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ABSTRACT: Responses of autotrophic and heterotrophic processes to nutrients and trace elements were examined in
a series of experimental estuarine food webs of increasing trophic complexity using twenty 1-m3 mesocosms. Nutrients
(nitrogen and phosphorus) and trace elements (a mix of arsenic, copper, cadmium) were added alone and in combination
during four experimental runs spanning from spring 1997 to spring 1998. Diel changes in dissolved oxygen were used
to examine whole system gross primary production (WS-GPP), respiration (WS-RESP), and net ecosystem metabolism
(NEM). Nutrient and trace element additions had the greatest effect on WS-GPP, WS-RESP, and NEM; trophic complexity
did not significantly affect any of these parameters (p . 0.3). Effects of trophic complexity were detected in nutrient
tanks where bivalves significantly (p 5 0.03) reduced WS-GPP. Nutrient additions significantly enhanced WS-GPP and to
a lesser extent WS-RESP during most mesocosm runs. The system shifted from net heterotrophy (217.2 6 1.8 mmol C
m23 d21) in the controls to net autotrophy (29.1 6 7.6 mmol C m23 d21) in the nutrient tanks. The addition of trace
elements alone did not affect WS-GPP and WS-RESP to the same extent as nutrients, and their effects were more variable.
Additions of trace elements alone consistently made the system more net heterotrophic (224.9 6 1.4 mmol C m23 d21)
than the controls. When trace elements were added in combination with nutrients, the nutrient-enriched system became
less autotrophic (1.6 6 3.1 mmol C m23 d21). The effects of trace elements on NEM occurred primarily through reduc-
tions in WS-GPP rather than increases in WS-RESP. Our results suggest that autotrophic and heterotrophic processes
respond differently to these stressors.

Introduction
Worldwide, coastal ecosystems are increasingly

being overwhelmed by both natural and anthro-
pogenic stressors. These stressors can be physical,
chemical, or biological in nature and include fac-
tors as wide ranging as hurricanes, anthropogenic
contaminants, and invasive species. Historically,
aquatic research has focused on determining the
impact of a single stressor on an ecosystem. A sig-
nificant body of this research has centered on the
impacts of increased nutrients to the coastal zone.
While these studies have provided much insight
into the functioning of estuaries, they have only
begun to reveal how these systems respond to
stressors. As more coastal environments become
impacted by human activities, ascertaining the syn-
ergistic and antagonistic interaction among various
stressors, as well as determining their effect on the
ecosystem, will become essential (Breitburg et al.
1998).
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Nutrients and trace element contaminants are
two stressors affecting estuaries. Increased nutrient
loads to estuaries have resulted in increased nui-
sance and toxic algal blooms, fish and shellfish
kills, hypoxic and anoxic bottom waters, and hab-
itat degradation (Rosenberg 1985; Howarth 1988;
Jickells 1998). Concentrated trace element con-
taminant loads to estuaries are more localized to
urban and industrial areas (Förstner 1983a; Sand-
ers and Cibik 1988; Nriagu 1990). At high concen-
trations, these contaminants are toxic to both
aquatic biota and humans (Förstner 1983b; Nriagu
1990). Persistent low-level inputs of trace elements
from point and non-point sources are more wide-
spread and are becoming recognized as a threat to
estuaries (Sanders and Cibik 1988; Sañudo-Wilhel-
my and Gill 1999). They have been shown to
change plankton and benthic community structure
and productivity (Beers et al. 1977; Gamble et al.
1977; Reeve et al. 1977; Sanders et al. 1981; Sand-
ers and Cibik 1985a; Klerks and Levinton 1989).
While a considerable amount is known about how
nutrients or trace element contaminants alone im-
pact estuaries, less is known about their combined
effects.

One way to assess how a coastal ecosystem will
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TABLE 1. Environmental parameters for individual season mesocosm runs. Data are average (6 SE) values for all mesocosms.

Season Dates Temperature (8C) Salinity (‰) pH

Spring 1997
Summer 1997
Late Summer 1997
Spring 1998

May 13–June 6
July 1–August 4
August 19–September 22
April 14–May 18

19.1 (0.3)
26.8 (0.2)
24.7 (0.2)
17.2 (0.3)

9.6 (0.3)
11.6 (0.4)
13.8 (0.4)
7.0 (0.0)

8.2 (0.2)
8.1 (0.1)
8.1 (0.1)
8.5 (0.1)

respond to increased loads of nutrients and trace
elements is to make an integrative measure of its
ecological properties. Net ecosystem metabolism is
one of the few easily measured integrative prop-
erties (Odum and Hoskin 1958); it provides insight
into the production and consumption of organic
matter through photosynthesis and respiration, re-
spectively. The balance between these two process-
es determines whether a system is a net producer
or consumer of organic matter, affecting the
amount of carbon that is stored and exported from
a system (Odum 1971). In addition, the balance
between photosynthesis and respiration plays a key
role in determining whether a system is a net
source or sink for carbon dioxide (Schindler et al.
1997; del Giorgio et al. 1999; Carpenter et al.
2001). The coupling between autotrophic and het-
erotrophic processes can also affect the amount
and rate at which carbon is incorporated into low-
er trophic levels and transferred up the food web
(Cole et al. 1988; Findlay et al. 1991; del Giorgio
et al. 1999). This coupling can influence the struc-
ture, composition, and dynamics of food webs (del
Giorgio et al. 1999). Nutrients and trace elements,
alone and in combination, may change the balance
and coupling between these processes.

The goal of this study was to examine the effects
of nutrients and trace elements on whole system
photosynthesis, respiration, and metabolism in a
series of experimental estuarine food webs of in-
creasing trophic complexity in twenty 1-m3 meso-
cosms. The model for our simplified food web was
the Patuxent River estuary, a Maryland tributary of
the Chesapeake Bay. Nutrients (nitrogen and phos-
phorus) and trace elements (mix of arsenic, cop-
per, and cadmium) were added alone and in com-
bination during four mesocosm runs spanning
spring 1997 to spring 1998. These pollutants were
specifically chosen because they are currently of
concern in the Patuxent River estuary and Chesa-
peake Bay (D’Elia et al. 1986; Sanders et al. 1987;
Riedel et al. 1995, 1998, 2000). The research pre-
sented here is part of the COmplexity And STres-
sors in Estuarine Systems (COASTES) project.

Materials and Methods
EXPERIMENTAL DESIGN

The experimental design used in this study is
that described by Breitburg et al. (1999) with mi-

nor modifications. The experiments were conduct-
ed in twenty 1-m3 cylindrical fiberglass mesocosms
(1.07-m diam 3 1.22-m height) and carried out
from spring 1997 to spring 1998 (Table 1). A fac-
torial, randomized block design was used for the
experiment, and the mesocosms were set up in a
completely crossed design. There were 2 levels of
nutrient additions 3 2 levels of trace element ad-
ditions 3 5 levels of trophic level complexity. Using
this experimental design, the entire data set could
be statistically analyzed with the experimental run
as the blocking factor. Main effects and 2-way in-
teractions could also be analyzed for each of the
four individual mesocosm runs.

The mesocosms were contained in outdoor race-
ways with flowing water from the Patuxent River
estuary. This design maintained the mesocosm wa-
ter temperature close to that of the estuary. Each
mesocosm was filled with water from the Patuxent
River estuary, screened through 35-mm mesh
plankton nets. Mesocosms were maintained in a
continuous flow-through mode in which 10% of
the mesocosm water was exchanged daily for 1-mm
filtered estuarine water. Mesocosm water was
mixed by a PVC 4-blade paddlewheel. The paddle-
wheels rotated at 2 RPM and changed the direc-
tion of their rotation every 6 h. The interior sur-
face of the mesocosm walls was lined with opaque
PVC to prevent light penetration. Liners were re-
moved weekly and cleaned to limit the effects of
epiphytes on pelagic processes.

All mesocosms contained sandy sediments that
were collected in bulk from the shallow sub-tidal
Patuxent River estuary. The sediments were sieved
and then heat-treated to kill macrofauna. Treated
sediments were homogenized by stirring and then
transferred to cylindrical (0.5-m diam and 0.15-m
deep) PVC sediment trays. The sediment tray in
the mesocosm yielded a sediment area:water col-
umn volume similar to that in a 4-m depth water
column in the estuary.

The experiment was conducted over a 35-d pe-
riod. During the initial 7 d, the mesocosms were
allowed to acclimate. On day 7 and 8, nutrient and
trace element loadings were elevated to target lev-
els in the appropriate mesocosms (Table 2). After
day 8, nutrient and trace element loading condi-
tions were maintained by continuously pumping
these contaminants into the mesocosms. Nutrient
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TABLE 2. Nutrient loads and trace element concentrations in control and treatment mesocosms. Target nitrogen (N) and phospho-
rus (P) loading rates in the treatment mesocosms were 1.6 and 0.1 mmol d21, respectively. N and P were added in the forms of NO3

2

and PO4
32. Target concentrations for arsenic (As), copper (Cu), and cadmium (Cd) in the treatment mesocosms were 12.5, 7.5, and

0.5 mg l21, respectively. Loads for silica (Si) and dissolved organic carbon (DOC) are also shown. Data are average (6 SE) values for
control and treatment mesocosms during the individual season runs.

Spring 1997

Control Treatment

Summer 1997

Control Treatment

Late Summer 1997

Control Treatment

Spring 1998

Control Treatment

N load (mmol N d21)
P load (mmol P d21)
As conc. (mg As l21)
Cu conc. (mg Cu l21)
Cd conc. (mg Cd l21)
Si load (mmol Si d21)
DOC load (mmol C d21)

2.0 (0.3)
0.02 (0.00)
0.31 (0.01)
1.06 (0.06)
0.07 (0.00)
2.5 (0.2)

24.7 (1.2)

3.6 (0.3)
0.12 (0.00)

11.46 (0.17)
5.48 (0.10)
0.18 (0.01)
2.5 (0.2)

24.7 (1.2)

1.5 (0.2)
0.05 (0.00)
0.54 (0.02)
0.71 (0.02)
0.04 (0.00)
4.2 (0.8)

24.5 (0.8)

3.1 (0.2)
0.15 (0.00)

10.77 (0.21)
5.13 (0.10)
0.11 (0.00)
4.2 (0.8)

24.5 (0.8)

1.1 (0.1)
0.07 (0.00)
0.85 (0.03)
0.69 (0.04)
0.02 (0.00)
3.2 (0.4)

33.3 (5.7)

2.7 (0.1)
0.17 (0.00)

12.03 (0.30)
4.15 (0.01)
0.08 (0.00)
3.2 (0.4)

33.3 (5.7)

1.0 (0.2)
0.01 (0.00)
0.55 (0.01)
0.83 (0.04)
0.01 (0.00)
1.0 (0.4)

30.7 (0.7)

2.6 (0.2)
0.11 (0.00)

12.08 (0.21)
4.57 (0.15)
0.17 (0.01)
1.0 (0.4)

30.7 (0.7)

TABLE 3. Starting density and size of copepods (density only), fish, bivalves, and benthic invertebrates in each mesocosm run. Data
are average values (6 SE) for mesocosms with that trophic complexity treatment (refer back to Methods for trophic complexity
treatment descriptions). Density is measured as the number of individuals in a mesocosm. Mya were not included in the summer and
later summer runs. na 5 not applicable.

Spring 1997 Summer 1997 Late Summer 1997 Spring 1998

Adult copepod density
Fish density
Wet fish weight (g)
Oyster density
Oyster area (cm2)
Macoma density
Macoma area (cm2)
Mya density
Mya area (cm2)
Anemone density
Anemone area (cm2)

3.8 (0.5)
9 (0)
0.04 (0.00)

50 (0)
1.96 (0.03)

82 (1)
0.94 (0.03)

13 (1)
1.21 (0.03)

21 (4)
0.63 (0.03)

3.8 (0.4)
7 (0)
0.06 (0.00)

50 (0)
2.17 (0.06)

108 (1)
0.99 (0.01)

na
na

39 (4)
0.25 (0.02)

4.4 (0.2)
8 (0)
0.1 (0.00)

50 (0)
2.45 (0.06)

65 (0)
1.30 (0.01)

na
na

21 (2)
0.21 (0.02)

5.1 (0.2)
7 (0)
0.06 (0.00)

50 (0)
2.45 (0.08)

35 (1)
1.26 (0.03)
9 (0)
1.41 (0.04)

39 (3)
0.82 (0.06)

tanks (1N) received 1.61 mmol NO3
2-N d21 and

0.1 mmol PO4
32-P d21 (Table 2). The NO3

2 and
PO4

32 loads to the 1N tanks were 1.8–2.6 and 2.4–
11 times higher than the loads to the control tanks,
which received water from the Patuxent River. The
NO3

2 load to the 1N mesocosms was 1.3–1.6 times
higher than the average dissolved inorganic nitro-
gen (DIN) loadings measured to the nearby sur-
face layer of the Patuxent River from 1984 to 1995
(Hagy 1996; Breitburg et al. 1999). These nutrient
loadings were chosen to simulate effects of poten-
tial change in land use and population in the Pa-
tuxent River estuary watershed while maintaining
a 16:1 nitrogen:phosphorus ratio in the nutrient
addition. Target trace element concentrations for
the trace element treatments (1T) were 12.5, 7.5,
and 0.5 mg l21 for arsenic, copper, and cadmium,
respectively (Table 2). Trace element concentra-
tions in 1T tanks were 3–37 times higher than
those in the controls (Table 2); they were 2–48
times higher than the ambient concentrations
measured in the river along a salinity gradient dur-
ing routine monitoring of the COASTES program
from May 1995 to October 1997 (Riedel et al.
2000), but were within the range of concentrations
measured within the Chesapeake Bay system.

These trace element concentrations were chosen
to cause changes in the structure and function of
lower trophic levels but not to cause acute mortal-
ity to higher organisms (Sanders and Riedel 1998).

Five levels of system complexity were tested in
this study, building from simple to successively
more complex systems. Trophic complexity was de-
fined in this study as the hierarchical organization
of an ecological system’s food web. The complexity
treatments were 1plankton (includes phytoplank-
ton, bacteria, and microzooplankton from the es-
tuarine water that passed through the 35-mm mesh
net), 1zooplankton (meso and larger microzoo-
plankton added to the plankton assemblage),
1fish (juvenile fish added to zooplankton assem-
blage), 1bivalves (bivalves added to fish assem-
blage), and 1benthos (anemones added to bivalve
assemblage). Mesozooplankton additions were
dominated by calenoid copepods (Table 3); Acartia
tonsa was the most abundant species during the 4
runs (. 95%). These copepods feed on phyto-
plankton and microzooplankton (Heinle 1966).
The copepod densities used in the experiment
were chosen to simulate the average density found
in the Patuxent River. The fish used were juvenile
mummichogs (Fundulus heteroclitus; Table 3). Mum-
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michogs are one of the most abundant shallow-wa-
ter fish in Atlantic coast estuaries and are impor-
tant as both prey and predators in estuarine food
webs (Kneib 1986). They feed on benthic inverte-
brates, benthic algae, and zooplankton. The fish
densities used in the experiment were sufficient to
allow for the fish growth rate in the tanks to be
based on several fish but to avoid the complete
consumption of fish prey in the mesocosms (Breit-
burg et al. 1999). The bivalves added were the east-
ern oyster (Crassostrea virginica) and two types of
clam (Macoma balthica and Mya arenaria; Mya in
spring 1997 and 1998 only; Table 3). These species
are common in the Patuxent River and adjacent
Chesapeake Bay and were chosen because they
represent different habitat types and/or trophic
groups. Oysters are a key epifaunal species in Ches-
apeake Bay found on hard substrates; they are sus-
pension feeders primarily consuming phytoplank-
ton, but are capable of consuming other suspend-
ed foods such as detritus and attached bacteria
(Crosby et al. 1990; Langdon and Newell 1990;
Baldwin and Newell 1991). Macoma are an infaunal
species found in muddy and sandy environments;
they are both suspension and deposit feeders. Mya
are also found in sandy environments and are sus-
pension feeders. The anemones used were Diadu-
mene leucolena (Table 3). Diadumene are an epifau-
nal species found on hard substrates and are pred-
ators feeding primarily on zooplankton. The cri-
teria that were used to determine the initial fish
densities in the experiment were also used for the
bivalves and anemones. Oysters were glued to PVC
panels and suspended vertically and clams were
added to the sediment tray in the 1bivalves and
1benthos. Anemones were attached to PVC plates
suspended vertically in the 1benthos mesocosms.

MEASUREMENTS

Consecutive dawn-dusk-dawn measurements of
dissolved oxygen were made weekly for each me-
socosm to calculate rates for whole system gross
primary production (WS-GPP), respiration (WS-
RESP), and net ecosystem metabolism (NEM;
Odum and Hoskin 1958; Oviatt et al. 1986a,b,
1993, 1995). Dissolved oxygen measurements were
made with a YSI oxygen probe (Model 57) that was
air-calibrated daily. Changes in the dissolved oxy-
gen concentrations from dawn1-dusk-dawn2 were
the result of biological processes (photosynthesis
and respiration) and diffusive exchange (D) with
the atmosphere; measurements for calculating the
diffusive flux of oxygen across the air-water bound-
ary are described in the following paragraphs.
Rates of whole system net primary production
(NPP) were calculated from the increase in the dis-
solved oxygen concentration from dawn1 to dusk

(NPP 5 (O2dusk 2 O2dawn1/T) 1 D, where O2 was
the dissolved oxygen concentration measured at
dusk and dawn1, T was the number of hours be-
tween these measurements, and D was the diffusive
flux across the air-water boundary). WS-RESP rates
were calculated from the decrease in the dissolved
oxygen concentration from dusk to dawn2 (WS-
RESP 5 (O2dusk 2 O2dawn2/T) 1 D). Rates for WS-
GPP were estimated from the sum of the rates for
NPP and WS-RESP (WS-GPP 5 NPP 1 WS-RESP).
NEM was calculated over a 24-h period as the dif-
ference between WS-GPP and WS-RESP (NEM 5
WS-GPPday 2 WS-RESP24H, where WS-GPPday was
the amount of gross primary production that oc-
curred during daylight hours and WS-RESP24H was
the amount of respiration that occurred over 24
h). For this calculation, we assumed that the whole
system respiration rate was constant over a diurnal
cycle (RESPday 5 RESPnight). This assumption is in
agreement with other literature (Carignan et al.
2000).

Measured dissolved oxygen fluxes were correct-
ed for air-water oxygen diffusion based on mea-
sured rates of SF6 air-water diffusion (Wanninkhof
et al. 1987; Upstill-Goddard et al. 1990; Wannink-
hof 1992). SF6 was added to five randomly chosen
mesocosms and the change in its concentration
was measured daily during the third week of each
experiment. Tanks were inoculated with 7.5 ml of
deionized water with a SF6 concentration of 0.24
mmol SF6 l21. Tanks equilibrated at least 12 h be-
fore sampling. Duplicate water samples were col-
lected at 0.5-m depth from the mesocosms and
were analyzed within a week of collection.

Dissolved SF6 concentrations in the water were
analyzed using a headspace equilibrium method. A
2-ml sample was extracted from the headspace and
injected into a Shimadzu gas chromatograph
equipped with an electron capture detector (Shi-
madzu GC-8A). SF6 was separated from other at-
mospheric gases using a molecular sieve column
5A at a flow rate of 26 ml min21 with N2 as a carrier
gas and a column and detector temperature of
258C and 3008C, respectively (modified from Wan-
ninkhof et al. 1987).

Measured SF6 fluxes were used to calculate SF6

piston velocities using the equation k 5 F/(Cw 2
Co), where k represents the piston velocity, F the
flux of SF6 from the tanks, Cw the concentration of
SF6 in the water, and Co the concentration of SF6

in the water at equilibrium with the atmosphere
(Upstill-Goddard et al. 1990). The equation was
simplified by assuming that Co equals zero because
the concentration of SF6 added to the mesocosm
is orders of magnitude greater than the concentra-
tion in the water if it were in equilibrium with the
atmosphere (Cole and Caraco 1998). SF6 piston ve-
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TABLE 4. P-values for ANOVA examining the main effects and
2-way interactions of nutrient additions, trace element addi-
tions, and trophic complexity on WS-GPP, WS-RESP, and NEM.
N, T, and C represent nutrients, trace elements, and trophic
complexity, respectively. Analyses of entire experiment and in-
dividual runs are presented. na 5 not applicable.

Main Effects/
2-Way Interactions WS-GPP WS-RESP NEM

Overall
N
T
C
N3T
N3C

0.0001
0.0001
0.3147
0.0226
0.0284

0.0042
0.2382
0.6878

na
na

0.0001
0.0403
0.6105
0.0158

na

Spring 1997
N
T
C
N3T
N3C

0.0001
0.0001
0.0371
0.0001
0.0027

0.0001
0.0001
0.0756
0.0582

na

0.0071
0.0419
0.3481
0.0057

na

Summer 1997
N
T
C

0.0001
0.0002
0.9583

0.0001
0.0092
0.3450

0.0001
0.5754
0.4721

Late Summer 1997
N
T
C
N3T

0.0001
0.0004
0.8065

na

0.0001
0.0624
0.0006
0.0345

0.0003
0.2991
0.6800
0.1968

Spring 1998
N
T
C
N3T
N3C

0.0001
0.2268
0.0114
0.0924
0.0277

0.0185
0.0144
0.1095

na
na

0.0010
0.8409
0.0592
0.0356

na

locities were converted to O2 piston velocities using
a Schmidt number relationship

kO2 5 (ScO2/ScSF6)(21/2) 3 kSF6,

where kO2 is the oxygen piston velocity, ScO2 is the
Schmidt number for oxygen, ScSF6 is the Schmidt
number for SF6, and kSF6 is the piston velocity for
SF6 (Wanninkhof et al. 1987; Wanninkhof 1992).
Schmidt numbers were obtained from Wanninkhof
(1992). The oxygen piston velocities from the five
tanks were averaged and used to estimate diffusive
fluxes from all tanks. Our oxygen piston velocities
ranged from 5.9 to 10.8 cm h21 and are compara-
ble to those reported for other estuaries (Marino
and Howarth 1993; Raymond and Cole 2001). In
spring 1998, diffusive fluxes were not measured;
instead, diffusive fluxes calculated for spring 1997
were applied (10.8 cm h21). Temperature, salinity,
and stirring conditions for spring 1998 were simi-
lar to those in 1997.

Diffusive fluxes (D) of oxygen were calculated
using the following equation:

D 5 kO2 3 (O2 2 O2sat),

where O2 is the measured dissolved oxygen con-
centration in the water and O2sat is what the dis-
solved oxygen concentration would be in the water
if it was in equilibrium with the atmosphere.

WS-GPP, WS-RESP, and NEM were converted to
units of carbon assuming a photosynthetic and re-
spiratory quotient of 1 (Valiela 1995; Falkowski and
Raven 1997).

STATISTICAL ANALYSIS

Analysis of variance (ANOVA) was used to ex-
amine the direct and interactive effects of nutrient
additions (N), trace element additions (T), and
system complexity (C) on WS-GPP, WS-RESP, and
NEM. WS-GPP, WS-RESP, and NEM were normal-
ized using a square root transformation. The sta-
tistical model used to analyze the data set for all
four mesocosm experiments (runs) was: variable 5
run 1 N 1 T 1 C 1 N 3 T 1 N 3 C 1 T 3 C 1
N 3 T 3 C. For analyses of the individual runs,
the three-way interaction term and mesocosm run
were dropped. Full models were simplified by suc-
cessively dropping non-significant interaction
terms (p . 0.25) until the overall F statistic for the
main effects was no longer improved by the sim-
plification. Main effects were always retained in the
model. Post hoc tests (Tukey’s Studentized Range
and Least-Square Means [LSM]) were used to de-
termine significant differences among trophic
complexity treatments and trophic complexity/
stressor interactions. Statistical analyses were con-
ducted using SAS (version 8: GLM). Data in figures
and text are presented as means (6 SE) of stressor

treatments (controls, nutrients only, trace elements
only, nutrients plus trace elements) unless other-
wise noted.

Results
WHOLE SYSTEM GROSS PRIMARY PRODUCTION

Nutrient additions significantly affected WS-GPP
over the entire experiment (Table 4). It was ap-
proximately 2.3 fold higher in 1N mesocosms rel-
ative to the controls (Table 5 and Fig. 1a). WS-GPP
was also significantly higher in treatments with nu-
trient additions as compared to controls during
the individual runs (Table 4). It was 2.6 (average
of two springs), 1.7, and 3.2 times higher in the
1N mesocosms as compared to the controls in the
spring, summer, and late summer, respectively (Ta-
ble 5).

Trace element additions significantly affected
WS-GPP over the entire experiment (Table 4);
however, the direction of the response they elicited
during individual runs varied (Table 5). During
the spring runs, WS-GPP in 1T mesocosms was
similar to that of the controls (Table 5). However,
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TABLE 5. WS-GPP, WS-RESP, and NEM (mmol C m23 d21) in
different stressor treatments for the entire experiment and in-
dividual runs. Data are averages (6 SE). 1N, 1T, and 1N1T
represent tanks receiving nutrient additions only, trace element
additions only, and combined nutrient and trace element ad-
ditions, respectively.

Treatment WS-GPP WS-RESP NEM

Overall
Control
1N
1T
1N1T

40.7 (2.8)
95.0 (3.8)
36.1 (2.5)
71.3 (2.6)

57.9 (2.8)
65.9 (5.6)
61.0 (2.7)
69.6 (2.7)

217.2 (1.8)
29.1 (7.6)

224.9 (1.4)
1.6 (3.1)

Spring 1997
Control
1N
1T
1N1T

40.4 (2.3)
109.0 (10.9)
44.4 (3.4)
64.1 (5.5)

54.3 (4.2)
30.6 (4.3)
67.9 (2.2)
56.2 (2.7)

213.9 (2.1)
78.5 (13.7)

223.5 (2.5)
8.0 (7.8)

Summer 1997
Control
1N
1T
1N1T

57.5 (4.8)
97.7 (4.5)
41.2 (2.0)
69.4 (1.8)

69.0 (3.4)
95.3 (4.7)
61.1 (4.2)
80.9 (4.8)

211.5 (1.4)
2.4 (4.6)

219.9 (2.6)
211.6 (4.5)

Late Summer 1997
Control
1N

27.5 (1.6)
84.1 (3.7)

43.6 (1.2)
67.1 (2.0)

215.9 (2.3)
17.0 (3.4)

1T
1N1T

19.0 (0.6)
66.3 (3.4)

43.7 (2.1)
63.1 (1.1)

224.6 (2.0)
3.2 (3.9)

Spring 1998
Control
1N
1T
1N1T

37.5 (1.0)
89.2 (5.3)
39.7 (1.8)
85.2 (3.2)

65.0 (3.7)
70.8 (3.4)
71.1 (1.8)
78.2 (1.9)

227.5 (3.8)
18.4 (4.8)

231.4 (0.5)
7.0 (5.1)

Fig. 1. Response of WS-GPP and WS-RESP to nutrient, trace
element, and combined nutrient and trace element additions.
A) Nutrients stimulated WS-GPP and to a lesser extent WS-
RESP. B) Trace element additions alone decreased WS-GPP
while not affecting WS-RESP. C) Trace element additions de-
creased WS-GPP in the presence of nutrients; they did not affect
WS-RESP. Bars are overall averages (6 SE). 1N, 1T, and 1N1T
represent tanks receiving nutrient additions only, trace element
additions only, and combined nutrient and trace element ad-
ditions, respectively.

Fig. 2. Effects of trophic complexity on WS-GPP in nutrient
tanks (1N). WS-GPP was lower in mesocosms with bivalves. Bars
are overall averages (6 SE). P, F, BIV, and B represent trophic
complexity treatments 1plankton, 1fish, 1bivalves, and 1ben-
thos, respectively.

during the summer and late summer runs, trace
element additions alone decreased WS-GPP (Table
5). The response of WS-GPP to trace elements in
1N1T mesocosms contributed to the overall sig-
nificant response of WS-GPP to trace elements
(Fig. 1b,c). In the 1N1T tanks, there was a signif-
icant interaction between nutrients and trace ele-
ments over the entire experiment where trace el-
ements reduced the nutrient-induced WS-GPP re-
sponse (Fig. 1c). While this pattern was consistent
across most runs, it was only significant during
spring 1997 (Table 4).

Trophic complexity did not significantly affect
WS-GPP over the entire experiment (Table 4). Al-
though there was a significant effect of trophic
complexity on WS-GPP during spring 1997 and
1998, Tukey’s Studentized Range and LSM post
hoc analyses revealed that there were either no sig-
nificant differences among the trophic treatments
(spring 1997) or that trophic complexity did not
consistently affect WS-GPP (spring 1998). In con-
trast, there was a significant interaction between
nutrients and trophic complexity over the entire
experiment affecting WS-GPP (Table 4). In 1N
tanks, WS-GPP was lower in the 1bivalves and

1benthos treatments compared to that in the
1plankton and 1fish treatments (Fig. 2; LSM post
hoc test).

WHOLE SYSTEM RESPIRATION

Nutrient additions significantly affected WS-
RESP over the entire experiment (Table 4). It was
1.1 times higher in tanks with nutrients than in
controls (Table 5 and Fig. 1a). In general, nutrient
additions increased WS-RESP during the individual
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Fig. 3. Response of NEM to nutrient and trace element ad-
ditions. Before stressor additions, the mesocosms were net het-
erotrophic. Nutrients alone made the tanks net autotrophic.
Trace elements alone made the mesocosms slightly more het-
erotrophic than the controls. Combined additions of nutrients
and trace elements resulted in WS-GPP 5 WS-RESP. Bars are
overall averages (6 SE). 1N, 1T, and 1N1T represent tanks
receiving nutrient additions only, trace element additions only,
and combined additions of nutrients and trace elements, re-
spectively.

runs. In the summer, late summer, and spring
1998, WS-RESP was 1.4, 1.5, and 1.1 times higher
in tanks receiving nutrients relative to the controls
(Table 5). In contrast, during spring 1997, nutrient
additions decreased WS-RESP relative to the con-
trols (Table 5).

Trace element additions did not significantly af-
fect WS-RESP over the entire experiment (Table 4
and Fig. 1b). During the spring and summer runs
trace elements did significantly affect WS-RESP
(Table 4). In these runs, the direction of the re-
sponse the trace elements elicited varied and the
magnitude of the response was relatively small (Ta-
ble 5). In the spring, WS-RESP was 1.2 (average of
two springs) times higher in 1T tanks compared
to the controls (Table 5). In contrast, during sum-
mer 1997, WS-RESP in the 1T tanks represented
only 88% of the respiration observed in the con-
trols (Table 5).

Trophic complexity did not significantly affect
WS-RESP over the entire experiment except dur-
ing late summer 1997 (Table 4). WS-RESP was sig-
nificantly higher in the 1bivalves (57.6 6 5.1
mmol C m23 d21; Tukey’s Studentized Range post
hoc test) treatment compared to the 1plankton
(55.2 6 3.8 mmol C m23 d21). It was also higher
in the 1benthos (59.2 6 4.1 mmol C m23 d21; Tu-
key’s Studentized Range post hoc test) treatment
compared to the 1plankton (55.2 6 3.8 mmol C
m23 d21), 1zooplankton (52.9 6 4.3 mmol C m23

d21), and 1fish (53.7 6 4.4 mmol C m23 d21).

NET ECOSYSTEM METABOLISM

Nutrient additions significantly affected NEM
over the entire experiment and during the individ-
ual runs (Table 4). In general, 1N mesocosms
were autotrophic compared to the controls, which
were heterotrophic (Table 5 and Fig. 3). Net au-
totrophy ranged from 12.4 to 178.5 mmol C m23

d21 in the 1N mesocosms (Table 5). Net hetero-
trophy in the controls ranged from 211.5 to 227.5
mmol C m23 d21 (Table 5).

Trace elements significantly affected NEM over
the entire experiment (Table 4). Their addition
consistently resulted in greater net system hetero-
trophy compared to the controls (Fig. 3 and Table
5). In tests of individual mesocosm runs, however,
trace elements only significantly affected NEM dur-
ing spring 1997 (Table 4). It appears that the
1N1T mesocosms contributed to the significant
response of the NEM to trace elements (Table 4).
In general, mesocosms receiving additions of trace
elements and nutrients were less autotrophic than
tanks receiving only nutrient additions (Table 5
and Fig. 3). Although the above pattern was con-
sistent during all runs, the nutrient/trace element

interaction was only significant during spring runs
(Table 4).

Trophic complexity did not significantly affect
NEM over the entire experiment or during the in-
dividual runs (Table 4).

Discussion
ESTUARINE METABOLIC FUEL

Before the addition of either stressor, the COAS-
TES mesocosms were net heterotrophic like the
Patuxent River, suggesting that WS-RESP was in
part fueled by allochthonous carbon inputs or by
dissolved organic carbon (DOC) fluxes from the
sediments (Hagy and Kemp 2002; Fig. 3 and Table
5). Calculations using measured benthic respira-
tion rates from our control mesocosms (Laursen
et al. 2002) and an equation relating sediment car-
bon oxidation (Cox) to benthic DOC fluxes (BDF
5 0.36(Cox)0.29; Burdige et al. 1999) suggest that
less than 0.5% of the WS-RESP was fueled by BDF
and that the majority was fueled by external car-
bon inputs. Allochthonous carbon entering the
mesocosms was comprised of organic matter pro-
duced from both within the Patuxent River estuary
and from the watershed. Most of this carbon was
probably in the dissolved form because water en-
tering the mesocosms passed through a 1-mm filter.
The NEM represents 30% of the overall WS-RESP
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in the control mesocosms; this is the minimum
fraction of respiration that was fueled by allo-
chthonous carbon if some of the autochthonous
carbon produced within our tanks was buried or
exported during the 24-h period over which our
measurements were made. External inputs of car-
bon to rivers, lakes, and estuaries have been shown
to support a similar percentage of WS-RESP in
these environments (Smith and Hollibaugh 1993;
Smith and Kemp 1995; Howarth et al. 1996; Cole
et al. 2000). These studies do not distinguish how
much of the respired allochthonous carbon is in
the dissolved or particulate form. Our results sug-
gest that DOC may be an important carbon source
fueling estuarine metabolism. Estuarine DOC la-
bility studies have found that ; 30% of estuarine
DOC is bioavailable (Servais et al. 1987; Aminot et
al. 1990; Middelboe et al. 1992; Zweifel et al. 1993;
reviewed in Wiegner and Seitzinger 2001). In the
coastal Chesapeake Bay, DOC can comprise up to
80% of the total organic carbon (TOC; Fisher et
al. 1998); our results suggest that 24% of the TOC
may be removed by respiration of DOC.

EFFECTS OF NUTRIENTS

Nutrient additions stimulated WS-GPP and to a
lesser extent WS-RESP (Fig. 1a) resulting in net
system autotrophy (Fig. 3). Previous studies have
reported similar patterns in mesocosm and natural
systems (Nixon et al. 1984; Oviatt et al. 1986a,b,
1995; D’Avanzo et al. 1996), yet few have examined
why the magnitude of the response to nutrients by
primary production and respiration differs. A
dampened heterotrophic response to nutrient ad-
ditions in the COASTES mesocosms may have oc-
curred because of an inefficient or weakly coupled
carbon flow between the autotrophs and hetero-
trophs. Uncoupling between these organisms can
be related to the food web structure where there
is top-down grazing of bacterioplankton (Carlson
et al. 1996; Bird and Karl 1999) or a differential
size partitioning of plankton community produc-
tion and respiration (Smith and Kemp 2001). In
addition, the quantity and quality of phytoplank-
ton-derived carbon available to the bacteria may
affect the coupling between WS-GPP and WS-RESP
(Blight et al. 1995; Lochte et al. 1997; Carlson et
al. 1998; Bird and Karl 1999; Serret et al. 1999).
Bacterial utilization of allochthonous carbon may
also contribute to an uncoupling between autotro-
phic and heterotrophic processes (Findlay et al.
1991; del Giorgio and Peters 1994; del Giorgio et
al. 1999; Wikner and Hagströem 1999).

A dampened heterotrophic response to nutri-
ents in the COASTES mesocosms may have result-
ed from several of the above factors. Nutrient ad-
ditions weakly increased the rate of heterotrophic

nanoflagellate (HNAN) grazing on bacteria during
this (Gilmour and McManus unpublished data)
and previous COASTES experiments (Breitburg et
al. 1999). The heterotrophs may have also been
consuming allochthonous carbon in addition to
phytoplankton carbon. Approximately 30% of the
carbon respired in our control tanks came from
external sources; this percentage may represent
the baseline respiration supported by allochthon-
ous carbon in all our treatments. The size distri-
bution of the plankton may also have played a role
in the observed uncoupling. Previous studies in
Chesapeake Bay have shown that the primary pro-
duction driven by the . 3 mm fraction is not cou-
pled to total plankton community respiration driv-
en by the , 3 mm fraction (Smith and Kemp
2001). This relationship may explain why WS-GPP
by large diatoms (Riedel et al. 2003) in our nutri-
ent tanks responded to a greater extent to nutri-
ents than WS-RESP (Fig. 1a).

Nutrient additions made the COASTES meso-
cosms net autotrophic (Fig. 3). Both the water col-
umn and benthos were net autotrophic in the 1N
tanks (calculated from our data and data from
Laursen et al. 2002) suggesting that the net system
production was not being respired, but rather ex-
ported and/or buried. Overall, we estimate that
approximately 31% of the WS-GPP was exported
from and/or buried in the 1N tanks. Net system
autotrophy has been observed in several temperate
eutrophic estuaries (Nixon and Pilson 1984; Nixon
et al. 1995; D’Avanzo et al. 1996; Kemp et al. 1997).
Ten to 28% of the primary production in Narra-
gansett Bay is estimated to be exported, while 5%
to 10% is buried (Nixon and Pilson 1984; Nixon
et al. 1995). In contrast, only 8% and 6% of the
primary production in Chesapeake Bay is exported
and buried, respectively (Kemp et al. 1997). NEM
in coastal mesocosms has also been shown to
switch from net heterotrophy to autotrophy with
the addition of nutrients (Oviatt et al. 1986b). Ten
to 15% of the net system production was exported
from the mesocosms receiving nutrients, while 0%
to 8% was buried (calculated from data in Oviatt
et al. 1986b). Our results in conjunction with the
literature suggest that estuaries receiving increased
nutrient loads may be an important carbon source
for downstream shelf areas (Odum 1971; Nixon
and Pilson 1984; Kemp et al. 1997).

EFFECTS OF TRACE ELEMENTS

The effects of trace elements at the whole system
scale were not as apparent or consistent until nu-
trients were added to the COASTES mesocosms.
The response of WS-GPP to nutrients was signifi-
cantly dampened in the presence of trace elements
whereas respiration was unaffected suggesting that
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autotrophs and heterotrophs were affected differ-
ently by these stressors (Fig. 1c). Trace element
effects on phytoplankton are well established (Sun-
da 1988–1989, 1994). They affect phytoplankton
community composition, phytoplankton carbon,
chlorophyll a concentration, primary production,
and cell density (Sanders and Cibik 1985a; Brand
et al. 1986; Sanders and Riedel 1998). In the 1N
COASTES mesocosms, the effect of trace elements
were more pronounced; this may have occurred
because some trace elements, like arsenate, are tak-
en up by the same mechanisms as phosphate in
phytoplankton (Planas and Healy 1978; Sanders
1979; Sanders and Windom 1980). The phyto-
plankton species most affected by trace elements
were centric diatoms (Riedel et al. 2003); previous
experiments have reported similar results (Sanders
and Vermersch 1982; Sanders and Cibik 1985b;
Sanders et al. 1989; Breitburg et al. 1999). How-
ever, some studies have found that certain diatoms
are less sensitive to trace elements illustrating that
effects of these contaminants are species-specific
(Brand et al. 1986). In the context of the estuary,
our results suggest that elevated trace element
loads may dampen the response of primary pro-
duction to nutrients, lessening the effects of eutro-
phication.

Heterotrophic bacteria are major contributors to
estuarine respiration (Williams 1981; Hopkinson et
al. 1989; Sand-Jensen et al. 1990; Sampou and
Kemp 1994). In the COASTES mesocosms, effects
of trace elements on these heterotrophs varied in
1N1T tanks; bacterial cell density significantly de-
creased while bacteria production was unaffected
(Gilmour and Ward unpublished data). Their ex-
periments using 14C-labelled substrates during the
spring 1998 suggest that at some point in time
trace elements decreased bacterial growth efficien-
cy. WS-RESP and bacterial measurements together
suggest that trace elements (with and without nu-
trients) may have decreased bacterial growth effi-
ciency resulting in a higher respiration per cell.
Although bacterial production did not change
when trace elements were added, it is possible that
proteins synthesized were being used to contend
with high toxic trace element concentrations in-
stead of being allocated for growth, resulting in a
lower bacterial growth efficiency. Mechanisms used
by bacteria to cope with these contaminants in-
clude internal and external elemental precipita-
tion, syntheses of element binding/chelating or-
ganic compounds, and methylation (Gadd and
Griffiths 1978).

EFFECTS OF TROPHIC COMPLEXITY

Food web structure has been shown to affect the
primary productivity of some aquatic ecosystems

(Elmgren et al. 1980; Carpenter et al. 1987; Alpine
and Cloern 1992; Heath et al. 1995; Caraco et al.
1997; Carpenter et al. 2001). In our study, WS-GPP
was significantly affected by trophic complexity in
1N tanks (Table 4); it was lower in mesocosms with
bivalves (both 1bivalves and 1benthos) relative to
those without bivalves (Fig. 2). Measurements of
14C-primary production and chlorophyll a were
also significantly affected by trophic complexity,
even though the effects were not exclusive to 1N
tanks (Breitburg unpublished data). Our results
are not surprising given the fact that suspension-
feeding bivalves have been shown to markedly de-
crease primary production in nutrient-rich aquatic
environments (e.g., Cloern 1982; Cohen et al.
1984; Alpine and Cloern 1992; Caraco et al. 1997).
In the Patuxent River estuary, it is estimated that
suspension-feeding bivalves can remove up to 40%
of the estuarine primary production (Gerritsen et
al. 1994). In a marine mesocosm study, phyto-
plankton bloomed in mesocosms where the fuel oil
had markedly reduced the number of the benthic
suspension feeders in contrast to the controls
(Elmgren et al. 1980). However, effects of suspen-
sion-feeding bivalves on primary production are
not ubiquitous. In a study using Mercenaria mercen-
aria, clam additions increased 14C-primary produc-
tion relative to the controls due to an increased
flux of dissolved inorganic nitrogen from the ben-
thos (Doering et al. 1986).

Effects of trophic complexity on WS-RESP have
not been as extensively studied as those for pri-
mary production. However, food web structure has
been shown to affect pelagic and benthic respira-
tion (Murphy and Kremer 1985; Doering et al.
1987; Pace and Cole 2000). In our study, trophic
complexity did not significantly affect WS-RESP ex-
cept during late summer 1997 when WS-RESP was
significantly higher in treatments with bivalves
(both 1bivalves and 1benthos). Benthic respira-
tion was also significantly higher in treatments with
bivalves during this run (Laursen et al. 2002). In-
creased WS-RESP and benthic respiration may be
attributed to suspension-feeding bivalves, which ac-
celerate carbon export from the water column to
the benthos via filtration and defecation (Haven
and Morales-Alamo 1966, 1972; Doering et al.
1986; Grant et al. 1995; Roditi et al. 1997). Fecal
and pseudo fecal pellets may stimulate benthic mi-
crobial growth and, accordingly, respiration by
maintaining a logarithmic growth phase of bacteria
on the pellets (Dame 1996). Up to 20% of the in-
creased oxygen consumption in the sediments rel-
ative to the controls in the COASTES mesocosms
could be accounted for by respiration of the bi-
valves located on the sediments (Laursen et al.
2002). Similarly, in Colorado Lagoon, California,
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M. mercenaria respiration was estimated to be 68%
of the benthic respiration (Murphy and Kremer
1985).

Like WS-RESP, effects of trophic complexity on
NEM have not been extensively examined. To our
knowledge, there is only one other study that has
examined trophic complexity effects on NEM. In
that study, food web structure affected NEM in
lakes receiving nutrient additions (Cole et al.
2000). The response of NEM to nutrients was top-
down controlled; lakes were net autotrophic with
a piscivorous food web and net heterotrophic with
a planktivorous food web (Cole et al. 2000). Tro-
phic complexity did not significantly affect NEM in
our study although its effects on WS-GPP were de-
tected in 1N mesocosms (Table 4). Effects of tro-
phic complexity on NEM in 1N tanks may have
not been detected because the magnitude of the
NEM response to nutrients was much greater than
the response of WS-GPP to trophic complexity.

IMPLICATIONS FOR ESTUARINE SYSTEMS

Human activities in watersheds and along the
coast are resulting in increased export of nutrients
and trace element contaminants to estuaries.
These activities may also be changing the estuarine
food web structure and dynamics. Our results sug-
gest that these pollutants, alone and in combina-
tion, as well as the trophic complexity of the sys-
tem, may affect the production, consumption, and
flow of organic carbon in coastal areas. Nutrients
enhanced WS-GPP and to a lesser extent WS-RESP
in our system, shifting it from net heterotrophy to
net autotrophy. The resulting net production was
exported from or buried in the system. Bivalves
also significantly reduced this nutrient-stimulated
production. The addition of trace elements alone
did not affect WS-GPP and WS-RESP to the same
extent as nutrients and their effects were more var-
iable, though additions of trace elements alone
consistently made the system more net heterotro-
phic than the controls. When trace elements were
added with nutrients, the nutrient-enriched system
became less autotrophic. The effect of trace ele-
ments on NEM occurred primarily through reduc-
tions in WS-GPP rather than increases in WS-RESP.
Our results suggest that the interactions between
nutrient and trace element stressors on NEM are
not additive. Both the direction and magnitude of
the autotrophic and heterotrophic response to
these stressors are different.
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