a, observed
algal biomass concentrations over time should be proportional to the ensemble of growth-
related factors less flushing, filtration, and net sedimentation processes. Thus, as with
ambient nutrient concentrations, Chl a should vary with growth and loss factors

longitudinally and over multi-day, seasonal, and inter-annual time periods.



1.3 Tidal Freshwater Potomac River Study Site

The tidal Potomac River extends southeast from just below Great Falls, MD (39°N 77°W)
to its mouth at Point Lookout, MD (38°N 76°W), on the western shore of the Chesapeake
Bay. The tidal river is flanked on the west by Virginia and on the east by Washington,
DC, and Maryland. The Potomac watershed extends over two additional states
(Pennsylvania, West Virginia), as shown in Figure 2. As such, the basin provides
sufficient drainage area (38,000 km?) to make the Potomac the second largest flowing

Bay tributary.

Potomac Watershed and Water Quality

New growth forests comprise the Potomac watershed’s largest land-use (53%), followed
by agriculture (32%), and growing urban areas (11%) (Cummins 1994). Reflecting this, a
burgeoning urban area surrounds Washington, DC at the tidal headwaters. Of the 4.6
million people living in the basin, 3.7 million live in the Washington metropolitan area.
Livestock agriculture (particularly poultry and swine) has also developed significantly in
the upper watershed over the past few decades. Along with fertilizers and air deposition,
humans and their domesticates contribute a substantial supplement of nitrogen and

phosphorus nutrients to the estuary.

59
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Potomac JRiver JBasim
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& /Maryland
R Aav
&
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West $
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Figure 2. The Potomac River and its watershed. After falls just northwest of Washington,
DC, the river enters its tidal estuarine zone.
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Table 10. Annual loading of TN and TP from terrestrial non-point sources, point sources,
and atmospheric sources above (AFL) and below (BFL) the fall line. Adapted from

Boynton et al. (1995).

Source Location TP (Ggly) TN (Ggly)
Point Source AFL 0.620 2.64
Non-Point Source AFL 1.880 19.76
Point Source BFL 0.140 9.30
Non-Point Source BFL 0.210 1.87
Atmospheric BFL 0.077 1.92
Deposition'

TOTAL 2.927 35.49

" In wetfall to surface waters only.

Table 10 shows that nutrient pollution comes from both point sources (PS), primarily

waste water treatment plants (WWTPs), and diffuse non-point sources (NPS), such as

cropland fertilizer and urban storm drains. Above fall line (AFL) NPS contribute 2/3 of

total phosphorus (TP) loads, supplemented by 2/9 from AFL point sources, with the

remaining 1/9 from below fall line (BFL) sources and atmospheric deposition. Over half

of total nitrogen (TN) loads arrive via AFL NPS, with another quarter from BFL point

sources. The remainder is comprised of AFL point sources, atmospheric deposition of

nitrogen (ADN), and BFL NPS, in order of importance. Thus, local WWTPs whose P

pollution is relatively minor nonetheless significantly impact estuarine N levels.
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Segmenting the Estuary

The Potomac estuary can be roughly divided into three reaches: tidal fresh, transition
zone, and estuarine zone (Callender et al. 1984). Each reflects a distinct salinity reach —
freshwater (< 0.5 ppt), oligohaline (0.5-5 ppt), and mesohaline (5-18 ppt). The exact
locations of these salinity boundaries change with flow and mixing conditions. There are
nonetheless generally accepted landmarks used to delimit these reaches (Lippson ef al.

1981; Callender et al. 1984).

The Tidal Freshwater Potomac River

From the fall line at Chain Bridge, MD (38°55°46” N 77°07°01” W), the tidal freshwater
portion of the Potomac River extends approximately 43 km to the vicinity of Quantico,
VA (38°36°29” N 77° 10 27” W), as shown in Figure 3. Surface area per kilometer
increases along this stretch from 0.3 to 2.2 km?, while average depth varies from 1.4 to
6.8 m. Most bathymetric transects reveal a broad shallow shelf coupled with a narrow

6.5-23 m deep channel (Lippson et al. 1981).
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Figure 3. The tidal freshwater Potomac River, including representative cross-sections and
largest WWTPs (Callender ef al. 1984).
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Sources of Freshwater and Nutrients

The non-tidal Potomac River is the primary source of freshwater into the tidal portion of
the river, with a mean flow of 327.5 m’/s and a daily range of 17 (September 10, 1966)
to13700 m*/s" (March 19, 1936) (Lippson et al. 1981; Callender ez al. 1984). Fall line
concentrations of TN and TP during 1993-94 were 1.33 and 0.11 mg/L, respectively
(MWCOG 1995). Gauged tributaries entering the tidal zone contribute an additional 28.5
m’/s of freshwater. By and large, tidal tributaries nutrient concentrations have been
considered relatively small (Callender et al. 1984; Hickman 1987), and thus not

rigorously monitored.

The tidal freshwater area also receives wastewater effluent from twelve major (> .02
m’/s) waste water treatment plants. These sites, their locations, and 1994 discharges are
shown in Table 11, in order of distance downstream. The table also presents total
discharge capacity and mean nutrient concentrations at each plant. Overall, WWTPs
contribute 21.89 m>/s treated water to the tidal freshwater Potomac in 1994, with mean

flow-weighted concentrations of 14.28 mg/L TN and 0.13 mg/L TP.

Monthly precipitation in the area averages 8.19 cm, equivalent to 1.74 m’/s over the
surface of the tidal freshwater river. Nutrient concentrations in precipitation have

averaged 2.61 mg/L inorganic nitrogen with trace amounts of inorganic phosphorus
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(90% of samples below detection limits) in nearby Fairfax County, VA (D. Salkovitz,

VADEQ, pers. comm.).

Table 11. WWTP discharge along the tidal freshwater Potomac River, with average

nutrient concentrations in 1994 (MWCOG 1995).

! Estimated from MWCOG data described in Section 2.0.

Distance | WWTP Flow Flow TP TN Latitude (°N) /
fr. Falls (m3/s) Capacity (mg/L) | (mg/L) | Longitude (°W)
(km) (m’/s)
15 Arlington 1.31 1.31 0.06 9.87 38°50°27”/77°03°20”
17 Blue Plains 14.30 13.53 0.15 13.42 | 38°49°30”/77°01°30”
19 Alexandria 1.61 2.37 0.06 22.52 | 38°47°39”/77°03°29”
30 Piscataway 0.85 1.31 0.14 11.65 | 38°42°09”/77°03°09”
39 Lower Potomac 1.72 2.37 0.08 15.31 38°41°51”/ 77°12°04”
48 Upper Occoquan | 0.95 0.95 0.05 18.85 | 38°48°35”/ 77°27°15”
48 Lorton 0.05 0.09 0.26 n.a 38°41°01”/77°15°03”
49 Indian Head 0.09' n.a. n.a. n.a 38°36°29”/77°10°27”
51 Dale Service 8 0.08 0.09 0.06 10.98 | 38°38°48”/ 77°20°40”
51 Dale Service 1 0.11 0.18 0.10 13.06 | 38°37°55”/77°18°30”
51 Mooney 0.46 0.53 0.12 18! 38°36°39”/77°16°13”
59 Mattawoman 0.36 0.66 0.09 13.23 38°36°45”/77°08°16”
All WWTPs 21.89 | 23.48 0.13 14.28
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A tidal freshwater volume of 185 x 10° m® retains mean total freshwater inputs (380 m’/ S)
for about one week, although residence time varies substantially between periods of base
flow and storm flow, both seasonally and inter-annually. Volume weighted nutrient
concentrations for all gauged freshwater inputs (not including tidal tributaries) are 2.14

mg/L TN and 0.11 mg/L TP.

The major freshwater sources and their relative nutrient concentrations are presented in
Table 12. Ground water is not included as a freshwater source nor sink. Note that the
precipitation figure accounts only for inputs directly onto the surface of the tidal fresh
portion of the estuary, and not the entire estuary (twenty times larger) nor the BFL
watershed (incorporated into tidal tributary estimate). The “all source estimate” nutrient
concentrations are 0.11 mg/L for TP and 2.06 mg/L for TN. This estimate represents a
mean flow-weighted average of nutrient concentrations from all sources, with pristine
streams used to characterize tributary quantities absent the effects of pervasive WWTP
outfalls. If nutrient concentrations from various sources were similar at a hypothetical
maximum freshwater inflow (~ 15,275 m’/s), this source TP estimate would decline
slightly to 0.10 mg/L, while source TN would drop to 1.33 mg/L, as WWTP discharge

would be thoroughly diluted by other freshwater inputs.
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Ambient Water Quality

Several agencies have regularly monitored estuarine water quality in the tidal freshwater
Potomac, including the District of Columbia (DC), Fairfax County, Maryland Department
of Natural Resources (MDNR) since at least 1985. The DC program includes seven
stations in the Potomac mainstem. Fairfax County has one intensively studied site in tidal
fresh portion of the river, near Gunston Cove, as well as an embayment site in the cove
itself. MDNR has two sites between Rosier Bluff and Gunston Cove, a third at Indian
Head, and a fourth on the brink of the oligohaline zone at Possum Point. In addition,
Metropolitan Washington Council of Governments (MW COG) previously supported
summertime longitudinal monitoring of water quality at five stations from 1991 to 1993.
Just upstream from the tidal river, the Occoquan Watershed Monitoring Laboratory
(OWML) samples flow and nutrients parameters at Chain Bridge. Locations for

monitoring stations above and adjacent to the tidal freshwater river are in Table 13.

Table 14(a) compares the previously determined “all source estimate” source
concentrations with mean ambient nutrient concentrations observed in situ over the 1985-
1995 period. While P did not fluctuate substantially from expected values, N increased
across monitoring programs down the length of the tidal river. Furthermore, values fell
within a range considered eutrophic to hyper-eutrophic according to trophic classification

schema in Section 1.1. Between adjacent embayments, nutrient concentrations vary
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significantly, ranging from 1.55 to 12.73 mg/L TN and 0.08 to 0.18 mg/L TP, as

presented in Table 14(b).

Chl a levels in the tidal freshwater Potomac River are generally within the mesotrophic-
eutrophic range annually, but eutrophic to hyper-eutrophic in summer (Table 15). There
also exists substantial spatial and temporal complexity underlying mean Chl a levels, as
illustrated in Figure 4. DC Chl a levels, monitored early in the study period (1985-86)
peaked earlier in the year (23 ug/L in June) compared to MDNR-observed levels
downstream (21-22 pg/L July-August) through 1995. Chl a at MDNR stations,
meanwhile, remained in phase with those at Fairfax County’s station, but the latter
magnitude was greater across all months but February (apex at 43 pg/L). Finally,
MWCOG’s limited longitudinal observations (1991-93) show maximum Chl a at even
greater values and later in the summer (49 pg/L in September). Thus, Chl a exhibits

considerable variability across stations, months, and years.



Table 12. Mean freshwater inflow and nutrient concentrations entering the tidal
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freshwater Potomac River from gauged sources, along with “all source estimate” for total

inflow and flow-weighted nutrient concentrations.

Fresh Water Mean Maximum Mean Mean N:P Ratio

Source Flow Daily (m’/s) | TP TN (mol/mol)
(m/s) (mg/L) | (mg/L)

Fall Line ' 327.50 13,700. 0.11 1.33 5.46

Tidal Tributaries ' | 28.46° 1,428.° 0.03* 0.99% | 14.90

Precipitation "*° 1.74 98.92 - 2.61 -

All WWTPs ' 21.89 <23.48 0.13 14.28 49.61

CSOs ® 0.48 243 2.12 5.28 1.12

All Source 380.07 < 15275 0.11 2.06 8.46

Estimate

! From 1985-95 data described in Section 2.0.

?BFL tributary flow derived from (a) gauged tributary total (28.06 m’/s in Lippson et al. 1981) and 29.36%

of total watershed precipitation (28.86 m’/s), equivalent to the percentage of AFL precipitation which
arrives at the fall line.

* Maximum tributary and CSOs flow estimated at 50 times mean flow, based on average of maximum/mean
fall line flow (42) and maximum/mean precipitation (57).

* Tributary nutrient concentrations are based upon means at two tributary streams, upper Pohick Creek and

Accotink Creek, not impacted by WWTP discharge.

> Precipitation directly onto the surface of the TFW only.

® Both CSO volume — a linear function of precipitation (Veso = 0.268 * Vprgcrp — 0.59 in mm/mz) —and

CSO concentrations adapted from 1979-81 data in Hickman (1987).
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Table 13. Stations regularly monitored for water quality in the TFW Potomac River.

Distance fr. [Station # Location Agency [Latitude ' Longitude '
Falls (km)
0.0 PR 1°? Chain Bridge (Fall Line) OWML  [38°55”46” N |77°07° 71" W
3.9 PMS 1 Fletcher's Boathouse DC 38°55°04” N |77°06° 18" W
5.5 PMS 10 Key Bridge DC 38°54°08” N |77°04° 11" W
9.5 PMS 21 14™ Street Bridge DC 38°52° 27" N |77°02° 33" W
13.5 PMS 29 Hains Point DC 38°51°01” N |77°01° 21" W
SUM HP (Buoy “HP”) MWCOG |38°51° 05" N ([77°01° 20" W
16.7 PMS 37 Naval Research Lab DC 38°49° 18" N |77°01° 53” W
17.3 SUM BP Blue Plains(~100 m from DC{MWCOG (38°48° 41” N |77° 01°53” W
shore) 77 01 (40)
19.5 PMS 44 Woodrow Wilson Bridge DC 38°47° 417N |77°02° 14” W
21.9 PMS 51 Rosier Bluff DC 38°46° 127N |77°01° 54” W
SUM RB (Buoy 88) MWCOG |38°46° 15" N [77° 01’ 51" W
29.8 XFB 2470  |Potomac at Piscataway MDNR 38°42° 26" N |77°02° 57" W
354 XFB 1433 |Dogue Creek MDNR 38°41°26” N |77°06° 31" W
SUM DC (Buoy 67) MWCOG |38°41°27” N |77°06° 37" W
39.1 GC 9 Gunston Cove Fairfax Co.|38°39°22” N |77° 07’ 35" W
49.2 XEA 6596  |Indian Head MDNR 38°36°29”N |77°10° 27" W
SUM IH (Buoy 54) MWCOG |38°36°28” N [77° 10’ 26” W
61.1 XEA 1840 % |Possum Point MDNR 38°31°47°N |77°15° 56" W

'talicized coordinates determined using WGS 84 map data in a Garmin GPS III global positioning system,
as part of the 1997-98 summer water quality study. The GPS has an estimated accuracy of 30m (about one
second of one degree). All other coordinates from An (1992) and Hazelwood and Ibrahim (1998).

? Site immediately above (PR 1) or below (XEA 1840) the tidal freshwater Potomac River.



71

Table 14. Comparison of mean nutrient concentrations for all source estimate and across
all monitoring stations in (a) the mainstem tidal freshwater Potomac River and (b) TFW

embayments.

(a) Potomac Mainstem

Distance from Falls | Location / Monitoring TP (mg/L) ' TN (mg/L) '
(km) Program

00-50 All Source Estimate 0.11 2.06

0 At Fall Line / MWCOG 0.11 1.33

04-22 Washington, DC / DC 0.10 2.16

13-50 TFW mainstem / MWCOG 0.10 3.64

39 Near Gunston Cove / Fairfax 0.09 2.63

29-61 Maryland / MDNR 0.10 2.76

"Over the 1985-1995 period, except by DC (1985-1992) and TFW mainstem by MWCOG (summers 1991-
93 only). Data sources described in Section 2.0.
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(b) Potomac Embayments

Distance from Falls | Location/Program TP (mg/L) ' TN (mg/L) '

(km)

13.5 Anacostia River/DC 0.09 1.92

15.1 Four Mile Run/VA 0.18 9.35

20.8 Hunting Creek/VA 0.10 12.73

29.6 Little Hunting Cr./VA 0.13 3.91

29.9 Piscataway @ Ft. 0.09 2.86
Washington/MDNR

39.1 Pohick-Gunston/VA 0.15 8.01

39.1 Gunston Cove/Fairfax 0.11 3.42

48.3 Occoquan-Belmont Bay/VA 0.13 1.55

50.8 Neabsco Bay/VA 0.13 2.74

59.5 Mattawoman 0.08 1.78
Embayment/MDNR

2 Data sources in Section 2.0.
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Table 15. Annual and summer mean chlorophyll a levels across all sample dates (1985-
95) for tidal freshwater Potomac mainstem and nearby embayments.

Distance fr. Falls (km)

Location/Monitoring Program

Mean Chl a (pg/L)

04-22

13.5

15.1

20.8

29-61

29.6

29.9

39

39.1

39.1

48.3

50.8

59.5

Washington, DC Mainstem/DC '

...Anacostia River/DC
...Four Mile Run/VA

...Hunting Creek/VA

Maryland Mainstem/MDNR

...Little Hunting Cr./VA

...Piscataway @ Ft. Washington/MDNR

Mainstem at Gunston Cove/Fairfax

...Pohick-Gunston/VA

...Gunston Cove — Station 7/Fairfax
...Occoquan-Belmont Bay/VA
...Neabsco Bay/VA

...Mattawoman Embayment/MDNR

Annual

9.4

17.0

n.a.

n.a.

10.3

n.a.

15.1

21.6

n.a.

69.5

n.a.

n.a.

31.2

Summer Only
(July-Sept.)

14.9

32.1
18.7

31.7

146.9

28.3

373

58.2

127.5
177.4
168.2

52.8

" Only monitored in 1985-86.
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Figure 4. Mean chlorophyll a estimates by month for each mainstem monitoring
program: DC (-----, 1985-86), Fairfax (—, 1985-95), and MDNR (- - —, 1985-95) and
MWCOG longitudinal study (triangles, 1991-93).
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Biota in the Tidal Freshwater Potomac River

Primary Producers/Autotrophs

Phytoplankton Community

Seasonal variation in Chl a closely parallels that of phytoplankton cell density. In 1996,
for instance, the number of algal cells/mL water varied from under 50,000 in the late fall
and early winter to over 250,000 in mid-July (Jones and Kelso 1997). In spring, diatoms
were numerically dominant -- especially Melosira and discoid centric genera -- while
cyanobacteria dominated the summer bloom. Pervasive cyanobacteria in recent years
include Rhaphidiopsis, Aphanocapsa, and Mersmopedia. Microcystis, a bloom forming
cyanobacterium, was very abundant in the early 1980s, but has been less common since
then. Nitrogen fixing cyanobacteria have been scarce. Chlorophytes and cryptophytes

were also numerically important.

Even during the summer peak, diatoms comprised most of phytoplankton biovolume in
the river mainstem (Jones and Kelso 1997). Cyanobacteria such as Oscillatoria,

Rhaphidiopsis, and Coelosphaerium also made a significant contribution to biovolume.

Jones (1997) has noted that cyanobacteria, green algae, and total algal cell densities
correlate negatively with flow, while diatoms in the mainstem near Gunston Cove (station
GC 9) do not. Statistically removing this flushing effect, there have been no monotonic

trends in algal populations over the period 1983-95 at this site.
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Submersed Aquatic Vegetation

On maps from the early 1900s, grassbeds were abundant along the shoals of the tidal
freshwater Potomac River (Carter et al. 1985). Since then, such submersed aquatic
vegetation (SAV) has greatly diminished. Over the period 1978-82, Carter et al. (1985)
found no vegetated sites over 13 transects in the Gunston Cove area. Elsewhere in the
tidal freshwater river, there was a low SAV diversity of only fourteen species of vascular

plants and two species of the alga, Chara.

In 1983, submersed aquatic plants returned to the tidal freshwater Potomac River. From
1984-87, aquatic vegetation spread from 240 to 1583 hectares (Rybicki and Schening
1990). Although SAV beds continued to recover through the early 1990s (Landwehr ef al.
1997), Carter (1997) identified a substantial decrease in the upper tidal fresh in 1994-95.
Inter-annual changes in SAV beds related to improved water clarity (Secchi depth) from
the District of Columbia through Dogue Creek (Carter 1997; Landwehr et al.1997). Both
inorganic suspended sediments and Chl a contribute to the total suspended solids (TSS)
which limit such clarity and light penetration. This clarity factor does not account for

inter-annual SAV variability further downstream.

Consumers/Heterotrophs

Microbial Processes
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Kelso et al. (1985) found high metabolic rates among microheterotrophs in the Potomac
in the vicinity of Gunston Cove. From April through December 1984, this community
appeared to be actively assimilating labile organic matter, with carbon respiration rates
less than 50% of intake. There was also a late summer (September) dip in metabolic
activity, concurrent with the fall in Chl a levels as solar energy and temperature declined,
although microheterotroph activity returned to above-median metabolic values before
December. Direct microscopic examination revealed the microheterotrophic community
to be dominated by bacteria, suggesting that in this enriched habitat, nutrients may be
caught in a microbial loop, with relatively little assimilated up the food chain to more
complex organisms. Extraordinarily high bacteria levels in the Potomac River estuary

have also been reported (Blankenship 2000).

Nitrification-denitrification drives nitrogen through aerobic nitrification in the water
column and anaerobic denitrification in benthic sediments. Such processes are essential
components to in situ transformation and removal of available inorganic nitrogen (Shultz
1989). While dissolved oxygen is generally sufficient to support water column
nitrification, high flow may nonetheless reduce the rate of nitrification (Elkins ef al.

1981).

Macrobenthos

Oligocheate detrivores exhibit the highest density (>8000/m?) of all benthic macrofauna

in the tidal freshwater Potomac, followed by chironomids (>150/m?), the bivalve
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Corbicula (>80/m?), and various amphipod species (>50/m?) (Jones and Kelso 1997).
Corbicula, the Asiatic clam, invaded the tidal freshwater Potomac in the late 1970s and
has since been attributed with filtering a sizable fraction of total algal biomass from the

Potomac (Cohen 1988).

Pelagic Zooplankton and Nekton

The zooplankton community is dominated by rotifers, especially Brachionus and
Keratella. Rotifers increase rapidly from spring though late summer, peaking at over
2000 per liter, before fall water temperature drops (Jones and Kelso 1997).
Microzooplankton biomass has increased over 200% since 1985 and over 300% for
rotifers (Lacouture ef al. 1997). Macrozooplankton species taxa include cladocerans,
peaking (>100/L) in the early summer, and copepod nauplii, which show spring and
summer maxima (> 200/L) (Jones and Kelso 1997). These magnitudes are generally
considered in the “fair” category in terms of abundance (Lacouture ef al. 1997), but

insufficient to regulate algal biomass (Buchanan and Schloss 1983; Sellner et al. 1993).

Ichthyoplankton are dominated by the semi-anadromous species Dorosoma cepediana
(gizzard shad) and, to a lesser extent, by 4losa species (blueback herring and alewife) and
perch species (Morona americana (white perch) and Perca flavescens (yellow perch))
(Jones and Kelso 1997). White perch are the most numerous juvenile and adult fish in the

river near the Gunston Cove.
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Seasonality in Climate and Hydrology

The region’s temperate mid-Atlantic climate provides fairly consistent precipitation
throughout a typical year (80 £ 10 mm/month for mean over all years during1960-95),
although ice melt and lack of evapotranspiration contribute to a notable late winter-early
spring peak, or freshet, in river flow. Meanwhile, higher solar energy and air temperature
increase evapotranspiration in the summertime, producing low flow in the late summer

and early fall.

The seasonality in these climatic variables is illustrated in Figure 5. Solar energy drives
seasonal progressions in air temperature, wind, and flow. Solar radiation climaxes in late
June, preceding highest annual temperatures by one to two months, and lowest average
wind speeds and fall line flow volumes by two to three months. As sunshine decreases to
its December minimum, these other factors also proceed over six months towards their
opposite extremes. Precipitation shows a slight pattern with a dominant periodicity on

the order of two to three months, yet falls heaviest in July-August.

While WWTP discharges vary minimally year-to-year, monthly mean fall line flow has
fluctuated from a low of 17 m’/s in September 1966, to a high of 13,700 m*/s in March of

1936 (Cohen 1988). Such fluxes drive inter-seasonal and inter-annual variations in water
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column stability, nutrient delivery to and flushing from the tidal freshwater portion of the

estuary.
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Figure 5. Annual cycles in monthly median solar energy, temperature, wind, flow, and
precipitation near the tidal Potomac River. Data from NCDC (on-line) and USGS (2000).



2.0 Data Collection and Preliminary Analysis

Introduction

To effectively examine eutrophication patterns and relations along the TFW Potomac
River required access to and integration of data from a variety of sources, as well as
supplemental monitoring in the field. Methods for raw data collection, preparation and

preliminary statistical analysis, along with the results of this analysis are presented below.

Methods

Design Variables

Design variables for the project are grouped as exogenous factors, response variables, and

in situ factors and co-indicators and summarized in Table 16.

Variable weather and nutrient loading phenomena were targeted as exogenous factors
affecting water quality in the tidal freshwater Potomac River. Primary meteorological
variables used in this exploratory data analysis include: solar energy (Io), air temperature

(T), precipitation (Vprecip), and wind speed (WIND) (NCDC on-line).

82
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Table 16. Summary of design variables examined in this study.

Design Variable Types

Variables Considered

Water Quality Responses

Ambient total nitrogen (TN), total phosphorus
(TP), and Chlorophyll a (Chl a) concentrations —
biweekly to monthly — both surface and depth
integrated.

Exogenous Meteorological Factors

Daily solar energy, air temperature, precipitation,
wind speed

Exogenous Hydrological and Loading Factors

Daily fall line and monthly mean waste water
treatment plant (WWTP) flows and nutrient loads,
respectively; daily precipitation and weekly
average atmospheric deposition of nitrogen (ADN)
in precipitation.

In situ Factors and/or Co-Indicators

Biochemical oxygen demand (BOD), organic
nitrogen (ON), particulate phosphorus (PP), total
suspended solids (TSS), volatile suspended solids
(VSS), non-volatile suspended solids
(NVSS=TSS-VSS), Secchi depth, light attenuation,
pH, dissolved oxygen concentration (DO) and
percent saturation (DO %) concurrent to water
quality sampling; bi-monthly Corbicula biomass;
occasional water column-benthos nutrient fluxes.

As described in the conceptual approach above (Section 1.2), freshwater inflows and their

respective nutrient contributions were also key factors in this study. Primary among these

were fall line flow (VL) and nutrient concentrations (TPg, TNgp) as well as those of

major (> .5 Mg/d) WWTPs (Vwwre, TPwwrp, TNwwrp). Precipitation and regional “wet”

atmospheric deposition of nitrogen (TNwgr.Apn) Were also considered.
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A number of potential factors were explored but not included in analyses: Dry ADN
(Npry-apn) was not directly addressed due to methodological limitations and the fact that
recent estimates assume dry ADN is roughly equivalent or proportional to wet ADN
(Fisher and Oppenheimer 1991). Freshwater and nutrient inputs from tidal tributaries and
groundwater were also not directly considered because of the relatively small tidal
watershed area relative to the watershed as a whole; the paucity and inconsistency of
available data on below fall line (BFL) streams and groundwater; and the potential for
double accounting for the effects of WWTPs outflows into these waters. Finally, since
urban combined sewer overflows (CSOs) have previously been found to contribute only a
fraction of BFL stream TN (3%) and TP (1%) loads (Hickman 1987), these too were

excluded from further analysis.

Water quality response variables include concentrations of Chl a, TP and TN. Dissolved
oxygen (DO) and pH were also examined as factors affecting TP and co-indicators for

Chl a. These and other Chl a co-indicators were examined as summarized in Appendix B.

Most top-down pelagic processes have not been considered critical to modulating algal
biomass (Buchanan and Schloss 1983; Sellner et al. 1993). The recently invading benthic
species of Asiatic clam (Corbicula fluminea), however, has been so implicated (Cohen
1988; Cohen et al. 1984; Phelps 1994), and thus was included a potentially pertinent

factor. No ongoing information on microbial processes nor on benthic-water column
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fluxes were available for study as factors in tidal Potomac water quality (Robert Jonas,
GMU, pers. comm., April 10, 1998; Walter Boynton, Chesapeake Biological Laboratory,

UMD, pers. comm.).

Sampling Methods

Since the mid-1980s, several local, state, and federal environmental programs have been
regularly monitoring regional weather, fall line flow, nutrient loading, and water quality
along their respective portions of the tidal freshwater Potomac. These data sets were
assembled from their respective monitoring programs, with their pertinent measured

parameters listed in Table 17.

Exogenous Meteorological, Flow, and Nutrient Loading Factors

Primary meteorological factors used in this exploratory data analysis include: daily air
temperature, daily total solar radiation, percent possible sunshine, minutes of sunshine,
precipitation, and wind speed from National Airport by the National Climactic Data

Center (on-line(a)).
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Table 17. Data sets assembled for (a) physical factors and exogenous loading factors, (b)
factor and response variables in situ in the TFW Potomac River, and (c) in situ in
adjacent tributaries and embayments -- along with sources, period on record, and
pertinent variables measured.

(a) Physical and Exogenous Loading Factors

Data Set Source Start- Sampling # Sites: Factor Variables
End Frequenc Locations
y (mon™)
Weather/ NCDC 1960- 30 1: National Precipitation; air temp.;
Climate 1995 Airport; wind speed; percent solar;
Richmond and total solar radiation; minutes

Baltimore (solar)  sunlight

Fall Line USGS 1960- 30 Little Falls, MD Flow
Flow 1995
Fall Line USGS 1978- 1 Little Falls, MD Flow; TN, NO,3, TKN,
Loads 1995 NH,, TP, PO,, DIP
Fall Line OWML 1983- 30 Little Falls, MD Flow; TN, NO,3;, TKN,
Flow/Loads 1995 NH,, TP, PO,, DIP
WWTP MWCOG 1984- 1 14 (>0.5 Mg/d) Discharge; TN, TP in
Discharge 1995 WWTPs in tidal discharge
fresh
MD/VA Air  NADP 1985- 4 3: Shenandoah, Precipitation; NHy, NO;
Deposition 1995 VA; White Rock  deposited in precipitation
& WyeR.,, MD
Local Air VAPN 1983- 4 1+: Fairfax Co. precipitation; temperature;
Deposition 1990 (and outside NH,4, NO,, NO;, PO,

basin, in VA)




(b) In Situ Factor and Response Variables
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In Situ Data
Set

Depth
Integrated
Water Quality
Along TFW
Stretch

Depth
Integrated
Water Quality
Along TFW
Stretch

Surface Water
Quality At
Gunston Cove

Surface Water
Quality Along
DC Stretch

Water Quality
Along MD
Stretch

Survey of
Asiatic Clam
Population

Source

This
study

Start-End Sampling # Sites: Locations
Frequency
(mon™)

summer 2

1997

MWCOG summers 2

GMU/
Fairfax
Co.

DC

MDNR

CBPO

1991-1993

1983-19961.6

1982-19951.7

1974-19951.3

1984-19960.5

Ambient Factor
or Co-Indicator
Variables

5: nr. Haines Point,
Blue Plains, Rosier
Bluff, Dogue Cr.,
Indian Head

Water temperature;
DO; pH

5: as above Water temp.; DO;

pH

2: in Gunston Cove; Water temp.; DO;
mainstem nr. Cove pH

7: Fletcher’s BH, Water temp.; DO;
Key Br., 14" St. Br., pH

Haines Pt., NRL,

WW Br., Rosier Bl.

3: nr. Piscataway Cr., Water temp.; DO;
Dogue Cr., Indian  pH; salinity

Head +7 below tidal

fresh

2: nr. Rosier Bluff, Corbicula fluminea
random stratified density (g/m’)
locations

Response
Variables

Chl a; NO3,
TKN, NH4;
TP, PO4 (DO,
pH)

Chl a; NO3,
TKN, NH4;
TP, PO4 (DO,
pH)

Chl a; NO2,
NO3, TKN,
NH3; TP, PO4
(DO, pH)

Chl a; NO2,
NO3, TKN,
NH3; TP,
organic P, DIP
(DO, pH)

Chl a; TN,
NO2, NO3,
TKN, DON,
PN, NH4,; TP,
DOP, PO4,
PN, PP, DP
(DO, pH)
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(c) Variables in Tributary and Embayments

In Situ Data  Source Start-  Sampling Number of Sites: Ambient Factor Response
Set End Frequency Locations Variables Variables
(mon'l)
Water Quality DC 1982- 1.5 7: NY Ave., Benning Water temp.; As above
in Anacostia 1995 Pwr. Sta., PA Ave., DO; pH
River Navy Yd., S. Capital
St. Br., Buzzard Pt.,
Hains Pt.
Maryland MDNR 1986- 1.3 4: in Mattawoman Cr. Water temp.; As above
Embayments 1995 (2), Piscataway Cr. (2) DO; pH
\Virginia VADEQ 1974- 0.8 6: 4 Mi. Rn., Hunting Water temp.; Chl a; NO2,
Embayments 1997 Cr., Little Hunting Cr., DO; pH NO3, TKN,
Neabsco Cr, Occoquan NH3; TP, DIP,
Bay, Pohick Cr. PO4 (DO, pH)

Fall line flow volume and nutrient loads were collected by two separate programs,
Occoquan Water Monitoring Laboratory (OWML) and the United States Geological
Survey (USGS), based on daily and monthly means, respectively. MWCOG also provided
monthly mean discharges and nutrient loads from major WWTPs (> .5 Mg/d discharge)
within the tidal portion of the watershed. With the exception of some wet deposition sites,
available data for loading factors prior to the study period have also been acquired for
reference purposes. Nitrogen concentrations in weekly total precipitation (wet deposition)
were derived from weekly averages for stations in and near the Potomac watershed

(Salkovitz 1997; NADP (on-line)).
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In Situ Factor and Response Variables

Assembled Historical Datasets

Station locations for each ambient water quality monitoring program were presented
above (Table 13). An (1992) and Hazelwood and Ibrahim (1998) compare field
measurement and lab analysis techniques across these programs: For analysis of nutrient
concentrations, each program used standard methods described by either the U.S.
Environmental Protection Agency (USEPA) or American Water Works Association
(AWWA). For Chl a, however, lab techniques varied between agencies: Fairfax County
employed the AWWA fluorometric method (#1002G), while Maryland, Virginia, and
OWML used the AWWA spectrophotometric method (#1002G-1). Washington, DC,
followed spectrophotometric methods of the American Society for Testing and Materials
(D3731-79) or, in the absence of pheophytin, the trichromatic practice. OWML also made

use of these latter techniques (An 1992; Hazelwood and Ibrahim 1998).

Present Field Study

Metropolitan Washington Council of Governments (MWCOG) funded George Mason
University (GMU) to sample water quality longitudinally along both DC and MD
segments of the river over the summer months of 1991-1993. During summer 1997, we
returned to the same five stations sampled in previous years to compare 1991-93 baseline
conditions with summer water quality following the start of partial effluent denitrification

at Blue Plains WWTP (October 1996).
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From July 21 to September 25, 1997, the five stations — Haines Point, Blue Plains,
Rossier Bluff, Dogue Creek, and Indian Head — were monitored at two week intervals for
water quality parameters: TP, POy, total Kjeldhal nitrogen (TKN), NH4, NO,-NO 3, and
Chl a. Three replicate depth-integrated samples were taken at each site, extending
downstream from 8am to 2pm. Other variables recorded were pH, Secchi depth, light
extinction, water temperature, dissolved oxygen, conductivity and alkalinity. Laboratory
analysis of chemical data followed methods decribed in Wetzel and Likens (1979).
Inorganic nitrogen analysis was tested by the author and colleagues at George Mason

University.
Preliminary Data Analysis

The overall analytical approach deemed most suited to this project and data is that of
exploratory data analysis via graphical and non-parametric methods (Hirsch and Slack
1984; Gilbert 1987; Hirsch et al. 1991; Cleveland 1993; Sokal and Rohlf 1995; Statistical
Sciences 1995; Milliard 1997; USEPA 1997). In this context, the following analytical
steps were pursued as part of the preliminary analysis: (1) data set preparation, (2) testing
for normality, and (3) computation of summary statistics. These, in turn, set the stage for
subsequent sections to address more comprehensive analyses, including examining
longitudinal patterns (section 2.1), factor-response relations (section 2.2), and temporal

patterns across days (section 2.3), seasons (section 2.4), and years (section 2.5).
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Data Set Preparation

Upon collection, all data sets were translated into standard units and imported into the
statistical analysis and data visualization program SPLUS (Statistical Sciences 1995;
Mathsoft 1998). SPLUS versions 3.0 and 4.5 were used for various portions of this

project.

Derived Variables

Where TN was not explicitly recorded by a given monitoring program, this response
variable was derived from the sum of TKN and NO, +NOs™ as N. Organic nitrogen (ON)
was derived from the difference between TKN and ammonia nitrogen as N. Dissolved
inorganic nitrogen (DIN) is equivalent to total nitrogen less ON. Particulate phosphorous
was similarly determined from the difference between TP and PO4 phosphorus as P. Non-
volatile suspended solids (NVSS) was also determined by difference between reported
total suspended solids (TSS) and volatile suspended solids (VSS). Percent saturation of
dissolved oxygen (DO%) was derived by standard means from DO concentrations and
ambient water temperature. Predicted photosynthetically active radiation was derived
empirically from NCDC's minutes of sunshine and Julian dates, using methods described

in Jones (1998).

Flow weighted "all source" estimated concentration for total nutrient input concentrations
g p

(TP and TNn) were derived according to equations 3-4 in Section 1.2.



Detection Limits
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For quality control, all samples previously identified as associated with sampling or

laboratory analysis errors were removed from their respective data sets. Each database

was also corrected for spurious outliers and physically impossible combinations of

parameter values. Entries identified as “below detection limit” were given values of one

half the detection limit (DL), for purposes of graphical and non-parametric data analysis.

Detection limits and percent below DL were also recorded for each ambient water quality

monitoring program, as shown in Table 18.

Table 18. Laboratory method detection limits' (and % below detection limit) for pertinent
parameters of ongoing water quality monitoring programs in the mainstem tidal Potomac

River.
Parameter | Units DC MDNR Fairfax OWML MWCOG
Chl a ug/L 1 (21%) 0.02 (---) 0.02 (---) 1 (na.) 0.02 (---)
NH; as N mg/L 0.04 (32%) | 0.008 (1%) | 0.005 (10%) | 0.01 (<1%) | 0.01 (7%)
NO,as N mg/L 0.01 (27%) | 0.002 (<1%) | 0.005 (<1%) | Incl. w/NO; | Incl.
w/NO;

NO;as N mg/L 0.04 (<1%) | 0.02 (---) 0.02 (---) 0.01 (<1%) | 0.025 (---)
PO, as P mg/L 0.007 (3%) | 0.004 (<1%) | 0.001 (7%) | 0.003 (---) 0.002 (---)
TKNasN | mg/L 0.1 (3%) 0.1 (<1%) 0.20 (<1%) | 0.01 (<1%) | 0.20 (---)
TN asN mg/L 0.15 (--) 0.122 (---) 0.225 (--) 0.07 (---) 0.225 (---)
TP as P mg/L 0.01 (<1%) | 0.01 (<1%) | 0.02 (---) 0.01 (<1%) | 0.01 (3%)

"From An (1992) and Hazelwood and Ibrahim (1998).
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Concurrent and Discontinued Sampling

Where two monitoring programs collected information over the same time period and
location (e.g., USGS and OWML fall line water quality), their distributions were
compared by means of quantile-quantile plots (Q-Q plots). If their distributions were
roughly isomorphic, the one with a greater temporal sampling frequency or reporting

resolution was used in subsequent analysis. Otherwise, both datasets were used.

For multiple indices of solar energy (total solar radiation, minutes of sunshine), all indices
were used in analyses wherever possible, with only the most illustrative examples

presented.

In October 1990, MDNR abruptly changed from examining whole samples to 0.7 micron
filtered samples for nutrient analysis (NO,, NOs, NH3, POy). This alteration was analyzed
in some detail. To determine whether the methodological change resulted in spurious
impacts to MDNR's water quality data set, nutrient species distributions were visually and
quantitatively examined before and after the change using Cleveland's (1993) methods.
These were then compared to corresponding distributions at a nearby Fairfax County site,
monitored using more consistent methods. During this process, MDNR's data provider
and analyzer, William Romano, was interviewed on several occasions between November
1996 and April 1998, until consensus on the cause of and correction for certain

incongruities was reached.



Extrapolating to Unsampled Periods

Local ADN at the Fairfax station was discontinued after January 1990, leaving no other

ADN monitoring station within the tidal freshwater Potomac watershed. Appendix C

described how this issue was addressed here using other ADN stations in the region.

The District of Columbia's water quality data record was also quite limited compared to

other agencies' (Table 19). As a result, efforts were made to identify potential co-

indicators to use in conjunction with Chl a (Appendix B) and to use MWCOG

longitudinal data to empirically translate between monitoring programs (Appendix D).

Table 19. Number (percentage) of months sampled by each ambient water quality
monitoring program in the mainstem tidal Potomac River for one or more eutrophication
indicators (TN, TP, and Chl a) over the period 1985-1995.

(Summer 1991-93 only)

Monitoring Program Total Sampled Months TP Months TN Months Chl a
Months Sampled Sampled Sampled

OWML 132 (100%) 132 (100%) 132 (100%) ---

District of Columbia 132 (100%) 68 (52%) 69 (52%) 23 (17%)

Maryland DNR 132 (100%) 128 (97%) 118 (89%) 126 (95%)

Fairfax Co., Virginia 116 (88%) 115 (87%) 97 (73%) 112 (85%)

MWCOG 7 (05%) 7 (05%) 7 (05%) 7 (05%)
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Summary Statistics and Tests for Normality

A data distribution which is approximately normal is most parsimoniously characterized
by its parametric statistics. Thus, at each monitoring station, distributions for each factor
and response variable were first examined for goodness of fit versus the normal

distribution.

The normal approximation was tested by means of normal quantile plots (Q-Q plots)
(Sokal and Rohlf 1995). In the case of a distribution with more than 10% of values below
the monitoring program’s detection limit, only above DL values were used. Where
distributions were mildly asymmetric — i.e., data nearly co-linear within an interval of
two standard deviations from the mean — the power transformation, was applied for

powers n={-2, -1, -0.5, 0, 0.5, 1, 2} to improve the fit (Cleveland 1993):

n=1 — X

power,(x)=4n=0 — log(x)

n

else — X

For each variable, the power transformation which best approximated the normal curve
by graphical means was selected and formally tested for normality using the Kolmogorov-
Smirnov goodness of fit (KSGOF) test with a confidence of p < 0.01 (Sokal and Rohlf
1995). Those (power transformed) distributions which did not significantly differ from

normality were characterized by their means and standard deviations. Otherwise,
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distribution median was used to describe central tendency and inter-quartile range to

describe its dispersion.

Results

Historical Context of 1985-1995

Summary Statistics and Tests for Normality

Detection limits for pertinent variables of ambient monitoring programs are presented in
Table 18, along with the percentage of samples which fell at or below DLs for each. DC’s
notably high DLs for Chl a and inorganic nitrogen species resulted in 21-32% at or below
DL for these distributions. Fairfax County, on the other hand, had relatively low DLs, yet
still included data at or below DLs in 7% of PO,4 and 10% of NH; data. The MWCOG
summer longitudinal survey also included a nontrivial percentage (7%) of NHj; data at or

below DL. All other parameters included less than 1% of measurements at or below DL.

Standard normal quantile plots revealed whether or not raw data distributions
approximated a normal distribution within the interval of 2 standard deviations of the
mean. The daily distribution of log;o(wind speed) resembled a log-normal distribution
using this method. Monthly average percent sunshine was also normally distributed,
however no other meteorological parameters were -- neither solar radiation, minutes of
sunshine temperature, nor precipitation on daily or monthly time scales. Wind speed was

1.170 £ 0.136 log;o (km/h), while monthly percent sunshine was 55% + 23% over the
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study period. Due to their finite range, however, neither of these parameters strictly
conformed to the normal distribution, as shown for wind speed in Figure 6(a) and

confirmed by the KSGOF test (p < 0.01).

Other meteorological factors were best characterized using nonparametric summary
statistics. During 1985-95, daily average air temperature at National Airport generally
ranged between 6.6-22.8° C (inter-quartile range), with extremes of —20 to +28 °C. Solar
radiation in nearby Baltimore, meanwhile, usually varied in the range of 2416-5725
Wh/m? per day, with extremes over an order of magnitude, from 630 to 8426. Sunshine
regularly lasted 126-612 minutes per day, over a total range of zero (100% overcast) to
814 minutes. Over 75% of days, precipitation was less than 0.8 mm/d. Storm events
generally raised monthly total precipitation to 5.0-10.6 cm, with maximum rainfall of 8.5

cm/d (October 14, 1995) and 21.1 cm/month (March 1994).
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Log10 Wind Q-Q Normal Plot

Quantiles of Wind Speed (log10 km/h)
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Log10 Flow Q-Q Normal Plot

45 5.0
|

4.0

Quantiles of Flow at Little Falls (log10 m3/s)
35
|
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Figure 6. Normal Q-Q plots for those physical factors or their log;o-transformations
which approximate the normal distribution, including log; average daily (a) wind speed
and (b) flow.
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Fall line flow, whether reported monthly by USGS or nearly daily by OWML, generally
followed a log-normal distribution, as presented for OWML in Figure 6(b). Monthly
mean OWML and USGS flow measurements were isomorphically distributed for the
lower 95% of all values. Thus, OWML data was used for further analysis, due to its finer
temporal resolution. For this dataset, daily flow was 2.573 + 0.510 log;o (m*/s). As
examined in Normal Q-Q plots, log-transformed nutrient concentrations at the falls were
roughly normal, with 0.2915 £ 0.1346 log;o (mg/L) TN and -0.9727 £ 0.4253 log;o

(mg/L) TP. These distributions did not pass the KSGOF test for normality, however.

The sum of all monthly mean WWTP discharges and aggregated nutrient concentrations
resembled normal distributions without use of the power transform. Over the 1985-95
period, aggregate flow-weighted mean concentrations were 16.16 + 1.51 mg/L nitrogen
and 0.1282 + 0.5244 mg/L phosphorus. Total discharge averaged 20.09 + 1.67 m’/s.
Washington, DC's Blue Plains WWTP alone accounted for 61% of flows, 50% of TN and
67% of TP loads. The next three largest WWTPs — all in Virginia — contributed an
additional 27% of WWTP flow, 34% of TN and 4% of TP loads. Thus, relative to Blue
Plains, these second tier WWTPs delivered effluent which was proportionately richer in

nitrogen and poorer in phosphorus.



Table 20. Parametric statistics for log; transformed water quality concentrations of all

1985-1995 samples, by station.
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Program — Station Logo(TP) Log;o(TN) Logo(TN:TP) Log¢(Chl a)
(mg/L) (mg/L) (mol.:mol.) '

OWML — at FL * -0.97£0.43 0.30£0.13 1.60 £0.36 n.a.

DC - PMS01 -1.10£0.33 0.22£0.17 1.66 £0.30 0.76 +0.49°
DC - PMS10 -1.14 £ 0.29 0.22£0.14 1.70 £ 0.26 0.90 +0.60 °
DC - PMS21 -1.13£0.30 0.22£0.13 1.69 £0.29 0.91+0.52°
DC - PMS29 -1.15+£0.26 0.29£0.10 1.78 £0.25 0.98 +0.44°
DC - PMS37 -1.12+0.24 0.39£0.15 1.87£0.25 0.91+0.47°
DC - PMS44 -1.15+£0.20 0.39£0.12 1.89 £0.24 0.86+0.45°
DC - PMSS51 -1.12+0.17 0.46 £0.13 1.92+0.21 0.81+0.46°
MDNR - XFB2470 -1.05+£0.25 0.46 £0.09 1.86 £0.23 0.82 £ 0.45
MDNR — XFB1433 -1.05+£0.20 0.44 £0.09 1.84£0.22 0.87£0.47
Fairfax Co. — GC9 -1.10+0.13 0.41£0.10 1.86 £0.16 1.08 £0.52
MDNR - XEA6596 -1.05£0.21 0.39£0.09 1.80 £0.23 0.87 £ 0.46
MDNR — XEA1840 * -1.07 £ .20 0.33£0.12 1.76 £ 0.24 0.63 £0.43

"'Redfield (1958) ratio of 16:1 TN:TP has a molar log o(TN:TP) of 1.20. Log;¢ molar ratios which are
greater than this value are usually considered P limited.

?Fall line includes only actual samples and not calculated data values, which would otherwise reduce

overall mean concentrations by .55 log;o(TP) and 0.06 log;o(TN).

*DC Chl a data includes less than 30 samples per station, 20% of which were removed for being below

detection limit. This may have produced inordinately high Chl a estimates.

* Salinity at XEA 1840 is approximately 0.5 ppt, therefore this station is technically at the head of the

oligohaline zone of the Potomac estuary.
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Over the period 1985-95, none of the three water quality responses consistently
resembled the normal distribution across tidal freshwater monitoring programs. Hence,
the power transformation was used. For each response variable, the optimal power
transformation for normalizing water quality responses was the log transform (power
transform of n=0). Log transformed parameters for each response variable and station are
provided in Table 20. In non-transformed units, these parameters represent the geometric
mean and [geometric] standard deviation, and not the more common arithmetic mean and
standard deviation. Note that molar N:P ratios were consistently higher than 16:1, which

is also consistent with a relatively P-limited freshwater habitat.

Conclusions

Multiple data sources for this study result in heterogeneous methods, quality and
completeness of raw data. Data preparation efforts nonetheless derived a useful set of
design variables for examining eutrophication patterns and relations to hydrometeorology

and nutrient management.

Analysis of summary statistics indicated ambient water quality response variables were
roughly log-normally distributed. Not all factors could be normalized, however. Thus,
non-parametric and graphical exploratory data analytical methods were deemed suitable

complements to parametric statistics for analyses which follow.



2.1 Longitudinal Patterns

Introduction

Below Little Falls, MD, the tidal freshwater Potomac River soon arrives at an urban zone,
there receiving substantial wastewater treatment plant discharge. Further downstream, the
river flows though more suburban and semi-rural areas before reaching brackish waters
near Quantico. Section 1.3 above suggests that urban water quality impacts divide the
tidal river into three areas: (1) above WWTP outfalls, (2) near major WWTP outfalls, and

(3) below major WWTP outfalls.

The small tidal area above WWTP outfalls extends to, and may include, the Potomac at
the mouth of the Anacostia River. Due to short residence time and absence of PS nutrient
inputs, this zone is expected to be fairly homogenous with distance downstream,
dominated by fall line flow and nutrient inputs. Thus ambient water quality should reflect
the slightly lower TP and much lower TN concentrations arriving via the falls, as
compared to WWTP inputs. The shallow, relatively fast-moving water here should also
limit the overall accumulation of algal biomass, due to flushing and light limitation by

suspended sediments.

102
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Three of the five largest WWTPs (Arlington, Blue Plains, and Alexandria) discharge
adjacent to the Potomac River between Anacostia and Rosier Bluff, MD (Hunting Creek,
VA). Shortly downstream, two of the other largest have outfalls in streams adjacent to the
River near Piscataway Creek (Piscataway WWTP), MD, and Pohick Creek-Gunston Cove
(Lower Potomac/Noman Cole WWTP), VA. These WWTPs supplement receiving waters
with discharge which is only slightly greater in TP, but very TN enriched, relative to fall

line concentrations (Section 1.3).

Hydrology also favors an increase in N:P in the WWTP-flanked zone. As water velocity
decreases with increasing river area and depth, particulate phosphorus from upstream
should settle onto the sediments. Hence, the signature of the WWTP impacted zone
should be low TP and high TN concentrations. Algae-free effluent could dilute algal
biomass in this zone, but also provide a clear, nutrient-supplemented substrate for algal

growth downstream.

Below the major WWTP zone, ongoing nutrient retention and loss factors —e.g.,
sedimentation and nitrification-denitrification (N-D) — should result in a net decrease in
nutrient concentrations. Further sediment precipitation and longer residence times should
also permit further phytoplankton accumulation before being flushed into brackish

waters.
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A conceptual diagram of water quality processes above, near, and below zone of largest
WWTPs is presented in Figure 7. The processes described above are expected to produce
the following results: TP decreases downstream; TN rises, peaks near largest WWTPs,

then declines; while algal biomass does not increase until the lower WWTP zone.

Observed longitudinal patterns may also arise from different sampling methods across
programs. The District of Columbia, for instance, discontinued monitoring all three
response variables well before 1995: Chl a testing only lasted until 1987, while nutrient
concentrations were only reported through 1992. Both Maryland and Fairfax County,
meanwhile, did not consistently report on water quality across winter months.
Furthermore, all three programs have had distinct detection limits for water quality

responses. Finally, Fairfax County used unique methods in its Chl a analyses.

Such methodological disparities may introduce variability which would not otherwise
exist in the water quality record. One would thus expect that, particularly with respect to
Chl a, that inter-program variability may be an important factor explaining observed

patterns between stations.
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Table 21. Hypotheses regarding longitudinal variation in TFW Potomac River water

quality.

Hypotheses Regarding Longitudinal Variation

Null Hypothesis

There is no systematic pattern to the variation in water quality response between
segments.

Location-based

There are location-dependent differences in water quality between segments:

Differences

Phosphorus decreases with distance from the fall line.

Nitrogen increases to peak in the WWTP-flanked zone, then declines.

Chl a density grows below the WWTP-flanked zone.
Methodological There exist differences between segments due to monitoring programs or their
Differences methodologies (measurement methods, detection limits, periods of record),

particularly with respect to Chl a concentrations.

The expected effects of longitudinal and methodological variability discussed above are

summarized in Table 21.

Methods

For each of the three response variables — TP, TN, and Chl a concentrations — log;-

transformed data were spatially pooled, where appropriate, then examined for

longitudinal patterns using both parametric and non-parametric methods.

Spatial Pooling

Pooling data across adjacent stations increases the power of statistical tests and reduces

the overall number of locations in graphical displays. Given an observed similarity
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between water quality distributions across stations (Section 1.3), spatial pooling was

employed where statistically valid.

Graphical methods (Q-Q plots) were used to compare cumulative distribution functions
of adjacent stations with respect to each water quality response (TP, TN, Chl a). Where
Q-Q plots revealed a series of co-linear points near the 45° diagonal line, the
Kolmogorov-Smirnov goodness of fit (KSGOF) test was employed to test for goodness of
fit between these data distributions (p < 0.01). Pairs of adjacent stations with isomorphic
distributions for all three water quality parameters were then pooled into a common

segment.

Each station was pooled into only one segment, thus creating a non-overlapping series of
segments. Segments were numbered sequentially going downstream, with fall line data

labeled as “segment 0” for reference.

Parametric Approach to Longitudinal Patterns

Mean Fitted Differences Between Segments

The [geometric] mean was used to fit log-normally distributed water quality data at each
segment. Fits for each response variable were then overlaid upon scatter plots of
segments versus log-transformed response. In the case of Chl a, plots for both 1985-86

(the District’s period of record) and all 1985-95 data were created and compared.
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Lines connecting means revealed whether transitions between segments were gradual or
sudden, large or small relative to overall data dispersion. Dramatic changes between
segments dividing programs (segments 4 and 5, 5 and 6, or 6 and 7) suggested potentially
significant methodological differences. Where the locations of means spanned a visible
fraction of the overall data, residual-fit spread plots were used to reveal the relative

proportion of variability explained by location.

One-way ANOVA tests were used to determine the statistical significance of variability
across segments. The relative variance in water quality attributable to segments and to
programs was also calculated by this method. For a given response, when the sum-of-
squares due to program was larger or statistically more significant than sum-of-squares
due to segment, both expressed as a percentage of total sum-of-squares, then
programmatic differences were deemed more important than location-based differences in
water quality. Conversely, if the sum-of-squares due to program was smaller or less
significant than sum-of-squares due to segment, then programmatic differences were
deemed less important than location-based differences in explaining longitudinal

differences.

The Appendix D also summarizes an attempt to translate measurements between
segments using linear regression with data from the MWCOG longitudinal surveys

(summers 1991-93).
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Shapes of Residual Distributions

Mean-fitted residuals were tested for similarity in distributional shape by graphical
comparisons of their cumulative distribution functions (CDFs) and by way of the KSGOF
method (p <0.01). If all segments exhibited a common shape, then mean-fitted additive
shifts accurately characterized their overall statistical differences for that response
variable. In other words, overall spatial variability could be adequately characterized by
the segment means and residual variance for that response variable. Otherwise, a non-

parametric method was employed to test for differences in location between segments.

Non-parametric Approach to Longitudinal Patterns

If non-parametric methods were necessary, then notched box plots were used to compare
the medians of response variables across segments. Wherever the notched portion of box
plots did not overlap vertically between segments, the medians between those segments
were considered to differ with a 95% confidence interval (Mathsoft 1997; McGill et al.
1978). These results were then compared with the results obtained from prior parametric

methods.
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Table 22. Segments used in subsequent analyses, along with the stations included therein,
and pools of water quality distributions to which they belong.

Segment Boundaries Stations TP Pool TN Pool Chl a Pool
1 Fletcher’s Boathouse PMSO01, PMS10, | 1* TP Pool | 1¥ TN Pool | 1* Chla Pool
to Hains Point PMS21
2 Anacostia River PMS29 2" TN Pool
(mouth)
3 Naval Research Lab to | PMS37, PMS44 3" TN Pool
Woodrow Wilson
Bridge
4 Rosier Bluff PMS51 4™ TN Pool
5 Piscataway Creek to XFB2470, 2" TP Pool 2" Chl a Pool
Dogue Creek XFB1433
6 Near Gunston Cove GC9 3" TP Pool | 5™ TN Pool | 3™ Chl a Pool
7 Near Indian Head XEA6596 2" TP Pool | 6" TN Pool | 2™ Chl a Pool




110

Table 23. Relative variance in water quality attributable to segments and programs, using
independent ANOVA tests of mean-fitted data by segment and by program, respectively.

Response Class Df R.Df SS SS/Tot. SS F.Value Significance'
Log;o TP Segment 1 921 0.74567 2% 19.01928 Rk
Program 1 921 027413 1% 6.90183 ok
Log;o TN Segment 1 853  2.42459 17% 180.0347 kkok
Program 1 853 1.31255 9% 88.8601 Hoxk
Log;oChl a Segment 1 699 52506 2% 16.29368 ok
Program 1 699 151176 7% 49.06245 ok

''SS = sum of squares between mean-fitted values and the grand mean.

2 SS/Tot. SS = percentage of total sum-of-squares (variability) of the distribution explained by the fit
(variability between segments or between programs).

3 Significance: * =p < 0.05; ** =p <0.01 ; *** =p <0.001
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Results

Spatial Pooling

For TP and Chl a, all DC stations equated with one underlying distribution and all
freshwater MDNR stations with another. Distributions for TP and Chl a were distinct at
the Fairfax station near Gunston Cove, bringing the total number of pooled TP and Chl a

distributions to three (Table 22).

For TN, tidal freshwater stations grouped into a series of six distinct distributions: above
the Anacostia River (PMSO01, PMS10, PMS21), at the Anacostia (PMS 29), below
Anacostia to Woodrow Wilson Bridge (PMS37, PMS44), Rosier Bluff to Dogue Creek
(PMS51, XFB2470, XFB1433), at Gunston Cove (GC9), and at Indian Head (XFB6596).
In addition, the distribution at Gunston Cove resembled that of the DC station at Rosier

Bluff (p < 0.01).

Thus, the KSGOF test permitted pooling of stations’ water quality distributions into
several groups. Stations which did not overlap across any response variable pool were
assigned to the following sequence of spatially-pooled segments: (1) Above Anacostia,
(2) at Anacostia, (3) Below Anacostia to Woodrow Wilson Bridge, (4) Rosier Bluff, (5)
Piscataway to Dogue Creek, (6) near Gunston Cove, and (7) at Indian Head. These
segments, the pools to which they belong, and stations which they include are presented

in Table 22.
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Longitudinal Patterns

Total Phosphorus

Total phosphorus concentrations along the length of the tidal freshwater river are
displayed in Figure 8. Below the fall line (segment 0), mean TP concentration declined
across segments to the mouth of the Anacostia (segment 2), then rose through to the
Piscataway-Dogue Creek (segment 5) area. Mean TP at both of Maryland’s segments (5
and 7) were equivalent. In between the two, TP at segment 6 (near Gunston Cove) was

lower, but comparable to values further upstream.

The residual-fit spread plot in Figure 9 shows that the residual spread in tidal TP data,
fitted by segment [geometric] means, was much larger than the spread in fitted data itself.
Nonetheless, a statistically significant component of overall log;o TP variability (2%***)
was attributable to differences between segments, as presented in Table 23. In addition,
this component was larger and more significant than that attributable to monitoring

program alone (1%*%*).

The KSGOF test revealed that mean-fitted residual TP distributions were isomorphic
across DC and Maryland segments (p < 0.01). The shape of Fairfax County residual
distribution at segment six, on the other hand, was not equivalent to the rest for at least

one point (KSGOF alternative hypothesis). Figure 10 compares the CDF of residuals
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from DC+MD segments and to the segment 6 residual CDF. Both curves are S-shaped
and nearly symmetrical, indicating approximately normal distributions. On the other
hand, segment six data (solid lines) increases more rapidly, highlighting the lower
variance in Fairfax County residual data. In fact, the standard deviation (SD) at segment

6 is 0.12 log;o mg/L P, compared to a range of 0.17-0.30 log;o mg/L P for other segments.

Due to differences in distributional shapes between segments, a series of notched box
plots was used as a non-parametric approach to examining longitudinal patterns. Figure
11 presents this graph, using untransformed units on a log; y-axis. Where notches of
adjacent boxes do not vertically overlap, median TP at their respective segments differs at
a confidence interval of approximately 95%. TP in the District’s upper tidal area
(segments 1-4) and at Fairfax County’s station (segment 6) have comparable medians,
which are significantly lower than the fall line reference (segment 0) and Maryland’s
segments 5 and 7. This longitudinal pattern concurs with that of the geometric mean-
fitted model above, confirming a notable increase in TP at Maryland’s segments which is

not apparent elsewhere.

Overall, TP exhibited small, but significant changes with distance downstream.
Phosphorus decreased immediately below the fall line, then generally rose across the
WWTP-flanked zone (segments 3-6) and beyond. Parametric methods suggest this
variability is better explained by differences in location (p < 0.001) than in monitoring

program (p < 0.01).
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Differences in residual distribution shapes, however, suggest a more complicated
situation: TP distributions at District and Maryland segments were similar in shape, but
broader than at the Fairfax County segment. Furthermore, notched box plots revealed that
Maryland segments had distinctly greater median TP levels than elsewhere. Thus,

differences distinguish segments by program and not just by geographic location.

Total Nitrogen

The longitudinal TN pattern is presented for log;o-transformed data in Figure 12.
Compared to TP, TN varied proportionately more between segments. TN dipped upon
entering the tidal freshwater Potomac below the fall line. Concentrations more than
doubled in log;( units (over 50% increase in non-transformed units of mg/L) thereafter
through segment 4 — immediately downstream from three of the largest sewage outfalls —

before gradually decreasing along segments 5-7.

Figure 13 illustrates that the spread in mean-fitted log;o(TN) by segment was roughly one
third of the spread in the mean-fitted residuals. This importance of location is reinforced
by the significant percentage (17%***) of the overall TN distribution variance
attributable to differences between segments. The variance attributable to differences

between programs was about half as large (9%***).
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The KSGOF test indicated two subsets of segments with distinct mean-fitted residual TN
curve-shapes: the uppermost three segments (1-3) and the lower four segments (4-7).
Both subsets’ CDFs appeared S-shaped and symmetrical, Figure 14. This figure also
reveals that the lower subset (dotted line) exhibited a slightly broader distribution in
residual TN (log;o mg/L). The notched box plots in Figure 15 further emphasize
differences between the upper and lower segments: Compared to fall line levels (segment
0), median TN was initially lower but rapidly rose to greater values (segments 3-4).
Median TN values plateaued at segments 4-5, before falling off gradually, but
significantly, through segment 7. This dramatic change with distance downstream also

concurs with prior parametric analysis using geometric means.

Thus, TN varied substantially with location, increasing in the upper WWTP zone
(segments 3-5), then gradually declining through the lower portion of the tidal freshwater
river. Differences in location explained more of the overall variance than did differences

in monitoring program.

Chlorophyll a

With a spatial pattern almost reciprocal to that of TN, Chl a also varied greatly between
segments. Figure 16(a) shows how Chl a in 1985-86 rose slightly from just below the fall
line through the Anacostia River (segments 1-2), then dropped precipitously through

Rosier Bluffs (segment 4), before rising to new heights in the lowermost segments (6-7).
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Figure 16(b) supplements the previous graph with data for segments 5-7 through 1995.
Here we see the segment 6-7 plateau in 1985-86 became an 11-year peak near Gunston
Cove (segment 6), followed by a decline to upstream levels (segment 5) by Indian Head
(segment 7). Relative to DC stations in the first two years, however, the 1985-95 spatial

pattern remained unchanged.

The spread in Chl a segment means were approximately one quarter of the spread in
mean-fitted residuals, as presented in Figure 17. Segment location explained a minor, yet
statistically significant portion of the total variation (2%***). By contrast, differences
between monitoring programs explained a larger proportion (7%***) of the overall
variation in Chl a. Hence, programmatic disparities may be complicating resolution of

longitudinal patterns in algal biomass.

The KSGOF test indicated two distinct sets of residual curve shapes for Chl a: the
District’s upper four segments (1985-1986) and Maryland and Fairfax County’s lower
three segments (1985-95). Comparing cumulative distribution functions reveals stark
contrasts between the two, Figure 18. The S-shaped CDF curve for lower segments
suggests an approximately normal distribution, while the upper segments’ cumulative
distribution shape (solid line) is clearly not. The upper segments’ CDF is greatly impacted
by inordinately high detection limits (staircase-like curve near the origin) and a median

Chl a residual 0.28 log;o ug/L greater than the mean.
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Given the remarkable departure from normality in the DC segments, non-parametric
methods were needed to resolve longitudinal Chl a patterns. The notched box plots in
Figure 19 indicate there was essentially no observable change in median Chl a across
segments 1-5 and seven. Nonetheless, above their respective medians, Chl a was
generally greater in the downstream segments than in the upstream segments, as evident
in the upper right corner of Figure 18. In addition, median Chl a at segment 6 was higher

than surrounding segments (3-5 and seven).

Disparities in monitoring methods between programs appear to have had a profound
effect upon observed longitudinal patterns in Chl a. Examining geometric means within
programs, algal biomass seems to have decreased with distance downstream along
District-monitored segments (1-4) in 1985-86, while remaining stable (1985-95) or
increasing (1985-86) along Maryland’s sites (segment 5 and 7). Depending on the
timeframe, mean Chl a either peaked (1985-95) or plateaued (1985-86) at Fairfax
County’s station (segment 6). Non-parametric methods confirmed that lower segments

had similarly distributed, but heightened Chl a concentrations, particularly at segment 6.

Conclusions and Discussion

Distinct longitudinal patterns were observed along the tidal freshwater Potomac for all

three water quality Reponses — TP, TN, and Chl a:
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As hypothesized, TP concentrations declined below the fall line. Nonetheless there was
no net decrease across tidal segments. In fact, a significant phosphorus increase appeared
along Maryland’s segments in the lower portion of the river, relative to adjacent segments
(Figure 8 and Figure 11). Between Maryland segments, Fairfax County’s segment 6
differed in distribution shape from all other segments. This further complicated
understanding of whether the Maryland increase was based on location or methodological
disparities. Maryland’s high TP may be explained by WWTP phosphorus enrichment
coupled with in situ processes which might fuel a net release from sediments (e.g., flow-
driven resuspension or pH-mediated phosphorus adsorption). Such processes will be

explored in more detail in subsequent sections.

Overall, neither segment location nor monitoring program could be ruled out as a
significant source for longitudinal TP differences. Such differences were, however, small
relative to the span in mean-fitted TP residuals (Figure 9). Thus, other factors must

account for nearly all of the observed variability in total phosphorus.

TN followed the predicted pattern of increase into the WWTP-flanked zone and
subsequent decline thereafter. The decline was not so dramatic as to reduce downstream
TN (segment 7) to levels observed at segments above the WWTP zone (Figure 12 and
Figure 15). Visual review and ANOVA test support the contention that segment location,
not monitoring methods, drove a smooth transition in TN across segments. Longitudinal

differences accounted for less than half of the overall variation in log-transformed TN
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(Table 21 and Figure 13), thus implicating other factors behind the remaining TN

variability.

Longitudinal patterns in algal biomass varied according to the period of record examined.
During the 1985-86 period, levels sagged upon entering the WWTP-flanked zone
(segments 3-4), then increased as expected with further distance downstream (Figure
16(a)). Over the entire 1985-95 record (Figure 16(b)), Chl a increased in the lower
WWTP zone — from Maryland’s segment five to Fairfax County’s segment 6 — then
returned to prior levels thereafter (Maryland’s segment 7). Hence the longitudinal pattern
of Chl a leaving the WWTP zone was inconsistent over time. This could result from
unique Chl a analyses used by Fairfax County, or from actual ecological changes near
Indian Head. For example, TP may have declined at Indian Head subsequent to the 1987
basin-wide phosphorus detergent ban, and thus phosphorus-limited algae were less

prevalent thereafter.

Methodological differences between programs had a notable effect upon longitudinal
variability in Chl a (Table 21). In addition to Fairfax County’s analytical methods, the
District of Columbia’s data suffered from inordinately high detection limits and
premature termination. This no doubt contributed to the peculiar shape of DC’s geometric
mean-fitted residual distribution in the upper tidal fresh river (Figure 18). Meanwhile,

Fairfax’s methodological differences may have resulted in relatively larger Chl a values
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compared to Maryland segments, but still resulted in similarly shaped residual

distributions.

For all three water quality variables, the span in geometric mean fitted residuals was
much greater than the span in the fits themselves. Thus, longitudinal patterns do not
explain the majority of variability across the tidal freshwater Potomac River.
Consequently a more comprehensive characterization of this variability will require
specific linking of other physical, nutrient loading, and in situ factors to variability within

and between segments.

Both parametric and non-parametric methods generally produced comparable results with
respect to identifying significant longitudinal changes in water quality along the tidal
freshwater Potomac River. In tandem, these analytical methods can help identify
potentially significant disparities in methods or protocols among monitoring programs, as

well as needs and locations for future co-monitored sites.
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Figure 7. Horizontal series of box models for (a) TP, (b) TN, and (c) Chl a loads entering
three “zones” of the tidal freshwater Potomac River: (1) above WWTPs, (2) near largest
WWTPs, (3) below largest WWTPs. Box size expresses concentration relative to adjacent
zones. Acronyms parallel those in Figure 1.
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Figure 8. Logjo total phosphorus concentrations as a function of [jittered] segment
downstream. Segment zero refers to (OWML) measurements at the fall line, while DC
monitored tidal segments 1-4, Maryland segments 5 and 7, and Fairfax County segment 6.
Crossed circles fit [geometric] means at each segment, interconnected by lines.
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Figure 9. Residual-fit spread (rfs) plot of distribution CDFs (percentiles/100) versus logo
total phosphorus across two panels: (a) centered spread of points fitted by their respective
segment [geometric] means, and (b) the residual spread of data subsequent to this fit.
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Figure 10. Comparing cumulative distribution functions of mean-fitted residual TP at
segment 6 (solid steps) versus at all other segments (dotted line). X-axis is residual TP
(logi1o mg/L), while y-axis represents quantiles of the distribution (percentile/100).
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Figure 11. Notched box plots of total phosphorus (mg/L) by segment, with “segment
zero” fall line for reference. Adjacent segments whose notches do not overlap
horizontally have median TP which differ with a confidence interval of approximately
95%. Y-axis is on a logj scale.
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Segment v. TN
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Figure 12. Log;o total nitrogen concentrations as a function of [jittered] segment
downstream. Crossed circles fit [geometric] means at each segment, interconnected by
lines.
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Figure 13. Residual-fit spread (rfs) plot of distribution CDFs versus log;, total nitrogen
across two panels: (a) centered spread of points fitted by their respective segment
[geometric] means, and (b) the residual spread of data subsequent to this fit.
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Figure 14. Comparing cumulative distribution functions of mean-fitted residual TN at
upper (solid line) versus lower (dotted line) segments. X-axis is residual TN (log)o
mg/L), while y-axis represents quantiles of the distribution (percentile/100).
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Figure 15. Notched box plots of total nitrogen (mg/L) by segment, with “segment zero”
fall line for reference. Adjacent segments whose notches do not overlap horizontally have
median TN which differs with a confidence interval of approximately 95%. Y-axis is on a

log; scale.
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Segment v. CHLA
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Figure 16. Log;o Chl a concentrations as a function of [jittered] segment downstream for
(a) 1985-86 across all segments and (b) 1985-86 data plus subsequent data through 1995
for MDNR and Fairfax County. Crossed circles fit [geometric] means at each segment,
interconnected by lines.
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Figure 17. Residual-fit spread (rfs) plot of distribution CDFs versus log;o Chl a across
two panels: (a) centered spread of points fitted by their respective segment [geometric]
means, and (b) the residual spread of data subsequent to this fit.
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Figure 18. Comparing cumulative distribution functions of mean-fitted residual Chl a at
upper (solid line) versus lower (dotted line) segments. X-axis is residual Chl a (log)o
ug/L), while y-axis represents quantiles of the distribution (percentile/100).
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Figure 19. Notched box plots of Chl a (ug/L) by segment, with “segment zero” fall line
for reference. Adjacent segments whose notches do not overlap horizontally have median
Chl a which differs with a confidence interval of approximately 95%. Y-axis is on a log
scale.



2.2 Factor Response Relations

Introduction

As demonstrated in the previous section, there is much more variability in tidal Potomac
water quality and eutrophication than can be captured by the longitudinal difference
between freshwater segments alone. Since the previous section established that
attenuation with distance downstream cannot solely account for observed variability in
water quality distributions, other influences should be considered. Various factors
presented in the conceptual approach (Section 1.2) may affect nutrient and algal biomass
variability, including nutrient inputs, weather and hydrodynamics, water chemistry and
biologically-mediated removal of nitrogen and algal biomass. Their expected relations to
total phosphorus (TP), total nitrogen (TN) and chlorophyll a (Chl a) in the tidal

freshwater Potomac River are explored below.

Nutrient Hypotheses

According to the box-models presented in Sections 1.1-1.2, changing nutrient
concentrations in the tidal freshwater Potomac should be driven by aggregate flow-
weighted source nutrient concentrations entering the river from various sources (fall line,

WWTPs, precipitation), less some attenuation due to net sedimentation. Relatively

134
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enriched freshwater inflow should increase and nutrient-poor inflow should dilute

ambient nutrient concentrations.

At the headwaters of the tidal Potomac, fall line flow is the principle source of nutrients.
Ambient nutrient concentrations above the WWTP-flanked zone should thus vary directly
with fall line concentrations. In the vicinity of the WWTPs, however, the flow-weighted
average of nutrient concentrations via fall line and WWTPs should drive changes in
ambient concentrations. Here, ambient nutrient concentrations are expected to correlate
better with estimated flow-weighted source concentrations (TNy or TPpy) than with
concentrations from any single source (fall line, WWTP, or ADN) or with total loads
(total mass of nutrient inputs) from these sources. Correlation of ambient concentration
with flow-weighted source concentration should be more pervasive across most of the
lower segments than correlation with other exogenous nutrient measures (single-source

concentrations or total load).

Certain physical factors may influence gains or losses in either nutrient solutes or the
surface water in which they are dissolved. When the river rises at the fall line, for
instance, floods may increase nutrient recruitment from the watershed and scouring from
benthos, thus potentially raising nutrient concentrations entering the tidal river (Appendix
A). If nutrients in floodwaters increase above levels in WWTP discharge, then ambient
concentrations should also increase in the zone adjacent to WWTPs. This is expected to

be the case for P. On the other hand, floodwaters should dilute ambient N in the WWTP
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zone, since N is an order of magnitude more concentrated in WWTP discharge. Thus,
nutrient concentrations near the fall line should vary directly with total freshwater inflow
(Vi) or fall line flow (Vgr), while downstream N concentration varies inversely to
inflow. Meanwhile, since effluent is usually more enriched than surface water, increasing

the former should result in higher nutrient concentrations in the latter.

Air temperature also affects nutrient concentrations. Warmer weather results in greater
surface water evaporation, concentrating nutrients in a smaller volume of water (Vgy).
High temperature also improves the habitat for and metabolic rate of aquatic microbes.
Some microbes may increase total nutrient concentrations via their luxury uptake. When
benthic waters are anoxic, meanwhile, other microbes could reduce available N via
nitrification-denitrification. Given similar freshwater inputs, then, phosphorus should

increase with air temperature, while nitrogen may increase in sufficiently aerated waters.

As previously described, high pH waters may influence ambient phosphorus
concentrations by triggering sediment-bound P release at pH > 9. Consequently,

extremely high pH should relate positively to ambient P.

Thus, physical variability -- in freshwater inflow, air temperature, and water pH -- should

equate to notable changes in ambient nutrient concentrations.
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As characterized in equations 1(c) and 2(c) of the Conceptual Approach, freshwater
inflow has an ancillary effect on ambient concentrations in that ambient concentrations
should approach source concentrations more rapidly when freshwater inflow volume
(V) is larger. Ambient nutrient levels should approach source concentrations more
rapidly as freshwater inputs increase, thus decreasing the magnitude of the residual
(difference) between source and ambient concentrations. Ambient nutrient concentrations
should approximate source concentrations particularly well when high flow permits fast
integration of nutrient inputs. Hence, the residual between the overall source

concentration and ambient nutrient concentration should decrease with increasing inflow.

Table 24 summarizes the above hypotheses regarding relationships between ambient

nutrient responses and underlying inputs and physical factors.

Algal Biomass Hypotheses

As presented in the Conceptual Approach, algal biomass accumulation is affected by a
host of physical and chemical growth factors -- including water temperature, light and
nutrient availability -- as well as loss factors, such as flushing, grazing, and net

sedimentation.

Algal biomass variability and sensitivity to nutrient enrichment will be contingent upon
various non-nutrient factors: Algal accumulation should directly relate to available

sunlight, the energy source driving photosynthesis. As described by Jones (1998),
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photosynthetic rate also increases with temperature up to approximately 25 °C, so algal
biomass should generally vary directly with temperature (as long as photosynthesis
increases faster than respiration). Freshwater inflow, meanwhile, dilutes a pre-existing
algal crop and flushes it downstream. Wind may also decrease algal biomass by
increasing vertical mixing (and turbidity), driving surface algae further from sunlight.
Thus, algal biomass should vary inversely with both freshwater inflow and wind speed.
By filtering passing algae from the water column, Corbicula fluminea biomass should
also have an inverse effect upon algal biomass (Cohen 1988). Since Corbicula shoals

have flourished particularly along segment 4, their impact may be localized.

In the tidal freshwater Potomac River, algal biomass should be sensitive to variations in
TP, but not TN (Section 1.1). Beyond prevalent P-limitation amongst freshwater algae, P-
removal at WWTPs in the late 1970s resulted in molecular N:P ratios much higher than
the Redfield ratio (16:1) of expected algal requirements (Section 1.3). Thus, algal blooms
are more likely to deplete inorganic P than inorganic N. Still, algal biomass sensitivity to
nutrient (P) concentrations is contingent upon a non-constraining status in important non-
nutrient factors (e.g., light, temperature, flow, filtration). These and previous hypotheses
regarding factors affecting algal biomass are encapsulated in the final two rows of Table

24.
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Methods

Physical factors, ambient nutrient and Chl a concentrations were all based on direct
observations, as described in Section 1.4. Since daily total horizontal solar radiation
(DTHSR) was not available after 1990, this incident light data was supplemented by
estimated photosynthetically active radiation (PAR), using methods from Jones (1998).
Source concentrations for nutrients were derived from equations in Section 1.2. Source
loads of nutrients, meanwhile, were determined by the sum of nutrient inputs from all
measured sources (fall line, WWTPs, atmosphere), arithmetically equivalent to the

product of source concentrations (TP, TN) and V.

To test the sensitivity of ambient concentrations to source concentrations and other
factors, water quality data was examined graphically and statistically across seven
sequential monitoring segments along the length of the tidal freshwater Potomac (Table

22 in Section 2.1).

Graphical methods consisted of a sequence of panels of loess-fitted scatter plots for each
factor-response variable pair, one panel for each segment. In some figures, additional
reference panels were added: fall line inputs (segment 0) as well as estimated flow-
weighted source concentrations ("all sources" TPy and TNyy). Important relationships
were determined by the degree of pervasiveness of factor-response patterns across the

seven tidal segment panels.
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Spearman’s rank correlation was used to evaluate the statistical significance of any
observed monotonic relationships. Correlation was displayed graphically with segment
numbers on the x-axis and Spearman's coefficient of correlation (p) on the y-axis. Plot
symbols reflected significance levels: “o” for p < 0.05, “+” for p < 0.01, and “*” for p <
0.001. The degree of pervasiveness of significant correlation across segments was used to

indicate the importance of the observed factor-response relationship.

Since algal biomass grows as a living response to habitat conditions over time, multi-day
averages of physical factors (1, 3, 4, 7, 14, and 28 days) were used as ancillary factors in
correlation tests whenever same day factor-response relations were not pervasive across
all seven segments. In addition, Corbicula fluminea samples (Segments 4-5) were

aggregated into monthly averages in advance of graphical and correlation analyses.

Results

Source Nutrient and Ambient Nutrient Concentrations

Across segments, ambient TP tended to increase with estimated source TP, as shown in
Figure 20. The magnitude of ambient TP increase was further attenuated relative to
source concentration (TPy) with distance downstream. Along segments 2-5 and 7, even
estimated inputs near 0.6 mg/L were rarely sufficient to drive ambient concentration
above 0.2 mg/L. Meanwhile, ambient P spikes of up to 0.4 mg/L co-occurred with several

very low estimated inputs (< 0.01 mg/L). Despite these anomalies, Spearman’s rank
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method confirmed a pervasive direct correlation (+0.20* < p < +0.42***) between all

source and ambient TP along every segment except 6 (near the mouth of Gunston Cove).

As displayed in Figure 21, correlation between ambient TP and other P input measures
was less pervasive. Ambient concentrations and all source loads (TP* Vi in kg P/d)
only correlated significantly at segments 1 and 2 (p of 0.39*** and 0.21*). Ambient TP
correlated significantly with fall line TP along the uppermost four segments (+0.25* < p
<+0.39***)_ Ambient TP only correlated with aggregate WWTP phosphorus
concentration at the two lowermost segments (p = +0.15%). Figure 21 thus confirms that
the all source concentration estimation (TPyy) correlated most consistently with ambient

total phosphorus.

A more complex longitudinal relationship emerged between source and ambient total
nitrogen concentrations, as shown in Figure 22. Above the WWTP zone, ambient TN
increased initially, then decreased with source TN at segment 1 (p = - 0.71***). This
segment lies within the fall line-dominated area, apparently outside the influence of the
WWTP component of source TN. Ambient TN increased markedly with TNy in the
WWTP zone of segments 3-6 (+0.41* < p <+0.68***). As TN input source
concentration passed 4 mg/L, there was noticeable attenuation apparent along WWTP-

flanked segments (points below the diagonal line), however. By segment 7, there was no
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ambient TN increase as TNy rose. Overall, only TN near WWTPs increased with input

TN concentrations, up to a typical limit near 4 mg/L.

Figure 23 shows a longitudinal pattern of positive correlation between source and
ambient TN concentrations along segments 3-6, with negative correlation at segments 1
and 7. This pattern was the inverse of that observed for correlation between source loads
and ambient concentration. Outside of the WWTP zone, ambient concentrations varied
directly with fall line nitrogen concentrations at segments 1 (p =+0.67***) and 7 (p =
+0.2**). Ambient nitrogen concentration along segments 3-6 decreased in the presence of
increasing fall line TN which, although increasing with fall line flow, remained
nonetheless more dilute than WWTP TN. Wastewater treatment plant TN only correlated
with ambient TN at segments 5 and 6 (p = +0.2** and +0.2%*). There was no correlation
between TN in precipitation and ambient TN. Thus, while fall line concentration and TN
loads related directly to TN at segments 1 and 7, the all source concentration model
(TNN) exhibited a more pervasive direct relationship to ambient concentrations across

segments 3-6, where WWTP discharge was likely to have been the most influential.

Non-nutrient Relations to Ambient Nutrients

Inflow and Temperature vs. TP

Ambient TP exhibited interesting relations to varying inflow and temperature levels.
Figure 24 illustrates that, as inflow increased from 100 to 700 m*/s, TP at segments 1-4

remained slightly below 0.1 mg/L, then rose linearly to nearly 0.3 mg/L during high
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inflow events (>1000 m’/s inflow). Along the lower three segments, however, there was
no appreciable change in TP with increasing inflow. Spearman's rank correlation
identified a consistent increase in TP with inflow only at segment 1, just below the fall
line (p =+0.35***), Figure 25(a). The same pattern was observed for correlation
between fall line flow and ambient TP, as shown in Figure 25(b). By contrast, TP did
correlate with WWTP discharge over the top four segments (+0.28* < p < +0.37*%*),
Figure 25(c), curious given segments 1-2 lie well upstream from WWTP outfall pipes.
There was no correlation between TP and precipitation, however, as might have

otherwise indicated impact from local runoff or CSOs.

Figure 26 reveals TP across DC segments (1-4) increasing with air temperature. In the
lower segments, TP appears to have risen slightly with temperature above 10°C. In fact,
ambient TP correlated positively with average daily temperature across six of the seven
segments (Pseg. € [+0.28%, +0.44***]) — all but segment 6 (near Gunston Cove), as

displayed in Figure 25(d).

Among exogenous physical factors investigated, temperature and, to a lesser extent,
sewage discharge were the two most pervasive relating to ambient TP. Ambient TP
seemed to relate to freshwater inflow, meanwhile, only when inflow was high (>> 100

m’/s).
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pHvs. TP

There was little empirical data to test the hypothesis that highly alkaline conditions (pH >
9) lead to increased TP through in situ sediment P release in the tidal Potomac River.
Across all stations and dates, such extreme alkaline conditions were only observed in
0.2% of samples, of which only 6 samples included concurrent TP measurements. Figure
27 illustrates that peak TP observations were associated with a pH of less than 8.5,
whereas TP levels at pH greater than or equal to 9 were not notably above the rest of the
TP distribution. This overall bell shape was seen regardless of how the overall
distribution was split into panels by intervals of water temperature or flow conditions.

Thus, it tentatively appears as if there was no relation between high pH and high TP.

Q-Q plot of the TP distribution for pH > 9 versus the rest of freshwater TP concentration
data is presented in Figure 28(a). This figure shows that high pH conditions produced a
phosphorus distribution where the central 50% of observations were notably larger than
what would be expected for the corresponding fraction of the rest of the TP distribution.
The mean-difference plot in Figure 28(b) furthermore illustrates that TP values in this
central range were 0.02-0.03 mg/L greater than the average of TP quantiles above and
below 9 pH. This effect also held for pH > 8.9 (not shown). Thus, further observation is
necessary to determine if there might be a small positive relationship between high pH

and increased TP.
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Inflow and Temperature vs. TN

Ambient total nitrogen related to freshwater inflow in different ways at different distances
from the fall line. At and just below the falls (segments 0-1), TN increased with inflow
and saturated at high inflow at the falls, as shown in Figure 29. Thereafter, an inflow-
diluted TN system emerged along WWTP-flanked segments (3-6). From circa 4.0 mg/L
at low inflow, TN decreased nearly 40% during high flow in this area. Downstream from
WWTP inputs, however, there was little change with increasing inflow (segment 7). The
increase at segment 1 and decreases along segments 3-6 were all very significant (p =+
0.72*** and  -0.32*** <p < -0.56***, respectively). The longitudinal pattern of
correlation between fall line flow vs. TN mirrored that of Vv vs. TN, as shown in Figure
30. WWTP discharge also correlated directly with TN at segment 1, and inversely at
segments 5-6. There was no correlation nor graphically observable relationship between
daily precipitation and TN, as might have occurred if variability in wetfall ADN were an
important factor. Thus, increasing fall line and freshwater inputs resulted in TN increase
near the falls, followed by a pervasive decrease in the WWTP zone, with no immediate

effect thereafter.

Ambient TN varied much less with temperature than with freshwater inflow, although the
two factors vary inversely with one another (Appendix A). Figure 31 presents a notable
decrease in TN with temperature at the falls and segments 1-2, above the WWTP-flanked

zone. Although the all source concentration model increased with temperature (Appendix
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A), ambient TN was nearly flat at segments 3-4, and slightly decreasing along other
segments. The correlation between temperature and TN was statistically significant only
along segments 1 and 7 (p = - 0.33* and - 0.43***_ respectively), however. Whether this
relationship was due to low flow (segment 1) or nitrification and denitrification (segment

7) at high temperature could not be discerned from the data.

Thus fall line flow or total freshwater inflow were the most pervasive exogenous physical

factors relating to ambient TN.

Freshwater Inflow: Effect on Source-Ambient Nutrient Residuals

Freshwater inflow was also examined for its effect on reducing the residual between

source and ambient nutrient concentrations:

Figure 24 previously illustrated that TP in the upper four tidal segments seemed to rise in
parallel with source concentrations as flow increased. Plotting TP inputs versus ambient
TP for a series of inflow ranges, Figure 32, reveals that high source concentrations and
high ambient concentrations rarely coexisted at any segment. At low inflow (< 260 m’/s),
the upper four segments closely approximated source TP estimations, while lower
segments 5-7 often equaled or exceeded estimated source TP. Figure 33 furthermore
shows that the residual between source TP and ambient TP proceeded from negative or
slightly positive at low inflow, to largely positive at very high inflow (>530 m?/s), to

mostly negative during extremely high inflow events (circa 2500 m*/s) across all
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segments. Consequently, the source-ambient TP concentration residual did not decrease
with increasing freshwater inflow, but did follow a consistent pattern across segments.
According to this pattern, source TP was greater than ambient TP at high inflow, while
the reverse was true at low inflow, suggesting a possible lag effect between source and

ambient concentrations, as investigated in section 2.3 below.

Figure 29 shows how source and ambient TN converged upon 2-2.5 mg/L as flow
increased. Source concentrations greatly exceeded ambient concentrations when inflow
was very low (< 115 m?/s), as Figure 34 presents. At higher inflow (> 260 m?/s), ambient
concentrations approached TN estimates. This progression from a positive residual to
near parity between source and ambient TN is presented vividly in Figure 35. Thus, as
current inflow comprised a greater fraction of the total volume of the tidal freshwater
river, ambient TN more closely approximated source TN. This concurs with the

expectations based on the Conceptual Approach.

Non-nutrient Relations to Ambient Chlorophyll a

Exogenous Physical Factors vs. Chl a

Algal biomass accumulation, as measured by chlorophyll a, exhibited a strong relation to
solar, thermal, and hydrodynamic factors throughout the tidal freshwater Potomac River.
Upper and lower segments contrasted with respect to the direction of correspondence

between Chl a and wind speed, however.
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Figure 36 presents loess-fitted scatter plots of incident light versus Chl a. In Figure 36(a),
Chl a generally increased from nearly undetectable to above 20 ug/L as daily total
horizontal solar radiation (DTHSR) increased from below 1000 to above 6000 Wh/m?/d.
Above this energy level, Chl a continued to rise dramatically at segments 1 and 2,
gradually at segments 5 and 7, while slightly tapering off at segments 3, 4 and 6. In the
absence of DTHSR measurements after 1990, estimated photosynthetically active
radiation (PAR) was used to examine light-Chl a relations across the entire study period.
At each segment, PAR vs. Chl a patterns through 1995 were similar to those seen for

DTHSR vs. Chl a, Figure 36(b).

Positive correlation was observed between DTHSR and Chl a at all segments (p € [0.43,
0.69], p <0.01) and between estimated PAR and Chl a at segments 1-2 and 4-7 (p €
[0.29, 0.58], p < 0.05), Figure 37(a) and (b). Using previous 14-day average PAR,
however, resulted in more pervasive and significant correlation of PAR with Chl a (p €
[0.46, 0.84], p < 0.01), Figure 37(c). Thus, Chl a increased significantly with both daily
solar radiation and bi-weekly photosynthetically active radiation across all segments.

Chl a also had a definitive positive relation to air temperature, as displayed in Figure 38.
Up to approximately 20° C, Chl a increased across all segments. Above that threshold,
Chl a increased more rapidly with temperature at segments 2 and 6, increased steadily at
segments 5 and 7, and leveled off along segments 1, 3, and 4. Chl a across the entire tidal

freshwater Potomac correlated significantly with temperature (p € [0.57, 0.73], p <0.01).
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Four-day average temperature correlated even better (p € [0.63,0.79], p <0.001). As
confirmed in Figure 39, chlorophyll a increased monotonically and pervasively with daily

and semi-weekly air temperature.

Chl a generally decreased with rising freshwater inflow. Figure 40 illustrates how, as
inflow increased from 35 m’/s to 1000 m>/s, there was a drastic decrease in ambient Chl a
across all segments. Below 200 m’/s, 50% of Chl a observations were above the overall
median Chl a (14.4 ug/L). At greater inflow, only 16% of observations were above
median. Above 1000 m’/s inflow, Chl a exceeded median levels for only 2 of 41
observations (5%), once each at segments 5 and 6. Negative correlation between inflow
and Chl a, meanwhile, was significant across segments 2-4 (p € [-0.43*, -0.51*]) and 5-7
(p € [-0.45%** -0.54***]), as illustrated in Figure 41. Correlation was no more pervasive
nor significant using multi-day average inflow. As predicted, Chl a was significantly
reduced for high inflow across the lower six segments of the tidal river.

From the falls through to the Woodrow Wilson Bridge, Chl a increased visibly with daily
average wind speeds from 2 to 28 km/h, Figure 42. Below Rosier Bluff (segment 4),
though, Chl a crested with winds between 10-20 km/h, before gradually declining at
greater wind speeds. Spearman's correlation confirmed a significant direct relation
between wind and Chl a along segments 1-3, Figure 43(a). Meanwhile, correlating 4-day
average wind speed with Chl a revealed an expected inverse relationship along segments

5-7 (p € [-0.24, -0.27], p < 0.001), shown in Figure 43(b). There was no relationship
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between 4-day wind speed and Chl a in the upper four segments. Chl a varied directly
with same-day wind speed for shallow upper segments -- contrary to expectations -- but

inversely to semi-weekly wind speeds along deeper, downstream waters.

Overall, algal biomass accumulation related directly to solar energy and temperature,

inversely to freshwater inflow, and in longitudinally distinct ways to wind speed.

Corbicula vs. Chl a

Algal biomass did not vary consistently with nearby biomass of the Asiatic clam
(Corbicula fluminea) in the vicinity of Rosier Bluff (segment 4). Before the District of
Columbia ceased Chl a reporting, monthly mean Corbicula biomass ranged between
0.51-10.34 g dry weight/m” (1985-86). Although the highest clam biomass observed was
concurrent with low algal biomass at all segments, Figure 44 shows there was no overall
inverse relationship between the two. There was also no correlation between mean
monthly clam biomass and daily average Chl a along any segment during this period.

In subsequent years (1987-95), mean monthly Corbicula biomass decreased from 3.73 to
1.48 g/m?, within a range of 0.00-8.13 g/m?. Chl a observed at the highest Corbicula
biomass level was 15 ug/L, well within the 5-22 ug/L inter-quartile range observed for
lower (< 4 g/m?) clam biomass. Nonetheless, Figure 44 indicates that when Corbicula
biomass exceeded 7 g/m? dry weight, Chl a did not surpass 20 ug/L despite higher Chl a

at observed at lower Corbicula density.
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There was still no correlation between Corbicula and Chl a at either of these segments.
The loess-fitted curves in Figure 44 furthermore the lack of correspondence between the
invasive clam's biomass along segment 4 and algal biomass in the vicinity. Consequently
data are consistent with a threshold Corbicula density limiting algal biomass, although
there was no pervasive inverse relationship observed between Corbicula and algal

biomass.

Nutrient Relations to Ambient Chlorophyll a

Ambient nitrogen and phosphorus concentrations related to in situ Chl a in distinct ways,

with monotonic trends most evident in the lowermost segments:

TP vs. Chl a

Chl a changed as function of P throughout the tidal freshwater river. Chl a rose across all
segments as P increased from below detection to its median concentration (0.083 mg/L),
as shown in Figure 45. Within this range, TP and Chl a correlated significantly at
segments 4 (p =+0.51%), 6 (p =+0.24*), and 7 (p = +0.33**). At greater TP, Chl a
appeared to descend along segments 1-4 and 6, while rising slightly along segments 5 and
7. Above median TP correlated inversely with Chl a at segment 1 (p = - 0.69*) and

directly with Chl a at segment 7 (p = +0.30%**%*).

Over the entire TP range, TP and Chl a only correlated significantly at the two Maryland-
monitored segments 5 and 7 (p =+ 0.33*** and + 0.39***  respectively). As summarized

in Table 25, analysis confirmed that Chl a varied with low TP (segments 4, 6-7), high TP
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(segment 7), or overall TP (segments 5 and 7) across various portions of the lower tidal

freshwater river.

TP vs. Chl a Given Physical Constraints

Tidal freshwater Chl a was previously shown to vary directly with solar energy, PAR,
temperature, and inversely with freshwater inflow. The sensitivity of algal biomass to
ambient TP may also be contingent upon favorable weather and freshwater inflow

scenarios.

Is the TP-Chl a correlation better during high light, high temperature, or low inflow

conditions? Table 26 presents Spearman's coefficient of correlation (p) between TP and

Chl a within above median ("T") and below median ("\.") ranges of these physical factors

for those segments whose Chl a data span 1985-1995:

e Across segments 5-7,Chl a varied directly with TP only when photosynthetically
active radiation was high (p < 0.001 at segments 5 and 7, p < 0.05 at segment 6).

There was no significant correlation on days with below median PAR.

e At high temperature, a very significant TP-Chl a correlation (p < 0.001) was observed
across all three sites. At segment 6, there was also an unpredicted negative correlation

between P and Chl a when temperature was low (p = -0.38%%*),

e For low freshwater inflow, TP and Chl a co-varied pervasively (p < 0.001 at segments
5and 7, p <0.05 at segment 6). No correlation was observed on days with above

median freshwater inflow.
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Thus, a direct relationship between TP and Chl a was contingent upon either high light or

high temperature or low freshwater inflow.

Which combination of these limiting factors was most important to delimiting when Chl
a related most pervasively and significantly to TP? Spearman's coefficient (p) between
TP and Chl a for combined ranges of two physical factors is presented in Table 27: At
segments 5 and 7, significant TP-Chl a correlation is best for high temperature and low
freshwater inflow, with no greater PAR-bounded effect. At segment 6 as well TP and Chl
a correlate most significantly (p < 0.001) during high temperature and low inflow periods.
There is a less significant positive correlation (p < 0.05) at segment 6 when either (a)
temperature and inflow are both high, (b) temperature and PAR are both high, or (¢) PAR
is high and inflow is low. (An anomalous negative correlation is still observable for low
temperature and inflow at segment 6.) Overall, low inflow and high temperature together

present the best conditions for relating TP to Chl a across segments 5-7.

Across segments, Chl a generally increased with TP only when both temperature was
high and inflow was low. When (1985-86) observations were aggregated across District
of Columbia segments 1-4, presented in Figure 46, Chl a did not rise except during warm,
dry conditions (above median temperature, below median inflow). Chl a at segment 5 also
showed little change with TP for below median temperature and/or above median inflow,
Figure 47. When inflow and temperature conditions were more optimal, however, Chl a

increased from below 1 to above 20 ug/L with increasing TP. Loess-fitted Chl a rose
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gradually thereafter, with several observations over 50 ug/L Chl a. At segment 6,
meanwhile, Chl a either remained stable (cold wet conditions) or decreased with TP
whenever inflow or temperature was sub-optimal, Figure 48. During warm, dry periods,
Chl a rose from 1 ug/L to above 40 ug/L as numerous observations surpassed 50 ug/L.
Chl a at segment 7 also only increased with TP during warm , dry periods. Figure 49
shows that the rise tapered off below 0.1 mg/L, and did not rise to the same degree as at

upstream segments.

Patterns in these graphics concurred with the correlation presented in Table 27: Chl a
sensitivity to TP was generally contingent upon low freshwater inflow and high air
temperature, conditions conducive to rapid algal biomass accumulation, across all

segments in the tidal freshwater Potomac River.

TN vs. Chl a

As TN increased from minimum to median levels (2.42 mg/L), Chl a dropped along
segments 1, 2, 4 and 7, while remaining fairly constant across the remaining segments,
Figure 50. Chl a remained fairly stable for TN increases above median concentration
along segments 2-7. Spearman's correlation determined the significance of an
unanticipated inverse relationship between N and Chl a at segment 1 (p = -0.49*) and
segment 7 (p = -0.31***). Other than these two segments, there were no monotonic
relations observed between TN and Chl a. Chl a did not vary directly with TN along any

portion of the tidal freshwater Potomac River.
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Conclusions and Discussion

The analyses above support specific conclusions reviewed in detail here, followed by a

general discussion of research and management implications.

Source Nutrient and Ambient Nutrient Concentrations

e Ambient nutrient concentrations varied with aggregate nutrient concentrations from
nearby sources. This “all source concentration” model related to ambient nutrient
variability better than any single source concentration or the total mass of all source

loads.

There exist longitudinally pervasive relationships between nutrient concentrations in the
tidal freshwater Potomac River and nutrient "source concentrations" from aggregated

freshwater inflow:

Ambient TP increased with aggregate source TP along six of seven tidal freshwater

segments. The lack of correspondence at segment 6, where ambient TP correlated only
with WWTP phosphorus concentrations, may be due to local hydrology and impact of
Lower Potomac WWTP discharge via Gunston Cove. Relative to source concentration,
ambient TP attenuated with distance downstream, most likely due to net sedimentation

over transport time. Overall, ambient TP co-varied with, but attenuated to, source TP.
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Rapid changes in phosphorus inputs may account for occasions when source TP was
much less than ambient TP. In particular, large storms may have contributed TP via
Washington's Combined Sewer Overflows (CSOs); high flow could have scoured
phosphorus from the riverbed; or high acidity near the benthos may have resulted in
sediment-bound phosphorus release. In addition, since WWTP nutrients were only
reported as monthly means of weekly averages, there may have been some short-term
(sub-weekly) spikes in WWTP phosphorus release which were not captured in the data
used here. TP spikes would have been flushed from nearby waters over time, resulting in
lagged TP surges downstream. Such traveling spikes could have also arrived via the falls
(e.g., a massive phosphorus "plug" observed at the falls in November 1985). Thus multi-
day or longer temporal dynamics could have played an important role in the disparity

between source and ambient TP.

Ambient TP correlated more pervasively with all source TP than with single source TP
concentrations or aggregate TP loads. Unlike a traditional loads-based model, the all
source concentration model distinguished between an average mass of TP inputs in a low
volume of inflow (leading to higher ambient TP) and an average mass of TP in a high
volume of inflow (leading to lower ambient TP). By integrating flow-weighted
contributions from both upstream and downstream sources, the TP source concentration
estimate thereby captured the nuances of both low flow (WWTP-dominated) and high

flow (falls dominated) TP inputs to the system. Thus, the TP source concentration
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provided a better model of the influence of TP inputs on ambient TP concentration in the

study area.

Ambient TN related directly to source TN across WWTP-flanked segments (3-6), but not
above nor below this area. TN arriving via Great Falls positively influenced nutrient
concentrations at the head of the tidal zone (segment 1), while diluting WWTP-enriched
TN downstream. In the WWTP discharge area, meanwhile, ambient TN was more
pervasively influenced by all source TN than by WWTP-generated TN alone. In essence,

fall line inputs provided context for local sensitivity to TN from WWTP-discharge.

By the lowermost segment (7), Indian Head, there was no co-variance between source and
ambient TN. Ambient TN was approximately 2 mg/L, regardless of source TN
concentrations. Instead, correlation tests revealed an unexpected positive relationship
between fall line TN and ambient TN along this segment. This suggests that variability in
TN from WWTPs had only a localized influence on ambient TN. Meanwhile, the tidal
freshwater Potomac River attenuated up to 4mg/L -- two thirds of maximum source TN --
between the top of the WWTP discharge area (segment 3) and Indian Head. The net result
was that TN at segment 7 was only slightly greater than TN at the headwaters of the tidal

river (segment 1).

The anomalous relationship between source TN and ambient TN at Indian Head could be

explained, in part, by nitrogen dynamics at various time-scales. As characterized in the
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Conceptual Approach (Section 1.2), loss processes could have decreased TN in
discharge-receiving waters while traveling downstream from the District of Columbia.
These losses -- from biological nitrogen reduction, sedimentation, and volatilization --
would have been integrated over a period of several days or weeks before arriving at
Indian Head. On a seasonal scale, when source TN was greatest, during low flow
summers, the loss processes would have had the strongest effect, due to longer water
parcel turnover time. Increasing source TN over a course of years, meanwhile, could have
resulted in biogeochemical changes which allowed the tidal freshwater river to more
efficiently process and remove TN from the water column, thus keeping downstream TN
relatively constant. In short, study of multi-day, seasonal, and inter-annual changes and
relations may provide further insight into the direct influence of source TN on ambient
TN being limited to nearby segments, with a notable attenuation of TN with distance

downstream from WWTPs.

Non-nutrient Relations to Ambient Nutrients

e Ambient phosphorus concentration varied directly with inflow and WWTP discharge
in the upper tidal freshwater river, but more pervasively with temperature. There was

insufficient evidence to accept or reject a pH-TP relationship.

The observed relation between fall line flow and fall line TP (Appendix A) extended

visibly to inflow and ambient TP across the entire District of Columbia portion of the
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tidal river (segments 1-4). The correlation was not statistically significant beyond tidal
headwaters (segment 1). There was, however, a significant relationship between WWTP
discharge and ambient TP across these segments. Phosphorus-rich relative to fall line
baseflow, WWTP discharge was also greatest in the District of Columbia segments,
which received outflows from 3 of the 4 largest WWTPs. Given tidal Potomac hydrology,
however, it seems questionable that discharge would regularly influence ambient TP far
up into segment 1. It is more likely that, during high storm water months, urban sewer
systems reached (or exceeded) their discharge capacity, with excess volume diverted
directly to the river via CSOs and tidal streams. Consequently, WWTP discharge and
greater ambient TP in the upper segments were co-incident without necessarily being

causally linked.

Ambient TP varied much more pervasively with air temperature. Across six of the seven
tidal freshwater segments, something related to temperature seemed to have a marked
effect on in situ TP. While the exact mechanism to explain the correlation was not clear,
possible alternatives might include evaporative concentration, inflow, or biota, among
others. Segment 6 provided the only exception to this temperature-TP relationship, as was
previously the case for source-ambient TP relations. Once again, this segment's TP
patterns were distinct from the overall tidal freshwater pattern (see also Section 2.1,

Longitudinal Patterns).
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There was insufficient data to adequately determine the effect of extreme pH (> 9) on
increasing ambient TP via adsorption from sediments. High ambient TP did not co-occur
with extreme water column pH (Figure 27). On the other hand, the distribution of several
TP observations at high water column pH nonetheless appeared slightly greater than
(right shifted relative to) the TP distribution below pH of 9 (Figure 28). Frequent
measures of pH in the lower water column, coupled with sediment P flux studies (e.g.,

ongoing work by W. Boynton) should help elucidate this potential relationship.

o With respect to inflow, same-day TN near the fall line varied directly, TN in the
WWTP-flanked zone varied inversely, while TN at the bottom of the tidal freshwater
river did not relate at all. No pervasive influence was observed of temperature or

WWTP discharge volume on TN.

Increasing freshwater inflow or fall line flow corresponded to greater TN in the tidal
headwaters (segment 1) and less TN in the WWTP-flanked zone (segments 3-6). After
precipitation mobilized watershed nitrogen ions, higher flow produced greater TN at the
fall line and in tidal headwaters. Since WWTP discharge was much more TN-enriched
than even flood waters, large freshwater inflows diluted TN in the WWTP-flanked zone.
Hence, there is a visible transition in inflow-TN loess curves, moving from fall line
dominated to WWTP-dominated areas (Figure 29). As with source TN, there was no
influence of inflow on ambient TN at the bottom of the tidal freshwater Potomac River

(segment 7), for the same reasons discussed above.
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There was no pervasive relationship between WWTP discharge or air temperature and
ambient TN. An inverse correlation between discharge and TN some distance below
Washington (segments 5 and 6) may reflect similar correspondence between discharge
and WWTP TN (Appendix A), but contradicts the expectation that greater discharge
would increase ambient TN throughout the WWTP-flanked zone. Thus, relatively dilute

TN at high discharge could explain this unexpected result.

An inverse correlation between air temperature and ambient TN at both ends of the study
area also runs counter to prior hypotheses, but nonetheless underscores the curious

connection between segment 1 and segment 7 factor-response relations.

o The residual between source and ambient TN decreased with increasing flow, while

the source-ambient TP residual was smallest at low flow.

Source and ambient TN converged with increasing inflow, as predicted. Figure 34 and
Figure 35 vividly illustrated the convergence of inflow-dominated TN upstream and
WWTP-impacted TN downstream during high freshwater inflow. Ambient TP, by
contrast, most closely approximated source TP during low freshwater inflow. As inflow
increased, source TP was generally greater than ambient TP, indicative of net TP
sedimentation. At very high flow, however, ambient TP appeared greater than source TP,

a likely result of riverbed scouring and/or unmeasured storm water supplements from
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CSOs or tidal tributaries. Thus, while the TN residual decreased with freshwater inflow,

the TP residual changed through a non-monotonic, yet pervasive pattern.

Non-nutrient Relations to Ambient Chlorophyll a

o Algal biomass varied directly with solar energy, air temperature and, in the upper
segments, wind speed; inversely to freshwater inflow, and, in the lower segments,
[semi-weekly mean] wind speed. There was no observed influence of variable Asiatic
clam biomass on Chl a, although Chl a may have been limited above a certain

threshold clam density.

Algal biomass was sensitive to changes in all physical parameters investigated and
possibly to a threshold level of consumption by variable Corbicula fluminea biomass.

Chl a varied directly and pervasively with light, measured as either daily total horizontal
solar radiation (DTHSR) or photosynthetically active radiation (PAR). Chl a appeared to
reach its peak in the vicinity of 6000 Wh/m?/d or 40 mol photons/m*/d at several
segments. Air temperature, particularly when averaged over several days, also exhibited
an anticipated direct influence on Chl a at all segments. Chl a increased with temperatures
up to 20°C, and beyond for some segments. Thus, algal growth corresponded with solar
and thermal energy, as expected and characterized in Section 1.2 (Conceptual Approach).
Algal biomass also decreased with freshwater inflow as downstream flushing offset algal

growth, particularly in the lowermost three segments (5-7). In the tidal headwaters,
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however, the correspondence was visible (Figure 40) but not statistically significant.
Correlation at segment 1 may have been impeded by relatively rapid water turnover rate
flushing most algal growth even during low inflow periods. The hyperbolic decrease of
Chl a with increasing inflow across all other segments is essentially a larger-scale
example of this same pattern of net algal accumulation determined by the interplay of

growth versus flushing.

The longitudinally disparate response of Chl a to wind speeds also underscores a balance
between algal growth and removal. In the uppermost three segments (1-3), Chl a
responded positively to increased wind speed. The shallow water in this area appears to
have been sufficient to permit light penetration and net algal growth even during wind-
induced vertical mixing of the water column. Strong vertical mixing may have had an
ancillary effect of re-suspending limiting nutrients and dead algae from the riverbed. This
would have both fertilized algae and supplemented the water column with inactive
chlorophyll a. Downstream, however, Chl a correlated inversely with semi-weekly wind
speed. Here, high winds could have driven algae much deeper and closer to the bottom of

the photic zone, thus impeding algal growth and net accumulation.

Unlike inflow and sustained wind, Corbicula had no clear inhibitory effect upon Chl a.
Corbicula biomass correlated with neither daily nor monthly mean Chl a at nearby
segments. At high Corbicula density (> 7 g/m* dry wt.), however, Chl a did not reach

maxima seen at lower clam density. Thus, there may be a biomass threshold above which
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Corbicula filtration limited net Chl a accumulation. Overall, though, abiotic factors were
the most important observed non-nutrient influences upon algal growth (light,

temperature, wind) and removal (inflow).
Nutrient Relations to Ambient Chlorophyll a

e [Increasing TP over various ranges appeared to positively influence Chl a along
different segments. There was no pervasive pattern relating TP to Chl a across all TP

ranges, however.

Chl a varied with low TP (segments 4, 6-7), high TP (segment 7), or overall TP

(segments 5 and 7) across various portions of the lower tidal freshwater river. That such

correlation was not ubiquitous across tidal freshwater segments indicates TP was not

universally limiting to Chl a, however. Thus, the importance of TP as a limiting nutrient

may have been contingent upon other limiting factors

o Correlation between TP and Chl a improved when temperature or solar energy were
high or inflow was low. Chl a was most sensitive to varying TP under high

temperature, low inflow conditions.

High temperature, high sunlight, and low freshwater inflow each provided conditions
whereby Chl a correlated with TP across the lower three segments of the tidal freshwater
river. Of these environmental conditions, high temperature produced the most significant

correlation across segments (p < 0.001). Among combinations of two of these physical
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factors, high temperature and low inflow resulted in an equally significant correlation

across these segments (5-7).

Paucity in observations by the District of Columbia prevented similar tests among the
upper four segments. Nonetheless, scatter plots revealed a direct relation between TP and
Chl a during warm, low inflow periods (Figure 46). This influence was not observed

when either air was cool or inflow was high.

Similar graphical patterns were observed for segments 5-7 (Figure 47-Figure 49). Thus,
TP seemed most likely to limit algal biomass during warm, low inflow periods, when

growth-inducing factors were at their peak, and removal via flushing was at a minimum.

o Chl a did not vary directly with TN along any portion of the tidal freshwater Potomac

River, but did vary inversely at the top and bottom segments (I and 7).

As expected, there was no direct relation between TN and Chl a along any segment. This
concurs with similar results from nutrient supplement assays in the tidal freshwater

Potomac River (Tom Fischer, U. MD, pers. comm., April 24, 1997).

Inverse relationships between TN and Chl were observed at segments 1 and 7. At
segment 1 could relate to high fall line flow (Vgr) delivering greater dissolved N, while

flushing algal biomass downstream. At segment 7, meanwhile, high algal biomass could
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play an active role in reducing TN: Upstream blooms could have sequestered N in a
particulate organic form (PON) which then may have precipitated as detritus onto benthic
sediments (Christian et al. 1996), thereby reducing water column TN and fueling
nitrification-denitrification (N-D). Positive correlation between Chl a and organic
nitrogen (Appendix B) is consistent with this mechanism. Alternatively, the inverse
relation between TN and Chl a could be coincidental. For example, high temperature and
low inflow produce conditions conducive to both net algal growth and more thorough N-

D of passing water parcels.

Research and Management Implications

Results of this study provide useful insights for managing eutrophication in the tidal

freshwater Potomac and the freshwater headwaters of other riverine estuaries.

With respect to phosphorus control, analyses here showed that the magnitude of an
aggregated source TP estimate is a reliable indicator of the relative concentration of
ambient TP in the tidal freshwater river. During low inflow, ambient TP particularly
reflects source concentrations, though not so at high inflow. Thus, the source
concentration estimate improves upon traditional loads-based models for determining
"caps" on controllable phosphorus during base flow conditions. In particular, the source
concentration model implies that load limits should not be considered in isolation from

the volume of inflow in which such loads are dissolved or suspended.
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At intermediate flow, particulate-bound phosphorus sedimentation, dilution, and/or other
in situ processes attenuate up to about 85% of source TP before waters pass beyond the
tidal freshwater area. The exact degree of attenuation is partially obscured by the low
temporal resolution of WWTP discharge reporting (monthly mean of weekly averages)
and the effect of temporal lags as water passes from source to monitored locations. Until
WWTPs report daily discharges and nutrient releases, however, the magnitude of in situ
attenuation as well as the causality behind traveling "spikes," or surges in ambient TP,

will be difficult to determine.

During floods, ambient TP can rise well above levels expected from measured TP sources
alone. If TP is considered unacceptably elevated under such circumstances, targeted
monitoring will be necessary to determine the source(s) of supplemental TP. Possible
targets include point source (WWTP) and non-point source (CSO or tidal tributary)

pollution, and/or riverbed scouring of sediment-bound phosphorus.

While extreme pH events are uncommon, further investigation is needed into their effect
on chemical release of large quantities of TP into the water column. Concurrent
monitoring of TP and pH in the lower water column, coupled with ongoing study of
benthic sediment fluxes under various pH, would help elucidate the role of acidity in

those TP surges which are unrelated to exogenous sources or hydrodynamics.
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Further investigation is also needed to determine if a positive relation between ambient
TP and temperature is due to coincidence, purely physical factors (evaporation), or
possible biogeochemical processes. One possible biologically-mediated circuit would be
based on the effects of net primary production on pH, diagrammed in Figure 51:
Photosynthesis increases dissolved oxygen (DO) and, by altering the carbonate-
bicarbonate equilibrium, raises pH. If acidity surpasses a certain pH threshold, P is
desorbs from the sediments, fertilizing P-limited phytoplankton. The new growth algae
then contribute to further photosynthesis, creating a positive feedback loop. Such
speculation could receive some support, furthermore, if DO, pH, and TP were all found to
increase in tandem with emerging algal blooms, as will be discussed in more detail in

later sections of this investigation.

To control nitrogen in the tidal Potomac will also require sensitivity to the effects of
source concentrations and hydrodynamics (inflow, flushing, dilution). Source TN
concentration best estimates ambient TN under high inflow conditions, when flow from
the upper watershed thoroughly dilutes WWTP-impacted tidal waters. During lower
inflow, however, there is substantial attenuation of ambient TN relative to source
concentrations, approximately 75% of highest source TN levels by the most seaward
segment of the tidal freshwater area. As indicated above, algal biomass may provide a
vector for transforming dissolved N to PON which, upon settling in the benthos, could

then be removed via nitrification-denitrification.
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Before costly biological nitrogen removal (BNR) is implemented at WWTPs throughout
the Washington metropolitan area, further research should investigate the degree to which
attenuation is due to in situ nitrification-denitrification, ammonia volatilization, or
dilution from uncharacterized, but potentially significant freshwater inputs (e.g.,
groundwater in the tidal area). If the former, then additional study should determine if

BNR technologies will supplement or supplant existing in sifu nitrogen removal via N-D.

Despite a large degree of variability in source TN and in ambient TN in segments
receiving large WWTP discharge, there is surprisingly little relationship between variable
source TN and ambient TN at the downstream end of the tidal freshwater river. Further
research should determine whether this is due to low temporal resolution for WWTP data
(discussed above), lags (addressed in subsequent sections), or the efficiency of in situ
attenuation. If attenuation maintains 1.5-3 mg/L N entering Potomac's oligohaline zone,
regardless of TN inputs, then the efficacy of future BNR technologies may later be called

into question.

Managing algal biomass in the tidal freshwater Potomac requires control of factors which
affect algal growth and/or removal. From the perspective of algal growth, sunlight and air
(or water) temperature are not likely to be restricted in the near term. Watershed-wide
sediment controls and a dearth of tall objects (e.g., skyscrapers) overshadowing the tidal
river should permit sufficient sunlight for algal blooms. Meanwhile, the expanding area

of impermeable surface and a related urban heat island are likely to increase ambient



170

temperature and produce more extreme fall line and tributary flows. Such extremes would
more thoroughly flush the tidal river during high inflow periods, while creating even
greater lake-like conditions, conducive to algal blooms, during periods of drought.
Furthermore, top-down control by an introduced species, Corbicula fluminea, has not

clearly proven effective at reducing algal biomass year after year.

The key to managing algal biomass in the tidal freshwater remains with nutrient
management. Although tidal freshwater Chl a does not appear sensitive to TN, TP may
limit algal accumulation during low flow, warm weather. Under such conditions,
controlling source TP and ambient TP should be effective at reducing Chl a. Similarly,
increasing source TP during low flow, warm weather should have a notable fertilizing

effect on ambient Chl a.

The effect of recent changes in source TP on current ambient TP and, by extension,
current Chl a, will be explored in more detail in subsequent sections. Other temporal
issues which will be addressed below include the effects of lags, multi-day rates of
change over time, and seasonal context on factor-response relations; as well as how inter-

annual management and climatic changes reveal longer-term patterns in water quality.
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Table 24. Hypotheses regarding factor-response relations in tidal freshwater Potomac

water quality.

Hypotheses Regarding Factor- Water Quality Response Relations

Null Hypothesis

There is no pervasive relationship between any investigated physical, chemical,
or biological variable and concomitant nutrient or algal biomass concentration.

Source-Ambient
Nutrient Relations

Ambient nutrient concentrations vary with aggregate nutrient concentrations from
nearby sources.

This “source concentration” model relates to ambient nutrient variability better
than any single source concentration or the sum of all source loads.

Non-nutrient
Relations to
Ambient Nutrients

Ambient total phosphorus concentration varies:

Directly with freshwater inflow or fall line flow (recruitment, scouring);
Directly with WWTP discharge (relative concentration vs. baseflow);
Directly with temperature (evaporative concentration); and

Directly with pH (P-adsorption).

Ambient total nitrogen concentration varies:

Directly with freshwater inflow or fall line flow at segments near the fall line
(recruitment, scouring);

Inversely to inflow along WWTP-flanked segments (relative dilution);

Directly with WWTP discharge along WWTP-flanked segments (relative
concentration); and

Directly with temperature (evaporative concentration, mitigated by nitrification-
denitrification).

The all source-ambient concentration residual decreases with increasing
freshwater inflow.

Non-nutrient
Relations to Algal
Biomass

Algal biomass varies:
Directly with light and temperature, but

Inversely to freshwater inflow, wind speed, and local Corbicula fluminea
biomass.

Nutrient Relations to

Algal biomass is sensitive to variations in ambient P, but not ambient N.
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Hypotheses Regarding Factor- Water Quality Response Relations

Algal Biomass

Algal biomass sensitivity to nutrient (P) concentrations is contingent upon a non-
constraining status in important non-nutrient factors (i.e., Chl a varies with P only
when non-nutrient factors are otherwise least limiting.)
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Table 25. Spearman's rank correlation between TP and Chl a at segments 1 and 4-7 over
the period 1985-1995, for above ("T") and below ("") median intervals of TP, as well as
for the entire range of observed TP values.

p (TP vs. Chl a) at: | Segment 1 Segment 4 Segment 5 Segment 6 Segment 7
TP - 0.69% - - - +0.30%% |
L TP - +0.51% - +0.24% 033+ !
All TP - - +(0.33%** - 4 ().39%s%s%

" Although p is greater for low TP than for high TP, n= XX for the former and n=YY for the latter. Hence,
p for high TP is more significant than for low TP.

Table 26. Spearman's rank correlation between TP and Chl a at segments 5-7 over the
period 1985-1995, for above ("1") and below ("¥") median intervals of PAR, air
temperature, and freshwater inflow.

p (P vs. Chl a) at: | Segment 5 Segment 6 Segment 7 Scenario
T PAR +0.43 %% +0.26% +0.54%%* Light

! PAR - - - Dark

1 Temperature +0.4] %8k +0.33%k* +0.52%%* Warm

{ Temperature -- -0.38%* -- Cool

d Inflow' +0.47%%* +0.22% +0.54%%* Dry

T Inflow -- -- -- Wet

" At below median inflow, Chl a also correlated with P at segment 2 (+0.53%).




Table 27. Spearman's rank correlation between TP and Chl a at segments 5-7 over the
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period 1985-1995, for two-factor combinations of above ("T") and below (") median
intervals in PAR, air temperature, and freshwater inflow.

p (P vs. Chl a) at: Segment 5 Segment 6 Segment 7 Scenario
TPAR +71 Temp. | +0.39%**! +0.29% +0.53%#% Light, warm
TPAR +{ Temp. | - -- -- Light, cool
{PAR + T Temp. | +0.38* ! -- +0.47** Dark, warm
I PAR +{ Temp. | - -- -- Dark, cool
TPAR +Inflow | +0.59%** +0.30% +0.66%** Light, dry
TPAR + T Inflow | -- -- -- Light, wet
{PAR +{ Inflow | +0.32* - +0.56%** Dark, dry

4 PAR + 7T Inflow | -- -- -- Dark, wet
T Temp. + 4 Inflow | +0.56%** +0.37%%% 2 +0.66*%* Warm, dry
T Temp. + T Inflow | - +0.37* 2 -- Warm, wet
4 Temp. + | Inflow | - -0.41%* -- Cool, dry

d Temp. + T Inflow | - -- -- Cool, wet

! Although p values are nearly identical, n=94 for light, warm conditions, while n=37 for dark, warm

conditions. Hence, p for the former is much more significant than for the latter.

* Although p values are nearly identical, n=89 for warm, dry conditions, while n=31 for warm, wet

conditions. Hence, p for the former is much more significant than for the latter.
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Figure 20. Plot of source concentration model (TPyy) vs. ambient TP concentration at the

fall line (segment 0) through the series of seven segments (left to right, then top to

bottom) in the tidal freshwater Potomac. Shown are the central 95% of each nutrient data
distribution, along with jittered model prediction (for clarity of density), and loess-fit

curves (span=2, degree=1).
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Figure 21. Spearman’s rank correlation between phosphorus inputs and ambient total
phosphorus along seven segments of the tidal freshwater Potomac River. Phosphorus

input models are: (a) flow-weighted “source concentration” from both fall line and

176

WWTPs, (b) the sum of source loads (kg/d) from both sources, (¢) fall line concentrations

only, (d) WWTP concentrations only (monthly means). Asterisk indicates a significance

of p <0.001, while “+” represents p < 0.01 and “0” means p < 0.05.
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Figure 22. Plot of source concentration model (TNy) vs. ambient TN concentration at the
fall line (segment zero) through the series of seven segments (left to right, then top to
bottom) in the tidal freshwater Potomac. Shown are the central 95% of each nutrient data
distribution, along with jittered model prediction (for clarity of density), and loess-fit
curves (span=2, degree=1).
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Figure 23. Spearman’s rank correlation between non-atmospheric nitrogen inputs and
ambient total nitrogen along seven segments of the tidal freshwater Potomac River.

Nitrogen input models are: (a) flow-weighted “source concentration” from both fall line
and WWTPs, (b) the sum of source loads (kg/d) from both sources, (c) fall line
concentrations only, (d) WWTP concentrations only (monthly means). Asterisk indicates
a significance of p < 0.001, while “+” represents p < 0.01 and “0” means p < 0.05.
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Figure 24. Log( freshwater inflow versus log total phosphorus at the fall line and seven
freshwater segments. For reference, the top left panel presents inflow vs. source

concentration.
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Figure 25. Spearman’s rank correlation between ambient total phosphorus and
hydrological and thermal factors -- (a) total freshwater inflow, (b) fall line flow, (c)
WWTP discharge, and (d) daily air temperature -- along seven segments of the tidal
freshwater Potomac River. Asterisk indicates a significance of p < 0.001, while “+”
represents p < 0.01 and “0” means p < 0.05.
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Figure 26. Temperature (°C) versus logj, total phosphorus at the fall line and seven
freshwater segments. For reference, the top left panel presents temperature vs. source
concentration.
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Figure 27. Acidity versus ambient total phosphorus across all segments, revealing that top
1% of phosphorus concentrations (above solid line) were observed at pH < 8.5 (left of
dashed line), while TP at pH > 9.0 (x’s) was not remarkably higher than in the pH <9
part of the distribution.
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Figure 28. (a) Q-Q plot of distributions of ambient phosphorus given usual acidity ({TP |
pH <9}) versus high pH ({TP | pH > 9}). Triangles above the diagonal black (1:1) line
indicate where quantiles of TP at alkaline pH are greater than corresponding TP levels at
regular pH Open circles below this line indicate the opposite. Dotted horizontal lines
identify the lower and upper quartiles (0.25 and 0.75 quantiles) of each distribution. The
median (0.5 quantile) lies between the two central-most points. (b) Tukey mean-
difference plot (Cleveland 1993) of the mean of quantiles from distributions in the
previous graph versus the difference of these quantiles (TP at extreme pH minus TP at
regular pH).
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Figure 29. Log;o freshwater inflow versus log) total nitrogen at the fall line and seven
freshwater segments. For reference, the top left panel presents inflow vs. source
concentration.
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Figure 30. Spearman’s rank correlation between ambient total nitrogen and hydrological
and thermal factors -- (a) total freshwater inflow, (b) fall line flow, (c) WWTP discharge,
and (d) daily air temperature -- along seven segments of the tidal freshwater Potomac
River. Asterisk indicates a significance of p < 0.001, while “+” represents p < 0.01 and
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Figure 31. Temperature (°C) versus logj, total nitrogen at the fall line and seven
freshwater segments. For reference, the top left panel presents temperature vs. source

concentration.
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Figure 32. Scatter plot matrix of source TP input vs. ambient TP in panels across seven
tidal segments (left to right across) and ranges between four quartiles of freshwater inflow
(bottom-to-top). For points near the diagonal dashed-line, ambient concentrations
approximate estimated source concentrations. At points below (above) this line, source
concentrations exceeded (were below) ambient concentrations.
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Figure 33. Freshwater inflow versus the residual (difference) between source TP and
ambient TP along seven tidal freshwater segments.
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Figure 34. Scatter plot matrix of source TN input vs. ambient TN in panels across seven
tidal segments (left to right across) and ranges between four quartiles of freshwater inflow
(bottom-to-top). For points near the diagonal dashed-line, ambient concentrations
approximate estimated source concentrations. At points below (above) this line, source
concentrations exceeded (were below) ambient concentrations.
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Figure 35. Freshwater inflow versus the residual (difference) between source TN and
ambient TN along seven tidal freshwater segments.
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Figure 36. Incident light versus log;o Chl a at the fall line and seven freshwater segments.
Incident light is measured by (a) daily total horizontal solar radiation (DTHSR, 1985-90)
and (b) photosynthetically active radiation (PAR, 1985-1995).
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Figure 37. Spearman’s rank correlation between Chl a and incident light factors -- (a)
daily total horizontal solar radiation (DTHSR), (b) estimated photosynthetically active
radiation (PAR), (c) 14-day average PAR -- along seven segments of the tidal freshwater
Potomac River. Asterisk indicates a significance of p < 0.001, while “+” represents p <
0.01 and “0” means p < 0.05.
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Figure 38. Temperature (°C) versus log;o Chl a at seven freshwater segments.
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Figure 39. Spearman’s rank correlation between Chl a and (a) daily average temperature,
(b) 4-day average temperature along seven segments of the tidal freshwater Potomac
River. Asterisk indicates a significance of p < 0.001, while “+” represents p < 0.01 and
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0” means p < 0.05.
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Figure 40. Log;( freshwater inflow versus log;o Chl a at seven freshwater segments
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Figure 41. Spearman’s rank correlation between Chl a and total freshwater inflow along
seven segments of the tidal freshwater Potomac River. Asterisk indicates a significance of
p <0.001, while “+” represents p < 0.01 and “0”” means p < 0.05.
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Figure 42. Daily average wind speed versus log;o Chl a at seven freshwater segments
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Figure 43. Spearman’s rank correlation between Chl a and (a) daily average wind speed,
(b) 4-day average wind speed along seven segments of the tidal freshwater Potomac
River. Asterisk indicates a significance of p < 0.001, while “+” represents p < 0.01 and
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0” means p < 0.05.
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Figure 44. Log;o monthly biomass of Corbicula fluminea (g/m”) in segment 4 versus log;o
monthly mean algal biomass (ug/L) at segments 3-6. Circles indicate years when District
of Columbia monitored Chl a (1985-86), while triangles represent subsequent years
(1987-95).
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Figure 45. Log;o TP versus log;o Chl a at seven freshwater segments
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Figure 46. Log;o Chl a as a function of log;o TP at segments 1-4, given low (below
median) and high (above median) intervals for air temperature and total freshwater
inflow.
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Figure 47. Log;o Chl a as a function of log;o TP at segment 5, given low (below median)
and high (above median) intervals for air temperature and total freshwater inflow.
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Figure 48. Log;o Chl a as a function of log;o TP at segment 6, given low (below median)
and high (above median) intervals for air temperature and total freshwater inflow.
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Figure 49. Log; Chl a as a function of log;o TP at segment 7, given low (below median)
and high (above median) intervals for air temperature and total freshwater inflow.
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Figure 50. Logjo TN versus log;o Chl a at seven freshwater segments.
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Figure 51. Diagram of a possible positive feedback circuit for sediment P release by P-
limited algal growth at high temperatures.



2.3 Multi-day Dynamics and Functional Relations

Introduction

Because the tidal freshwater Potomac River is over 40 km long, inputs introduced at one
point along the river are not instantaneously available to impact water quality elsewhere.
Similarly, water quality impairment along a given portion of the river may change over
time due to short-term changes in influencing factors or integration of responses along the
length of the river. Consequently short-term lags and changes over time should reveal

important factor-response relations within the timeframe of normal water turnover.

Lags Between Source and Ambient Nutrient Concentrations

Both fall line and individual WWTP nutrient inputs arrive at specific points along the
tidal river, initially influencing nutrient concentrations in adjacent receiving waters. New
nutrients then travel downstream with flushing and falling tides and, to a limited extent,
upstream with rising tides. Lags between source and ambient nutrient peaks (or troughs)

should increase with distance from the point of largest nutrient inputs.

The previous section used "source concentration" to represent the flow-weighted average
nutrient concentration from all characterized sources. One measure of the correspondence

between source and ambient nutrient concentrations is the residual difference (TPr or

207
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TNR) from the fit of ambient concentration to a source concentration which is lagged by a

certain number of days (d) -

Equation 11 (a) TPR(d) = TP]N(t-d) - TPFw(t)

(b) TNgr(d) = TNin(t-d) - TNpw(t)

Since the fall line is generally the point of greatest input TP, an optimal fit between time-
varying source and ambient TP should result from a longer lag time (d) with distance
downstream. TN input concentration, on the other hand, is often highest in the vicinity of
the largest WWTPs -- particularly at the confluence of Blue Plains, Arlington, and
Alexandria WWTP outfall pipes along segments 3-4. Thus, optimal source-ambient TN
fits are expected to require longer lag intervals with distance from this epicenter of

WWTP outfall pipes.

Another approach to examining short-term source-ambient relationships is to look at the
magnitude of the residual difference for clues regarding underlying dynamics. When
magnitude of the nutrient residual, TP or TNg, becomes sufficiently large, then the
difference between source and ambient nutrient concentrations may drive substantial
changes in ambient TP or TN, respectively. Equation 1 of the Conceptual Approach

(Section 1.2) characterized how adding more concentrated TP inflow to low TP receiving
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waters should drive an increase in ambient TP over time (ATP/At). After some lag
period, ambient TP would increase to more closely approximate source TP. Moreover, if
the initial nutrient residual were above the minimum resolution for detectable change
(0.01 mg/L), then one could detect a delayed response in ambient nutrients after recent
change in source nutrient concentrations. Assuming ambient nutrients approach source
nutrients (less net sedimentation) over time (equations 1(c) and 2(c) of the Conceptual
Approach), then the lag interval with the smallest residual should correspond to the best
estimate of the delay (d) in delivery, as verified by the most optimal correlation between

lagged source and current ambient nutrient concentrations.

Lags Between Factors and Chlorophyll a

While nutrient concentrations depend on exogenous sources, algal biomass can be
generated endogenously. As stated in the Conceptual Approach and established in the
previous Factor-Response section (2.2), net algal accumulation is influenced by both
growth factors (light, temperature, nutrients) and loss factors (particularly flushing). Since
algae grow over time before being diluted by algae-free WWTP effluent or flushed
downstream, current algal biomass should relate in a meaningful way to the recent status
of these growth and loss factors. Consequently, the correlation should improve over

some lag interval (d) less than water turnover period.

Short-term Water Quality Changes

Another pertinent short-term water quality phenomenon involves how nutrients and Chl a

change over time in response to critical levels of or changes in underlying factors.
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Differences in water quality between observations (Ax/At) should indicate short-term
effects of changes in important factors (Tom Fischer, U. MD, pers. comm., April 24,
1997). Thus, change in water quality between sample dates should also correlate with

levels of or changes in those factors.

For example, Section 2.1 results imply that increasing freshwater inflow should increase
ambient TP and TN in the uppermost tidal segments. In the WWTP-flanked zone,
however, increasing fall line flow further dilutes TN-enriched WWTP discharge. Thus,

rising inflow should instead lead to decreases in ambient TN in this area.

The same approach can be applied to algal dynamics. Net Chl a growth should relate
directly, though not necessarily linearly, to changes in growth factors -- including solar
energy, temperature, and nutrients. The previous section established direct
correspondence between TP and Chl a, but not between TN and Chl a. Hence, one would
expect net algal growth to more closely relate to change in TP than to change in TN.
Rising inflow, meanwhile, should result in a net decrease in algal biomass due to reduced

accumulation caused by increased flushing.

The above hypotheses relating to lags and short-term changes over time are summarized

in Table 28(a) and Table 28(b), respectively.
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Methods

Water Turnover Period

Reasonable lag-times were determined by reference to the length of time a parcel of water
spends in the tidal freshwater Potomac basin before being flushed downstream. Two

estimates of this turnover period were made:

e Residence Time (instantaneous estimate) -- mean volume of water basin divided by

rate of inflow

e Fill Time (gradual estimate) -- time passed for cumulative prior and current inflow to

equal the mean volume of water basin.

These estimates were then compared, in order to determine a reasonable range in lag

intervals for investigation.

Source-Ambient Nutrient Lags: Fits and Residuals' Central Tendencies

Daily average nutrient concentrations along each segment were then fitted to daily source
concentrations, lagged by 0, 3, 7, 14, 21, and 28 days. The degree of fit between lagged
source and ambient nutrient concentrations was measured by the magnitude of the

residual difference.
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Residual distributions at different lags were first compared using their arithmetic means.
Means were tabulated at every segment in order to more fully characterize the central
tendency of each residual distribution at these segments. If residuals had been
approximately normally distributed using methods in Data Preparation (section 2.0), their
standard deviations would have been recorded and means compared using standard
parametric methods. Instead, in the absence of meeting assumptions for normality, non-

parametric methods were utilized.

For each segment, the medians of six lag-fitted residual distributions were tabulated, then
compared with one another using notched box plots (Mathsoft 1997; McGill et al. 1978;
Tukey 1990). Here, a notch represents the 95% confidence interval for a distribution's
median. Where boxes' notches did not overlap, their respective residual distributions were
considered distinct, i.e., the lag with its notch closer to the origin resulted in a better fit
between source and ambient concentrations (p < 0.05). If a notch included the origin, then
equivalence between the lagged source and ambient concentrations at that lag interval

could not be rejected.

Lagged Factor-Response Relations

The correlation coefficient (p) between lagged source and ambient nutrient concentrations
was then calculated and presented to illustrate pervasive effects of lag on source-ambient

nutrient relations. Chl a correlation used the same lag-periods for growth (solar energy,
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temperature) and removal (inflow) factors. Lag nutrient-Chl a relations could not be

investigated, since ambient nutrient concentrations were not observed on a daily basis.

If any lag improved the correlation between a factor and algal biomass, the result was
presented in a correlation graph. If a specific lag dramatically improved the factor-
response correlation across multiple segments, underlying data were also displayed as

loess scatter plots for each of the seven segments.

Factor-Response Dynamics: Daily Rates of Change

The daily rate of change in a variable (x) was determined by means of empirical

difference equations:

%t =0, Xm0/ A

where, X; is the observed value of variable x on the Julian date j, while At is the difference
in days between that sample and the previous sample date. Change over time (Ax/At) was
only considered for inter-sample intervals of less than 21 days (At < 21), to assure that
changes fell well within the general distribution of freshwater turnover times for the tidal
freshwater Potomac. For algal biomass, a secondary measure of changes, specific growth
rate per unit Chl a, (Aa/a;)/At, was also considered in analyses. Thus, changes in algal
biomass were measured in two ways: the change in absolute concentration of Chl a over
time (AChl a/At in mg/L/d) and the specific growth rate in Chl a per unit Chl a ((AChl

a/Chl a)/At in 1/d).
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Patterns between daily changes in response variables and factor variables were then
examined by means of graphical displays, particularly panels of loess-fitted scatter plots.
Then, Spearman's correlation was used to identify or confirm any underlying monotonic

relationships, with results displayed in a tabular format.

Results

Water Turnover Time

Both "residence time" and "fill time" estimates produced comparable distributions of
water turnover periods. Figure 52 shows median turnover time between 6-7 days, mean
turnover periods between 9-11, and lower and upper quartiles of 3 and 14-16 days,
respectively. Ninety-five percent of all calculated fill times (residence times) for sampled
dates were less than or equal to 30 (34) days. Thus, lags of 0-28 days were selected to in
order encompass both this range in turnover periods and increasing basin size with

distance downstream.

Source-Ambient Nutrient Lags: Fits and Residuals' Central Tendencies

Parametric Methods: Comparing Mean Residuals

For both TP and TN, disparities between source and ambient nutrient concentrations
existed across all lag times at nearly every segment. Table 29 presents mean nutrient
residuals for various (0-28 day) lags at each segment. Mean TP residuals were negative

for all lag intervals at segments 1, 5 and 7, while positive for certain lags along the
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remaining segments. Mean same-day source-ambient residuals were above the detection

limit (0.01 mg/L) for TP at segments 2, 5 and 7.

Mean TP residuals most closely approached zero at lags of 3-7 days at segments 1-2 and
14-28 days along segments 3-7. Hence, mean residuals suggest that shorter source TP lags
applied above the mouth of the Anacostia River, while longer lags (14-28 days) were

required downstream.

Mean TN residuals were always greater than 0.5 mg/L, well above detection limits, at all
segments. Mean residuals also suggest a clear longitudinal pattern for optimal TN lags:
Mean TN residuals were minimized at a lag of 7 days in the upper four segments, and 14-

21 days in the lower three segments.

While residual nutrient distributions were unimodal, they were not normally distributed.
Thus, parametric statistics could not be formally used to determine the smallest average
residual (i.e., best parametric fit) across lag intervals at a given segment. As a result, non-
parametric methods were required to determine the significance lags in minimizing

residuals.

Non-parametric Methods: Comparing Median Residuals

Table 30 presents the median nutrient residuals for each segment and lag interval. Median

TP residuals were almost exclusively between zero and -0.04 mg/L, regardless of lag
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intervals. Hence, ambient TP was usually greater than estimated source TP, regardless of
lag-time. Median TN residuals were more than 0.4 mg/L for all segments and intervals.
Hence, lags did not entirely eliminate the difference between source TN and more dilute

ambient TN.

At almost every segment, there were one or more lags which resulted in a smaller median
residual in TP or TN than that resulting from a zero day lag alone. For example, a 21-day
lag in source TP resulted in a median residual of -0.002 mg/L at segment 3. This was less

than 20% of the same day median residual (TPr(0) =-0.011 mg/L at segment 3).

The smallest median TP residual per segment was for lags of less than 14 days at
segments 1-2 and 4-5, and greater than 14 days at segments 3 and 6-7. These results
broadly concur with those from parametric analysis of TP residuals. For TN, the smallest
median residuals were at 7-14 days at segments 1-2, 3 days at segments 3-4, and 14-21
days at segments 5-7 -- roughly paralleling patterns observed for mean TN residuals.
With the exception of TN at segment 3, ambient TP and TN seem to have generally
responded more quickly in the upper or middle segments -- particularly those adjacent to

the largest, most concentrated nutrient inputs -- than further downstream.

When subjected to statistical tests, however, same-day and lagged residual distributions
did not vary significantly in the location of their respective medians (p < 0.05), however.

Figure 53 illustrates this equivalence by the vertically overlapping notches on box plots
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for same-day and lagged residual nutrient distributions at segment 3. All other segments
exhibited similar overlap: There was no significant difference in median locations across
same-day and any lagged residual distributions at any segment, for either TN or TP. Thus,
slight variations in median residuals at various lags did not indicate a statistically

significant improvement in the source-ambient fit.

In summary, increasing distance from points of more highly concentrated source inputs
appeared to require longer lag times in order to optimize source-ambient nutrient fits.

This pattern was not established as statistically significant, however.

Lagged Factor-Response Relations

Lagged Source-Ambient Nutrient Relations

Where same-day mean residuals were above detection limit, it was expected that the lag-
intervals would improve correlation between source and ambient nutrients. As presented
above (section 3.2), mean residuals were above this threshold magnitude (0.01 mg/L) at

segments 2, 5 and 7 for TP and at all segments for TN.

Non-parametric Correlation

Correlation between source and ambient TP at segments 1 and 3-5 was most significant
when no lag was introduced, as shown in Table 31. After a 3-day lag in source TP,
correlation significance increased at segment 2, emerged at segment 6, but disappeared at

segments 3-5 and 7. Spearman's coefficient (p) was also very significant after a 7 day lag
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in source TP at segments 1-2 and 6-7. Overall, though, lack of lag produced the most

consistent correlation between source and ambient TP.

A direct correlation between same-day source and ambient TN was significant at
segments 3-6. After a 3 day lag in source TN, correlation was more significant at segment
6, but not elsewhere. At segment 1, meanwhile, source and ambient TN correlated
negatively, regardless of lag periods. This reflects the inverse relation between fall line
and overall source TN. Correlation between source and ambient TN at segments 2 and 7
was not found at any lag interval. Overall, zero and three day lags both produced
essentially the same longitudinal pattern of correspondence between source TN and

ambient TN, centered on the WWTP-flanked area (segments 3-6).

At segments where same-day mean residuals were above the limit of detection (>0.01
mg/L), source-ambient nutrient correlation improved over short (3-7 day) lag times: at
segments 2 and 7 for TP and at segment 6 for TN. These lag times were shorter than the
intervals which minimized mean residuals along these segments. TP correlation also
improved with a 3-day lag at segment 6, where the same-day residuals' mean was below
detection. Furthermore, correlation did not improve with lags at other segments where
same-day residual means were above the detection limit (TP at segment 5, TN along
segments 1-5 and 7). Consequently, there was no meaningful nor predictive link
identified between lagged mean residuals and lagged correlation between source and

ambient nutrients.
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Graphical Methods

Source TP or TN lags produced no notable change in the visual displays of source vs.
ambient TP or TN, respectively. Loess-fitted lag source-ambient graphs did not visibly
improve source-ambient correspondence by increasing the positive slope of source vs.
ambient concentrations. Also, loess curves did not differ remarkably from non-lagged

graphs presented in the previous section.

Growth and Removal Factors and Algal Biomass

The consistent relations between growth or removal factors and Chl a improved only

marginally in the context of multi-day lags.

Among growth factors, only solar energy was observed to relate more pervasively to Chl
a after a specific lag interval. Without lags, Chl a varied with solar energy at all tidal
freshwater segments. A 3-day lag in solar energy, however, improved correlation at
segments 2 and 3 (p < 0.01 without lag, p < 0.001 with 3-day lag). Figure 54 depicts how
3-day lag resulted in very strong correlation across all segments. Such linkage did not
hold for 0-day lag nor 7-14 day lags. Correlation between air temperature and Chl a was
also pervasive across segments 2-7 at p < 0.001, though less significant at segment 1 (p <
0.01). A 7-day lag in air temperature improved the significance of correlation at segment
1, as shown in Figure 55. Meanwhile, lags of seven days or longer also resulted in a less

significant correlation in one or more upper segments (1-3).
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Figure 56 clarifies that negative correlation between total freshwater inflow and Chl a at
segments 2-7 did not improve for any investigated lag interval. Lags did not produce any

observed improvement in Chl a relations to inflow as a removal factor.

Only the solar energy-Chl a relationship appeared to consistently improve with any lag.
Figure 57 compares loess plots of (a) solar energy and same day Chl a versus (b) solar
energy and Chl a three days later. At segments 2 and 3, the effects underlying improved
correlation with lag are clear. High Chl a values (> 20 ug/L) which appeared at same-day
solar energy levels as low as 2000 Wh/m?/d (Figure 57(a)) were not observed until 3-day
lagged solar energy was above 5000 Wh/m?/d (Figure 57(b)). This is mirrored by a more
rapid rise in the loess curve fitting Chl a to 3-day lagged solar energy, up to radiation
levels near 6000 Wh/m*/d. Consequently, a 3-day lag in solar energy apparently
improved the solar energy relationship to Chl a at segments 2-3, without adversely

affecting such relations elsewhere in the study area.

Factor-Response Dynamics: Daily Rates of Change

Residuals and Change in Ambient Nutrients

It was hypothesized that when the initial residual between current source and ambient
nutrient concentrations (TPr or TNy) is large and positive (negative), this should drive an
increase (decrease) in ambient concentrations over an inter-sampling period less than

water turnover time.
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Figure 58 shows that the daily inter-sample change in ambient TP (ATP/At) decreased in
parallel with sub-zero TPy across the tidal freshwater Potomac River. In the uppermost
segments (1-2), ambient TP also may have increased slightly following sampling dates
which exhibited positive TPgr. There was a direct correlation between TP residual and
inter-sample change in TP at segments 1 and 5-7 across the entire span of TP residuals, as

shown in Table 32.

Spearman's correlation also confirmed a strong direct relationship between negative TPg
values and daily change in ambient TP at segments 1-2 and 5-7. There was no direct
correlation between above-zero residuals and daily change in ambient TP. Thus, river TP
responded to relatively dilute source TP with decreasing ambient TP, while more
concentrated TP inputs did not increase ambient TP between samples. Such findings are
consistent with the existence of uncharacterized, concentrated sources of TP entering the

water column.

Figure 59 suggests that daily change in TN (ATN/At) increased with large, positive
residuals (> 3mg/L) in the lower 3 segments, while decreasing near and below the null
residual point for nearly all samples at all segments. The change in ambient TN over time
correlated directly with the magnitude of TN residuals at segments 1-2, 5, and 7, as
shown in Table 32. There was insufficient data (n=5) to reliably test correlation at
segments 3-4, however. Paucity of observations also limited testing correlation at the

extremes of the residual TN distribution (TNg < 1 or TNg > 3).
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In conjunction with consistent correlation, graphical evidence characterized potential
thresholds underlying impacts of residuals on change in TN: When source TN was more
dilute than ambient TN, tidal freshwater TN generally decreased. When source TN rose
above a threshold of about 3 mg/L greater than ambient TN, ambient TN appeared to

Increase.

Inflow and Change in Ambient Nutrients

When inflow exceeded 1000 m*/s, TP subsequently decreased along District of Columbia
segments (1-4). Figure 60 illustrates this relationship, corroborated by inverse correlation
at segments 1-2 (Table 33). Accelerating inflow rate, on the other hand, corresponded to

a visible increase in ambient TP over time, as shown in Figure 61. This direct relationship
between changing inflow and changing TP was statistically significant across segments 1-

5, as presented in Table 33.

Change in ambient TN over time appeared to decrease at higher freshwater inflow. Figure
62 presents how TN increased along segments 5-7 at low inflow, while remaining
essentially flat at near median inflow. When inflow was above 1000 m’/s, TN decreased
between samples along segments 1-2 and possibly 3-4. These graphical observations are
partially supported by weak negative correlation at segments 1 and 7 (Table 33). When

inflow increased between samples, TN decreased along segments 5-7, as shown in Figure
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63. By contrast, this figure depicts how TN above the WWTP-flanked zone (segments 1-
2) rose and fell directly with changes in inflow. These visual observations were partially
supported by very strong positive correlation at segment 1, and strong negative

correlation at segment 5. There were insufficient data to test for correlation at segments 3-

4.

Thus, inflow volume had a longitudinally discernable effects on multi-day nutrient
changes: At low inflow, ambient TN increased in the lower segments, while very high
inflow led to decreases in both nutrients' concentrations among upper segments.
Accelerating inflow corresponded to widespread increase in TP, increase in TN in upper

segments and TN decrease in lower segments, as expected.

Ambient Nutrients and Change in Algal Biomass

There was a small, but significant positive relationship between change in ambient TP
and change in algal biomass (AChl a/At) in the lowermost three segments, as plotted in
Figure 64(a). A similar pattern was observed for algal specific growth rate, Figure 64(b).
Such a pattern could not be gleaned from District of Columbia's segments 1-4, however,
for which paucity of data (n < 14 per segment) resulted in erratic loess fits. Table 34
summarizes how change in Chl a varied directly with change in ambient TP at a
significance of p < 0.05 in the lowermost segments (n>100 per segment). Algal specific
growth rate ((AChl a/Chl a)/At) also correlated with change in ambient TP at segment 6 (p

=+0.21%), but loess plots did not reveal any more pervasive patterns. Nor did change in



224

ambient TN relate to either measure of change in algal biomass along any segments.
Consequently, ambient Chl a appeared to change with changes in ambient TP, but not in

ambient TN, throughout the lower tidal freshwater Potomac.

Growth Factors and Change in Algal Biomass

Solar energy and air temperature both exhibited some relation to net algal growth in the

lowermost three segments:

Figure 65(a) illustrates a potentially subtle positive relationship between solar energy and
change in Chl a over time. More remarkable, however, was the net increase in algae's
specific growth rate when solar energy was above 6000 Wh/m?/d, shown in Figure 65(b).
Both measures of net algal growth increased significantly with solar energy at segments 5
and 7 (Table 35). There was no consistent pattern relating change in solar energy to net

algal growth across segments, however.

Figure 66(a) demonstrates a visible increase in Chl a at segments 5-7 at air temperatures
above 25°C. This relationship was not as evident for specific growth rate as a function of
temperature, Figure 66(b), nor was the relationship between air temperature and short-
term algal growth determined to be statistically significant. There was nonetheless a
significant correlation between change in air temperature and change in algal biomass or

specific growth at segment 6 (Table 35).
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Overall, Chl a seemed to increase at high solar energy or at high air temperature along

some portions of the lower tidal freshwater river.

Inflow and Change in Algal Biomass

Net algal growth between samples may have varied slightly with inflow rate or multi-day
change in inflow. At segments 5 and 7, change in Chl a correlated directly with
freshwater inflow. Across segments 5-7, specific growth rate also varied directly with
inflow. Both measures of net algal growth varied inversely to the daily rate of change in
inflow along these segments. So, as inflow rates increased over time, Chl a became more
dilute. Table 33(b) summarizes these findings. Segments 1-4 were not included due to

paucity of available data (n < 14 per segment).

The data underlying these correlation results are plotted in Figure 67 and Figure 68 for
inflow and rate of change in inflow, respectively. Despite the consistency in Spearman's
correlation across segments 5-7, there was no graphical support for a direct relationship
between inflow and net algal growth nor for an inverse relationship between change in
inflow rate and net algal growth at any of these segments. Focusing on the central 50% of
factor and response data, however, revealed local correspondence that reflected the results
of the correlation tests. Thus, net growth in algal biomass increased only slightly with

greater near-median inflow or deceleration in inflow.
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Conclusions and Discussion

Water turnover time usually ranged between 5 and 23 days within the tidal freshwater
Potomac River. When source concentrations were lagged over a slightly broader period of
3-28 days, expected longitudinal patterns emerged regarding optimal lags for source-
ambient fits. Lag-related residuals were not determined to be statistically significant from
same day residuals, however. Nor did lags necessarily eliminate disparities between
source and ambient concentrations: source TN was usually greater than ambient TN,

while the reverse appeared likely for TP.

The lag minimizing source-ambient nutrient residuals at a given segment did not
necessarily correspond to that which maximized correlation between source and ambient
nutrient concentrations. Following lags of 3-7 days in factors, ambient TP or TN
correlated more significantly with source concentrations and Chl a correlated more
significantly with physical growth factors. Thus, there existed some multi-day lags which

improved the relationship between factors and ambient water quality.

Over periods of less than 3 weeks, water quality changes corresponded in a meaningful
way to magnitudes and changes in some studied factors. In particular, ambient nutrients
often appeared sensitive to the initial disparity between source and ambient

concentrations. Nutrients, and to a lesser extent Chl a, also changed with freshwater
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inflow. Net algal growth, meanwhile, related well to changes in total phosphorus and

physical growth factors.

Specific findings are presented and discussed below:

Lagged Source-Ambient Nutrient Relations

o The best lag interval fitting source TP to ambient TP generally increased with
distance downstream, although improvements with lag were not statistically
significant. Even with lag, ambient TP was not fully explained by estimated source TP

from characterized point sources.

Although differences in TP residuals with lag were not considered statistically significant,
the predicted longitudinal pattern was observed in lag intervals which optimized the
source-ambient TP fit: Optimal lag intervals increased with distance downstream.
Residual means or medians were minimized at lags of 3-7 days at segments 1-2 and 14-28
days at segments 3-7. There was, however, an exceptionally short lag time to minimize
median residuals at segments 4-5. This may have been related to localized impact of
nearby large WWTP outfall pipes, whose sub-monthly TP dynamics were not available
for this investigation. Data are consistent with WWTP discharge leading to more rapid

TP response to TPy in this area relative to other areas.
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Beyond segment 4-5 median residuals, variable source TP concentrations appear to have
driven subsequent changes in TP over an increasingly long period with distance
downstream. The difference between median residuals at various lags was not significant,
however. Thus, the longitudinal pattern of ideal lag intervals did not appear to have an
important impact on the overall short-term relationship between source and ambient TP.
Furthermore, since residual TP box plot notches overlapped zero, it seems unlikely that
the mild negativity in median residuals was statistically significant either. Because TPr
distributions were not normally distributed, no test could be made for the significance of

lags on mean TPy at a given segment.

Ambient TP concentrations usually exceeded estimated source concentrations, regardless
of lags. Thus, it appears as if other, uncharacterized sources of TP, such as CSO discharge

or net benthic sediment effluxes, may be influencing water column concentrations.

o The best lag interval fitting source TN to ambient TN increased with distance from
the epicenter of WWTP outfall, although improvements with lag were not statistically
significant. Even with lag, ambient TN was attenuated relative to source

concentrations.

As measured by median residuals, the lag which optimized the source TN fit for ambient
TN appeared to increase with distance from the densest concentration of WWTP outfall

pipes (segments 3-4), as expected. Median TN reached its minimum after 7-14 days at
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segments 1-2, 3 days at segments 3-4, and 14-21 days at segments 5-7. The difference
between median TNy at various lags for a given segment was not significant, however.
Thus, median residuals from various source TN lags did not reveal any significant
improvement in the source-ambient TN fit after any short-term interval. As with TP, if
daily TN data were available for all WWTP inputs, a more distinct pattern of source-

ambient TN fits at various lags might have emerged.

Mean TNg, on the other hand, was most reduced after 7 days at segments 1-4, and 14-21
days at segments 5-7. Because TN residuals were not normally distributed, no parametric
test could determine whether means at these lags were significantly different from those

at other lags.

Thus, there was no statistically significant observed influence of lag time on the fit

between source and ambient nutrient concentrations.

Overall, ambient TN was attenuated relative to source TN estimates, regardless of lag.
This could be due to dilution of ambient TN by uncharacterized freshwater inputs, such as
groundwater - unlikely given than relative TP concentrations were the opposite.
Alternatively, TN was removed from the system, as might occur from ammonia
volatilization or net fluxes to sediments

leading to in situ denitrification in lower anoxic layers. These removal hypotheses are

supported by evidence from the previous longitudinal study (Section 2.1), indicating that
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ambient TN declined with distance downstream from the epicenter of WWTP discharge

(segments 3-4).

o There was no observed linkage between lags which minimized nutrient residuals and
those which maximized source-ambient nutrient correlation. Lags of 3-7 days

nonetheless improved source-ambient correlation at some segments.

A detectable difference was observed between same-day source versus ambient TP
(segments 1, 5, 7) and source versus ambient TN (segments 3-7), suggesting that there
should be improved correlation between lagged source and ambient nutrient
concentrations at some segments. The significance of source-ambient nutrient correlation
improved at lag intervals of 3 days (TP at segments 2 and 6, TN at segment 6) and 7 days
(TP at segment 7 and TN at segment 6). These intervals were much shorter than those
which minimized (mean or median) residuals at segments 6-7. Lags did not improve the
significance of correlation at segments 1 and 3-5, however. Comparing Table 29 and
Table 30 with Table 31, it appears as if peak correlation generally occurred prior to

minimum central tendencies in source-ambient residuals.

Peak correlation often preceded the best fit between source and ambient nutrient
concentrations. This may have been a spurious artifact from the lack of significant
improvements in source-ambient nutrient fits by lagged source concentrations. Another

plausible explanation, however, is that a given segment could have responded to changes
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in source nutrients over a period of several days before the effects of such integration
resulted in the closest fit between source and ambient concentrations. This approach was

investigated in more detail in section 2.3.3.4 and reviewed in discussion below.

Lagged Physical Factor Relations to Algal Biomass

e Lags of 3-7 days in physical growth factors (solar energy or air temperature)
improved correlation with Chl a at segments where it was not already very highly
significant (p < 0.001). Lag intervals did not improve correlation between inflow and

Chl a, however.

Little, if any, lag was required to observe a very strong relationship between algal
biomass and physical growth factors. Without lags, Chl a correlated with air temperature
at a 99.9% confidence interval, at all segments except at segment 1. Segment 1
correlation attained a 99.9% confidence interval after a 7 day lag interval in air
temperature. Where Chl a correlation with solar energy was less significant, segments 2-
3, a 3 day lag interval was sufficient to increase significance to 99.9% confidence. Three
day lags also produced a notable improvement in loess-fitted scatter plots between solar
energy and ambient Chl a along these segments. Thus, short (3-7 day) lag intervals
resulted in marginal improvements in relations between these physical factors and Chl a.
Such findings meet one's expectations, since these factors should elicit growth in algal

biomass in the absence of predatory, flushing, or nutrient limitation.
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Insufficient data prohibited testing for correlation between multi-day lagged ambient
nutrients and ambient Chl a. Such analysis would require water quality monitoring at a
greater temporal frequency than is currently in place (1-2 samples/month along segments

5-7).

Lagging inflow produced no significant improvement in relations between inflow
(flushing) and Chl a. To the contrary, significant same-day correlation along segments 2-
4 disappeared with increasing lag intervals. This may have been due to lag intervals
being longer than water turnover periods in these narrow, shallow segments. Thus, the
direct effects of higher inflow could be flushed through segment 2 before 3 days had
passed, and beyond segment 4 before 7 days had passed. Meanwhile, inflow had a
consistent inverse relation to Chl a along segments 5-7, regardless of short-term lag
intervals. These lower, wider, and deeper segments, by contrast, integrated new inflow

over a longer period, thus likely reducing the overall impact of any particular lag time.

Overall correlation with water quality response variables at some segments improved
when nutrient inputs and algal growth factors were lagged by 3-7 days. Lagged linkages
between source nutrients and ambient water quality could have been clearer if WWTPs

reported their effluent nutrient concentrations more frequently (i.e., daily).
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Source-Ambient Residuals and Change in Ambient Nutrient Response

e Nutrient concentrations often changed between samples in proportion to initial

source-ambient residuals, within certain ranges in those residuals.

Within certain bounds, when source nutrient concentrations were low relative to ambient
concentrations on a given start date, then ambient concentrations often subsequently
decreased through the following sample date. The converse for higher source

concentrations did not necessarily hold.

In particular, when source TP was more dilute than ambient TP, the latter soon became
more diluted (especially at segments 1, 5-7), as expected. The arrival of more
concentrated source TP did not, however, increase ambient TP levels. The Conceptual
Approach (Section 1.2) explains how such inconsistency could arise from rapid
sedimentation of concentrated TP inputs upon entering the tidal zone, where water

velocities are more conducive to sedimentation than in riverine waters.

A preponderance of negative same day source-ambient TP residuals (Table 29 and Table
30) further suggests that either methodological differences or uncharacterized TP sources
(e.g., CSO runoff or sediment P release (pers. comm. From Francis Rohland, U. MD,
February 27, 1998)) might be affecting the observed day-to-day integration of new TP

inputs by slowing or masking ambient response to characterized TP inputs.
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When there was a disparity between source and ambient TN, ambient TN subsequently
moved in the direction of source TN as well. Ambient TN increased precipitously once
TNgr > 3 mg/L, while generally decreasing when TNg < 1. Here, the Conceptual Approach
implies that source concentrations could have also been diluted through net sedimentation
(Rohland, February 27, 1998) or uncharacterized low-TN inflows (e.g., tidal tributaries),
thereby reducing the effective disparity between source and ambient TN. When source
TN is within 1 mg/L greater than ambient TN, ambient TN concentrations appear to
decline in some circumstances, consistent with net sedimentation and benthic
nitrification-denitrification. Unfortunately, insufficient data at the extremes of the TN

residual distribution prevent more thorough examination of these curiosities at this time.

Overall, same day source-ambient residuals correlated significantly with subsequent
change in ambient nutrient concentrations across various segments (Table 32).
Subsequent studies should explore whether uncharacterized inputs and/or in situ
ecological processes create specific threshold differences between source and ambient

nutrients beyond which ambient concentrations react with some sensitivity.

Inflow and Change in Ambient Nutrients

o At very high inflow, TP and TN decreased in upper segments, while TN increased in

lower segments at low flow. Changing inflow corresponded directly to changes in
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ambient TP and TN in the upper segments, and inversely to changes in TN in the

lower segments.

Results partially confirmed the hypothesis that increases in TP and decreases in TN relate
directly to higher or increasing inflow relates. There was, however, an unexpected
negative relationship (p < 0.05) between inflow volume and change in TP and TN in the
uppermost segments (1 and (TP only) 2). Figures 10-11 indicate that such relation was
particularly notable during flood conditions, when inflow was over 1000 m*/s. Under
such circumstances, subsequent decrease in ambient nutrients may be related to
floodwaters having already delivered the bulk of their labile N and P to the tidal zone,
then decreasing in volume and nutrient concentrations as river levels returned to base

flow conditions.

The above explanation is consistent with anticipated findings relating change in inflow to
change in nutrient concentrations. In particular, just as source and ambient TP correlated
with freshwater inflow (Appendix A and Section 2.3), so too did the change in ambient
TP correlate with change in freshwater inflow over time across most upstream segments
(1-5). A similar relation was observed for change in inflow and in TN in the upper
segments, while further downstream the inverse was observed, as rising floods diluted

high WWTP nitrogen inputs.
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Nutrients and Change in Net Algal Biomass

o [n the lower three segments, there was a small, but significant positive relationship
between change in ambient TP and concurrent change in algal biomass. There was

no such pattern involving ambient TN and Chl a.

As hypothesized based on previous factor-response relations (section 2.2), there was a
direct correlation (p < 0.05) between inter-sample change in ambient TP and change in
Chl a along the lowermost three segments (5-7) of the tidal freshwater river. Whether this
effect was due to P fertilization of algae, luxury uptake of P by algae, or some other cause
could not be directly ascertained. On the other hand, the direct relation between TP and
Chl a specific growth rate at segment 6 suggests that P-fertilization is a plausible
explanation, insofar as this implies that changing TP concentrations could elicit increase

in algal biomass, regardless of the baseline Chl a concentration.

The lack of correlation or graphical relationship between ambient TN and Chl a confirms

expectations that freshwater algae are not generally N-limited.

Growth Factors and Change in Net Algal Biomass
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e High solar energy corresponded to a (significant) net increase in algal specific
growth rate along Maryland's segments (5, 7). Change in solar energy had no

observed relationship to change in biomass, however.

As expected given fundamental principles (Section 1.2) and factor-response (Section 2.2)
and lagged factor-response relations (Section 2.3 above), high solar energy elicited an

increase in algal biomass and specific growth rates across Maryland's segments 5 and 7.

Such relations did not appear to be significant at the Fairfax County station (segment 6) in
the vicinity of Gunston Cove. Instead, Chl a at segment 6 was more sensitive to air
temperature (discussed below). Such apparent inconsistencies may be less important,
however, given a very high degree of correlation between solar energy and temperature

(Appendix A).

Contrary to hypotheses, there was no relationship between rising (falling) daily solar
energy and increasing (decreasing) algal biomass. This may be due to equally large rises
(falls) in winter failing to surpass some threshold required for significant algal growth, or

to some hysteresis associated with algal response to changes in solar energy.

e High air temperature corresponded to an observed net increase in Chl a in the
lowermost 3 segments (5- 7). Chl a (at segment 6) increased significantly with high

or rising temperature.
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Across segments 5-7, a visible inter-sample increase in Chl a in warm weather was
observed above a possible temperature threshold (>25°C) or interval for net algal growth.
This potential threshold is also interesting as it equates to the same temperature above
which Jones (1998) found that algae from this region attained a maximum photosynthetic
rate per unit Chl a. One message here could be that when phytoplankton can no longer
increase in photosynthetic efficiency per unit Chl a, then they allocate resources to
producing additional Chl a. Since most in sifu observations were at cooler temperatures,
however, exploration of this phenomena may require a more controlled environment than

was available in the present study.

If such a threshold exists, it did not equate more broadly to any observed pervasive
correlation between air temperature and algal biomass accumulation or Chl a specific
growth rate. At segment 6, at least, higher or rising temperatures nonetheless correlated
well with both measures of algal growth between samples. Overall, there seems at least
some support for the assertion that inter-sample algal growth relates directly to high or

increasing air temperatures.

Loss Factor (Inflow) and Change in Net Algal Biomass

o There was a positive relation measured between inflow and net algal growth. Algal

biomass also decreased slightly as inflow increased.
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Unlike ambient nutrients, Chl a in the lower 3 segments increased during high inflow
periods, but decreased with rising (falling) inflow. It would appear as if rising flow may
have flushed previously accumulated algal biomass downstream while falling flow
allowed more algae to accumulate. High inflow alone might result in increased algal
biomass as a result of nutrient-limited algae being fertilized by incoming floods (Kimmel
et al. 1990) or else upstream blooms being flushed into slower moving waters in the

lower tidal freshwater zone.
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Table 28. Hypotheses regarding (a) multi-day factor-response lags and (b) increases or
decreases in responses over periods less than 21 days.

(a) Hypotheses Regarding Factor-Water Quality Response Lags

Hypotheses address relations between time-lagged factors and responses, where lags span a range of
water turnover times (in days) for the tidal freshwater Potomac River:

Null Hypothesis

Correspondence between important factors and water quality responses do not
improve by fitting response variables with time-lagged factor data.

Lagged Source-
Ambient Nutrient
Relations

The lag interval which produces the best fit between source and ambient TP
increases with distance from the fall line.

The lag interval which produces the best fit between source and ambient TN
increases with distance from the epicenter of WWTP outfall (segments 3-4).

When the mean residual between same-day source nutrient concentration and
ambient nutrient concentration is greater than the minimum resolution for
detectable change (0.01 mg/L), then:

a multi-day lag should improve correlation, and
the lag-time for which the mean residual is minimized should also correspond to

the lag-time with most significant correlation between lagged source and ambient
nutrient concentrations.

Lagged Physical
Factor Relations to
Algal Biomass

Lags of less than the water turnover period improve the correlation between algal
biomass and primary physical growth (light, temperature), and removal (inflow)
factors.
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(b) Hypotheses Regarding Factor-Water Quality Response Change Over Time

Null and alternative hypotheses (H, and H,) address mean daily water quality changes over inter-
sample periods of less than 21 days:

Source-Ambient Residual
and Change in Ambient
Nutrient Response

H,: Changes in ambient nutrient concentrations are not related to the
magnitude or direction of the initial difference (residual) between source
and ambient concentrations.

Hx: Nutrient concentrations change over time in proportion to the initial
source-ambient residuals.

Inflow and Change in
Ambient Nutrients

H,: Between samples, changes in ambient nutrient concentrations are not
related to the magnitude of or change in total freshwater inflow.

Ha: Higher or increasing inflow relates to increases in TP and decreases in
TN.

Nutrients and Change in
Net Algal Biomass

H,: There is no relation between changes in ambient nutrients and change in
algal biomass.

Hjx: Change in Chl a varies with change in ambient TP, but not with change
in ambient TN.

Growth Factors and
Change in Net Algal
Biomass

H,: There is no relation between magnitude of or change in non-nutrient
growth factors (solar energy and temperature) and mean daily change in
algal biomass.

Hjx: Chl a increases when either solar energy or temperature are high or
increasing.

Loss Factor (Inflow) and
Change in Net Algal
Biomass

H,: Between samples, mean daily change in Chl a is not related to the
magnitude of or change in total freshwater inflow.

Hx: Higher or increasing inflow relates to net decrease in Chl a.




Table 29. Mean residual (difference) between lagged input and ambient nutrient

concentrations for lags of 0, 3, 7, 14, 21, and 28 days at each of 7 tidal freshwater
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segments.
Mean Residual | 1 2 3 4 5 6 7
at Segment:'
TPr(0) -0.005 0.010 -0.003 -0.003 -0.019 -0.004 -0.015
TPr(3) -0.002 0.012 -0.002 -0.003 -0.020 0.012 -0.017
TPr(7) -0.011 0.002 0.016 0.016 -0.025 0.007 -0.020
TPr(14) -0.011 0.013 0.014 0.015 -0.014 0.007 -0.011
TPr(21) -0.026 -0.006 0.000 0.002 -0.026 0.000 -0.021
TPr(28) -0.017 0.009 0.006 0.008 -0.014 0.003 -0.012
TNR(0) 2.015 1.862 1.089 0.827 0.907 1.428 1.347
TNr(3) 1.903 1.745 1.012 0.723 0.902 1.406 1.365
TNr(7) 1.752 1.620 0.961 0.596 0.851 1.361 1.305
TNr(14) 1.977 1.752 0.965 0.628 0.810 1.111 1.203
TNR(21) 1.924 1.727 1.312 0.942 0.664 1.286 1.051
TNR(28) 1.955 1.845 1.215 1.022 0.861 1.353 1.276

"'Underline indicates lag time (in days) with the smallest difference per nutrient per segment.
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Table 30. Median residual (difference) between lagged input and ambient nutrient
concentrations for lags of 0, 3, 7, 14, 21, and 28 days at each of 7 tidal freshwater
segments.

Median Residual 1 2 3 4 5 6 7

at Segment:

TPr(0) -0.006 -0.003 -0.011 -0.011 -0.029 -0.023 -0.032
TPr(3) -0.001 -0.003 -0.008 -0.012 -0.031 -0.021 -0.031
TPr(7) -0.003 -0.001 0.004 -0.006 -0.030 -0.022 -0.031
TPr(14) -0.006 -0.004 -0.008 -0.012 -0.035 -0.023 -0.032
TPr(21) -0.008 -0.010 -0.002 -0.007 -0.034 -0.020 -0.034
TPr(28) -0.013 -0.011 -0.018 -0.012 -0.032 -0.022 -0.029
TNr(0) 1.460 1.570 1.043 0.684 0.547 1.025 0.697

TNr(3) 1.425 1.475 0.879 0.449 0.472 0.855 0.766

TNr(7) 1.371 1.409 0.934 0.546 0.478 0.779 0.709

TNr(14) 1.420 1.285 0.909 0.567 0.558 0.737 0.690

TNr(21) 1.391 1.361 1.188 0.692 0.364 0.960 0.391

TNr(28) 1.479 1.412 1.053 0.994 0.595 1.119 0.820

"'Underline indicates lag time (in days) with the smallest difference per nutrient per segment.



Table 31. Spearman's correlation between lagged input and ambient nutrient

concentrations for lags of 0, 3, 7, 14, 21, and 28 days at each of 7 tidal freshwater
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segments.

Correlation at 1 2 3 4 5 6 7
Segment:'

TP ~ TP +0.42%**  +0.34**  +0.29* +0.29* +0.25%** - +0.20%**
TP.; ~ TP +0.40%**  +0.43%** - - +0.25%** -
TP.; ~ TP +0.22%* +0.26* - - - +0.18* +0.23***
TPn.14~ TP - +0.29**  +0.28* +0.27* - - -
TPno ~ TP - - - -- -- +0.18* --
TPnos~ TP - - +0.26* - - +0.20%* -
TN ~ TN 0. 71%%% . +0.54%*  +0.68%**  +0.58***  +0.4]1* -
TNns ~ TN -0.58%** . +0.54%*%  4+0.72%%%  40.63***  10.48%* -
TN ~ TN -053*** - +0.58%%  4+0.58%*%  +0.59%** 4+0.48** -
TNN.14~ TN -0.37* - - - +0.41%*  +0.37* -
TNN21~ TN -0.47%* - - +0.59%*  +0.35%*  +0.34* -
TNn2g~ TN -0.44%* - - +0.43* +0.40%*  +0.46%* -

"Underline indicates lag time (in days) with the greatest absolute correlation (Ip]) for a given segment.
Double dash indicates lack of significant correlation.
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Table 32. Spearman’s correlation coefficient (p) for same-day source-ambient residuals
vs. daily change in responses over sampling intervals of less than 21 days.

Correlation at 1 2 3 4 5 6 7
Segment:"?

TPr ~ ATP/At +0.31%* . - - FO31%EE 40 27*F  40.23%*
(TPg < 0)* ~ ATP/At +0.58%%  40.52%% - - +0.54%8% 40 45%0% () 3Q%k*
(TPg > 0)° ~ ATP/At - - n.a n.a -0.44* - -

TNR' ~ ATN/At +0.46%%*  +0.32*  na. n.a. +0.30%F - +0.39%kx

' TPg = TPx(0), TNy = TNg(0).

* Double dash = lack of significant correlation. N.a. = not applicable due to insufficient data (n=>5).

? (TP < 0) = range of negative values of TPy. (TPg > 0) = range of positive values of TPy.
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Table 33. Spearman’s correlation coefficient (p) for inflow and change in inflow vs. daily
change in response variables, (a) TP and TN and (b) Chl a and specific growth, over

sampling intervals of less than 21 days.

(a) Correlation at 1 2 3 4 5 6 7
Segment:'

Inflow ~ ATP/At -0.34%* -0.35% - - - -- --
Alnflow/At ~ ATP/At +0.62%**  +0.58***  +0.70** +0.59* +0.17* -- --
Inflow ~ ATN/At -0.29* -- n.a n.a. -- -- -0.19%
Alnflow/At ~ ATN/At +0.46*** - n.a. n.a. -0.37%¥* . --

" Double dash = lack of significant correlation. N.a. = not applicable due to insufficient data (n=5).

(b) Correlation at 1 2 3 4 5 6 7
Segment:'

Inflow ~ AChl a/At n.a. n.a n.a n.a +0.18* -- +0.23*
Inflow ~ n.a. n.a. n.a. n.a +0.22%* +0.21* +0.25*
(AChl a/Chl a)/At

Alnflow/At ~ AChl a/At n.a. n.a n.a n.a -0.22% -0.23* -0.24 %%
Alnflow/At ~ n.a. n.a. n.a. n.a -0.28%* -0.29** -0.30**
(AChl a/Chl a)/At

" Double dash = lack of significant correlation. N.a. = not applicable due to insufficient data (n < 13).
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Table 34. Spearman’s correlation coefficient (p) for ambient nutrient factors vs. daily
change in Chl a (AChl a) and in Chl a specific growth rate (AChl a/Chl a) over sampling

intervals of less than 21 days.

Correlation at Segment:"? 5 6 7
ATP/At ~ AChl a/At +0.22%%* +0.20%* +0.19%
ATP/At ~ (AChl a/Chl a)/At -- +0.21* -

ATN/At ~ AChl a/At and

ATN/At ~ (AChl a/Chl a)/At

" Double dash = lack of significant correlation.

? Correlation at segments 1-4 was not displayed due to lack of significant correlation for relatively small

sample sizes (n < 11).

Table 35. Spearman’s correlation coefficient (p) for total solar energy and daily change in
air temperature vs. daily change Chlorophyll a (AChl a/At) and in Chl a growth rate

((AChl a/Chl a) /At) over sampling intervals of less than 21 days.

Correlation at Segment: "> 5 6 7

Solar Energy ~ AChl a/At +0.25* -- +0.29%*
Solar Energy ~ (AChl a/Chl a)/At +0.24* - +0.34%*
ATemp./At ~ AChl a/At - +0.25* -
ATemp./At ~ (AChl a/Chl a)/At -- +0.36%* --

' No significant correlation between daily change in solar energy or air temperature and either of these

measures of algal growth.

* Double dash = lack of significant correlation.

* Correlation at segments 1-4 was not displayed due to lack of significant correlation for relatively small

sample sizes (n < 13).
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Estimated Turnover Time in Tidal Freshwater Potomac River
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|
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|

Days

Fill Time vs. Residence Time

Figure 52. Box plots comparing two estimates for water turnover period in days along the
tidal freshwater Potomac River: residence time (mean water volume of the basin divided
by same-day rate of total freshwater inflow) and fill time (time passed for cumulative
prior and current freshwater inflow to equal the mean volume of the water basin). Dashed
line shows median fill time. Mean water volume of basin through Indian Head (75 nmi
from mouth), 1.85 x 10* m®, derived from Lippson ez al. 1981.
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(a) TP Residuals (mg/L)

Comparison of Lag TP Residuals at Segment 3
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Figure 53. Box plots comparing residuals from lagged source-ambient nutrient fits at
segment 3: (a) TP residuals and (b) TN residuals in mg/L. Boxes represent successive lag
intervals for source nutrients, from 0 to 28 days. Dashed horizontal line identifies parity
between estimated source and observed ambient nutrient concentrations.
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(b) TN Residuals (mg/L)

Comparison of Lag TN Residuals at Segment 3
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Same-Day Solar Energy v. 3-Day Lagged Solar Energy v.
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Figure 54. Spearman's correlation between 0-14 day lagged solar energy (as daily total
horizontal solar radiation) and ambient Chl a across all segments. Asterisk indicates a
significance of p < 0.001, while “+” represents p < 0.01 and “0” means p < 0.05.
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Same-Day Temperature v. 3-Day Lagged Temperature v.
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Figure 55. Spearman's correlation between 0-14 day lagged average daily air temperature
and ambient Chl a across all segments.
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Same-Day Inflow v. 3-Day Lagged Inflow v.
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Figure 56. Spearman's correlation between 0-14 day lagged total freshwater inflow and
ambient Chl a across all segments. Since 21-28 day lags did not result in any more
significant correlation, these graphics are not displayed.
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Figure 57. Loess-fitted scatter plots of (a) same-day and (b) 3-day lagged solar energy
(Wh/m%/d) versus Chl a (ug/L) across seven segments of the tidal freshwater Potomac

River.
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Figure 58. Change ambient TP (mg/L/d) between sampling dates as a function of the
residual difference between initial source TP concentration and ambient TP concentration

(mg/L).
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Figure 59. Change ambient TN (mg/L/d) between sampling dates as a function of the
residual difference between initial source TN concentration and ambient TN

concentration (mg/L).
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Figure 60. Change in ambient TP (mg/L/d) between sampling dates as a function of total
measurable freshwater inflow (log;o m’/s).
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Figure 61. Change in ambient TP (mg/L/d) between sampling dates as a function of
change in total freshwater inflow (m’/s/d).
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Figure 62. Change ambient TN (mg/L/d) between sampling dates as a function of total
measurable freshwater inflow (log;o m’/s).
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Figure 63. Change ambient TN (mg/L/d) between sampling dates as a function of change
in total freshwater inflow (m*/s/d).
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(a) Daily Change in Chl a
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Figure 64. (a) Change in Chl a (ug/L/d) and (b) Chl a specific growth rate (1/d) between
sampling dates as a function of the change in ambient TP concentration (mg/L/d).
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(a) Daily Change in Chl a
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Figure 65. (a) Change in Chl a (ug/L/d) and (b) Chl a specific growth rate (1/d) between
sampling dates as a function of solar energy (Wh/m?/d).



(b) Algal Specific Growth Rate
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(a) Daily Change in Chl a
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Figure 66. (a) Change in Chl a (ug/L/d) and (b) Chl a specific growth rate (1/d) between
sampling dates as a function of air temperature (°C).
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(a) Daily Change in Chl a
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Figure 67. (a) Change in Chl a (ug/L/d) and (b) Chl a specific growth rate (1/d) between
sampling dates as a function of total measurable freshwater inflow (log;o m*/s).
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(b) Algal Specific Growth Rate
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(b) Algal Specific Growth Rate

-150-100 -50 0 50 100 150 200

0.5

-0.5

5.00 DO

(dChla/Chla)/dt (1/d)

0.5

-0.5 T \ \ \ T T T

-150-100 -50 0 50 100 150 200
d(Inflow)/ dt (m3/s/d)

0.5

-0.5

0.5

270

Figure 68. (a) Change in Chl a (ug/L/d) and (b) Chl a specific growth rate (1/d) between

sampling dates as a function of change in total freshwater inflow (m*/s/d).



2.4 Seasonal Patterns and Relations

Introduction

Throughout the tidal freshwater Potomac River, eutrophication-related water quality has
been shown to relate significantly to various meteorological, hydrological, nutrient input,
and in situ chemical factors year-round (Section 2.2) and over sub-monthly periods
(Section 2.3). There are nonetheless some longitudinal differences (Section 2.1) and other
nuances in ambient nutrient and Chl a patterns which were not fully explained by

previous analyses.

Seasonality in weather and freshwater inflow present natural experiments for examining
the annual progression in water quality as well as water quality relations to specific
factors in seasons when other factors may be relatively stable or less prominent (e.g.,

inflow in summer).

Although Section 1.3 presented the continuous cyclical nature of these factors, splicing
the year into arbitrary quarters or 3-month seasons reveals distinct environments at

various points in the year (Table 36). In winter (January-March), solar energy increases,
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driving air temperature from its January minimum, melting snow and thereby increasing
freshwater inflow through its March maximum. Over spring (April-June), solar energy
reaches its annual climax, even as inflow and wind speeds decline. By summer, air
temperature and precipitation are at their peaks, wind speed and inflow at their nadirs. All
of these factors then reverse their trajectories in autumn, as solar energy declines towards

the December solstice.

Given continuity and variability in underlying factors, it is not expected that distinct a

posteriori water quality seasons will fall out from analysis of monthly ambient nutrient
and Chl a distributions. Instead, the quarters identified above could be used as a priori
water quality seasons within which these each variable is homogenously distributed in
month j and the predetermined 3-month season which includes j. Such a priori seasons
permit specific seasonal tests of water quality patterns and relations to aforementioned

factors.

Both the conceptual approach (Section 1.2) and subsequent analyses (Sections 2.2-2.3)
emphasized the importance of inflow for delivering nutrients to and flushing nutrients and
Chl a from the tidal freshwater river. Based on earlier findings, seasons when inflow is
high or increasing should also result in higher nutrients near the fall line; while
downstream, high TN from WWTPs is further diluted and Chl a eventually flushed
beyond the freshwater zone. Furthermore, water quality should be most sensitive to

freshwater inflow during these seasons (spring and fall).
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Difference equations in the conceptual approach also imply that crests in ambient
nutrients should occur with seasons when local nutrient input concentrations plateau. All
else being equal, ambient nutrients should relate well to source nutrients in seasons when
nutrient inputs are high, specifically for upstream TP and TN during high inflow spring

and downstream TN in low inflow summer and fall.

Algal biomass, meanwhile, is contingent upon meteorological growth factors (e.g., solar
energy and temperature). The annual cycle of Chl a should also parallel these factors,
being most sensitive to their variability in seasons when algae are emerging from or

returning to light or temperature limitation (i.e., spring or fall).

In summer -- when inflow and source TP are relatively low and solar energy and
temperature high -- other factors could emerge as being more prominently related to water
quality. In particular, ambient TP should rise at high pH (>9), due to P-desorption from
TFW sediments (Section 1.1 and 2.2). Similarly, Chl a should be more sensitive to
changes in ambient TP when other growth and removal factors are less limiting (Section
2.2). Figure 51 in Section 2.2 diagramed a potential positive feedback loop linking the
pH-TP and TP-Chl a relations. The circuit is completed when rising Chl a leads to further
photosynthesis, thereby increasing water column dissolved oxygen (DO) and, by means
of carbonate-bicarbonate equlibria, increasing pH as well. This Chl a-driven autocatalytic

cycle is most likely to appear in summer when physical factors are not otherwise limiting.



274

Hypotheses described above - regarding water quality seasons, seasonal patterns and

relations, and Chl a autocatalysis - are summarized in Table 37.

Methods

Determining Water Quality Seasons

Water quality "seasons" were characterized as periods when the shape and location of
each water quality variable (TP, TN, Chl a) distribution were equivalent across three or
more months. These seasons were identified and tested first by induction, comparing the
distributions of successive months to determine a posteriori seasons. When this was
insufficient, rolling three month periods were used to deduce a priori seasons when the
distribution of the central month was homogenous with that of the three-month

distribution as a whole.

Distributions were log)o-transformed and compared visually by means of Q-Q plots, then
tested statistically using the Kolmogorov-Smirnov goodness of fit (KSGOF) test with a
99% confidence interval. The KSGOF test determined whether two distributions'
respective cumulative distribution functions were equal for all sample points (null
hypothesis) or unequal for at least one sample point. Using this test, a sequence of

statistically-valid a priori seasons were identified which together spanned the complete
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12-month annual period and related in a intuitive manner to the conventional meaning of

"seasons." These were the seasons used for subsequent analyses.

Seasonal Patterns in Water Quality

Topological graphs or "contour plots" were utilized to display general water quality
patterns across 12 months and 7 segments (Mathsoft 1997). Where appropriate, these
graphs also included fall line (segment 0) nutrient data. Contour plots were developed for
each of three water quality variables' means and medians, using all 1985-95 data. The
underlying values for each segment's monthly means and medians were also reviewed to
confirm the accuracy of interpolated contours. Month-to-month changes in water quality
were furthermore examined visually by means of loess-fitted scatter plots of month versus

{TP, TN, Chl a} for each of the segments.

Distributions in water quality at each segment were compared across four 3-month
seasons by means of notched box plots. Where notches of successive boxes did not
overlap vertically, the medians of their respective seasons were deemed distinct at a 95%

confidence interval (references in Sections 2.1-2.2).

Seasonal Relations Between Factors and Water Quality

Seasonal relations between factors and eutrophication-related water quality responses
were explored by partitioning 1985-95 data into the same four quarterly seasons. Each
season was then investigated using methods identical to the previous factor-response

analyses (Section 2.2). Spearman's non-parametric ranking correlation was employed to
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test for significant seasonal correlation between factors (inflow, source nutrients, algal
growth factors) and water quality responses. If prior correlations (Section 2.2.) indicated
more significant correlation between Chl a and "recent plus same day" averages in certain
factors, then seasonal relations also examined these multi-day averages. Results were

displayed as described in Section 2.2.

Where correlation tests identified pervasive seasonal relations between factors and water
quality responses, loess-fitted scatter plots of factor versus response were reviewed to
further characterize these relations. For reference, such graphs also identified the grand
median of the factor across all seasons and years. Scatter plots revealing patterns pertinent
to understanding eutrophication in the tidal freshwater river, particularly in summer, were

displayed and discussed below.

Results

Water Quality Seasons

The KSGOF test revealed three pairs of successive months for which cumulative
distribution functions (CDFs) were equivalent for each of the three water quality variables
studied (TP, TN, Chl a). These two-month water quality periods included January-
February, March-April, and July-August. No a posteriori seasons of three or more

months emerged from KSGOF examination of pairs of months' CDFs, however.
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When a water quality variable's CDF for a given month j was compared to that of the
three-month interval centered upon that month, [j-1, j+1], the two were deemed
equivalent in all instances by means of KSGOF test. Furthermore, Q-Q plots generally
revealed the 1-month and 3-month distributions to be equivalently located and shaped.
Figure 69 illustrates this point with a Q-Q plot of Chl a in July-September versus in
August. Here, the lining up of points along the diagonal indicate that the (log;o-
transformed) distributions have essentially the same central tendency and dispersion.
Thus, August Chl a data can be legitimately integrated with that of July and September to
form the a priori season, "summer." Similar 3-month seasons were characterized for
"winter" (January-March), "spring" (April-June), and "fall" (October-December), and

used for subsequent seasonal factor-response analyses, below.

Seasonal Patterns and Relations for Total Phosphorus

Ambient TP exhibited distinct peaks and troughs at different times of the year, depending
on segment location. Figure 70(a) displays an interpolated topograph of mean TP by
month (x-axis) and segment (y-axis). A November peak above 0.26 mg/L at the fall line
(segment 0) extended as far downstream as Rosier Bluff (segment 4), where TP was
greater than 0.13 mg/L. Fall line TP then declined below 0.12 mg/L through February,
while ambient TP crested between 0.16 and 0.20 mg/L at segments 1 and 6 in that month.
At the tail end of the spring freshet, a secondary fall line TP climax above 0.18 mg/L was

not observed downstream. In fact, mean TP dropped below 0.08 mg/L at segments 3-4
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and 6 during the month of April. Proceeding into summer, however, TP rose beyond 0.12

mg/L at segment 5 then segment 7, despite declining fall line TP.

Figure 70(b) shows how similar month-to-month patterns emerged for median TP at the
fall line and lowermost segments, with no clear seasonal peaks in between. In fact,
median TP generally appeared lower in late summer, fall, and winter along these
intermediate segments. Across the tidal freshwater river, median TP was actually
significantly greater (p < 0.05) in spring (segments 1-4 and 6) or summer (segments 2-7)
than in winter. Figure 71 presents box plots which illustrate these patterns. For several
segments, summer median TP was often significantly greater than in spring (Maryland
segments 5 and 7) or in fall (segment 7); and autumn TP sometimes greater than in winter
(Fairfax segment 6). The relative magnitudes in median TP suggest that ambient TP
broadly conformed to the following seasonal pattern: highest in summer, next highest in
spring or fall, while lowest in winter. This contrasted notably with both fall line and

source TP, which were greater in winter and spring than in summer or fall.

Tests for seasonal correlation between factors and ambient TP revealed spatio-temporal
patterns not observed at the annual scale alone (Section 2.2). Freshwater inflow and
ambient TP variables co-varied across segments 1-4 in winter; across segments 1-2 in
spring and summer; and at segments 1, 4, and 6 in fall (Figure 72). Thus, there was
pervasive correlation between inflow and ambient TP in winter, less evident in other

seasons. On the other hand, source and ambient TP correlated positively and pervasively
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in spring, across segments 1-2 and 5-7 (Figure 73). The only remaining significant
seasonal correlation between source and ambient TP was at segment 7 in fall (p < 0.05).
In summer alone, ambient TP related directly to pH (p € [+0.35%**, +0.45%**])
throughout the lowermost 3 segments (5-7), shown in Figure 74, which is consistent with

expectations for pH-modulated net P adsorption from the sediments.

Figure 75-Figure 77 present loess-fitted scatter plots of these three factors versus ambient
TP at each segment in summer, when eutrophication concerns are greatest. Figure 75
illustrates how the fall line relation between inflow and TP was only observed in the tidal
river at sub-median inflow (< 258 m’/s) and ambient TP at segment 1. Similarly, ambient
TP at segment 1 rose gradually in unison with source TP (Figure 76). This relation was
not observed further downstream, however. At the lowermost segments (5-7), meanwhile,
ambient TP was notably higher at higher pH, particularly at above-median pH (>7.67)
(Figure 77). Thus, scatter plots confirm a visible relation between summer pH and
ambient TP in the lower segments, while inflow and source TP only related to ambient

TP at segment 1.

Overall, tidal freshwater TP was lower in winter than in other seasons, while often
highest in summer. This was not entirely consistent with source TP patterns. Ambient TP
nonetheless related in meaningful ways to inflow in winter, source TP in spring, and pH

in summer across several segments. In summer, in particular, inflow related to ambient
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TP only in the uppermost segments (1-2), while pH relations extended throughout the

lowermost segments (5-7).

Seasonal Patterns and Relations for Total Nitrogen

Upper and lower tidal freshwater segments exhibited distinct patterns in their seasonal
progression in TN. Figure 78(a) illustrates how mean TN at the fall line and segment 1
dropped from above 2.0 mg/L to below 1.5 mg/L in summer, before gradually rising
again through the end of the year. At segment 4, meanwhile, ambient TN increased from
2.5 to beyond 4 mg/L over the latter half the year. This plateau persisted through winter at
segment 4 and other segments downstream from the largest WWTPs, until diluted during
the spring freshet. Segments 2-3 exhibited intermediate month-to-month patterns.

Median TN patterns essentially replicated those observed for mean TN across all

segments (Figure 78(b)).

Notched box plots in Figure 79 reveal seasonality behind this longitudinal disparity. At
the falls, median TN declined significantly from around 2.0 mg/L winter and spring to
summer, then rose again in autumn to spring-level. TN also dropped markedly in summer
at segment 1. Source TN, on the other hand, increased from about 3.0 mg/L in winter and
spring to almost 5 mg/L in summer, before ending the year between 3-4 mg/L. TN at
segment 3 echoed this summer-fall increase. Median TN along segments 4-6 also rose in

the later half of the year, relative and subsequent to the spring freshet season. Finally,
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segment 7 included both low spring and low summer TN, relative to fall and winter,

though still well above 2.0 mg/L.

Seasonal correlation tests reaffirmed the important relation between freshwater inflow
and ambient TN (Figure 80). In all seasons, ambient TN at segment 1 varied directly with
inflow. Ambient TN at segment 7, meanwhile, correlated positively with summer inflow
but negatively with winter inflow (p < 0.05). There was also a weak negative correlation
in summer between seasonally depressed inflow and ambient TN at segments 3-5. After
long summer retention times, this inverse relation extended across segments 3-6 in
autumn. No such pervasive patterns were observed in other seasons, however. Thus, there

was a definitive seasonality in inflow-TN relations across segments 3-7.

Ambient TN varied directly with fall line TN only at segment 1 (p <0.01), and then only
in spring through fall. By contrast, Figure 81 shows how downstream TN correlated
positively with source TN across segments 4-7 in winter; at segment 5 in spring; along
segments 2-3 and 5 in summer and segments 3-5 in fall. Paradoxically, both segments 1
and 7 varied inversely to source TN in summer (p < 0.001). By and large, though,

ambient TN related directly to local TN inputs across multiple seasons.

In summer, when tidal freshwater TN was at its highest, loess plots confirm how source
and ambient TN increased together, as expected, along segments 2-4 (Figure 82). At

segments 1 and 7, meanwhile, ambient TN increased with freshwater inflow (Figure 83).
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Given the strong negative correlation between inflow and source TN (Appendix A), it is
not surprising to find ambient TN at segments 2-5 also decreased with inflow. Meanwhile

TN at segments 1 and 7 declined with rising source TN.

Tidal freshwater TN generally exhibited two longitudinally-distinct sets of seasonal
patterns: The annual progression of TN at segment 1 dipped in summer, when TN
downstream climaxed. This disparity was closely related to freshwater inflow and local
TN inputs (fall line or source TN). A similarity in factor-TN relations at segments 1 and
7, observed in previous analyses (Section 2.2), also appeared in seasonal relations

presented here.

Seasonal Patterns and Relations for Chlorophyll a

The seasonal progression of Chl a also divided longitudinally into two subsets. Mean Chl
a along uppermost segments 1-2 rose from 10 ug/L in April to climax above 30 ug/L in
June (Figure 84(a)). Downstream from Washington, DC, Chl a at segments 4-7 peaked
between 20-50 ug/L in July and August. Thus, upper segments peaked with the annual
maximum in solar energy, while lower segments rose through subsequent peak air
temperature and lows in wind speed and inflow, even as solar energy began to wane.
Monthly median Chl a exhibited a similar pattern, although never rising above 15 ug/L at

segments 3-4 (Figure 84(b)).
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Summer Chl a medians were always larger than those of fall or winter (Figure 85). Along
District of Columbia segments (1-4), median Chl a was equivalent in spring and summer,
while summer Chl a was significantly higher than spring Chl a further downstream
(segments 5-7). Spring median Chl a was also larger than winter median Chl a
everywhere except at Maryland’s segments 5 and 7. Thus, box plots confirmed algal
climax in spring-summer along Washington, DC, segments followed by a summer peak

in areas downstream.

Chl a showed pervasive negative correlation with inflow, but only during the "shoulder"
seasons (spring and autumn) of the algal growing period (Figure 86). In particular, Chl a
varied inversely with inflow at segments 1-2 and 5-7 in spring and segments 2 and 5-7 in
fall. A similar relation was also observed at segment 7 in winter. Overall, it appears as if
inflow was less important in determining standing crop either when algal biomass was
likely to be light-limited (winter) or else when associated flushing was too low to arrest

biomass accumulation (summer).

This summer observation is underscored by evidence in Figure 87. Here, summer Chl a
was highly variable at below-median inflow while low and stable (segments 5 and 7) or
gradually increasing (segment 6) on rare occasions of above annual median inflow. (The
segment 6 curve may have been skewed upwards at high inflow by one large outlier (72
ug/L on August 9, 1995), which occurred after inflow rose eight-fold from 4 days prior

without necessarily enough time to reach the Gunston Cove area.) The relative
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infrequency of Chl a monitoring and high inflow events in summer prevented such

characterization in the upper segments, however.

Throughout the algal growing season (spring-fall), Chl a related well to solar energy, as
measured by estimated photosynthetically active radiation (PAR). Mild same-day
correlations in spring (segment 7), summer (segments 5-6), and fall (segments 5-7) were
improved by using average PAR over the 14 days up to and including sample dates
(Figure 88). With 14-day mean PAR, Chl a varied directly across all three data rich lower

segments (5-7) in spring through fall.

Given the intensity of solar energy in summer, it is intriguing how algal biomass
nonetheless varied with summer PAR over the previous fortnight. Figure 89 illustrates
this visible increase in Chl a across most tidal freshwater segments. In particular, Chl a
appeared markedly reduced after two weeks of sub-median PAR (< 30 Wh/m?/d), yet
continued to rise for at least five segments at higher PAR. Thus, a potential for light

limitation of algal biomass may exist even in summer.

Positive correlation between air temperature and Chl a also appeared during the growing
season, generally improved by multi-day averaging. Figure 90(a) shows Chl a related
directly to same-day air temperature in spring (segments 6-7), summer (segments 4 and
6), and fall (segments 5-7). Four-day temperature averaging revealed additional relations

in winter and spring (segment 6) and summer (segments 2 and 5), but also removed the
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significance of some summer correlation (segments 4 and 6). Figure 90(b) presents how
further correlation emerged using previous 10-day averages in winter (segment 6), spring
(segments 5-7), summer (segments 2, 5-7) and fall (segments 5-7). Thus, Chl a directly

related to recent air temperature throughout the growing season.

As it did with solar energy, Chl a clearly increased with summer air temperature. Shown
in Figure 91, Chl a rose dramatically with temperature averaged over the previous 10
days. This rise occurred across all segments, particularly above the annual median air

temperature of 15°C.

Correlation between ambient TP and Chl a appeared only in summer, as expected (Figure
92). During this low inflow, high temperature period, Chl a related directly to TP across
the lowermost three segments (5-7). Figure 93

shows how Chl a increased up to a point along these segments. This rise was gradual
along segment 5, punctuated at segment 6, and sigmoidal at segment 7. (The apparent dip
in Chl a at segment 6 at high TP seems to have been influenced by a single Chl a value
(15.9 ug/L on August 14, 1985), which occurred following a precipitous drop in Chl a (-

79%) from the previously sampled date (July 24, 1985).)

Chl a peaked in spring and summer in upper segments, but only in summer downstream.
Chl a levels related inversely to inflow at either end of the growing period, and to recent

solar energy and air temperature throughout the growing period. In summer, when these
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factors were least limiting, Chl a also related directly to ambient TP across the lower

TFW segments (5-7), as expected.

Summer Chl a-TP Autocatalysis

In summer, when non-nutrient factors were least limiting, circumstantial evidence was
used to test whether adsorption of sediment phosphorus could be part of an autocatalytic
cycle of Chl a generation. As previously shown, Chl a and TP co-varied along segments
5-7 (p <0.01). Dissolved oxygen (DO) and Chl a varied directly along the same segments
(p <0.001), displayed in Figure 94. Furthermore, summer DO and pH correlated
positively across all segments (p < 0.001). Finally, as presented earlier, summer TP
related strongly to pH along the same stretches where TP and Chl a were highly

correlated (p <0.01).

Such "phosphorus harvesting" is also supported by a relative increase in ambient TP in
summer along these segments (Figure 71), above and beyond source TP levels (Figure
76), and despite a lack of summer correlation between source and ambient TP (Figure
73). Thus, at least in the lower segments (5-7), evidence is consistent with the hypothesis
that algal biomass could be perpetuating itself through photosynthesis-catalyzed sediment

phosphorus adsorption.
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Conclusions and Discussion

All three measures of water quality - TP, TN, and Chl a - exhibited distinct seasonal
patterns and relations above and below the Anacostia River (segment 2). In addition,
summer data exhibited by far the most intriguing set of factor-response relations across
segments. In particular, summer results were consistent with potential Chl a autocatalysis
and phosphorus harvesting, as well as with a linkage between ambient TN responses just

below the fall line (segment 1) and 50 km downstream (segment 7).

Ambient TP was greatest in summer, particularly in the lowermost three segments,
despite lower source TP. The relationship between summer inflow or source TP and
ambient TP was limited to segment 1, the area above the Anacostia River. It thus seems

likely that other mechanisms influenced TP dynamics downstream.

Beyond processes analyzed above, various exogenous physical factors could have
additionally impacted summer ambient TP. For instance, the same source TP could be
sequestered in a smaller TFW volume in summer. This might arise when low inflow and
warm temperature-induced evaporation reduce total tidal freshwater volume (Vgy)
(Lippson et al. 1981). All else being equal, ambient TP should increase under such
circumstances (Section 1.2). Furthermore ambient TP should more rapidly track source

TP less net sedimentation during the low Vgw summer.
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Another possibility is that low inflow (Vgr) prolonged water turnover time (Section 2.3),
producing more lake-like conditions in the tidal river. Such circumstances would allow
time for more complete integration of phosphorus-enriched WWTP discharge into the
local water column. During summer lows in fall line flow, mean fall line TP was much
lower than year-round (0.073 versus 0.114 mg/L), while TP discharge was slightly higher
(0.135 versus 0.129 mg/L), Thus, according to Equation 1(c) in the Conceptual Approach
(Section 1.2), ambient TP should more closely track high WWTP TP in summer than in

high flow, greater fall line TP seasons (e.g., spring).

A third mechanism for ambient TP rise in summer could be via currently uncharacterized
inputs. In particular, increased July-August precipitation (Section 1.3) might lead to
greater phosphorus inputs via the District of Columbia's combined sewer overflows
(CSOs) and regional runoff. The result would be an increase in ambient TP from

previously unexplored sources.

There are at least two scenarios whereby endogenous biological activity might result in
increased ambient TP in summer. First, increased algal biomass could have retained in
the water column TP which might otherwise settle into the benthic sediments or be
flushed downstream. Another potential process is that increased pH in summer could be
contributing to phosphorus adsorption from benthic sediments (Seitzinger 1986, 1991).
Summer correlation between pH and TP was, in fact, consistent with this process.

Furthermore, examination of Chl a autocatalysis (Section 2.4) did not rule out algal
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"phosphorus harvesting" as a possible mechanism for an pH-induced increase in summer

ambient TP.

Thus, any combination of low inflow, high temperature, increased precipitation,
biological TP retention in the water column, or algal "phosphorus harvesting" could
explain the anomalous high ambient TP during low source TP summer.

Further research will be necessary to isolate the effects of each of these processes.

Throughout most of the tidal freshwater river, ambient TN also climaxed in summer. This
TN pattern was consistent with expectations, as were most relations of ambient TN to
source TN and freshwater inflow. Between the fall line and Anacostia River (segment 1)
and near Indian Head (segment 7), however, ambient TN was around its nadir in summer,
when it varied inversely to source TN. Furthermore, summer TN along both segments

increased with freshwater inflow.

While TN relations at segment 1 could easily be explained by its proximity to the falls
and distance upstream from WWTP inputs, at segment 7 the scenario seems more
complex: Fifty kilometers downstream from the falls, summer median TN at segment 7
increased about 1 mg/L above segment 1 levels. Otherwise, TN response at the bottom of
the tidal freshwater river was similar to that just below the falls. Such a relation might
occur if the tidal river had thoroughly processed consistently high WWTP TN along

intermediate segments. As a result, downstream TN would remain sensitive only to
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changes arriving from above the fall line or to nitrogen pulses thrust quickly downstream
during high flow events. Another possibility was that increased retention time in low
inflow summers allowed for proportionately greater nitrification-denitrification of water
parcels en route to segment 7. Such a process would be aided by the precipitation of TN

in algal detritus onto benthic sediments (Christian ef al. 1996).

Chl a maxima in late spring (segments 1-4) and throughout summer (all segments) were
consistent with expectations for this low inflow, high temperature and solar energy
period. It was particularly interesting to note that Chl a related to variability in recent air
temperature and solar energy throughout the growing period (spring-fall), even when
these factors were near their annual peaks. This implies that light and/or temperature
limitation may emerge even in the brightest, hottest months. Seasonal relations between
TP and Chl a were also compatible with results of previous year-round analyses, which

were contingent upon low inflow, sunny and/or warm periods (Section 2.2).

Along the lowermost three segments, summer water quality correlations and patterns
were also consistent with the Chl a autocatalysis hypothesis: When non-nutrient factors
were least limiting, Chl a photosynthesis could have produced self-perpetuating in situ
conditions by increasing DO and pH, leading to P-adsorption from benthic sediments,
thereby fertilizing further algal blooms. The analyses here could not, however, rule out
that one or more links in the catalytic cycle might be spurious factors or artifacts, without

causality to link together the entire positive feedback loop. For example, P-limited algae
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might engage in luxury uptake of phosphorus, thereby increasing water column TP, while

photosynthesis increases DO and pH without P adsorption (Sections 1.1 and 2.2).

Controlled experimentation may be required to test the integrity of the Chl a autocatalytic
circuit. For example, certain links could be examined though in vitro manipulation, e.g.,

by using carbonation to buffer the system (DO-pH link); by looking for P-increases in the
dark (-DO-pH-TP links); by saturating then filtered flushing of TP (TP-Chl a link); or by
creating habitats with relatively P-saturated or P-depleted sediments (pH-TP-Chl a links).
Such experimental research could shed further light on the viability of Chl a autocatalysis

in situ.



292

Table 36. Summary of annual periods for water quality-related meteorological and
hydrological factors, grouped into four seasons: "winter" (January-March), "spring"
(April-June), "summer" (July-September), and "fall" (October-December). Derived from
Section 1.3 and a priori seasons. Note that precipitation has no low season, despite a
July-August maximum.

Season Months | Solar Energy | Air Temperature Wind Speed | Flow Precipitation

Winter Jan-Mar | Rising January min. March max. | Mar. max. --

Spring Apr-Jun | June max. rising falling falling --

Summer | Jul-Sep Falling July max. August min. | Sep. min. Jul.-Aug.
max.

Fall Oct-Dec | Dec. min. falling rising rising --
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Table 37. Hypotheses regarding (a) water quality seasons, (b) seasonal water quality
patterns, (c) seasonal factor-response relations, and (d) summer Chl a autocatalysis.

(a) Hypotheses Regarding Water Quality Seasons

Null Hypothesis

There is there is no difference in water quality distributions from one month to the
next. More formally stated, cumulative distribution functions (CDFs) for each
water quality variable (TP, TN, Chl a) over successive months are equal for all
sample points.

A Posteriori Seasons

Water quality distributions differ between some, but not all, successive month
pairs, thereby separating periods of several months when distributions are
homogeneous between months. In other words, CDFs across some (but not all)
consecutive months are not equivalent for every water quality variable. Such
inequivalences characterize breakpoints between a posteriori water quality
seasons.

A Priori Seasons

Water quality distributions differ between any given month j and the pre-defined 3-
month period in [j-1,j+1], such that no a priori season can be composed of the 3-
month period {j-1, j, j*1}. Consequently, there are no quarterly seasons in water

quality.

(b) Hypotheses Regarding Seasonal Water Quality Patterns

Null Hypothesis There is no annual pattern in ambient TP, TN, or Chl a which relates in a
meaningful way to seasonality in underlying meteorological, source nutrient, or in
situ factors.

Water Quality Across seasons, ambient TP rises and falls coincident to similar changes in

Seasonality freshwater inflow (segment 1) and fall line or source TP.

Across seasons, ambient TN at segment 1 rises and falls coincident to similar
changes in freshwater inflow and fall line TN (segment 1); and downstream
coincident to changes in source TN but in opposition to changes in freshwater
inflow.

Across seasons, ambient Chl a rises and falls in parallel with solar energy and
temperature, but in opposition to freshwater inflow.
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(Table 37 continued)

(c) Hypotheses Regarding Seasonal Factor-Response Relations

Null Hypothesis

There is no pervasive relationship between any investigated physical, chemical, or
biological variable and concomitant nutrient or algal biomass concentration in a
given season (winter, spring, summer, or fall).

Seasonal Factor-
Response Relations

Ambient TP varies:

directly with freshwater inflow and source TP in (late) winter when freshwater
inflow is rapidly rising and spring, when inflow is declining towards baseflow.

Directly with pH in summer and possibly fall, when reduced inflow should have a
more limited impact.

Ambient TN varies:

directly with freshwater inflow at segment 1, inversely downstream, regardless of
season (flushing of WWTP TN dependent on inflow alone).

Directly with fall line TN at segment 1 (fall -line TN driven) and source TN
downstream, regardless of season (dilution of WWTP TN by fall line TN not
contingent upon other seasonal factors beyond total inflow).

Chl a varies:

Inversely to freshwater inflow in seasons when flushing could be limiting net algal
growth (spring-fall)

directly with solar energy and temperature in seasons when either or both are
somewhat limiting (spring and fall)

directly with TP in summer, when solar energy, air temperature and flushing are
least limiting.

(d) Hypotheses Regarding Summer Chl a Autocatalysis

Null Hypothesis There is no correlation between TP and Chl a, Chl a and dissolved oxygen (DO),
DO and pH, or pH and TP in any season.
Chl a Autocatalysis In summer - when Chl a is not limited by solar energy, temperature, or flushing -

these in situ variable pairs co-vary along the same tidal freshwater segments.
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Figure 69. Q-Q plot of summer (July-September) versus August Chl a across all segments
and years. For points along the diagonal line, the two Chl a distributions have the same
value at a specific quantile or percentile. Asterisk indicates equivalency of distributions,

according to KSGOF test.
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(a) Mean TP

Mean TP Topology by Month and Segment
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Figure 70. Topological graphs of (a) mean and (b) median TP (mg/L) by month (x-axis)
and segment (y-axis) over the 1985-95 period. Contours drawn at 0.02 mg/L intervals and

interpolated using default methods for the contour plot algorithm of S-PLUS v4.5
(Mathsoft 1997).
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(b) Median TP

Median TP Contours by Month and Segment

Segment
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Figure 71. Box plots of TP (mg/L) for each season, where 1="winter" (Jan-Mar),
2="spring" (Apr-Jun), 3="summer" (Jul-Sep), and 4="fall" (Oct-Dec). Panels include
"Falls" and "All Source" for fall line TP and source TP, respectively, along with 1-7 for
each of seven pre-identified segments in the tidal freshwater Potomac River.
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Figure 72. Spearman's rank correlation between freshwater inflow and ambient TP along
seven segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17
refer to correlation in season 1 (winter) at segments 0-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 73. Spearman's rank correlation between source TP and ambient TP along seven
segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17 refer to
correlation in season 1 (winter) at segments 0-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 74. Spearman's rank correlation between pH and ambient TP along seven
segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17 refer to
correlation in season 1 (winter) at segments 0-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 75. Summer freshwater inflow (m’/s) versus TP (mg/L) at the fall line (segment 0)
and seven tidal freshwater segments. Median inflow is represented by a dashed vertical

line.
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Figure 76. Summer source TP versus ambient TP (mg/L) at the fall line (segment 0) and

seven tidal freshwater segments.
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Figure 77 Summer pH versus TP (mg/L) at the fall line (segment 0) and seven tidal

freshwater segments. Median pH is represented by a dashed vertical line.
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(a) Mean TN

Mean TN Topology by Month and Segment

Segment

Figure 78. Topological graphs of (a) mean and (b) median TN (mg/L) by month (x-axis)
and segment (y-axis) over the 1985-95 period. Contours drawn at 0.5 mg/L intervals and

interpolated using default methods for the contour plot algorithm of S-PLUS v4.5
(Mathsoft 1997).
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(a) Median TN

Median TN Topology by Month and Segment

Segment
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Figure 79. Box plots of TN (mg/L) for each season, where 1="winter" (Jan-Mar),
2="spring" (Apr-Jun), 3="summer" (Jul-Sep), and 4="fall" (Oct-Dec). Panels include
"Falls" and "All Source" for fall line TP and source TP, respectively, along with 1-7 for
each of seven pre-identified segments in the tidal freshwater Potomac River.
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Figure 80. Spearman's rank correlation between freshwater inflow and ambient TN along
seven segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17
refer to correlation in season 1 (winter) at segments 0-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 81. Spearman's rank correlation between source TN and ambient TN along seven
segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17 refer to
correlation in season 1 (winter) at segments 0-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 82. Summer freshwater inflow (m*/s) versus TN (mg/L) at the fall line (segment 0)
and seven tidal freshwater segments. Median inflow is represented by a dashed vertical

line.
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Figure 83. Summer source TN versus ambient TN (mg/L) at the fall line (segment 0) and
seven tidal freshwater segments.
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(a) Mean Chl a

Mean Chl a Topology by Month and Segment

Segment

Figure 84. Topological graphs of (a) mean and (b) median Chl a (ug/L) by month (x-axis)
and segment (y-axis) over the 1985-95 period. Contours drawn at 10 ug/L intervals and

interpolated using default methods for the contour plot algorithm of S-PLUS v4.5
(Mathsoft 1997).
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(b) Median Chl a

Median Chl a Topology by Month and Segment
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Figure 85. Box plots of Chl a (ug/L) for each season, where 1="winter" (Jan-Mar),
2="spring" (Apr-Jun), 3="summer" (Jul-Sep), and 4="fall" (Oct-Dec). Panels 1-7 refer to
seven pre-identified segments in the tidal freshwater Potomac River.
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Figure 86. Spearman's rank correlation between freshwater inflow and ambient Chl a
along seven segments of the tidal freshwater Potomac River. In the top left panel, labels
11-17 refer to correlation in season 1 (winter) at segments 1-7. The other panels use
similar nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a
significance of p < 0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 87. Summer freshwater inflow (m’/s) versus Chl a (ug/L) along seven tidal
freshwater segments. Median inflow is represented by a dashed vertical line.



318

(a) Same-Day Solar Energy

Solar Energy Solar Energy
o o
o e 4l
o o
Chla s =
0 b
2 2
o o
1 12 13 14 15 16 17 21 22 23 24 25 26 27
Segment Segment
Solar Energy Solar Energy
o (=}
5 o
o o
+ +
Chla = g
0 ©
e 2
o o
31 32 33 34 35 36 37 41 42 43 44 45 46 47
Segment Segment

Figure 88. Spearman's rank correlation between (a) same day and (b) previous 14-day
average solar energy (photosynthetically active radiation) and ambient Chl a at the end of
the 2-week period along seven segments of the tidal freshwater Potomac River. In the top
left panel, labels 11-17 refer to correlation in season 1 (winter) at segments 1-7. The other
panels use similar nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk

indicates a significance of p < 0.001, while “+” represents p <0.01 and “0” means p <
0.05.
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Figure 89. Summer solar energy as estimated by 14-day average photosynthetically active
radiation (Wh/m?/d) versus Chl a (ug/L) along seven tidal freshwater segments.
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(a) Same-Day Temperature
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Figure 90. Spearman's rank correlation between (a) same day air temperature and Chl a
and (b) 10-day average air temperature and ambient Chl a at the end of the 10-day period
along seven segments of the tidal freshwater Potomac River. In the top left panel, labels
10-17 refer to correlation in season 1 (winter) at segments 1-7. The other panels use
similar nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a
significance of p < 0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 91. Summer 10-day average air temperature (°C) versus Chl a (ug/L) along seven
tidal freshwater segments.
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Figure 92. Spearman's rank correlation between ambient TP and Chl a along seven
segments of the tidal freshwater Potomac River. In the top left panel, labels 10-17 refer to
correlation in season 1 (winter) at segments 1-7. The other panels use similar
nomenclature for seasons 2-4 (spring-fall, respectively). Asterisk indicates a significance
of p <0.001, while “+” represents p <0.01 and “0” means p < 0.05.
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Figure 93. Summer ambient TP (mg/L) versus Chl a (ug/L) along seven tidal freshwater
segments.
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Figure 94. Spearman's rank correlations in summer along seven segments of the tidal
freshwater Potomac River. Clockwise from top left: (a) ambient TP and Chl a, (b) Chl a
and dissolved oxygen (DO), (¢) DO and pH, and (d) pH and TP. Labels 31-37 refer to
correlation in season 3 (summer) at segments 1-7. Asterisk indicates a significance of p <
0.001, while “+” represents p <0.01 and “0” means p < 0.05.



2.5 Inter-annual Trajectories and Relations

to Nutrient Management and Climate Change

Introduction

Eutrophication in tidal freshwater systems emerges from a particular state of factors
which promote deterioration in water quality (Sections 1.1, 1.2 and 2.2). Both exogenous
nutrient (N, P) and non-nutrient factors (e.g., air temperature, freshwater inflow) vary
from year-to-year, thereby potentially influencing inter-annual patterns of water quality

change.

If one or more of these factors undergo sustained change over time, one would expect a
trend in ambient nutrients and algal biomass to become apparent. Such phenomena as
climate warming, multi-year drought or increased wetness, and new nutrient management
controls should, in the absence of other uncharacterized factors, produce a persistent
signature in eutrophication-related water quality. Conversely, the existence of stability in
water quality in the face of monotonic trends in observed factors would suggest other

factors drive or buffer responses of the tidal riverine system.

327



328

In the tidal freshwater Potomac River, ambient nutrient and/or algal concentrations have
been shown to be sensitive to multi-day changes and seasonal variability in solar energy,
temperature, inflow volume and source nutrient concentrations (Sections 2.3-2.4). In
addition, Chl a is sensitive to ambient TP under certain circumstances. Over the past 35
years, sunny, warm, low-flow periods with high nutrient inputs have been particularly
conducive to hyper-eutrophic conditions in this region of the tidal Potomac (Jaworski and

Romano 1999; Jones 1999).

This section examines recent inter-annual variability in these factors in order to develop
and test a set of hypotheses about inter-annual patterns in ambient nutrient and algal
responses. It is expected that seasonal and year-round nutrient and algal concentrations
will change across years in directions which reflect observed responses to variation in

factors over shorter time frames. These shorter term relations are summarized in Table

38.

Human Impacts

Throughout the twentieth century, burgeoning human activity increasingly impacted
water quality in the tidal freshwater Potomac River (Section 1.2). Phosphorus and
nitrogen loads to the upper Potomac basin rose threefold and fivefold, respectively
(Jaworski and Romano 1999). After 1913, local WWTP discharge and TN outputs
increased tenfold. Eutrophication throughout the 1960s, meanwhile, eventually led to

various nutrient management actions. Most notable was a move to more advanced
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phosphorus removal at WWTPs since the1970s. As a result, WWTP total phosphorus
loads peaked in the period 1975-1985, then declined by 98% thereafter (Rasin ef al. 1986;

Romano et al. 1999; Jaworski and Romano 1999).

Between 1965 and 1995, there was an overall decline of 70% in TP loads to the tidal
river, despite an equivalent increase in TN. Over this same period, ambient TP and Chl a
decreased, while ambient TN increased significantly at Indian Head, the lowermost tidal
freshwater monitoring station (Rasin et al. 1986; Jaworski and Romano 1999). These
changes highlight the dynamic nature of human factors affecting eutrophication in the
tidal river, as well as the uniquely high nitrogen, low phosphorus aquatic habitat of the

late 1980s and early 1990s.

Emerging anthropogenic factors since 1985 may have also impacted inter-annual trends
and patterns in tidal Potomac water quality. In particular, Maryland (1985), the District of
Columbia (1986) and Virginia (1988) implemented a basin-wide ban on P in laundry
detergents (CBPO 1999). Then in fall 1996, Blue Plains WWTP, the basin's largest single
source of nitrogen, began denitrification. This ongoing trial aimed to reduce effluent N by
50% in half of the plants' effluent, for a net 25% reduction in TN loads. Based on
information in Section 1.3 (Tables 2-3) of this document, such a reduction should be
equivalent to an approximately 6% decrease in total TN loads to the tidal river,
potentially more in low flow summertime. Meanwhile, population growth and continued

urbanization increased impervious surface within the watershed, thereby affecting surface
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water quality and storm water hydrodynamics. During this period, jurisdictions also began
systematic incentives for development of best management practices (BMPs) to reduce
NPS nutrient pollution (pers. comm. from Diane McCarthy, VADEQ, Helen Stewart,
MDNR, and Sheila Bessey, DC Department of Health). Finally, phased implementation
of Clean Air Act emissions reductions starting in 1994-95 may have initiated a reduction
in atmospheric deposition of nitrogen onto the landscape and surface water of the basin

(USEPA 1999a).

Implementation of the P detergent ban and commencement of denitrification at Blue
Plains WWTP should have resulted in subsequent reductions in aggregate source nutrient
concentrations and, by extension, observable improvement in ambient water quality. In
particular, a calculated drop of almost 20% (0.018 mg/L) in estimated mean source TP
between 1985-87 and 1988-95 should have led to a notable decline in ambient TP as well.
Similarly, ambient TN after 1996 should reflect an estimated 6% decrease in source TN

(0.12 mg/L) due to nitrogen removal at Blue Plains WWTP.

Chl a in the tidal freshwater river should be sensitive to inter-annual changes in ambient
TP, but only during periods when other non-nutrient factors are least limiting, particularly
warm and/or sunny, dry summers. Chl a should not decline with TN, however, since

nitrogen continues to be available in excess.

The hypotheses discussed above are summarized in Table 39.
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Methods

Both graphical and statistical methods were used to investigate inter-annual patterns in
pertinent factors and responses during the 1985-95 period. Factor variables investigated
include solar energy, inflow, air temperature, wind speed, and source nutrient
concentrations. Response variables consisted of ambient TP, TN, and Chl a
concentrations within each of seven previously identified tidal freshwater segments
(Section 2.1). Since Chl a monitoring for the District of Columbia (segments 1-4) ended
in 1986, however, only the lowermost three segments (5-7) were examined for inter-
annual patterns in algal biomass thereafter. Other gaps in the District data set prevented

comprehensive analysis of nutrient patterns in certain years (notably 1988, 1993-95).

To distinguish season-specific from year-round inter-annual trends, each variable was
examined across four distinct sub-annual periods - winter (January-March), spring (April-
June), summer (July-September), fall (October-December) - and year-round (January-

December).

Graphical display consisted of loess-fitted scatter plots and notched box plots of year
versus variable for each of these periods, along with a dashed horizontal line to indicate
the grand median level of that variable over the entire 1985-95 timeframe. Loess fits
estimated the inter-annual pattern in variables, while box plots whose notches did not

overlap vertically indicated "extreme" years with statistically significant (p < 0.05)
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differences in their medians (Cleveland 1993; Mathsoft 1997; McGill et al. 1978; Tukey
1990). Graphs for a given variable were plotted along a common scale, in abutting boxes.
For response variables, distinct plots were produced for each of the seven longitudinal
water quality segments. To avoid sampling bias from variable sampling frequencies,
ambient water quality scatter plots were linked across years by their year-round or

seasonal medians.

The non-parametric seasonal Kendall tau (SKT) test was used to determine the statistical
significance of any monotonic inter-annual trends in factor or response variables across
any of the four seasons and year-round (Hirsch ez al. 1984; Gilbert 1987; Hirsch et al.
1991). SKT calculates a unique test statistic (t) for each month's inter-annual trend,
which is then integrated with those of all other months to produce an overall test statistic
for seasonal or year-round trends across years. Unlike a linear regression test, SKT is
robust against seasonal behavior, departures from normality and censured (below
detection limit) data (Rasin ef al. 1986). To minimize bias from variable sampling

frequencies, monthly averages were used for SKT tests.

Similar methods were used for tests for significant change in water quality subsequent to
new nutrient management controls. In lieu of using multiple years, data were assigned to
two timeframes, either “before” or “after” a given control. For the P detergent ban, before
included those years of concurrent record across programs before the ban was fully

implemented (1985-86), while after began two years later (1988), to account for any lag
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between implementation and basin-wide transfer to phosphate-free laundry detergents,

then continued through the end of the primary study period (1995).

A second study period and data set were used to examine summertime water quality
changes before (1991-93) and after (1997) implementation of partial denitrification at
Blue Plains WWTP (fall 1996). Water quality data for this aspect of the study were
collected and analyzed in the lab by the author and his colleagues, using methods
described in Section 2.0, as part of an applied research project for the Metropolitan
Washington Council of Governments (MWCOG). Given limited resources, this
monitoring and analysis focused on summer patterns, when WWTP discharge is more

important and eutrophication and algal blooms more common (Section 2.4).

Since atmospheric deposition of nitrogen directly onto surface water is a trivial (< 1%)
component of source TN (Section 1.3), the direct effects of the Clean Air Act were
deemed marginal. Year-to-year changes in impervious surface and sewer overflows over
the course of the study period, meanwhile, were not available for examination.

Consequently, these two human impact factors were not investigated further.

For each before/after study, water quality data were examined using loess-fitted scatter
plots, notched box plots, and SKT trend analyses, as discussed above. Notable or

significant results were presented in graphical or tabular form.
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Results

Inter-annual Change in Factors

The SKT test revealed no significant monotonic inter-annual trends in any physical
factors — including solar energy, temperature, wind speed and freshwater inflow — within
any given season or year-round. Each of these factors did, however, exhibit observable
inter-annual patterns across the 1985-1995 period. Figure 95-Figure 98 present inter-
annual patterns for each of these variables both year-round and by season. Specifically

high and low valued periods are codified in Table 40.

Figure 95 displays how median year-round solar energy, calculated in terms of
photosynthetically active radiation (PAR), was slightly lower in the1980s than in the
1990s. A notable exception occurred in 1988, when solar energy was 20% above its
overall median. The non-overlapping notches in the box plot for 1988 vis-a-vis "all" years
in Figure 95(b) underscores that this year received significantly more solar energy than all
other years (p < 0.05). By contrast, 1986 and 1989 received significantly less than median
solar energy. The same methods were used to identify seasons when solar energy was
significantly lower (10 observations) or higher (5 observations) than for the same season
in other years, as codified in Table 40. This table underscores that solar energy was
particularly strong in the summer of 1988. This one summer and annual solar energy crest
over an 11 year study period roughly coincided with the solar maximum of an

approximately 11-year cycle in sunspot activity (Cleveland 1993; Exploratorium 1998).
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Inter-annual patterns in median year-round and seasonal air temperature are presented in
Figure 96. With the exception of warmer 1991, year-round temperature was relatively
stable among years, as noted in Table 40. Relatively warmer weather prevailed over two
springs (1985, 1991), every few summers (1989, 1991, 1995), and over two winters
(1993, 1995). Summer of 1994 and the autumns of 1992 and 1995 were significantly

cooler than in other years.

Median freshwater inflow did not exhibit a trend year-round nor for any particular season.
Inflow was low in 1986, 1988, and 1991, but high in 1989 and 1990. These variations are
shown in Figure 97 and codified in Table 40. Relatively low inflow in spring and summer
of 1986 contrasted with greater inflow over the same seasons in 1989. In 1988,
meanwhile, inflow was high in spring, but low in all other seasons. Median inflow was
also relatively high in fall of 1990 through winter of 1991, then low throughout the
remainder of 1991. The last several years of the study period were characterized by higher
seasonal inflows in winter (1993-4), spring (1992-3), and summer (1994), with relatively
low inflow returning only in fall 1994 and spring 1995. A quasi-periodicity of 2-5 years
between high flow years is consistent with, but out of phase from, inter-annual El Nifio-
Southern Oscillation (ENSO) frequency (Jurate Landwehr, USGS, pers. comm.; Vern

Kousky, NOAA, pers. comm., April 18, 1996; NOAA, on-line).
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Figure 98 illustrates how median year-round wind speed varied little between years.
Compared to other years, wind was generally slower in 1985 and 1994, but faster in
1988-89, and 1993, as codified in Table 40. Wind speed was reduced in spring and
summer of 1992, as well as all seasons but spring in 1994. Wind velocity was greater in
spring and summer of 1988 and 1993; winter, spring, and fall of 1989; and fall of 1990
through winter of 1991 (Table 40). Overall, no clear inter-annual pattern emerged from

these variations.

As Figure 99 illustrates, source TP decreased significantly in the autumn (t = - 0.32%)
and year-round (t = - 0.17*) across the 1985-95 study period. Year-round source TP was
greater in 1985-6, 1989, and 1993, while less in 1994 than in other years. Table 40 shows
that in the late 1980s, source TP rose above study-wide seasonal median level eight times
-- including periods without high inflow -- while remaining below long-term seasonal
medians in only three seasons (summer 1997 and low inflow winter and fall of 1989). In
the 1990s, on the other hand, median seasonal source TP stayed below its long term
median over seven seasons, while rising above the seasonal grand median only during
four relatively high inflow seasons. Extremes in seasonal source TP equated positively to
extremes in inflow over 13 of 16 total seasons when such extremes co-occurred (Table
40). Thus, inter-annual patterns in seasonal source TP broadly related to inter-annual
patterns in seasonal inflow. This linkage did not emerge at the year-round time scale, for

which inter-annual decline was the predominant trend.
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In the absence of any monotonic inter-annual trend. Source TN fluctuated more or less
inversely to inter-annual freshwater inflow (Figure 97 and Figure 100). Source TN was
significantly lower in high inflow 1989, while higher in low inflow 1988 and 1991 (Table
40). Furthermore, in all 16 seasons when inflow and source TN extremes were
synchronized, they extended towards opposite extremes. There were nonetheless a few
seasons, such as winter 1985 and fall 1989, where source TN was low without a

concurrent inflow high, and conversely for high source TN in spring of 1990.

Except for the decline in source TP in autumn and year-round, there were no overall
monotonic inter-annual trends in any external factor across any season. Seasonal and
annual medians in physical factors -- solar energy, temperature, inflow, and wind speed --
varied between years, without consistent pattern nor specific periodicity. Meanwhile,
inter-annual patterns in source TP and source TN concentrations reflected freshwater

inflow patterns directly and inversely, respectively.

Inter-annual changes in TP

Despite the inter-annual decline in source TP, there were no monotonic trends in year-

round ambient TP along any of the tidal freshwater segments over the period 1985-95.

Figure 101 presents 35 panels of year versus ambient TP, 5 panels down (year-round,

winter, spring, summer, fall) for each of 7 tidal freshwater segments (across). Following
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drops from high source TP in 1985-86, year-round ambient TP dipped in 1986-88,
simultaneous to launching of the P detergent ban. Table 41 identifies declines
significantly below median levels at segments 1-4 (1986) and 7 (1988), which were also
concurrent with low inflow years (Table 40). When source TP and inflow peaked again in
1989, TP at segment 5 appears to have increased as well (Figure 101), but a rise in
median TP was not determined to be statistically significant (Table 41). There were not
any significant ambient TP increases during the high inflow year of 1990 nor during high
source TP year of 1993. In low inflow 1991, however, ambient TP declined across the
entire tidal freshwater, save segment 6. Ambient TP at this segment, meanwhile, reached
a year-round nadir during 1994, the year with the lowest source TP. Thus, following the P
detergent ban, low ambient TP generally occurred during low inflow or low source TP

years. The converse was not observed, however.

During the summer period, when algal biomass is most sensitive to TP, there was
relatively little inter-annual variability observed in TP along segments 1-4 and 6, shown
in Figure 101. Table 41 identifies how summer TP was below its grand median at
segment 1 in 1985, then at downstream segments in certain low inflow summers (segment
5in 1989, and at segment 6 in 1988 and 1991). A visible inter-annual increase at
Maryland's segment 5 was verified as being statistically significant (t = +0.285%), despite
lower source TP in the summers of later years (1992-94). Maryland's segment 7,
meanwhile, exhibited more of a u-shaped pattern, with median TP significantly greater in

1985, lesser in 1989, and greater again in 1993. Of these three extremes at segment 7,
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summer 1985 was consistent with source TP, while summers 1989 and 1993 contrasted

with extremes in source TP.

Data collected for MWCOG in summers 1991-93 indicated a dip in ambient TP from
1991 to 1992, denoted by x's in Figure 101, as source TP concurrently decreased below
its summer grand median. The MWCOG data also showed a relative increase in ambient
TP over the following summer (1993) across segments 2-5 and 7 (no data was collected
along segments 1 and 6), consistent with patterns in the Maryland data. This rise in
ambient TP occurred despite continued low source TP and ordinary inflow rates in

summer 1993 (Table 40).

Thus, across all data sets, it appears as if summer ambient TP occasionally, but not

consistently, related to patterns in summer inflow or source TP across years.

No trends emerged from inter-annual analysis over the three remaining seasons. Winter
TP appeared to fall from pervasive heights in 1985 (segments 1-4, 6) and 1986 (segments
5, 7) to median or below median values, before increasing to a secondary peak (segments
1-5) in 1992 (Figure 101). In certain years (1986, 1990), winter TP was below its grand
median at some segments, while above its grand median at others (Table 40). Ambient TP
appeared to crest in spring of 1987 and fall of 1990 in the upper 4 segments, with no
consistent visible pattern across downstream segments. Median TP at segment 1 was

significantly higher than usual during both of these periods. In autumn 1992, segments 1
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and 5 also exhibited slightly greater TP. While seasonal TP was below its grand median
for various segments and seasons, these lows rarely related to source TP or inflow

extremes in a meaningful way.

Beyond the previously noted summer increase at segment 5, no other monotonic change
in ambient TP was observed over the 1985-95 period. This contrasted with a significant
autumn and year-round inter-annual decline in source TP. For only two seasons did
source and ambient TP crest currently (at segment 7 in summer 1985 and segments 1-4 in
fall 1990). On several other occasions, seasonal highs in source TP preceded seasonal
highs in ambient TP by 1-2 seasons (in winter 1986 and summer 1993 at segments 5 and
7; in spring 1987 at segments 1 and 5; and in fall 1987 at segments 1-4). Twice ambient
TP climaxed three or more seasons after source TP (spring 1990 at segments 1-4 and

winter 1992 at segments 1-5).

Overall, there seemed to be some simultaneous or lagged relation between seasonal

extremes in source and ambient TP, as well as between inflow and ambient TP.

TP Response to Management Factors

There was no pervasive TP decrease in the tidal freshwater Potomac river subsequent to
the basin-wide ban on P in laundry detergent. Notched box plots presented in Figure 102
illustrate few shifts in median seasonal TP distributions before versus after the P

detergent ban. For reference, the first column displays TP at the fall line (segment 0),
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which increased in winter, but decreased in summer and fall (p < 0.05). There were no
significant changes across the upper 4 segments within the District of Columbia, nor near
Gunston Cove (segment 6). Box plots did indicate significant declines along Maryland's
segments 5 and 7 in winter (from above 0.13 mg/L), as well as along segment 7 in

autumn (from above 0.09 mg/L) to below 0.08 mg/L seasonal median TP.

Thus, box plots only identified declines in TP in fall and winter along Maryland segments
of the tidal freshwater river. The SKT test could not confirm the significance of these

post-P ban decreases, however, either in a specific season or year-round.

MWCOG data (1991-3) and the 1997 study conducted here show that, subsequent to the
start of denitrification at Blue Plains WWTP in 1996, summer TP decreased surprisingly
across the tidal freshwater Potomac. This decline is visibly apparent in the notched box
plots in Figure 103, where median TP dropped from above 0.05 mg/L to 0.025 mg/L
across segments 2-5 in July, and across segments 2-3 and 5 in August. TP also declined
from about 0.10 mg/L to 0.05 mg/L at segment 4 in September. No change was observed
at segment 7, though. By means of the SKT test, the decrease in summer TP was
determined as statistically significant along segments 3 (t =- 0.667*) and 5 (t = -
0.714%*), which flank the segment to which Blue Plains discharges. Hence, there was a
dramatic, unforeseen decline in ambient TP in river segments near Blue Plains after

denitrification began, but this drop did not extend far downstream.
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Inter-annual changes in TN

As with source TN, year-round ambient TN exhibited no significant inter-annual trend
along any tidal freshwater segment. There were, however, some interesting year-to-year
changes in ambient TN, as presented in Figure 104. Above and at the mouth of the
Anacostia River (segments 1-2), TN dipped below its grand median in 1986-1988, as
displayed in Table 42, then returned to approximately median values thereafter. Lower
inflow during this period also coincided with higher TN downstream in 1986 (segment 6)
and particularly in 1988, when source TN also peaked. TN spikes in 1988 are clearly
visible in the median-fitted scatter plots for segments 3-5, but determined significant only
at segment 5 (p < 0.05). In the following year, 1989, higher inflow corresponded to

maximum ambient TN at segment 1 and, paradoxically, at segments 6-7 as well.

This two-year longitudinal pattern nearly repeated itself three years later: When inflow
was once again lower and source TN higher than usual, ambient TN appears to have
reached a secondary maximum at segments 2-5 in 1991 (Figure 104). The following year,
1992, TN crested at segments 6-7, before falling near or below grand median levels
thereafter. None of the 1990s year-round extremes were deemed statistically significant,
however. Thus, low inflow and/or high source TN years related closely to decreased
mainstem TN above and at the Anacostia River (segments 1-2) and increased TN in the
middle segments (3-5). When inflow rose again, ambient TN in the lower freshwater area

may have increased accordingly (segments 6-7).
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Inter-annual graphs highlight a potentially cyclical inter-annual pattern in seasonal TN:

Between years, winter TN oscillated closely about its median along all segments. Spring
TN rose from sub-median levels in 1985-86 to apexes in 1987 in the uppermost two
segments, and in 1989 and 1992 or 1993 in the lowermost three segments. TN also
oscillated over summer and fall, with a particularly synchronous nadir in 1990 across
segments 3-6, followed by peaks in 1991-92. Inter-annual change in MWCOG summer
data was generally consistent with Maryland data, while indicating fairly stable TN across
segments 2-4 in 1991-93. Thereafter through 1995, summer and autumn TN along the
lowermost three segments generally remained below its long-term median. A
summertime decline in ambient TN at segment 5 (t = -0.319%*) registered as the only
statistically significant trend in seasonal TN within the tidal freshwater river. By in large,
ambient TN appeared to oscillate with a frequency of once every 3-5 years throughout

this portion of the Potomac.

Seasonal extremes in ambient TN in the most upstream two segments often corresponded
to similar extremes in freshwater inflow and opposite extremes in WWTP-influenced
source TN (e.g., springs 1985 and 1989; winters 1987 and 1991), but not always (e.g.,
spring 1986 and 1990). By contrast, Table 42 codifies how downstream TN regularly
reached extremes synchronized with source TN (winters 1988-89, 1991; summers 1986,

1988, 1991; and falls 1998 and 1990) or in opposition to inflow extremes (many
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identified above plus spring 1995). While frequent, these patterns were by no means

universal.

TN Response to Management Factors

Ambient TN did not change in any consistent manner subsequent to implementation of
the phosphorus detergent ban. Figure 105 illustrates how year-round TN increased at
segment 1, while decreasing at segment 6. While there were no observable changes in
winter, spring TN increased at segment 2. Summer TN rose at segments 1 and 7, while
falling at segment 5. The SKT test revealed no significant change in TN along any
segment in any season or year-round following implementation of the ban. Overall,
ambient TN did not relate in a meaningful way to enactment of the P-ban, in line with

expectations.

Figure 106 uses MWCOG data to present box plots of the change in summer TN along
segments 2-5 and 7, subsequent to implementation of denitrification at Blue Plains
WWTP (adjacent to segment 3). While TN dropped remarkably along segment 3 in July-
August, the impact was highly localized. From lower pre-existing TN levels along
segments 2 and 4, there were only slight post-denitrification declines in July and August.
There were no such decreases observed anywhere in September, however. As with the

phosphorus ban, denitrification did not result in any significant change in summer TN, as
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analyzed by the SKT test. Thus, the net decline in ambient TP was spatially limited in

1997.

Inter-annual changes in Chl a

Over the entire 1985-95 period, segment 5 exhibited an increase in year-round Chl a (t =
+ 0.238***)_ which was not observed elsewhere. (Data were insufficient for long-term

trend analysis along segments 1-4.)

In segments (1-2) above and at the Anacostia River, algal biomass appears to have
increased year-round from 1985 to 1986, as shown in Figure 107. This rise was not
sustained further downstream, however. Across the lower segments of the tidal freshwater
Potomac River, year-round Chl a remained level (segments 3, 5) or appeared to decline
(segments 4, 6-7) from 1985 through low inflow 1986 (segments 3-4) or otherwise
unremarkable 1987 (segments 5-7). In these years, Chl a did not differ significantly from

its grand median in the lower segments, where such analysis was possible (Table 43).

Median Chl a did decline significantly in low solar energy and high inflow 1989 (segment
5), in high inflow 1990 (segment 7), and in 1991, when both inflow and local ambient TP
were low (segment 7). In 1992, Chl a remained below its grand median at segment 7,
even though there were no observed extremes in examined factors. Figure 107 illustrates

how Chl a then increased dramatically at segments 5-7 from 1993 through to the end of
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the study period. As a result, median Chl a was significantly higher at segment 7 in 1994
and across all continuously monitored segments (5-7) in 1995, despite a paucity of

expected extremes in underlying factors.

Extremes in year-round algal biomass in the lower freshwater river only synchronized
consistently with those of one physical factor investigated: wind speed. In two years when
wind was significantly faster (1988-89), Chl a at one segment was significantly smaller,
and conversely for slower year-round wind speed (1994). Table 43 illustrates, however,
that year-round wind speed was neither necessary nor sufficient to explain observed
extremes in year-round Chl a. Algal biomass along the lower freshwater segments may
have been depressed simultaneous to high inflow or wind speeds or low solar energy or
ambient TP. Still, year-round analyses do not in isolation adequately explain Chl a

climaxes in 1993-95.

Inter-annual patterns in Chl a across specific seasons elucidated further relations with

physico-chemical factors:

Winter Chl a rose above 20 ug/L in 1990 and 1995, standing out from otherwise low, flat
winter levels, shown in Figure 107. At segment 6 in 1990, winter Chl a was high despite a
dip in ambient TP. Meanwhile, the 1995 zenith in Chl a was particularly interesting, since
it was also a winter of higher temperatures and lower freshwater inflow. On the other

hand, Chl a was significantly below its grand median during the dark winter of 1986
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(segment 5) and the high inflow winter of 1994 (segments 5 and 7), as characterized in

Table 43.

By and large, spring Chl a appears to have increased over the period of record along
segments 5-6, while dipping from 1986 through 1994 at segment 7, as presented in Figure
107. Table 43 also details how nadirs in spring Chl a often co-occurred with lower solar
energy (1987, 1991) or ambient TP (1991-92), or greater freshwater inflow (1988, 1992).
Meanwhile, a spring 1995 Chl a peak across all lower segments (5-7) coincided with
lower than usual freshwater inflow, while a spring 1993 Chl a crest at segment 5

coincided unexpectedly with higher inflow.

Figure 107 illustrates how, across all lower segments, summer Chl a fell from 1985-87
highs to 1989-90 lows, only to rise to greater heights in 1993-95, with concentrations
surpassing 50 ug/L. Above median Chl a in summers of 1987 (segment 6) and 1993
(segments 5-6) (Table 43), did not correspond in a meaningful way to extreme periods for
any studied factor (Table 40). Similarly for below median Chl a in 1990. By contrast, low
Chl a at segment 7 co-occurred with low ambient TP and low solar energy in summer
1989. Furthermore, low Chl a at segment 6 was simultaneous to low TP in summer 1991,
despite relatively high temperature and low freshwater inflow. Meanwhile, 1995 included
the only relatively warm summer when Chl a also increased above grand median levels
(segment 7). Thus, summer Chl a occasionally corresponded in expected ways to low TP

or solar energy, as well as to high air temperature in the absence of low TP.
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Autumn Chl a, meanwhile, was low and flat until 1992-94, though still rarely surpassing
30 ug/L. Years with particularly low autumn Chl a included relatively dark 1986
(segments 5-6) and high inflow 1990. Climaxes in autumn Chl a either occurred in the
absence of extremes in studied factors (segment 5 in 1993) or when freshwater inflow

was lower than usual (segment 7 in 1994).

A longitudinally consistent trend in Chl a trend was identified in autumn (t = +0.370**,
+0.500** and +0.303* at segments 5, 6 and 7, respectively). No other statistically-

significant inter-annual trends were observed in seasonal Chl a.

While low TP and low Chl a occurred simultaneously in 1991 (segment 7) and in four
seasons (spring 1991-92 and summer 1989 at segment 7, summer 1991 at segment 6),
there was no period when both were currently significantly higher than their respective
seasonal grand medians. Overall, periods of Chl a extremes in the lower tidal freshwater
(segments 5-7) also seem to have related in meaningful ways to high inflow, air

temperature, and low solar energy.

Chl a Response to Management Factors

In the wake of the phosphorus detergent ban, median Chl a at the end of the tidal

freshwater (segment 7) descended both in spring and year-round, as displayed in Figure
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108. Neither segment 5 nor segment 6 data exhibited such a drop for any season or year-
round. In fact, SKT indicated a year-round increase in Chl a at both segments (t =+
0.173**** and +0.316****_ respectively). Thus, limitation of algal biomass by the

phosphorus ban and subsequent WWTP phosphorus reduction was not pervasive.

Chl a did decline in the vicinity of Blue Plains WWTP, however, following installation of
partial plant denitrification there in 1996. Based on the MWCOG data set, box plots in
Figure 109 show a drop from 25-33 ug/L to 6-17 ug/L in summer monthly median Chl a
at segment 2. The drop was consistent with decreases in ambient TP along this segment.
Median Chl a also declined at segment 4 in August and at segments 3 and 7 in September,
without concomitant decline in ambient TP. The SKT test identified a statistically
significant downward trend at segments 3-4 in September alone (p < 0.05). After the
upgrade, box plots indicate that algal biomass nonetheless increased in August at segment

7.

Although Chl a decreased at specific segments over certain periods following nutrient
management efforts, these periods were generally not associated with concurrent declines
in ambient nutrients. In fact, even where summer TP decreased with Blue Plains
denitrification, summer Chl a only declined along one segment (segment 2). Furthermore,
Chl a actually increased at some segments over certain periods subsequent to such
actions. Thus, evidence did not support the hypothesis that advanced nutrient controls led

to further Chl a reduction in the tidal freshwater Potomac River.
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Conclusions and Discussion

Some monotonic trends in water quality emerged despite lack of trends in examined
factors and visa versa. Nonetheless, inter-annual changes in water quality in the tidal
freshwater Potomac River often corresponded in meaningful ways to concurrent changes

in investigated factors.

Contrary to expectations, ambient TP did not decrease along with an observed inter-
annual decline in source TP; nor was there widespread decline subsequent to the P
detergent ban. Assuming the accuracy of such trends, this disparity may have occurred as
a result of various combinations of uncharacterized phosphorus inputs or in situ
processes. For example, increased TP from unquantified non-point sources — such as
combined sewer overflows (CSOs) and expanding separate storm sewer systems — may
have overwhelmed concomitant declines due to the P detergent ban. Alternatively, in situ
sediment processes may have acted as a buffer, providing transient storage for high P
loads at one time, which were then re-suspended during high flow events or desorbed at
high pH a few seasons later on. Finally, the late onset and low frequency of area-wide

monitoring may have limited the ability to detect some longer-term change in source TP.

When source TP or inflow were low, ambient TP occasionally declined in a specific

season or year-round. The inverse for high source TP or inflow did not hold, however.
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This rather weak relation nonetheless concurs with stated hypotheses, and also parallels
the unidirectional pattern or hysteresis (House and Warwick 1998) observed in multi-day
analyses (Section 2.3). The two analyses together reinforce the above conjectures
regarding uncharacterized TP sources or in situ processes contributing to ambient TP

concentrations.

After denitrification began at Blue Plains WWTP, ambient TP in nearby segments
dropped precipitously. This surprising finding can be understood in context of the plants
treatment process: Blue Plains prior chemical phosphorus removal delivered relatively
low phosphorus effluent to nitrogen-reducing bacteria. To survive, these bacteria
apparently scavenged some of the remaining phosphorus, thus further removing
phosphorus from plant discharge (Jerry Dakita, BPWWTP, pers. comm.). In addition,
1997 was a fairly low flow year and summer, as shown in Figure 110, which may have
reduced ambient TP as discussed above. This joint explanation was further supported
when TP rose again in summer 1998, in the wake of increasing flow and supplementary

phosphorus being added to the denitrification tanks (Sklarew et al. 1998).

Inter-annual patterns in ambient TN generally related as expected to patterns in inflow
and source TN. In particular, various periods of low inflow or high source TN often
equated with low TN near the fall line and high TN downstream, and conversely at the
opposite extremes. On two occasions when inflow and downstream TN increased in

unison, they were preceded by a year with abnormally low freshwater inflow. This
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suggests that in the year after a drought, precipitation, streams, and sub-surface flows may
mobilize nitrogen held in place in the watershed throughout the previous year.
Alternatively, after WWTP nitrogen accumulated in the TFW river during a dry year, it
may not have been adequately flushed from the water column until the following wet

year.

While there was no pervasive change in ambient TN following the P detergent ban, the
response to Blue Plains denitrification was also limited. Summer decline in ambient TN
was localized in time and space in 1997, as might be expected from a less than 6%
decline in overall source TN. On the other hand, phosphorus starved-denitrifying bacteria,
coupled with previously described increase in ambient TN during low flow, may have

mitigated the intended effects of denitrification.

Over the 1985-95 period, despite a lack of concurrent inter-annual trends in any studied
physico-chemical factor, Chl a increased year-round at segment 5 and in autumn
throughout the lower tidal freshwater river. Since the autumn rise came only one season
after a similar rise in TP at segment 5, there is reason to believe that autumn algal
biomass in this region may have been less constrained by phosphorus limitation in later
years. Furthermore, a lengthening of the algal growing season could also account for the
observed rise in median year-round Chl a in later years. Such lengthening might also
explain the significant increase in year-round Chl a along segments 5-6 subsequent to the

P ban.
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SKT test identified a significant decline in ambient Chl a at segment 7 after P ban
implementation. Graphical evidence, however, suggests that a non-linear, u-shaped inter-
annual pattern may have skewed the results of this test. Significantly higher TP in
summer and year-round in 1985 gave way to TP below its grand median in subsequent
years (summer 1989; year-round in 1988, 1991), more-or-less concurrent with the nadir in
ambient Chl a (summers 1989-90 and year-round in 1990-1992). Both variables increased
again in mid-1990s. Hence, there may have been a linkage between uncharacterized
sources or released sediment storage of TP, discussed above, and the reemergence of Chl

a in the lower river.

Median Chl a was often relatively low when either solar energy or ambient TP were low,
or else inflow was high, as expected. By contrast, Chl a was frequently above median
during warm or low inflow periods, except when either solar energy or ambient TP were
also reduced. Consequently, analyses confirmed that inter-annual patterns in algal
biomass parallels those of growth factors, while being reciprocal to that of freshwater
inflow. Furthermore, reduced TP could be an effective means of local algal control during
warm, low inflow summers. Results of the Blue Plains WWTP analysis partially
reinforced this conclusion: When ambient TP was reduced in the vicinity of Blue Plains,
algal biomass also declined. This decrease did not extend further downstream in all

seasons, however.
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Despite a certain degree of noise, inter-annual patterns in water quality responses related
in meaningful ways to patterns in factors investigated. Nonetheless, further research is
needed to elucidate uncharacterized sources or storage for ambient TP and to more fully

clarify the re-emergence of high freshwater algal biomass in the mid-1990s.
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Tables

Table 38. Previously established direct (+) and inverse (-) relationships between factors
(freshwater inflow, solar energy, air temperature, ambient TP and TN) and water quality
responses (Chl a, ambient TP and TN), irrespective of year. "N/a" = not applicable, "n.s.'
= not significant. Based on Sections 2.2-2.4 of this document.

Inflow Solar Temperature | TP TN
Energy
Source | Ambient | Source | Ambient
Chl a - + + N/a +in N/a n.s.
summer

Ambient TP | + n.s. + N/a N/a Nla

(seg. 1-4)
Ambient TN | + (seg.1), n.s. n.s. N/a N/a + N/a

- (seg 3-6)
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Table 39. Hypotheses regarding (a) inter-annual patterns and trends in water quality and
(b) water quality changes subsequent to nutrient management controls.

(a) Hypotheses Regarding Inter-annual Patterns and Trends in Water Quality

Null Hypothesis

Inter-annual patterns and trends in ambient nutrients and chlorophyll in no way
related to inter-annual patterns and trends in underlying factors (source nutrient
concentrations, freshwater inflow, solar energy, air temperature).

Inter-annual Patterns
and Water Quality
Trends

Inter-annual patterns and trends in ambient TP and TN paralleled those of all
source TP and TN, respectively, across all seasons and year-round.

Inter-annual patterns and trends in ambient nutrients above the WWTP impacted
zone paralleled that of freshwater inflow, while patterns and trends in ambient
TN in the WWTP impacted zone was reciprocal to that of freshwater inflow.

Inter-annual patterns and trends in Chl a paralleled those of air temperature, solar
energy, and (in summer) TP, while being reciprocal to that of freshwater inflow.

(b) Hypotheses Regarding Water Quality Changes Subsequent to Nutrient Management Controls

Null Hypothesis Ambient nutrient and Chl a concentrations did not change subsequent to nutrient
management controls.

Nutrient Ambient TP decreased subsequent to implementation of the 1986-87 P detergent

Management and ban.

Water Quality

Changes Ambient TN in the WWTP impacted zone (segments 3-6, not elsewhere) dropped

subsequent to commencement of partial effluent denitrification at Blue Plains
WWTP in 1996.

There was no change in ambient TN subsequent to the P ban nor in TP
subsequent to denitrification at Blue Plains WWTP.

When summer TP decreased subsequent to new nutrient management, summer
Chl a declined as well.

Table 40. Codified results of box plot tests to determine years in which year-round or
seasonal medians were significantly lower (lowercase letters) or higher (uppercase letters)



than in other years for the following factors: solar energy (s,S); wind speed (w,W); air

temperature (t,T); freshwater inflow (f,F); source TP (p,P); and source TN (n,N).
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Year-round Winter Spring Summer Fall
1985 w, P n S,w, T, f s, P F,P,n
1986 s, f, P S f,P f,N s,w, P
1987 -- f,N s P --
1988 S, W, f,N f,p,N W, F, P S, W, f,N f,p, N
1989 s, W,F,P,n s, W, f,P,N s, W,F, P T,F,P,n W, n
1990 F - N S S,W,F,P,n
1991 T,f N S,W,F,n s, T, f,N T,f,N w, f, p, N
1992 - S w, E, P W, p t, W
1993 W, P T,F,P,n W, F W, p,N --
1994 W, p w,F,P,n S, p w,t, F,p w, f, p, N
1995 -- T,fp f T s, t




Table 41. Codified results of box plot tests to determine years in which year-round or
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seasonal ambient TP was significantly lower (I-vii, left justified) or higher (I-VII, right

justified) than in other years across seven tidal freshwater segments.'

Year-round Winter Spring Summer Fall
1985 VIl VII
1986 i-iv fii-iv v | \Yli-iv
1987
1988 2 vii vi vii
1989
1990 vi 1 i
1991 iv-v, vii iii, v, vii vi iv-v, vii
1992 VI vii LV
1993 2 vi VIl
1994 2 i i
1995 2

! Shaded black numerals indicate a period and year when source and ambient TP were at the same extreme
versus their grand medians for that period, while shaded white numerals indicate the opposite.

? Data were insufficient to identify extremes in DC segments (1-4) in 1988 and 1993-1995.
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Table 42. Codified results of box plot tests to determine years in which year-round or
seasonal ambient TN was significantly lower (I-vii, left justified) or higher (I-VII, right
justified) than in other years across seven tidal freshwater segments.

Year-round Winter Spring Summer Fall
1985 i-ii
1986 I VI i-ii I, vii \%!
1987 ii i-ii VI V, VII
1988° | 4 v, Vil \AY i
1989 I, VI-VIIliii VI I-I1, V-VII I, VII
1990 il |iv, vi I, VII| V&
1991 v, vi ¥
1992 VI
1993 ° VI|vii
1994 ° iv, vi-vii v
1995 ° vi v, vii

! Shaded black numerals indicate a period and year when source and ambient TN were at the same extreme
versus their grand medians for that period, while shaded white numerals indicate the opposite.

?Ambient TN at segments 1-2 should vary inversely to source TN, since these areas do not directly receive

relatively TN-enriched WWTP effluent.

3 Data were insufficient to identify extremes in DC segments (1-4) in 1988 and 1993-1995.
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Table 43. Codified results of box plot tests to determine years in which year-round or
seasonal ambient Chl a was significantly lower (v-vii) or higher (V-VII) than in other

years across the lowermost three tidal freshwater segments. "

Year-round

Winter

Spring

Summer

Fall

1985

1986

1987

vi

VI

1988

v, Vil

1989

v-vil

1990

vil

VI-VII

v-vil

vi

1991

i

1992

vil

1993

1994

VII

v, Vil

VII

1995

V-VII

VI-VII

V-VII

VII

! Shaded black numerals indicate a period and year when ambient TP and Chl a at that segment were
simultaneously lower than their grand mean for that period.

? Data were insufficient to identify extremes in DC segments (1-4).
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(a) Loess-fitted Scatter plots
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Figure 95. (a) Loess fitted scatter plots of year versus solar energy as PAR (mol
photon/m?/d) in panels over five sub-annual periods: year-round (top: January-
December), winter (January-March), spring (April-June), summer (July-August), and fall
(bottom: September-December) and (b) Notched box plot of year versus solar energy,
where notch indicates the 95% confidence interval for median solar energy. The dashed
horizontal line in both figures represents the grand median across all years.
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(b) Notched Box Plot
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Figure 96. Loess fitted scatter plots of year versus air temperature (°C) in panels over five

sub-annual periods: year-round (top: January-December), winter (January-March), spring

(April-June), summer (July-August), and fall (bottom: September-December). The dashed
horizontal line represents the grand median across all years.
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Figure 97. Loess fitted scatter plots of year versus freshwater inflow (log;o m’/s) in panels
over five sub-annual periods: year-round (top: January-December), winter (January-
March), spring (April-June), summer (July-August), and fall (bottom: September-
December). The dashed horizontal line represents the grand median across all years.
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Figure 98. Loess fitted scatter plots of year versus daily average wind speed (km?/h) in
panels over five sub-annual periods: year-round (top: January-December), winter
(January-March), spring (April-June), summer (July-August), and fall (bottom:
September-December). The dashed horizontal line represents the grand median across all
years.
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Figure 99. Loess fitted scatter plots of year versus estimated source TP, in units of (a)
mg/L and (b) log;o mg/L, for panels over five sub-annual periods: year-round (top:
January-December), winter (January-March), spring (April-June), summer (July-August),
and fall (bottom: September-December). The dashed horizontal line represents the grand
median across all years.
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Figure 100. Loess fitted scatter plots of year versus estimated source TN, in units of (a)
mg/L and (b) log;o mg/L, for panels over five sub-annual periods: year-round (top:
January-December), winter (January-March), spring (April-June), summer (July-August),
and fall (bottom: September-December). The dashed horizontal line represents the grand
median across all years.
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Figure 101. Scatter plot matrix of year versus ambient TP (mg/L), from segment 1 (left)
to 7 (right) across sub-annual periods of year-round (top), winter, spring, summer, and
fall (bottom). Solid line connects seasonal medians across years, while dashed horizontal
line represents the grand median across all years for that segment and season.
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Figure 102. Notched box plot matrix of ambient TP (mg/L) before (1985-86) versus after
(1988-1995) the P detergent ban, from the falls at segment 0 (left) through segment 7
(right), and across sub-annual periods of year-round (top), winter, spring, summer, and

fall (bottom).
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Figure 103. Notched box plot matrix of ambient TP (mg/L) before (1991-93) versus after
(1997) the commencement of partial effluent denitrification at Blue Plains WWTP
(adjacent to segment 4), from segment 1 (left) to 7 (right), and across three summer
months of July (top), August (middle) and September (bottom). Note this study could not
support monitoring at segments 1 and 6, hence these boxes are left blank (for consistency
of visual display).
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Figure 104. Scatter plot matrix of year versus ambient TN (mg/L), from segment 1 (left)
to 7 (right) across sub-annual periods of year-round (top), winter, spring, summer, and
fall (bottom). Solid line connects seasonal medians across years, while dashed horizontal
line represents the grand median across all years for that segment and season.
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Figure 105. Notched box plot matrix of ambient TN (mg/L) before (1985-86) versus after

(1988-1995) the P detergent ban, from the falls at segment 0 (left) through segment 7, and
across sub-annual periods of year-round (top), winter, spring, summer, and fall (bottom).
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Figure 106. Notched box plot matrix of ambient TN (mg/L) before (1991-93) versus after
(1997) the commencement of partial effluent denitrification at Blue Plains WWTP
(adjacent to segment 4), from segment 1 (left) to 7 (right), and across three summer
months of July (top), August (middle) and September (bottom). Note this study could not
support monitoring at segments 1 and 6, hence these boxes are left blank (for consistency
of visual display).
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Figure 107. Scatter plot matrix of year versus ambient Chl a (ug/L), from segment 1 (left)
to 7 (right) across sub-annual periods of year-round (top), winter, spring, summer, and
fall (bottom). Solid line connects seasonal medians across years, while dashed horizontal
line represents the grand median across all years for that segment and season.
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Figure 108. Notched box plot matrix of ambient Chl a (ug/L) before (1985-86) versus
after (1988-1995) the P detergent ban, from the falls at segment 0 (left) through segment
7, and across sub-annual periods of year-round (top), winter, spring, summer, and fall
(bottom).
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Figure 110. Historical streamflow daily values graph for the Potomac River near
Washington, DC, measured at the Little Falls Pumping Station (1991-1998). Source:
USGS 2000.



3.0 Overall Conclusions and Discussion

Despite a half century of wastewater and nutrient management efforts, the tidal freshwater
Potomac River remained significantly impacted by nutrient enrichment over the 1985-95
period. High ambient TP, TN, and Chl a characterized the TFW Potomac River as a
eutrophic to hyper-eutrophic ecosystem according to a variety of classification schemes
(Carlson 1977; OECD 1982; NOAA 1997; USEPA 1999b; USDA 1999). Conditions
described here are consistent with concurrent observations by others (e.g., NOAA 1997),
in spite of lower ambient TP and less prevalent algal blooms than in previous years

(Lippson et al. 1981; Callendar ef al. 1984).

Spatio-temporal Patterns in TFW Potomac River Eutrophication

Distinct spatial and temporal patterns in cultural eutrophication related logically to basin

morphology, hydrometeorology, nutrient inputs, and potential in situ factors.

As the Potomac River flowed past Little Falls and into the slower moving tidewater, total
nutrient concentrations rapidly declined. Such an effect is consistent with observations of

high sedimentation rates in this upstream area (Bennett 1983; Shultz 1989) and semi-
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fluvial reservoir systems (Kennedy and Walker 1990). This process also results in
significant precipitation of nutrients bound to suspended sediments and particulates
(Canfield and Bachmann 1981; Shultz 1989). Unlike most reservoirs, however, the TFW
Potomac received supplementary nutrient inputs a short distance downstream from urban
runoff and, more importantly, a series of large WWTPs (Section 1.3; Hickman 1987).
WWTPs along the tidal freshwater river shores provided a continuously large dosage of
discharge enriched with slightly greater TP and much higher TN, relative to the water

column (Section 1.3).

WWTP inputs likely helped to sustain TP and substantially increase TN in their vicinity.
As aresult, ambient TN peaked just downstream from Arlington, Alexandria and Blue
Plains WWTPs, then declined gradually thereafter. High TN was also observed slightly
upstream from WWTPs, consistent with tidal excursion (Lippson ef al. 1981). Net
sedimentation and benthic N-D may have helped attenuate WWTP enriched TN
downstream, as has been observed elsewhere (e.g., Cerco 1981). Algal uptake and
detritus may have contributed to this sedimentation (Sections 2.2 and 2.4; Christian ef al.
1996). Water parcels nonetheless left the tidal freshwater area with up to 1 mg/L (~50%)

greater TN than just below the fall line (Sections 2.1, 2.4).

In summers of previous decades, TP also crested near Blue Plains then declined thereafter
(Lippson et al. 1981; Callender et al. 1984). Over the 1985-95 period, however, neither

WWTP inputs nor net sedimentation altered ambient TP remarkably beyond segment 1
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levels (Section 2.1). By contrast, passive diffusion (Harper 1992) and TP spiraling
(Newbold ef al. 1983) may have helped buffer ambient TP across longitudinal variations
in source TP (Ginkel et al. 1984). Overall, TFW integration of nutrient inputs from
various sources resulted in a longitudinal hump in TN and, unlike most reservoir systems,

no observed longitudinal TP gradient below the fall line.

Chl a analysis suggested a possible trophic gradient with distance downstream. In 1985-
86, algal biomass reached its nadir just downstream from the nexus between Arlington,
Alexandria, and Blue Plains outfall pipes (Section 2.1). It is plausible that clear effluent
may have diluted ambient Chl a in this vicinity (segment 4). Based on earlier research
(Cohen 1988), it seems unlikely that phytoplankton were inhibited by toxic substances.
Another possibility is that a local Corbicula bed may have markedly filtered Chl a from
the water column (Cohen et al. 1984; Cohen 1988; Phelps 1994). While correlation tests
here could not confirm this relationship, visual examination revealed a potential threshold

Corbicula density above which Chl a may be limited by benthic filtration (Section 2.2).

Both historical data sets and data collected here (Sections 2.1, 2.4, 2.5) suggested Chl a
rose below Washington, DC (segments 5-7). Whereas a certain degree of overall Chl a
variance (7%) was explained by differences in monitoring programs (Section 2.1), prior
studies (USEPA 1965-1975; Smith and Herndon 1980) suggest that this increase was not
due to methodological differences (Section 2.0) alone. Over the 1985-95 period, algal

biomass in the mainstem river was greatest near Gunston Cove (segment 6) (Sections 2.1,
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2.4) — generally consistent with summer longitudinal observations from the late 1960s

through early 1980s (Cohen 1988).

Various factors could contribute to a rise in Chl a with distance downstream. First, slower
water velocity permits ongoing sedimentation (Bennett 1983), which may reduce light
limitation (Kimmel ef al. 1990). As sediment-bound P precipitates and TP remains
longitudinally stable, there could also be a greater proportion of dissolved inorganic P —
from WWTPs or benthic regeneration — more readily available to and absorbed by
phytoplankton. Furthermore, longer hydrological retention times provide more “lake-like”

conditions for algae to accumulate before being flushed further downstream.

Neither longitudinal TP patterns nor river morphology adequately explained why Chl a
declined between Gunston Cove (segment 6) and Indian Head (segment 7) during the
1985-1995 period. This decline may be related to the longitudinal transfer of algal OM to
primary consumers (zooplankton) -- a potential trophic link between upstream
fertilization and downstream striped bass populations (Tsai et al. 1991) -- similar to the
pattern of downstream displacement of cultural eutrophication in fluvial systems (Harper
1992). As noted in Section 1.1, though, there is general consensus among researchers that
zooplankton do not limit algal biomass in the TFW Potomac River (Buchanan and

Schloss 1983; Jones et al. 1992; Sellner et al. 1993).
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Alternatively, Gunston Cove’s shallow hyper-eutrophic habitat (Harper 1988; Jones and
Kelso 1997) may have influenced the observed phytoplankton climax in the adjacent
mainstem segment . While Gunston Cove receives effluent from the second largest BFL
WWTP, ambient nutrient concentrations were no greater at segment 6 than at neighboring
mainstem segments (Section 2.1, 2.4). Thus direct nutrient fertilization via Gunston Cove

does not adequately explain the apex in Chl a at segment 6.

Shallow embayments also provide phytoplankton refuge from mainstem flushing
(Thornton et al. 1990; Deseve 1993) and related light limitation (Cole et al. 1992; Deseve
1993). In nutrient-fertilized embayments like Gunston Cove, Chl a is often much higher
than observed in the river itself (Section 1.3). Such algal blooms could have seeded or
migrated to the nearby mainstem (Harper, 1988; Cole et al. 1992). Thus, embayment
algal blooms could be an important factor affecting longitudinal patterns in mainstem Chl

a.

Longitudinal eutrophication patterns have long been observed in riverine estuaries (Stross
and Stottlemeyer 1965), including the tidal Potomac River (Callender et al. 1984). The
longitudinal superposition of light and nutrient gradients may produce multiple zones of
algal productivity in turbid, nutrient enriched semi-fluvial systems (Kimmel and Groeger
1984). While results here are generally consistent with this sort of trophic gradient, very
little variation (2%) in Chl a could be explained by nutrient gradients or differences

between segments alone (Section 2.1). Hence, temporal patterns in eutrophication were
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examined for further insights regarding the functional relationships between examined

factors and water quality response.

TFW Potomac River eutrophication patterns in many ways reflected annual transitions
from cold, dark, riverine conditions over late winter and early spring to a warm, light,
lacustrine environment in the (late spring through early fall) algal growth season

(Sections 1.3 and 2.4).

Seasonality in fall line flow drove nutrient and Chl a concentrations through to the
Anacostia River (segment 2). While nutrient concentrations were lower than in the non-
tidal river, TN and TP in the tidewater upstream from WWTPs rose with the late winter-
early spring freshet, then declined as floodwaters subsided. At segment 1, ambient
nutrient concentrations correlated with freshwater inflow in all seasons (Sections 2.2,

2.4).

Spring inflow decline was simultaneous to a June climax in Chl a in this area (Section
2.4). Such was likely the result of longer residence times leading to greater biomass
accumulation, as was observed downstream (Sections 2.2-2.4). The proximal cause for an
early summer drop in Chl a along segments 1-2 is less clear. In these shallow waters, the
decline could have been related to temperature-induced disequilibrium between algal

respiration and photosynthesis.
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Downstream nutrients and algal biomass exhibited different seasonal patterns.

As in prior years (Champ et al. 1980), WWTPs contributed to a significant proportion of
total freshwater inflow to this portion of the TFW river during low fall line flow periods.
Ambient nutrients near WWTPs rose in February, fell during the spring freshet, then
peaked again in summer (TP) or fall (TN) -- indicative of a system where inflow dilutes
WWTP nutrient inputs. Ambient TN here varied directly with source TN in winter only,
when the tidal river acted like a conduit for TN delivery to the oligohaline zone. Ambient

TP reflected source TP in spring only, when fall line inputs overwhelmed all others

(Section 2.4).

The lack of synchrony between late year nutrient peaks may be due to summer sediment P
release via Chl a autocatalysis (Sections 2.2, 2.4), concurrent with temperature-sensitive
N-D mitigating ambient N levels. An inverse relation between temperature and TN was
only observed at segments 1 and 7, however. An alternative explanation for the fall TN
zenith could be that prolonged residence times in late summer and early fall support
greater retention (and integration) of N from WWTPs. In either case, TN declined with
distance downstream more rapidly in summer than in autumn (Section 2.4), consistent
with N removal via temperature-sensitive N-D. Other evidence was consistent with
sediment P harvesting by phytoplankton in summer only, when non-nutrient factors were

least limiting (Sections 2.2, 2.4).
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The Chl a climax occurred later in the year with distance downstream (Sections 2.4-2.5).
Algal biomass crested between spring and summer along segments 1-4 and in July-
August in segments 5-7. In these three lowermost segments, Chl a was sensitive in two or
more seasons to changes in retention time (inflow), recent solar energy and air

temperature, as expected.

Chl a only varied with ambient TP in sunny, warm, low inflow summer. This and related
evidence (Section 2.2, 2.4) could not clarify whether this relationship was due to co-
incidence, unidirectional causality (e.g., higher TP fertilized Chl a) or the autocatalytic
feedback loop discussed above (Figure 51). Increased algal responsiveness to TP during
low turnover, high sunlight periods confirms earlier observations (e.g., Cohen 1988). An
inverse relationship between TN and Chl a, meanwhile, could have resulted from algal
blooms sequestering N (Appendix B) then settling onto the benthos (Christian et al.
1996), which also supports the delayed TN peak at low inflow. Thus, phytoplankton may

play an active, if indirect, role in water column-sediment nutrient fluxes.

Inter-annual trends (Section 2.5) provided some hint that rising TP levels in one season
(summer at segment 5) might enhance Chl a shortly thereafter (fall at segments 5-7). This
could occur, for instance, if increased summer P availability helped extend August
blooms into early autumn. This theory receives some support from studies showing how

recent light history affects phytoplankton sensitivity to P fertilization (Cohen 1988).
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Hence, inter-annual patterns are consistent with the Chl a sensitivity to TP levels being

contingent upon hydrometeorological seasonality.

In the context of the above discussion, the relationships of various factors to seasonal
patterns in eutrophication varies across three longitudinal zones in the tidal freshwater

river:

e Zone A: Influenced by riverine flow and nutrient inputs year round (segment 1)

e Zone B: Seasonally influenced by riverine flow and nutrient inputs (winter-spring) or
WWTP (summer-fall) nutrient inputs (segments 2-4)

e Zone C: Seasonally influenced by riverine flow (winter-spring) or WWTP (summer-
fall) inputs along with sediment-water column processes (segments 5-7)

During periods when inflow does not excessively flush the tidal freshwater river,

hydrological residence time may be sufficient to permit biota to markedly influence

biogeochemical nutrient processes (e.g., via N-D, algal P harvesting from sediments).

Conversely, synchronicity of low flow, high temperature and solar energy allow biota —

particularly phytoplankton — to more efficiently uptake, metabolize, and transform

available nutrients into new biomass.



Appendix A: Relations Between Factors

Exogenous Physical Factors

Exogenous physical factors, such as freshwater inflow, air temperature, incident solar
radiation, and wind velocities each may influence ambient water quality in a distinct
manner. Before attributing eutrophication changes to such effects, it is first important to
identify the degree to which these factors are inter-related. To this end, physical

parameters were examined both graphically and statistically to reveal inter-relations.

Daily and seasonal variability in incident solar radiation underlies changes in several
exogenous physical factors which potentially affect Potomac water quality. Primary
amongst these are air temperature (p = +0.64***) and the related state of precipitation
(rain, ice, snow, etc.). Rising spring temperatures lead to ice melt and a concomitant surge
in fall line flow, or freshet. In warmer, high solar energy summers, increasing
evapotranspiration vaporizes a larger fraction of the basin’s water supply before it would
otherwise contribute to fall line flow volume. Thus, daily flow correlates negatively with
solar energy and minutes of sunshine (p = -0.09***), and quite strongly negatively with

ambient air temperature (p = - 0.43%*%*),
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Since precipitation does not vary with air temperature, an inverse relation between
precipitation and daily solar energy (p = -0.39***) or minutes of sunshine (p = -0.55%*%*)
is likely related to the differential effects of cloud cover on precipitation and ground-level
sunlight. Air temperature also relates to factors affecting water column mixing, including
diel temperature swings (p = +0.3***) and wind velocities. Southern winds bring warmer
air, while warmer daily temperatures correspond to periods of slower mean wind speeds

(p = -0.2***), particularly in the summer.

Thus, variable solar energy and temperature relate to a variety of exogenous physical
factors which, according to the models presented here, should directly affect water quality

in the tidal freshwater Potomac.

Physical Effects on Loading Factors

Freshwater inflow delivers nutrients to the tidal Potomac via fall line flow, WWTP
discharge and precipitation. For each of these sources and for total estimated freshwater
inflow, nutrient concentrations exhibit rich scatter plot patterns and very significant
correlations (p < 0.001) versus certain exogenous physical factors. These results are

summarized in Table 44.

Estimated source TP appears to vary monotonically with flow and precipitation, while
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exhibiting unimodal patterns versus air temperature, daily temperature range, and wind
speed (not shown). Fall line phosphorus correlates best with fall line flow (p = +0.32%*%*),
while WWTP phosphorus relates inversely to WWTP discharge volume (p=-0.21**%*),
The latter effect likely relates to an inter-annual decrease in WWTP phosphorus
concentration even as discharge has increased over the years (p = +0.56***). When TP
in total freshwater inflow is derived from the flow weighted sum of FL and WWTP
inputs and phosphorus-free precipitation, the resulting phosphorus concentration estimate
varies inversely to freshwater inflow (p = -0.06***). However, this TP estimate is less

sensitive to total freshwater inflow volume than to daily air temperature (p = +0.15%**),

Like phosphorus, total nitrogen concentrations at respective loci increased with fall line
flow (p=+ 0.86***), but decreased with WWTP discharge (p=- 0.26***) as well as
precipitation volume (p= - 0.54***). Flow-weighted composite TN inputs equated most
strongly with decreasing fall line flow or total freshwater inflow volume, whether ADN is
included (p=-0.88*** for both) or not (p=-0.93*** or - 0.92***_respectively). TN is
influenced secondarily by WWTP discharge (p= - 0.43***). This inverse relation may be
a function of WWTP discharge increasing faster than WWTP TN concentration over this
decade of regional population growth. Although FL and WWTP nitrogen concentrations
vary inversely with air temperature, aggregate freshwater TN correlates directly with
temperature, both with and without ADN supplement (p=+0.39%** and +0.29%***,

respectively).
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Overall, then, freshwater inflow and air temperature are the dominant physical factors
relating to nutrient inputs, as underscored by their significance across columns in Table
44. Incoming nutrients increase with greater fall line flow, and decrease with larger
WWTP and ADN water volumes. Since fall line flows are substantially reduced in warm
weather, however, there is less dilution of enriched WWTP and ADN under such
circumstances. Thus flow-weighted composite nutrient concentration estimates are

greater at high temperatures.
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Table 44. Spearman’s rank correlation (p < 0.001) for combinations of meteorological
factors vs. concentrations of nutrient loading factors at the fall line (FL, daily estimates),
wastewater treatment plants (WWTP, monthly means) and precipitation (ADN, weekly
means through 1990), 1985-1995. Also included are correlations of meteorological
factors vs. estimated concentrations of flow-weighted FL+WWTP (IN, surface inputs)
and FL+WWTP+ADN (IN+ADN, surface and atmospheric inputs).

Factor TPy, TPwwre | TPin | TNgL TNwwr | TN apn | TNin TNiN+ADN
P
Solar Energy -0.07 -- -- -0.14 -0.18 +0.11 +0.08 --
Min. Sunshine -0.08 -- -- -0.12 -- -- +0.06 --
Air Temperature | -0.06 -- +0.15 | -0.39 -0.10 +0.24 | +0.39 +0.29
Air Temp. Range | -0.09 -- -0.07 | -0.11 -- -- -- --
Wind Speed -- -0.06 -- +0.15 -0.06 -- -0.16 -0.12
Wind Direction -- -- -- -- -- -- -0.06 --
Precipitation +0.07 | -- n.a +0.07 -0.06 -0.54 -- --
Fall line Flow +0.32 - -0.06 | +0.86 -0.21 -0.22 -0.93 -0.88
WWTP +0.10 | -0.21 -0.10 | +0.39 -0.26 -0.13 -0.43 -0.43
discharge
All Freshwater n.a n.a -0.06 | n.a n.a n.a -0.92 -0.88
Year’ -0.07 | -0.39 0.19 | - +0.10 | - - -
Month * - - +0.14 | -0.38 +0.16 | +0.21 | +0.45 | +0.41

"'Underline = highest correlation within a column. Double dashes (--) = no significant correlation. N.a. =

not applicable.

* Year and month rows provided for reference.




Appendix B: Chlorophyll a Co-indicators

Both the quantity and quality of the TFW Potomac Chl a record varied across monitoring
programs (Section 2.0). Consequently, Spearman’s correlation was used to confirm
whether one or more of the following parameters could serve as co-indicators of for Chl a
data: biological oxygen demand (BOD), percent saturation of dissolved oxygen (DO%),

pH, particulate phosphorus (PP = TP — PO4), and organic nitrogen (ON = TKN — NHy).

Table 45 shows that BOD, PP, and ON all correlated significantly with chlorophyll a
across all segments. Thus, either biological oxygen demand, particulate phosphorus, or
organic nitrogen could potentially be used in lieu of a paucity of chlorophyll a data at a
given station and time. At Rosier Bluff (segment 4), the lesser significance of correlations
with BOD (p <0.01), PP and ON (p < 0.05) could relate to nutrient inputs from Blue

Plains WWTP, immediately upstream.
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Table 45. Determination of significant Chl a co-indicators by means of Spearman’s rank
correlation (p) across seven segments in the tidal freshwater Potomac.

Segment BOD DO% PH PP ON
Correlation Correlation Correlation Correlation Correlation

1 +0.70%** -0.36%* n.s. +0.55%** +0.64%**

2 +0.74%*** n.s n.s +0.58** +0.78***

3 +0.71*%* n.s -0.39%* +0.52%** +0.61***

4 +0.60** n.s n.s +0.47%* +0.47%*

5 +0.24*** n.s n.s +0.38*** +0.58***

6 +0.61*** +0.29%** +0.70%** +0.30%** +0.49%**

7 +0.29%** n.s n.s +0.47%** +0.63***

An expected positive relationship between chlorophyll a and pH or DO% was only found

near Gunston Cove (segment 6), and therefore appears to be a geographic anomaly (p <

0.001). The lack of positive correlation elsewhere could be a function of the existence of

ambient solutes and chemical oxygen demand unrelated to photosynthesis, or else of

complicating effects of variable respiration on CO,-carbonate-bicarbonate equilibria.
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BOD appears to be the variable more pervasively correlated with chlorophyll a, with a
probability of p < 0.01. Thus, insofar as chlorophyll a data is missing from certain

periods, BOD could be used as a surrogate.



Appendix C: Atmospheric Deposition Near

the TFW Potomac River

Extrapolating to Unsampled Periods

Local ADN at the Fairfax station was discontinued after January 1990. This concluded all
local monitoring of ADN in the Washington, DC, metropolitan stretch of the Potomac
River. Fortunately, long-term monitoring stations continued at three locations between
Maryland's Coccoctin Mountains and Eastern Shore. This section tests how the ongoing
ADN monitoring might be used to estimate post-1990 ADN in the tidal freshwater

portion of the Potomac watershed.

Methods

In order to extrapolate to subsequent years, the Fairfax monthly average ADN time series
(1983-1990) was plotted along side that of the three NADP long-term deposition
monitoring stations closest to the tidal Potomac watershed. Six month moving averages
were used to compare sites. If there was any phase shift between the Fairfax and a NADP
station, the latter was then time-shifted accordingly by that number of months. If time-
shifted scatter plots implied a relationship between the two station synchronized
distributions, the relationship was confirmed by means of Pearson’s product-moment

correlation. Then a linear regression model was employed to characterize the expected
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relationship between ADN at that NADP station and at Fairfax if the latter station had not
been discontinued. This model of ADN at Fairfax was then used for subsequent inter-

annual studies.

Results

Atmospheric deposition of nitrogen was measured in Fairfax County, Virginia, from 1983
through the start of 1990. Graphically comparing its six-month moving average with
those at three other long-term sites in the western Chesapeake Bay watershed revealed a
lag of approximately 3 months between extremes at Coccoctin Mountain (MDO03) and
Fairfax Co. stations. After correcting for this phase shift, six-month running [geometric]
means correlated very significantly (r=0.34, p < 0.001), and the following log;o-linear

model was derived as displayed in Equation 12.

Equation 12. Regression for local ADN as a function of regional ADN.

ADNFairfax(t) = .2414* ADNypos(t - 3 months) +.2876
In units of log;o(mg/L), this model is presented in Error! Reference source not
found.(b).

Conclusion

The Coccoctin Mountain ADN station in the upper Potomac watershed provides a useful

site for estimating tidal freshwater Potomac area ADN subsequent to the closure of the
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Fairfax site. A log-transformed three month lag of six month running averages was
required to derive a linear fit between the two sites, however. In addition, there is no clear
functional explanation for the three month lag. Hence, it is difficult to justify utilizing this
spatially removed and log-linear lagged transform to examine impacts of ADN on water
quality at the more refined temporal resolutions examined in this paper. Consequently,
only Fairfax County ADN data (through 1990) was utilized and examined to develop a
preliminary model of flow-weighted all source TN. In addition, since wet ADN onto the
surface of the river accounts for less than 1% of average tidal freshwater inputs (Section
1.3) and since TN in ADN did not correlate significantly with ambient TN in the tidal
freshwater (Section 2.2), the ADN component of source TN was removed for subsequent

temporal analyses.

A more detailed examination of the relationship between Coccoctin Mountain and tidal

freshwater Potomac ADN was deemed beyond the scope of this research.



Appendix D: Translating Water Quality Measurements

Between Programs

Have Agencies Used Comparable Methods?

Section 2.0 of this document characterized and compared the sampling methodologies
and summary statistics for water quality data from various monitoring programs operating
along the tidal freshwater Potomac River. Section 2.1 furthermore analyzed agencies' data
sets to determine the degree of overall variation which could be attributed to differences
between programs. This was only 1% of overall variation for TP, 9% of variation for TN,
and 7% of variation for Chl a. Only for Chl a was difference in programs more important

than difference in segments (explaining 2% of variation).

Given programmatic nuances in field and laboratory methods across disjoint areas of the
river, this effort aims to determine whether MWCOG data which spanned the entire
length of the tidal freshwater river in a single day, could be used as a mechanism for
translating values from one program's data set to another, irrespective of longitudinal

differences.
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Methods

To do so, monthly mean water quality variables of MWCOG and historical datasets were
logjo-transformed then compared by segment using standard parametric methods. Where
monthly means were comparable, linear regression was used to map historical data to
MWCOG data values. Statistically significant regressions were identified as presented

below.

Results

For water quality parameters, monthly means for MWCOG longitudinal data and
segments in the 1985-95 historical data sets were comparable over the time period of
concurrent monitoring. Thus, MWCOG data appeared to be a good candidate for

translating and integrating longitudinally disjoint programs' data on TP, TN, and Chl a.

Unfortunately, there was only one significant linear relationship between MWCOG data
and a co-located historical monitoring program. This linkage was for TN at Dogue Creek
and Indian Head (MD segments 5 and 7). The following linear fits were statistically

significant:

Equation 13. Linear regression of Maryland TN as a function of MWCOG TN.

° TNMD@5,7 =(0.8330 * TNchog@sj +1.028, p= 0.05, and
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(b) 10g10(TNMD@5,7) =0.6984 * 10g10(TNcho(}@5,7) + 02160, p < 0.01
Thus, the MWCOG data set could not be used as an effective tool for translating between

water quality monitoring programs, irrespective of location.

Conclusion

The major purpose of District of Columbia, Fairfax County, and Maryland water quality
monitoring programs along the tidal Potomac is to understand the natural variability in
and human impacts upon water quality in this area. Agencies with limited resources
would benefit greatly from being able to pool their data into a common, longitudinally
integrated "big picture" of the tidal freshwater zone. Occasional longitudinal surveys
across District of Columbia and Maryland segments of the river were not successful in

providing a bridge to create such an integrated picture.

In light of significant variability across long-term monitoring programs, particularly for
TN and Chl a, it behooves these agencies either to agree upon common sampling and
analytical protocols or else to regularly test replicate samples with multiple protocols or
through overlapping monitoring sites. In this way, effective translation and integration
tools can be used to generate a more thorough and precise picture of water quality. In the

meantime, any eutrophication analysis spanning multiple agencies' monitoring areas in
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the TFW Potomac River should consider using the same sorts of segmentation schema
(by program and area) as were derived in section 2.1 and employed throughout the

research documented here.



Appendix E: Water Quality in

Virginia's TFW Potomac Embayments

Introduction

Several sections above alluded to a potential role of tidal freshwater embayments in
eutrophication of the adjacent Potomac mainstem. These shallow, hydrologically distinct
areas also suffer from their own local cultural eutrophication problems. Hence, some
effort was made to explore the inter-annual patterns in water quality along these coves

and small bays adjacent to the TFW Potomac River.

Methods

As a companion study to the mainstem tidal freshwater trend analysis in Section 2.4,
seven tidal freshwater embayments were examined for nutrient and Chl a trends over the
period 1985-1995. In the absence of Chl a data, pH was used as a co-indicator (Appendix
B). Inter-annual water quality patterns at these stations (introduced in section 1.3) were
analyzed for monotonic trends by means of the 12-month SKT test at a confidence level
of 95% (Section 2.4). Where trends were deemed significant, Sen's seasonal slope method

was used to estimate the percentage change over this period (REFERENCES). Water
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quality patterns were also observed graphically by means of loess-fitted scatter plots, in

order to reveal any non-linear temporal patterns in the underlying data.

Results

Results of SKT test and Sen's slope of percent change are presented in Table 46. Overall,
nutrient concentrations either remained stable or decreased over the 1985-1995 period.
Nor was their any change in total suspended solids (TSS) which might indicate alteration
of light limitation. By contrast, Chl, pH and DO (all increased by algal photosynthesis)

were either stable or increasing over this period.

Conclusions

These trends also concur with 1985-98 analyses along Maryland's Piscataway Creek
embayment and adjacent mainstem segment 5 (MDNR 1999). Thus, it appears that TFW
Chl a was not generally limited by a scarcity of nutrients, since decreasing N or P did not
result in a Chl a decline. Instead, algal biomass may comprise a greater proportion of

TSS, thereby furthering light limitation through self-shading.
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Table 46. Inter-annual percent change in water quality in Virginia embayments (1985-
1995), with segment 6 (GC 9 station) shown for comparison.

Station River TP PO4 TN DIN TSS Secchi Chl a DO
Code # km (pH) (bot.)
FOUO0.19 13 -0* -5.8 n.s. n.s. -- -- (n.s.) n.s.
(--)
HUTO0.01 19 n.s. n.s. n.s. n.s. -- -- (+6.0) n.s.
(--)
POH2.32 32 -0* -- n.s. n.s. -- -- (n.s.) --
GC7 35 -3.5 n.s. -2.5 -2.2 n.s. +3.7 n.s. +0.3
(+1.0)
GCO9 35 n.s. -3.3 -1.5 -2.0 -- n.s. +1.8 +0.3
(--)
0CC247 48 -0* -- -3.2 -1.9 -- -- (n.s.) --
NEAO0.57 52 -0* -- n.s. n.s. -- -- (n.s.) --
LIF0.19 N/a n.s. n.s. -4.1 -6.3 -- -- (+1.0) n.s.
(--)
Overall TP PO4 TN DIN TSS Secchi Chl a DO
(pH)  (bot)

Trends < < < < - - > >
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Born in San Diego, California in 1970, Dann M. Sklarew has been a resident of the
Potomac River watershed since 1983. He received his Bachelor’s degree cum laude in
Biological Basis of Behavior (behavioral ecology) from the University of Pennsylvania in
1991 and his Master’s degree in Cognitive and Neural Systems from Boston University in

1993.

Dr. Sklarew’s significant accomplishments to date focus upon facilitating ecologically
and ethically sound problem-solving at various organizational scales. In 1990, he planned
and co-chaired a bilingual symposium in Dakar, Senegal, to examine the country’s
development and environmental practices. His first published paper, “Fuzzy-neural
networks for multi-temporal classification of land cover in the Sahel” (1993), also

addressed environmental problems in this West African region.

While at George Mason University, Dr. Sklarew enhanced his academic experience
through pedagogical, research, and service pursuits: He designed and taught
undergraduate courses in information technology and society, as well a course exploring
an ecological systems approach to decision-making about technology. He instructed

laboratory sections in general biology, ecology, computer skills, and graduate-level
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ecological analysis and modeling. He evaluated state of the art instructional software for
life-sciences in a report commissioned by the New Century College (1995). He has also

led training workshops on facilitation and dispute resolution.

Dr. Sklarew’s tidal Potomac River studies contributed significantly to research reports for
the Potomac Integrative Analysis Project and Metropolitan Washington Council of
Governments (MWCOG). As a graduate research fellow for the Smithsonian
Environmental Research Center, he also developed and calibrated a comprehensive
nitrogen budget model for the Rhode River (MD) watershed. Later he pursued a graduate
fellowship with the United States Environmental Protection Agency (USEPA),
identifying new tools for watershed management and developing a prototype user

interface for an on-line “watershed toolbox” database.

In 1994, Dr. Sklarew founded and began directing the award-winning Chesapeake Bay
Information On-line Service (BIOS) Project, a coalition to promote electronic facilitation
and networking for watershed-related information, organizations, and activities. He also
helped to form and coordinate George Mason University’s Environmental Conflict
Working Group and its on-line counterpart, edr@gmu.edu, while serving on boards for
the University Dispute Resolution Project and Student Pugwash USA. In addition, he has
assisted Student Pugwash as leadership trainer, international working group facilitator,
and author of an ethical issues paper on water quality and availability (1997). He has also

facilitated and coordinated in-person and on-line discussions for various other
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organizations such as the Chesapeake Bay Program, Fairfax County Park Authority, the

Keystone Center, and the globally-distributed Ecotechnology Network.

At various professional meetings and conferences, Dr. Sklarew presented his insights on
ecological problem-solving, nutrient management and water quality, and the use of
information technology to support environmental analysis, education, and public
participation. Dr. Sklarew has consulted for a diverse set of clients, including the United
Nations Development Program, USEPA, the Alliance for the Chesapeake Bay, the
Keystone Center, MWCOG, the states of Alaska and Texas, and la Communauté Urbaine
de Brest. He currently works as an environmental information systems analyst and

consultant for Science Applications International Corporation (SAIC).

Dr. Sklarew and his wife, Jennifer, currently live in Arlington, Virginia. While
conducting the above research and entrepreneurial activities, he recently began regularly
writing haiku for which both his wife and this Potomac field study have been

inspirational.



In speedboat's wake, gulls
flap like marionettes on
a stage of jade waves.

- August 28, 1997

Perched on red buoy,
blue heron oversees tide:
slack, low, rising.

- August 1, 1998

Surface bubbles burst
Plastic bottles bob nearby
Blue-green algal rash.

- August 1, 1998
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