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ABSTRACT: We examined individual and interactive effects of two stressors—nutrients (nitrogen [N] and phosphorus
[P]) and trace elements (a mix of arsenic [As], copper [Cu], and cadmium [Cd], and in a second experiment also zinc
[Zn] and nickel [Ni])—on phytoplankton of the mesohaline Patuxent River, a tributary of Chesapeake Bay. Experiments
were conducted in twenty 1-m3 mesocosms. Four mesocosm runs used two levels of nutrient loadings (0.7–1.0 3 ambient
N loading and enriched to 1.3–1.6 3 ambient N loading) crossed with two levels of trace elements (ambient and enriched
approximately 2–5 3 higher than ambient concentrations) crossed with five progressive levels of ecosystem complexity.
To examine seasonal patterns of responses to stressors, data from these experiments were combined with results of a
similar experiment conducted during 1996 (Breitburg et al. 1999a). A second mesocosm experiment examined effects
of individual and mixed trace elements, both alone and in combination with nutrients, to further examine which nutrient-
trace element interactions were important. Nutrients consistently increased phytoplankton productivity and biomass. Most
of the increased biomass was created by large centric diatoms, which increased the mean cell size of the phytoplankton
community. Trace element additions decreased phytoplankton productivity and biomass, as well as the contribution of
large centric diatoms to phytoplankton biomass. When both trace elements and nutrients were added, trace elements
reduced nutrient stimulation. Although the magnitude of the response to nutrient additions tended to be somewhat
greater in spring, the seasonal patterns of trace element effects, and nutrient-trace element interactions were far more
striking with significant responses restricted to spring mesocosm runs. The second experiment indicated that both As
and Cu were more inhibitory to phytoplankton in spring than in summer, but As was more inhibitory in the low nutrient
treatments and Cu was more inhibitory in the nutrient enrichment treatments. The potential for strong seasonal patterns
and high temporal variability in stressor effects and multiple stressor interactions will require close attention in the design
and interpretation of management-relevant research and monitoring and may indicate the need for seasonally varying
management strategies.

Introduction
Increased nutrient and contaminant loadings

have been of concern in many coastal systems (e.g.,
Ryther and Dunstan 1971; Malone et al. 1993;
Cloern 1996, 2001; Sanders and Riedel 1998; Wang
et al. 2001). Evidence is strong that increased load-
ings of nutrients and contaminants to coastal zones
are altering natural cycles of phytoplankton growth
and succession in coastal systems (Cloern 1996;
Sanders and Riedel 1998). Responses to increased
nutrient loadings include increased productivity
and phytoplankton standing stock, and the atten-
dant problems associated with system eutrophica-
tion. Increased loadings and changes in nutrient
ratios or chemical form can also change phyto-
plankton species composition, dominance, and
succession (Schelske and Stoermer 1971; Turpin

* Corresponding author; tele: 410/586-9712; fax: 410/586-
9705; e-mail: friedel@acnatsci.org.

and Harrison 1979; Sanders et al. 1987; Oviatt et
al. 1989; Hodgkiss and Ho 1997) because phyto-
plankton species vary in their requirements for the
various nutrients (Tilman 1977, 1980; Kilham and
Kilham 1984). High nutrient flux promotes the
dominance of diatoms over flagellates (Harrison
and Davis 1979; Turpin and Harrison 1979; Kilham
and Kilham 1984), and contaminants such as trace
elements and organic pollutants can also strongly
influence phytoplankton communities. Both or-
ganic and inorganic contaminants often favor
small cells and flagellates over diatoms (Menzel et
al. 1970; Thomas and Seibert 1977; Sanders et al.
1981, 1994; Brand et al. 1986; Sanders and Riedel
1998).

Reductions of nutrients alone may not lead to
desired water quality and health of coastal ecosys-
tems, in part, because nutrient enrichment does
not occur in isolation of other anthropogenic
stressors. Instead, coastal ecosystems are continu-
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ously subjected to multiple stressors resulting from
both human influence and natural environmental
variation. These stressors potentially interact in
ways that exacerbate, mask, or alter the spatial and
temporal patterns of responses of key organisms
(e.g., Breitburg et al. 1999a; Cloern 2001; Breit-
burg and Riedel In press; papers in Breitburg et
al. 1999b). As a result, research and management
focusing on individual stressors may not provide
the information, or produce the desired manage-
ment results, when applied to systems exposed to
multiple stressors. This paper focuses on one ex-
ample of co-occurring and potentially interacting
stressors to examine the differences between ef-
fects, including temporal patterns of effects, of in-
dividual stressors and multiple stressor interac-
tions. Nutrient and trace element pollution are
common results of urbanization and agriculture,
although their sources are not identical and their
loadings can vary independently in time and space.
Regulatory efforts and changes in land-use pat-
terns will continue to alter both nutrient and trace
element loadings.

Stressors such as nutrients and trace elements
are ordinarily considered singly when managing
resources; it is quite clear from laboratory and
field studies that, for a wide variety of reasons, nu-
trients and trace elements have interacting physi-
ological effects. Trace elements may act as ana-
logues of nutrient elements (e.g., AsO4 and PO4)
producing competition for uptake or other meta-
bolic disruptions (Riedel 1984, 1985; Sanders and
Riedel 1987). Many trace elements are micronutri-
ents required for the uptake and utilization of ma-
jor nutrients (e.g., iron), and trace element limi-
tation or interference by a second interacting trace
element may lead to poor utilization of macronu-
trients (e.g., Rueter and Morel 1981; Sunda and
Huntsman 1983; Rueter and Ades 1987). Nutrient-
induced changes in phytoplankton community
composition may result in a community with dif-
ferent trace element requirements and sensitivity
than the original community. Differential sensitiv-
ity to toxic trace elements among species (e.g.,
Brand et al. 1986; Riedel 1988; Sanders and Riedel
1993, 1998; Moffett and Brand 1996; Moffett et al.
1997) may also change the community such that
nutrient utilization is altered. Interactions between
phytoplankton and trace elements and/or nutri-
ents can be quite complex, with changes in trace
element concentrations and speciation or nutrient
loading leading to phytoplankton biomass and
composition changes that, in turn, influence nu-
trient and trace element concentrations.

Interactions among phytoplankton, trace ele-
ments, and nutrients can be major factors regulat-
ing biological availability and potential toxicity for

an entire ecosystem. Such alterations of the phy-
toplankton community occur in the context of
higher trophic levels which graze upon them and
recycle nutrients and trace elements. Alterations of
phytoplankton assemblages as a result of changes
in nutrient and trace elements may impinge on
higher trophic levels. Models that predict the ef-
fects of either nutrients or toxic trace elements on
ecosystems are available, but models that incorpo-
rate the interactions of nutrients and toxic trace
elements are virtually unknown (but see Bartell
2003). To adequately protect and manage coastal
ecosystems, we must address the interactions
among important stressors in combination, not sin-
gly (e.g., Breitburg et al. 1999b; Cloern 2001; Breit-
burg and Riedel In press).

These experiments were carried out to address
a portion of the COASTES (COmplexity And
STressors in Estuarine Systems) project (Breitburg
et al. 1999a). The mesocosm experiments present-
ed in this paper were designed to address several
different aspects of the interactions of nutrients,
toxic trace elements, and trophic complexity in es-
tuarine systems (see Breitburg et al. 1999a; Laur-
sen et al. 2002; Bundy et al. 2003; Riedel and Sand-
ers 2003). In this paper we focus on the phyto-
plankton biomass, production, and assemblage re-
sulting from the additions of nutrients and trace
elements. We examined the potential for temporal
variability in phytoplankton responses to stressors
and the potential for interactions among stressors
in a series of experimental estuarine food webs of
increasing trophic complexity in 1-m3 mesocosms.
We tested two categories of stressors: increased nu-
trient (nitrogen and phosphorus) loadings and in-
creased trace element (a mix of copper [Cu], ar-
senic [As], and cadmium [Cd]) loadings across a
gradient of system complexity. Each stressor cate-
gory was tested alone and in combination during
six mesocosm runs in 1997 and 1998. Mesocosm
runs were conducted in spring and summer to ex-
amine temporal variability in their individual and
interactive effects as well as the potential for inter-
actions between nutrients and individual trace el-
ements. Our results highlight the importance of
considering multiple stressor interactions and tem-
poral variability of stressor effects in efforts to de-
tect and manage human influence on coastal sys-
tems.

Materials and Methods

STUDY AREA

The Patuxent River drains the relatively heavily
populated area between Washington, D.C. and Bal-
timore, Maryland, emptying through a partially
mixed coastal plain sub-estuary into Chesapeake
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Bay. Eutrophication of the estuary has been one
consequence of the urbanization and agriculture.
A good review of the history of land-use changes
and eutrophication in the Patuxent River is provid-
ed in this volume by D’Elia et al. (2003). In sum-
mary, nutrient loadings in the Patuxent have in-
creased several fold since pre-colonial days, peak-
ing in approximately 1985–1986, when nutrient
controls were instituted. Since that time, nutrient
loadings have declined slightly, but improvements
in measures of eutrophication have been minor.

The Patuxent River estuary is also subjected to
a moderate enrichment of As, Cd, Cu, nickel [Ni],
lead [Pb], and zinc [Zn]. A pair of studies have
characterized total loadings of trace elements from
the riverine portion of the Patuxent (U.S. Environ-
mental Protection Agency [USEPA] 1996; Riedel
et al. 2000). Sources of trace elements include the
numerous sewage treatment plants, urban runoff
(USEPA 1999), and geological formations (Mc-
Cartan et al. 1998; Riedel et al. 2000). High con-
centrations of silver, Cd, and Cu have been ob-
served in oysters from the Patuxent (Riedel et al.
1998).

EXPERIMENTAL DESIGN

The Main Design

In order to test the individual and interactive
effects of nutrients and trace elements on Patuxent
River biota, four mesocosm runs were conducted
over 1997–1998 (three in 1997 and one in 1998;
Table 1). Mesocosm runs consisted of a 7-d accli-
mation period followed by a 28-d experimental pe-
riod. Each run was conducted as a factorial, ran-
domized block design in twenty 1-m3 cylindrical fi-
berglass mesocosms (107 cm diam 3 122 cm
height). Each run of the main design was set up
in a completely crossed design with two levels of
nutrients 3 two levels of trace elements 3 five lev-
els of system complexity. Nutrients and trace ele-
ment concentrations were increased to target levels
(see below) on days 7 and 8 by adding half of the
necessary concentration each day. Beginning on
day 7, both nutrients and trace elements were add-
ed continuously by peristaltic pump to maintain
appropriate loadings. These runs were similar to
four runs in 1996 (Breitburg et al. 1999a). We will
refer to these individual runs by the year and pri-
mary month: June 1997, July 1997, September
1997, and May 1998. We designate the non-nutri-
ent non-trace element treatment as the control
(C), the nutrient addition as 1N, the trace ele-
ment addition as 1T, and the combined addition
as 1N1T.

Each mesocosm contained sediments placed in
circular trays 50 cm in diameter, approximately 10
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TABLE 2. Dissolved organic carbon (DOC) and nutrient concentrations in filtered Patuxent River water used to infuse the mesocosms
(F), non-nutrient mesocosms (C), and nutrient addition (N) mesocosms averaged over all other treatment combinations, mean (6
SD). All concentrations are in mM. Nutrients were sampled weekly, while DOC was sampled twice during each mesocosm run, once
shortly after the onset of nutrient and trace element additions, and three weeks after the additions.

Mesocosm Run June 1997 July 1997 September 1997 May 1998 July 1998 May 1999

DOC–C
DOC–N
NH4–F
NH4–C
NH4–N
NO3–F

268 (25)
314 (62)
1.38 (0.23)
0.34 (0.38)
0.34 (0.50)
19.0 (6.2)

265 (11)
267 (10)
1.41 (0.66)
0.83 (0.96)
0.61 (0.45)
13.7 (3.7)

378 (67)
373 (40)
0.86 (0.29)
0.52 (0.11)
0.52 (0.16)
10.3 (3.0)

327 (37)
322 (83)
1.13 (1.43)
0.50 (0.27)
0.42 (0.19)
8.63 (4.41)

339 (23)
389 (60)
0.69 (0.16)
0.27 (0.26)
0.27 (0.26)
11.1 (1.7)

350 (40)
360 (42)
1.50 (0.67)
0.45 (0.22)
0.33 (0.06)
6.87 (3.67)

NO3–C
NO3–N
PO4–F
PO4–C
PO4–N

11.1 (5.1)
9.46 (11.10)
0.21 (0.09)
0.01 (0.04)
0.09 (0.13)

0.34 (0.35)
0.94 (1.62)
0.49 (0.13)
0.01 (0.02)
0.02 (0.03)

0.11 (0.14)
0.12 (0.41)
0.68 (0.12)
0.12 (0.12)
0.13 (0.09)

6.87 (4.92)
5.92 (7.69)
0.12 (0.03)
0.07 (0.06)
0.10 (0.06)

0.02 (0.06)
0.02 (0.06)
1.31 (0.28)
0.36 (0.26)
0.21 (0.21)

1.26 (0.77)
0.89 (1.86)
0.11 (0.10)
0.00 (0.00)
0.01 (0.02)

SiO4–F
SiO4–C
SiO4–N

24.6 (3.3)
14.0 (6.0)
11.1 (9.3)

42.2 (16.8)
21.9 (11.9)
15.6 (9.0)

32.4 (7.8)
36.6 (8.6)
32.1 (8.8)

9.9 (6.8)
7.1 (6.0)
7.2 (8.5)

81.5 (4.1)
73.4 (12.1)
35.1 (22.5)

7.3 (6.1)
3.2 (3.4)
3.7 (4.5)

cm thick (approximating a sediment surface area
to water column volume of a 3 m water column,
the average depth of the Patuxent River estuary).
The sandy sediments were collected from shallow,
sub-tidal reaches of the Patuxent, sieved to remove
macrofauna, heated to 508C to kill microinverte-
brates, and homogenized by stirring before being
placed in trays.

The mesocosms were maintained outdoors in
raceways that contained flowing water from the Pa-
tuxent River estuary to keep the temperature of
the mesocosms similar to that of the estuary. All
mesocosms were filled with water from the Patux-
ent River and screened through 35-mm mesh nets
to exclude larger organisms. The mesocosms were
maintained as continuous flow-through cultures
using water from the estuary, filtered to 1 mm, as
the exchange water, with a turnover rate of 10%
d21 (20% during the acclimation phase), similar to
experiments performed in previous years (e.g.,
Sanders and Cibik 1985; D’Elia et al. 1986; Sanders
et al. 1987, 1994; Sanders and Riedel 1998; Breit-
burg et al. 1999a). Great effort was taken to ensure
that the mesocosms were not contaminated with
trace elements. All components were of acid
washed, non-metallic materials, all sampling devic-
es were acid-cleaned before use, and trace metal
clean techniques were used when sampling. Some
atmospheric deposition (both wet and dry) was in-
evitable, but was not sufficient to substantially alter
the experimental concentrations.

Mesocosms were mixed by PVC 4-blade paddle-
wheels suspended horizontally over the mesocosms
on fiberglass axles. Paddlewheels rotated at 2 rpm;
every 6 h the rotation would stop for 5 min, then
reverse direction. Flexible, opaque PVC liners cov-
ered the interior surfaces of each mesocosm. The
liners blocked light penetration through the walls.

They were removed weekly, cleaned of all epiphyte
growth to minimize the influence of wall growth
on water column processes using trace element
clean techniques, then returned to the mesocosms.

Two nutrient loading rates were used. Ambient
nutrient (C and 1T) mesocosms received only the
100 l d21 of filtered Patuxent River water contain-
ing ambient dissolved nitrogen and phosphorus
concentrations (Table 2). Nutrient addition me-
socosms (1N and 1N1T) received an additional
continual input of 15 mM NO3-N and 1 mM PO4-P.
This equates to an areal loading rate of 1.8 mmol
NO3-N m22 d21 and 0.11 mmol PO4-P m22 d21,
about 1.3–1.6 times ambient nitrogen loadings to
the nearby surface layer of the Patuxent River as
calculated from 1984 to 1995 averages (Breitburg
et al. 1999a). Nitrogen loadings to control meso-
cosms were 0.7–1.0 times that calculated for the
river (Hagy 1996). Because the mesocosms acted
as nutrient-limited continuous flow cultures, actual
dissolved nutrient concentrations in the meso-
cosms were substantially below the nominal addi-
tions. For a more complete discussion of the influ-
ence of the experimental treatments on nutrients
in these studies, see Riedel and Sanders (2003).

The two trace element treatments included a
control level (C and 1N treatments), which re-
ceived trace elements only from the filtered ex-
change water from the Patuxent River (Table 3),
and a trace element addition treatment (1T and
1N1T) in which a mixture of As (Na2HAsO4), Cu
(CuSO4), and Cd (CdCl2) was added to produce
final nominal concentrations of 10 mg l21 As, 5 mg
l21 Cu, and 0.5 mg l21 Cd. As and Cu were chosen
based on their potential toxicity to phytoplankton
and the relatively low enrichments over ambient
Patuxent River water required to produce shifts in
phytoplankton community composition in previ-
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TABLE 3. Dissolved and suspended particulate trace element concentrations in the non-trace element addition (C) and trace element
addition (T) mesocosms averaged over all other treatment combinations, mean (6SD). Dissolved and suspended trace elements were
sampled twice during each mesocosm run, once shortly after the onset of nutrient and trace element additions, and three weeks after
the additions, near the end of the run.

Mesocosm Run June 1997 July 1997 September 1997 May 1998 July 1998 May 1999

Dissolved Trace Elements (mg l21)
As–C
As–T
Cd–C
Cd–T
Cu–C
Cu–T

0.32 (0.06)
10.9 (2.3)
0.07 (0.02)
0.18 (0.04)
1.03 (0.27)
5.29 (0.96)

0.54 (0.07)
10.8 (0.9)
0.04 (0.01)
0.11 (0.07)
0.71 (0.10)
5.13 (0.44)

0.85 (0.11)
12.0 (1.4)
0.02 (0.00)
0.08 (0.00)
0.69 (0.18)
4.15 (0.44)

0.55 (0.05)
12.2 (0.9)
0.01 (0.00)
0.17 (0.02)
0.83 (0.19)
4.57 (0.65)

1.15 (0.23)
12.2 (1.1)
0.02 (0.00)
0.27 (0.03)
0.57 (0.15)
4.04 (0.41)

0.39 (0.07)
9.8 (1.4)

0.05 (0.02)
0.38 (0.02)
1.13 (0.37)
5.91 (0.80)

Particulate Trace Elements (mg g21)
As–C
As–T
Cd–C

8.5 (3.2)
56.6 (75.3)
1.12 (0.06)

7.5 (3.4)
29.3 (13.7)
0.97 (0.64)

8.2 (4.9)
14.4 (4.5)
0.49 (0.20)

6.9 (2.2)
41.6 (30.5)
1.68 (0.77)

7.1 (2.7)
19.5 (10.2)
0.57 (0.36)

11.3 (6.3)
303 (452)
0.53 (0.21)

Cd–T
Cu–C
Cu–T

2.72 (3.21)
13.5 (6.9)
101 (42)

1.13 (0.92)
8.6 (3.0)
63 (25)

0.98 (0.36)
15.8 (16.5)

76 (27)

12.0 (9.1)
13.9 (3.0)

96 (14)

3.31 (1.76)
10.8 (14.9)

63 (25)

1.78 (1.01)
14.7 (6.4)
114 (32)

ous mesocosm experiments (Sanders 1979; Sand-
ers and Cibik 1985; Sanders et al. 1991). Cd was
chosen because the Patuxent has relatively high
dissolved concentrations of Cd (Riedel et al. 2000),
and because high concentrations of Cd are found
in oysters in the upper Patuxent River estuary (Rie-
del et al. 1998). The concentrations of As, Cu, and
Cd in this treatment were 2–5 times higher than
the highest ambient concentrations measured in
the river during sampling conducted as part of the
COASTES program in 1995–1997 (Riedel et al.
2000) but were lower than maximum concentra-
tions found in other studies of the Patuxent River
or other Chesapeake Bay tributaries (Abbe and
Sanders 1986; Sanders unpublished data; Riedel
unpublished data). The levels of addition of trace
elements to mesocosms were chosen to be suffi-
cient to cause some changes in the structure and
function of lower trophic levels, but below levels
that would cause acute mortality of higher organ-
isms based upon previous experiments (e.g., Sand-
ers and Cibik 1985; Sanders and Riedel 1998; Breit-
burg et al. 1999a).

Five levels of system complexity were tested,
building from simple to successively more complex
systems. These treatments were 1phytoplankton
(the plankton assemblage, including phytoplank-
ton, bacterioplankton, and microzooplankton in
the Patuxent River estuary that passed through a
35-mm mesh), 1zooplankton (mesozooplankton
and larger microzooplankton added to the 1phy-
toplankton assemblage), 1fish (juvenile fish added
to the 1zooplankton assemblage), 1bivalves (oys-
ters and clams added to the 1fish assemblage),
and 1benthos (anemones added to the 1bivalve
assemblage). This paper focuses on stressor effects
on the phytoplankton only. Further information

about the levels of complexity and their effects on
phytoplankton can be found in Breitburg et al.
(1999a), Bundy et al. (2003), and Wiegner et al.
(2003).

The Modified Design
In the first series of mesocosm runs (the Main

Design) and in a previous experiment (Breitburg
et al. 1999a), there was a trend towards greater
response of phytoplankton to nutrients during the
spring mesocosm runs, significantly greater inhib-
itory response to trace elements during spring ex-
periments, and significantly greater response of
nutrient-enriched mesocosms to trace element in-
hibition during spring (see Results section). This
suggested a link between nutrient limitation and
the response of phytoplankton to both nutrient ad-
ditions and trace element additions. One factor
consistently different between spring and summer
mesocosm runs (besides temperature) was the un-
derlying nutrient regime. In winter and spring, the
estuarine Patuxent River has low concentrations of
dissolved inorganic phosphate (DIP) and high
concentrations of dissolved inorganic nitrogen
(DIN), yielding DIN:DIP . 15:1. In summer, DIN
levels fall and DIP increases, yielding DIN:DIP ,
15:1 (D’Elia et al. 1986, 2003; Riedel 1993). We
hypothesized that relieving the phosphorus limi-
tation in spring experiments generally produced a
greater response in the phytoplankton than reliev-
ing the nitrogen limitation in summer and that
phosphorus limitation was responsible for the
greater inhibitory effects of trace element addi-
tions in the spring experiments compared to sum-
mer experiments. Under phosphorus limitation,
As in the trace element mix would be more toxic
because of the known biochemical interactions of
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As and phosphorus (Blum 1966; Planas and Healey
1978; Sanders 1979; Sanders and Riedel 1987;
Wangberg and Blanck 1990).

For the July 1998 and May 1999 runs the design
was modified to examine the effects of the individ-
ual and combined trace elements. Four trace ele-
ment treatments, control, 1As, 1Cu, and 1mix
(including As, Cu, and Cd additions at 1997–1998
levels, Ni and Zn additions at 1996 levels; see Breit-
burg et al. 1999a) were crossed with the same nu-
trient additions as in the main design, with two
replicates for all non-nutrient treatments, and
three replicates for nutrient addition treatments.
Only the base level of complexity (1phytoplank-
ton) was used to start these runs; copepods (1zoo-
plankton) were added to all the mesocosms after
14 d (7 d after the nutrient and trace element
treatments were started). Otherwise, sampling and
analytical methods were the same as the main de-
sign.

SAMPLING

The mesocosms were sampled twice weekly for
salinity and pH, and approximately weekly for nu-
trients and particulate carbon and nitrogen; tem-
perature was measured every 15 min. Filtered
(Whatman GF/F) samples for dissolved nutrient
analyses (ammonia, nitrate plus nitrite, soluble re-
active phosphate, silicate) were analyzed using
standard analytical methods. Dissolved organic car-
bon and particulate carbon and nitrogen were an-
alyzed by elemental analyzers. Dissolved and sus-
pended trace elements were sampled twice during
each mesocosm run, once shortly after the nutri-
ent and trace element additions, and again three
weeks after the additions. Sampling and analytical
details can be found in Riedel et al. (2000) and in
a paper on the biogeochemical aspects of these
mesocosm experiments (Riedel and Sanders
2003).

A number of parameters were measured to as-
certain phytoplankton growth, species composi-
tion, and productivity. Phytoplankton biomass was
estimated at the same time each day by in vivo fluo-
rescence (IVF), an indirect measure of chlorophyll
a (chl a) and biomass (Goldman et al. 1973; D’Elia
et al. 1986). Chl a was sampled approximately
weekly and was highly correlated with daily IVF (r2

5 0.903, p , 0.001). Potential phytoplankton
14CO2 incorporation was estimated using triplicate
1-ml subsamples (Lewis and Smith 1983) from
each mesocosm approximately weekly at saturating
light intensities (. 250 mE m22 s21; Harding et al.
1986). The small volume samples the total com-
munity at 106 cells l21 and the volume permits di-
rect addition of fluor to the 14C-labeled community
following acidification and purging for scintillation

counting. Phytoplankton samples were collected
weekly, preserved, and counted by inverted mi-
croscopy (Utermöhl 1958). Phytoplankton counts
were converted to carbon biomass estimates using
geometric estimates of cell volume and average cell
volume to cell carbon ratios specific for different
taxonomic groups (Verity et al. 1992; Montagnes
et al. 1994). Phytoplankton cells were assigned to
three size classes, 3–6, 6–20, and . 20 mm, for pur-
poses of food chain modeling (Bartell 2003) based
on their availability to higher trophic levels (Berg-
green et al. 1988; Newell and Langdon 1996). The
fraction of carbon in each size class was calculated
from the estimated cell density and carbon for
each species in the size class.

STATISTICAL ANALYSES

Analysis of variance (SAS Version 8: GLM) was
used to examine direct and interactive effects of
stressors (C, 1N, 1T, 1N1T) and system com-
plexity in mesocosm runs using the main design.
To test for general effects of stressors and stressor
interactions across mesocosm runs the four main
design mesocosm runs conducted June 1997
through May 1998 were analyzed as a randomized
block design using the model:

response variable ; f (mesocosm run, stressor,
complexity, stressor 3 complexity)

Contrast statements were used to test the stressor
comparisons of interest, i.e., C versus 1N, C versus
1T, and 1N versus 1N1T. For analyses of individ-
ual mesocosm runs the stressor 3 complexity in-
teraction term was dropped, and complexity was
used as a blocking factor (because of lack of rep-
lication of stressor 3 complexity treatments within
mesocosm runs). The four April 1996 through
September 1996 runs (Breitburg et al. 1999a) were
included in analyses of individual mesocosm runs
to increase the power to detect the consistency and
seasonal patterns of responses to stressors. The ef-
fect of season on the magnitude of responses to
each stressor including all eight mesocosm runs
from 1996 through May 1998 was tested using the
model:

response variable ; f (season, mesocosm run (sea-
son), complexity)

The two runs of the modified design were tested
separately, each using the model:

response variable ; f (nutrients, metals, nutrients
3 metals)

Tukey’s studentized range test was used to test
for differences among stressor treatments, and
Least Square Means comparisons were used to in-
terpret interactions. ANOVAs were performed on
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Fig. 1. In vivo fluorescence (IVF) in the June 1997 run, sep-
arated by nutrient and trace element treatment but averaged
over complexity treatments (means 6 SE), showing the sched-
ule of sampling of parameters. A) Fill mesocosms, start infusions
at 20%, sample phytoplankton; B) sample phytoplankton; C)
switch mesocosm infusions to 10%, start nutrient and trace el-
ement additions, sample phytoplankton, nutrients, primary pro-
duction; D) sample phytoplankton, primary production; E)
sample trace elements; F) sample phytoplankton, nutrients, pri-
mary production; G) sample phytoplankton, nutrients, primary
production, trace elements; H) sample phytoplankton; I) sam-
ple nutrients, primary production.

Fig. 2. Phytoplankton community data for the June 1997
mesocosm run, grouped by 1N and 1T treatment as in Fig. 1.
Note changes in scale of the y axes.

TABLE 4. Seasonal means (6SE) of chlorophyll a and primary
productivity averaged over complexity treatments for the eight
mesocosm runs from 1996–1998.

Season
Treatment

Chlorophyll a
(mg l21)

Primary
Productivity

(mg carbon l21 h21)

Spring
C
1T
1N
1N1T

8.2 (1.0)
7.1 (0.9)

30.4 (3.2)
17.4 (2.5)

30.2 (3.2)
21.0 (2.2)

134.6 (15.2)
67.0 (7.2)

Summer
C
1T
1N
1N1T

5.0 (0.6)
5.8 (0.8)

18.6 (2.2)
18.6 (2.0)

34.6 (4.1)
34.8 (4.1)

112.9 (9.5)
109.9 (10.3)

the rank-transformed data (Potvin and Roff 1993)
when variances were heteroscedastic even after log
or arcsin square root transformation of propor-
tions (Levine’s test). All analyses were done on
tank averages beginning with samples taken the
second day of the nutrient and metal spikes. Un-
less otherwise specified, data are presented
throughout this paper as mean 6 1 standard error.

Results
BACKGROUND DATA

Tables 1, 2, and 3 provide temporal, chemical,
and physical data for each run. Because of space
limitations, it is not possible to provide complete
data for each run. However, as an example, the
mean daily IVF measured for one mesocosm ex-
periment ( June 1997), grouped by 1N 3 1T treat-
ment, along with the schedule showing how the
mesocosms were initiated and the sampling sched-
ule for phytoplankton counts, chl a, 14C productiv-
ity, nutrients, trace elements is shown in Fig. 1. The
mean phytoplankton community found in the
June 1997 mesocosm run, again grouped by 1N 3
1T treatment, and by major algal taxa is shown in
Fig. 2. The chl a and primary production data for

all the mesocosm runs from 1996 through spring
1998 (the Main Design 1 the similar 1996 runs)
are summarized in Table 4.

MAIN DESIGN

Nutrients
Nutrient additions caused significant increases

in all measures of phytoplankton. There were sig-
nificant increases in phytoplankton chlorophyll
(Fig. 3) and primary production (Fig. 4) in each
mesocosm run individually (all p , 0.05) and
across all four main design runs combined (p ,
0.001). Combining both the 1996 and 1997–1998
runs, the absolute magnitude of the responses to
nutrients in terms of phytoplankton chl a and pri-
mary production tended to be slightly greater (p
5 0.11 and p 5 0.08, respectively) in the spring
mesocosm runs than in the summer runs (Table
4).

The addition of nutrients stimulated blooms that
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Fig. 3. Chlorophyll a from mesocosm runs of the main de-
sign (mean 6 SE), 1997 through 1998, segregated by nutrient
and trace element treatment, with averages across time and
complexity treatment. The significance level of three contrasts
are marked, C versus 1N, C versus 1T, and 1N versus 1NT. ?
5 p # 0.1, * 5 p # 0.05, ** 5 p # 0.01, *** 5 p # 0.001
(ANOVA, log transform).

Fig. 4. 14C primary production from all mesocosm runs
(mean 6 SE), 1996 through 1999. Averages are across time and
complexity treatment. The significance level of two contrasts are
marked, C versus 1T, and 1N versus 1N1T, *** 5 p # 0.001.
The box separates spring from summer runs. The 1N treat-
ments had significantly higher primary productivity than did the
C mesocosms in all eight mesocosm runs.

were enriched in centric diatoms compared to the
C treatment (p , 0.001; Fig. 5). In most of the
mesocosm experiments, from June 1997 to May
1998, a centric diatom, Dactyliosolen fragilissimus
(formerly Rhizosolenia fragilissima), was strongly
stimulated by the 1N treatment (p , 0.001 overall
and p , 0.05 for June 1997, September 1997, and
May 1998). This diatom was larger than almost all
other phytoplankton species, and the carbon dis-
tribution of the phytoplankton community in the
nutrient addition mesocosms often had size distri-
butions shifted towards the largest size class (. 20
mm; Fig. 6). The shift towards large cells was sig-
nificant (p , 0.05), or nearly so (p , 0.06) in the
individual June 1997, July 1997, and September
1997 runs, and significant across all four meso-
cosm runs combined (p , 0.01). The mean per-
centage of phytoplankton carbon in cells . 20 mm
increased from 76 6 6% in controls to 86 6 5%
in the 1N treatments. Most other abundant phy-
toplankton taxa such as dinoflagellates, crypto-
phytes, and unidentified flagellates also increased
significantly in response to nutrients during two or
more mesocosm runs (all p , 0.05).

Trace Elements
Unlike the consistent pattern seen in response

to nutrients, trace element additions in the ab-
sence of nutrient additions (1T) were inhibitory
to chl a biomass (Fig. 3) and primary production
(Fig. 4) in only some of the mesocosm runs com-
pared to the C treatment. Trace element addition
mesocosms had significantly lower average chl a
than did the control mesocosms in the June 1997
run, and significantly lower primary production in

both June 1997 and 1998 (Fig. 4). Combining the
1996 and 1997–1998 mesocosm experiments, the
mean effect of trace element additions on chl a
and primary production in the non-nutrient me-
socosms was stronger in spring experiments, but
was not significant overall (Table 4).

In the June 1997 through May 1998 mesocosm
runs, trace elements decreased the biomass of cen-
tric diatoms in the phytoplankton assemblage in
individual spring runs (p , 0.05 for both June
1997 and May 1998 for D. fragilissimus, and June
1997 for other centric diatoms; Fig. 5) and overall
(p , 0.05) for D. fragilissimus. This resulted in a
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Fig. 5. Estimated mean contribution of phytoplankton taxa
to phytoplankton biomass as carbon from mesocosm runs of the
main design, 1997 through 1998, segregated by nutrient 3 trace
element treatments, with averages across time and complexity
treatment.

Fig. 6. Estimated mean size class frequency distributions for
phytoplankton carbon biomass from mesocosms runs of the
main design, 1997 through 1998, segregated by nutrient 3 trace
element treatments, with averages across time and complexity
treatment.

shift of the size spectrum of phytoplankton carbon
towards smaller sizes (p , 0.01) to an average of
61 6 8% of carbon in cells . 20 mm in diameter
(Fig. 6). No other abundant groups of phytoplank-
ton were significantly affected by the trace element
additions.

Combined Nutrient and Trace Element Additions
Averaged across all runs, phytoplankton chl a

and production in 1N1T treatments were inter-
mediate between the 1N and 1T treatments. The
1N1T mesocosms had significantly lower phyto-
plankton chl a and primary production only dur-
ing the spring runs (Figs. 3 and 4). Combining the
1996 and 1997–1998 mesocosm studies, the mag-
nitude of difference between the 1N1T and 1N
treatments was greater during spring than in other
runs for both phytoplankton chl a and primary
production (both p , 0.01).

During June 1997 through May 1998 large cen-
tric diatoms, the group most responsible for the
increase in biomass as a result of 1N treatments,
was also the group responsible for the largest de-

crease in 1N1T treatments relative to the 1N
treatments (Fig. 5). Both D. fragilissimus and other
centric diatoms were significantly reduced in the
1N1T treatment compared to the 1N treatment
(p , 0.001 and p , 0.01, respectively). As a result,
1N1T treatments had smaller size frequency car-
bon distributions than the 1N treatments (Fig. 6);
less carbon (62.2 6 8%) was in cells . 20 mm than
in the 1N mesocosms (p , 0.001). No other abun-
dant taxa of phytoplankton showed a significant
response to combined nutrient and trace element
conditions, when compared to the corresponding
nutrient additions alone.

THE MODIFIED DESIGN

Nutrient Effects
Nutrient effects in the modified design studies

were similar to those in previous experiments. In
the May 1999 spring run the 1N treatment raised
average primary productivity compared to the non-
nutrient control by nearly a factor of ten, while in
July 1998, the summer 1N treatment produced an
average of roughly four times greater primary pro-
ductivity (Fig. 7).

Nutrient additions produced a large increase in
centric diatoms in spring. Ceratulina pelagica was
the most abundant diatom in the C treatment, fol-
lowed by D. fragilissimus, and the same pattern was
observed in the 1N treatment (Fig. 8). The spring
run 1N treatment also lead to a near doubling of
the biomass of phytoplankton other than centric
diatoms; most of this added biomass was dinofla-
gellates (Fig. 9), which also showed a significant
response to nutrients (p , 0.0001). In contrast to
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Fig. 7. 14C primary productivity in the mesocosms of the
modified design (mean 6 SE), spring 1999 and summer 1998,
segregated by nutrient 3 trace element treatment. The signifi-
cance level of contrasts are marked for each experiment (con-
trol versus 1As, control versus 1Cu, and control versus 1mix)
within nutrient treatments, ** 5 p # 0.01, *** 5 p # 0.001.

Fig. 9. Mean estimated carbon biomass of all phytoplankton
taxa except centric diatoms in the mesocosms of the modified
design, spring 1999 and summer 1998, segregated by nutrient
3 trace element treatment.

Fig. 8. Mean estimated carbon biomass of centric diatoms
in the mesocosms of the modified design, spring 1999 and sum-
mer 1998, segregated by nutrient 3 trace element treatment.

Fig. 10. Mean estimated size class frequency distributions for
phytoplankton carbon of the mesocosms of the modified de-
sign, spring 1999 and summer 1998, segregated by nutrient 3
trace element treatment.

earlier spring runs, nutrient additions alone had
no significant effect on the relative abundance of
the three size classes; in fact, the control treatment
was largely dominated (78.6 6 2.9%) by cells . 20
mm (Fig. 10), and the nutrient addition showed a
slight decrease in this fraction to 73 6 3.6%.

In the summer run, centric diatoms, though still
important members of the phytoplankton com-
munity, were not an overwhelming biomass domi-
nant, and the stimulation by nutrient additions

alone was minor (Figs. 8 and 9). Among other taxa
in the summer run, cyanophytes and dinoflagel-
lates constituted most of the biomass. There was
little evidence that nutrients alone had a stimulat-
ing effect, other than increasing the biomass of
pennate diatoms across all treatments receiving nu-
trients (Fig. 9). Nutrient additions resulted in an
increase of biomass in large cells (. 20 mm) from
20.5 6 3.4% to 42.2 6 4.1%.
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Trace Element Effects

Additions of As alone caused a 31% drop in pro-
ductivity relative to controls (Least Square means,
pairwise comparison, p , 0.002) in the spring run,
while Cu alone had an 11% decline, which was not
statistically significant (Fig. 7). The combined trace
element mix (As, Cd, Cu, Ni, and Zn) caused a
productivity decline of 46% (Least Square Means,
pairwise comparison, p , 0.0001). In all cases, de-
clines in centric diatoms in the trace element treat-
ment mesocosms accounted for the majority of the
declines in estimated cell carbon (Figs. 8 and 9),
and led to significant reductions in cell size. The
As addition reduced the percentage of cells . 20
mm to 58.4 6 0.6% (p , 0.0006), Cu reduced it
to 43.1 6 2.6% (p , 0.0001), and the mix reduced
it to 46.4 6 4.7% (p , 0.0001).

There were no significant effects of trace ele-
ments on phytoplankton primary production,
abundance of individual taxa, or phytoplankton
size distribution in the absence of nutrient addi-
tions in the summer run. The As addition had a
9% decrease in productivity, while Cu had a 15%
increase in productivity, and the combined trace
elements had a 18% increase in productivity (Fig.
7). Trace elements treatments that included As
(1As and 1mix) in the absence of nutrient addi-
tions appeared to stimulate cyanophytes, while Cu
additions alone tended to inhibit cyanophytes and
enhance dinoflagellates.

Trace Elements 1 Nutrient Effects

In spring mesocosms with nutrients added, trace
element additions strongly affected primary pro-
duction. As additions resulted in a productivity de-
cline of 19% (p , 0.008), Cu alone caused a de-
cline of 31% (p , 0.0001), and the combined trace
element treatment mix caused a productivity de-
cline of 47% (p , 0.0001). Changes in centric di-
atom carbon appeared to drive the changes in pro-
ductivity, with a decline of 33% due to As alone, a
decline of 80% due to Cu alone, and a decline of
92% in the combined trace element treatment.
Paradoxically, trace element additions containing
As (1As and 1mix) with nutrients appeared to
stimulate D. fragilissimus, while the Cu treatment
shifted the community structure among centric di-
atoms by decreasing Guinardia delicatula (formerly
Rhizosolenia delicatissima), but permitting growth of
a smaller diatom, Cyclotella sp. (Fig. 8). All of the
trace element treatments were shifted to smaller
phytoplankton size classes, with Cu having a great-
er effect (48.2 6 2.6% carbon in cells . 20 mm, p
, 0.0001) than As (63.7 6 0.4% carbon in cells .
20 mm, p , 0.03), and the trace element mix treat-
ments having the lowest biomass in the large size

class (24.4 6 2.6% carbon in cells . 20 mm, p ,
0.0001).

In summer, there were no significant effects of
trace elements on nutrient enriched mesocosms;
productivity was reduced an average of 11% in the
As treatments, reduced by 3% in the Cu treat-
ments, and enhanced by 2% in the combined trace
element treatments. The trace element treatments
led to alterations of species of diatoms (Fig. 8), an
outcome somewhat different from earlier runs. In
treatments receiving both trace elements and nu-
trients, As alone had little effect, while Cu alone
and the mix appeared to stimulate dinoflagellates.
As in the nutrient treatment alone, the treatment
containing As and nutrients appeared to favor D.
fragilissimus (Fig. 9). There were no significant
changes in the size categories with the various trace
element treatments with added nutrients (Fig. 10).

SEASONAL PATTERN OF TRACE ELEMENT EFFECTS

To further examine the seasonal influence on
the response of phytoplankton to trace elements,
we analyzed IVF, chl a, and primary production
(Fig. 4) across all the mesocosms runs for which
data were available (current experiments plus the
four 1996 mesocosm runs described by Breitburg
et al. 1999a). Controls were compared to 1T treat-
ments, and 1N to 1N1T or 1N1mix. Six of eight
comparisons from the spring time period showed
statistically significant trace element effects (p ,
0.05 or lower) for IVF, while none of twelve com-
parisons outside the May–June period showed sig-
nificant effects of trace elements (data not shown).
Chl a data were not available for the experiments
using the modified design, but for the 1996 and
1997–1998 experiments, three of six comparisons
for spring were significant compared to zero of ten
for months outside this period. For primary pro-
duction, seven of eight spring contrasts were sig-
nificant, while only one, C versus 1T for April
1996, was significant outside this period (Fig. 4).

Discussion
Diatoms inherently grow faster and can outcom-

pete flagellates and other unicellular algae when
nutrients are in good supply and other environ-
mental conditions are favorable (e.g., Pearsall
1932; Harrison and Davis 1979; Turpin and Har-
rison 1979; Kilham and Kilham 1984). At the same
time, evidence continues to accumulate that vari-
ous kinds of contaminants exert a selective influ-
ence that favors flagellates and smaller cells at the
expense of larger, centric diatoms, and recent work
has emphasized the fact that toxic stressors affect
the size of phytoplankton by favoring the domi-
nance of smaller species over larger species (e.g.,
Menzel et al. 1970; Sanders and Riedel 1998). Such
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a shift in size may indeed have significant trophic
effects on coastal systems (Ryther 1969; Falkowski
1994; Sanders and Riedel 1998).

Both nutrients and trace elements caused chang-
es in phytoplankton density, productivity and spe-
cies composition, but the direction of these effects
differed. Nutrients increased production and den-
sities of all size fractions of cells, notably D. fragil-
issimus and other large centric diatoms. Trace ele-
ments often decreased production, reduced the
relative contribution of D. fragilissimus and similar
large centric diatoms and caused phytoplankton
assemblages to shift to smaller size classes. Trace
element effects were more pronounced in spring
than in summer.

The response of D. fragilissimus was particularly
interesting. Because of its relatively high abun-
dance, large size, and sensitivity to both nutrient
and trace element additions, this species dominat-
ed the responses both to nutrients and trace ele-
ments, when responses occurred. It was present in
significant amounts in all 6 mesocosm runs during
1997–1999. It responded strongly to nutrients in
all the experimental runs discussed here, except
for July 1998, where another large centric diatom,
C. pelagica, appeared to take this role. The strong
response of D. fragilissimus usually led to almost to-
tal dominance of the biomass by this species, while
non-nutrient mesocosms maintained a more even
mixture of species. In the main design D. fragilis-
simus responded negatively to trace elements in the
absence of added nutrients in all spring experi-
ments, but did very well in 1T treatments in sum-
mer runs, suggesting that the reason for its re-
sponse to trace elements is tied to seasonal effects.
In treatments with both trace elements and nutri-
ents added, D. fragilissimus responded negatively in
all four cases.

In the modified design, centric diatoms followed
the patterns previously observed in the main de-
sign, i.e., nutrients stimulated centric diatoms, par-
ticularly in spring, and trace elements negatively
affected centric diatoms, especially in spring. Al-
though D. fragilissimus was present in the spring
run, C. pelagica was more abundant, and showed a
greater response to nutrients. D. fragilissimus be-
came the dominant cell in the mesocosms with
trace elements added. In summer, another centric
diatom, G. delicatula, was dominant in the absence
of nutrients, but D. fragilissimus became more im-
portant in the trace elements treatments.

D. fragilissimus and some similar large centric di-
atom species have been shown to be extremely sen-
sitive to As (Sanders and Vermersch 1982; Sanders
and Cibik 1985). In mesocosm experiments, As
concentrations of 2.3 mg l21 have been shown to
reduce growth rates of this species significantly,

and have led to their loss from natural assemblages
(Sanders and Cibik 1985; Sanders and Riedel
1998). The concentrations in the trace element
treatments of these experiments (Table 3) were po-
tentially high enough in all runs to inhibit growth;
however, competitive interactions with phosphorus
for uptake by phytoplankton are very important,
and likely explain at least some of the seasonal dif-
ferences in response.

Results of the mesocosm runs using the modi-
fied design indicate that dependence of the toxic
effect of individual elements on nutrient loadings
and season was more complex than we had origi-
nally hypothesized. In the spring study, As addi-
tions caused greater inhibition of productivity in
the mesocosms with ambient nutrient loadings,
while Cu showed greater inhibition in the nutrient
enriched mesocosms, although both trace ele-
ments showed inhibitory trends in both nutrient
regimes. In the 1N mesocosms, although phos-
phorus was still limiting phytoplankton growth,
phosphorus loadings were greater and As inhibi-
tion was lessened. In addition, cell leakage of car-
bon and complexing ligands has been shown to be
less under conditions of nutrient sufficiency rela-
tive to nutrient limited phytoplankton assemblages
(Hellebust 1965; Morris and Foster 1971; Sharp
1977; Wangersky et al. 1989; Zhou et al. 1989). The
1N mesocosms may have contained lower concen-
trations of biologically-derived ligands, and had
higher concentrations of free Cu21 and greater Cu
toxicity. Further research linking similar mesocosm
experiments with chemical characterization of the
speciation and complexation of Cu will be neces-
sary to fully explore this issue.

An important point is that the responses to nu-
trients and trace elements in these systems does
not represent only the physiological effect of the
stressor on the individual species, but rather the
integrated effect on the assemblage. Any particular
response observed may be a direct physiological
response to a stressor, an interaction of the stress-
ors, a competitive interaction among the various
species of phytoplankton as they respond to the
stressors, or an indirect effect of changes in grazers
and even higher trophic levels.

IMPLICATIONS FOR THE PATUXENT AND OTHER
COASTAL SYSTEMS

Stressors can alter phytoplankton productivity,
species composition, and size distribution both
positively and negatively, and thereby alter carbon
cycling and transfer between trophic levels. Even
moderate additions of both stressors examined
here led to large shifts in biomass and the size
structure of the phytoplankton assemblage, most
strongly reflected in the response of D. fragilissimus
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and other centric diatoms. It is not our contention
that D. fragilissimus is unique among large centric
diatoms in its response to nutrients and toxics.
Rather, it is a fairly typical member of that group
which happened to be present consistently in our
studies. Centric diatoms as a group are important
members of phytoplankton assemblages of many
marine, coastal, and estuarine systems. D. fragilis-
simus is common in the mid-Atlantic coast and
Chesapeake Bay and can comprise a significant
percentage of the phytoplankton carbon during
the spring and early summer period (Marshall and
Lacouture 1986; Marshall and Ranasinghe 1989).

The effect of adding nutrients to the phyto-
plankton assemblage drawn from the Patuxent Riv-
er was to increase abundance of both preferred
and poorly used phytoplankton size classes and
taxa. Increasing the total and percent of phyto-
plankton carbon represented by species such as D.
fragilissimus, which is poorly used by important sus-
pension feeders such as the calanoid copepod
Acartia tonsa and the eastern oyster Crassostrea vir-
ginica (Bundy et al. 2003), potentially increases the
pool of unconsumed phytoplankton carbon that
fuels oxygen depletion in subpycnocline waters
during summer. In the Patuxent, an increasing
fraction of phytoplankton carbon sequestered in
poorly used species would indicate the potential
for a non-linear relationship between nutrient
loadings and negative effects of eutrophication
such as hypoxia. The marked changes in the phy-
toplankton assemblages in these experiments oc-
curred with average differences in nitrogen and
phosphorus loadings between our control and nu-
trient-addition mesocosms less than the variation
in nitrogen and phosphorus loadings among trib-
utaries within the Chesapeake Bay system (Boyn-
ton et al. 1995) and less than the variation among
years (1985–1999) within the Patuxent River estu-
ary (Hagy and Boynton 2000; Sprague et al. 2000).
These results do not constitute an extreme scenar-
io, but rather situations routinely seen in this and
many other areas.

Our results also indicate that the direct effects
of toxic trace elements on coastal phytoplankton
communities can be influenced by several factors.
These include temporal and spatial patterns in
loadings of the trace elements and in nutrient
loadings and differences in composition of the
phytoplankton community which are exposed. At
times and locations where sensitive species are
abundant and nutrient dynamics facilitate trace el-
ement toxicity, trace elements can strongly reduce
phytoplankton abundance and production and
lead to shifts in dominant species. In the Patuxent
River, trace element loadings are positively corre-
lated with river flow, and are higher in winter and

spring than in summer and fall (Riedel et al.
2000), coinciding with centric diatom blooms and
when centric diatoms are more responsive to trace
element effects. Similar trace element loadings at
other sites or at times dominated by other species
or receiving different nutrient inputs will have sub-
stantially different effects.

An important implication of these results is the
potential for elevated trace element loadings to
mask the effects of excess nutrient inputs from an-
thropogenic sources—and the reverse. In general,
the effect of trace elements was proportionally
greater in mesocosms to which nutrients were add-
ed than in mesocosms without added nutrients,
and many coastal ecosystems are exposed to both
nutrient enrichment and elevated trace element
concentrations. Areas with moderately elevated
trace element loadings may appear to have a less-
ened response to excess nutrients. Where im-
proved sewage treatment and reduced runoff from
urbanized or agricultural areas reduces both trace
element and nutrient loadings, the response of the
phytoplankton community to nutrient reductions
may be less than otherwise predicted. Manage-
ment agencies charged with reducing the effects
of eutrophication may believe that their efforts
have not been effective. High nutrient loadings
may mask the effects of trace elements on sensitive
species. The magnitude of trace element effects on
sensitive species or their predators may be appar-
ent only when nutrient loadings are reduced. As
we achieve success in the area of eutrophication,
we may find a new, potentially very significant, is-
sue—trace element contamination and toxicity—
awaiting our understanding. Future studies and
models designed to examine coastal degradation
will have to address such complexity.

A number of other stressors interact with high
nutrient loadings in the Patuxent, either masking
or exacerbating nutrient effects. High sediment
loads potentially reduce primary production and
phytoplankton biomass, reducing potential re-
sponses to nutrients in much the same way that
elevated trace element concentrations did in our
spring mesocosm experiments. As with joint reduc-
tions of trace elements and nutrients, simultaneous
reductions in both sediment and nutrient loads
may reduce the apparent response to nutrient
management. By contrast, disease and overfishing,
which have reduced populations of suspension
feeding oysters, have likely exacerbated nutrient
enrichment effects on the system. Relieving these
stressors and increasing stocks of suspension feed-
ing bivalves would potentially reduce phytoplank-
ton biomass even under current nutrient loads.

Phytoplankton occupy an important position
within estuarine, coastal, and marine ecosystems.
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They form the critical link between geochemical
processes that occur within ecosystems and the
flow of carbon through food webs. If shifts in nu-
trient and trace element concentrations, ratios,
and speciation occur through anthropogenic influ-
ences, they can lead to shifts in phytoplankton pro-
ductivity and species composition, and carbon and
trophic structure of the ecosystem can be altered,
perhaps yielding systems with less desirable char-
acteristics.

Human population growth and attendant land-
use changes likely increase the intensity, geograph-
ic extent, and number of anthropogenic stressors.
An expanded focus on the cumulative effects of
multiple stressors becomes increasingly important.
Non-additive effects of multiple stressors and the
variability they cause in species’ responses will be
important features of human-influenced systems,
and will certainly be a focus of research and man-
agement in coming years and decades. Temporal
and spatial variability in these effects may be a com-
mon feature of multiple stressor interactions that
will overlay natural variability in coastal systems and
complicate the detection and management of an-
thropogenic impacts.
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