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ABSTRACT: Biogeochemical interactions between a suite of trace elements and nutrients were examined in a series
of experimental mesocosm experiments to understand how multiple stressors affect estuarine environments and how
these effects are modified by the complexity of the system used to examine them. Experimental treatment included
additions of nutrients and trace elements separately and combined, along with a gradient in experimental system com-
plexity. Eight mesocosm experiments were carried out from 1996 through 1998. Increased nutrients generally decreased
dissolved trace element concentrations, in large part through an increase in phytoplankton biomass, but also by increasing
the concentration of metals in the particles. Trace element additions increased dissolved nutrients by decreasing phy-
toplankton biomass. The presence of sediments reduced both dissolved trace element and nutrient concentrations. Other
complexity treatments had weaker effects on both dissolved nutrients and trace elements. Many of the observed effects
appeared to be seasonal, occurring only in spring, or their magnitude was greater in spring. This may be linked to a
change from phosphorus to nitrogen limitation that often occurs in the Patuxent River estuary in the late spring or early

summer period.

Introduction

Enrichment of estuarine systems with nutrients
and trace elements is a common occurrence in the
United States and throughout the world (Gray and
Paasche 1984; Howarth 1988; Malone et al. 1993;
Cloern 1996; Sanders and Riedel 1998). Nutrient
enrichment can increase algal growth (including
harmful algal blooms), decrease light penetration,
cause accumulation of organic carbon in the ben-
thos, and consequent hypoxia or anoxia in bottom
waters (Schelske and Stoermer 1971; Turpin and
Harrison 1979; Sanders et al. 1987; Owiatt et al.
1989; Riegman 1995). Trace element enrichment
suppresses primary production, alters the species
composition and size of the phytoplankton com-
munity (Sanders and Cibik 1985; Brand et al. 1986;
Sanders et al. 1994), and increases accumulation
of trace elements in the sediment and the food
chain (Goldberg et al. 1978; Han and Hung 1990).

Stressors such as nutrients and trace elements
are ordinarily considered individually when man-
aging resources even though laboratory and field
studies show that nutrients and trace elements
have interacting effects. Trace elements may mimic
nutrients producing competition for uptake or
other metabolic disruptions (e.g., Sanders and Rie-
del 1987), they may be micronutrients required for
the uptake and utilization of macronutrients, or
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trace element limitation or interference by a sec-
ond interacting trace element may cause poor uti-
lization of macronutrients (e.g., Rueter and Morel
1982; Rueter and Ades 1987; Sunda and Huntsman
1983).

Interactions between nutrients and trace ele-
ments may also occur in less direct ways in natural
phytoplankton communities. Nutrient or trace el-
ement enrichment may alter the phytoplankton
community, producing a community with different
nutrient and trace element requirements and sen-
sitivity than the original. The resulting changes in
the concentrations or ratios of nutrients may im-
pact the concentration, and speciation of trace el-
ements, via their effect on the community, and
trace elements may exert similar effects on nutri-
ent concentrations and ratios. Alterations of the
phytoplankton community can affect higher tro-
phic levels which graze upon them and recycle nu-
trients and trace elements. Any alterations of phy-
toplankton communities as a result of changes in
nutrient and trace elements may alter higher tro-
phic levels, which in turn, can impact the phyto-
plankton community.

The potential for interactions between nutrients
and a suite of trace elements was examined in a
series of mesocosm experiments as part of a larger
study (COASTES—COmplexity And STressors in
Estuarine Systems; Breitburg et al. 1999). These
mesocosms used water and biota from the meso-
haline Patuxent River, and additions of nutrients
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and trace elements, separately and combined,
along a gradient of increasing system complexity.
The objective of this project was to increase un-
derstanding of how multiple stressors affect estua-
rine environments, and how the complexity of the
model system used to study the multiple stressors
affects the outcome.

This paper describes the biogeochemical inter-
actions of nutrient and trace element in these me-
socosm systems, and their interactions with the
complexity treatments. The interactions of biota
and other system complexity with nutrients and
trace elements in these mesocosm have been pre-
viously discussed (Breitburg et al. 1999; Laursen et
al. 2002) and are in other papers in this volume
(Bundy et al. 2003; Riedel et al. 2003).

Study Area

The Patuxent River drains an area between
Washington, D.C., and Baltimore, Maryland, emp-
tying through a partially mixed coastal plain sub-
estuary into Chesapeake Bay. Urbanization of the
estuary has led to eutrophication. Pre-European
settlement annual loadings were estimated to be
approximately 0.36 X 10° kg N and 0.010 X 10°® kg
P (Boynton et al. 1995). By 1985-1986, the annual
loadings of nutrients into the estuary were esti-
mated to be 2.2 X 10° kg N and 0.15 X 10° kg P,
and the estuary showed increased chlorophyll and
turbidity, and decreased oxygen content (D’Elia et
al. 2003). Beginning in 1987, nutrient loading con-
trols were put in place for both nitrogen (N) and
phosphorus (P) in the watershed. Following the
implementation of controls, loadings to the estu-
ary have been reduced to 1.6 X 10° kg N and 0.12
X 10° kg P, but indicators of eutrophication (e.g.,
chlorophyll, turbidity, and oxygen) have only im-
proved slightly. Further information concerning
historical changes in the Patuxent River can be
found in D’Elia et al. (2003).

The estuary is also subjected to trace element
enrichment. Total loadings of metals from the riv-
erine portion of the Patuxent have been relatively
well characterized (EPA 1996; Riedel et al. 2000).
Important anthropogenic sources include sewage
treatment plants, urban runoff, and atmospheric
deposition (Scudlark et al. 1994; Riedel et al.
2000). Geology may also be important in trace el-
ement enrichment of the estuary (McCartan et al.
1998; Riedel et al. 2000).

Methods and Materials
MESOCOsSM METHODS
Experiments used twenty 1-m? cylindrical fiber-
glass mesocosms, filled with water from the estua-
rine Patuxent River, screened through a pair of 35-
pm plankton nets. The mesocosms were kept in

outdoor raceways in flowing water from the estuary
to maintain the temperature near ambient condi-
tions, and operated as continuous flow cultures
with a flow rate of 10% d~! (100 1 d™!), using 1-
pm filtered estuarine water. Polyvinyl chloride
(PVC) paddle wheels were used to gently mix the
mesocosms. Opaque PVC liners were placed inside
of the mesocosms, and were cleaned weekly to re-
move wall growth. Mesocosms were operated for 7
days prior to the start of the nutrient and trace
element treatments and the addition of biota.

Four mesocosms experiments were carried out
in 1996, in April, June, July, and September. These
are designated 196, 296, 396, and 496. Similarly,
there were four experiments in May, July, and Au-
gust of 1997 and May 1998, designated 197, 297,
397, and 198, using a somewhat different experi-
mental design. Five levels of experimental system
complexity were tested, encompassing a gradient
from simple to more complex. In 1996, treatments
were phytoplankton (the plankton assemblage, in-
cluding phytoplankton and associated bacterio-
plankton and microzooplankton) that passed
through the 35-um screen, +zooplankton (meso-
zooplankton and larger microzooplankton added
to the phytoplankton assemblage), +fish (juvenile
mummichogs, Fundulus heteroclitus, added to the
+zooplankton assemblage), +sediment (sediment
added to the +fish assemblage), and +benthos
(benthic invertebrates, Crassostrea virginica, Macoma
balthica, and Diadumene leucolena, added to the
+sediment assemblage). In 1997-1998, sediment
was added to all the treatments, so that there was
no separate +sediment treatment, and an addi-
tional treatment +mollusc, in which the Diadumene
leucolena was eliminated from the +benthos treat-
ment. Sediments were placed in circular trays 50
cm diameter, approximately 10-15 cm thick. In
1996, the sediment was a sandy-silt collected from
approximately 6-m depth in St. Leonard’s Creek
on the Patuxent River, while in 1997 and 1998, a
muddy sand collected in approximately 1 m of wa-
ter from the Patuxent River was used. Sediments
were heat treated (~50°C for 3 d) to kill macro-
invertebrates prior to use.

Nutrients and trace elements were added contin-
uously by peristaltic pump. Half of the concentra-
tions required to bring nutrients and trace ele-
ments in the addition treatments up to the steady
state concentration were added on both days 7 and
8. Control tanks received no added nutrients, while
nutrient treatment tanks received 1.6 mmol of
NO;~ and 0.1 mmol of PO,*" daily (final nominal
concentrations of 16 pM N and 1 pM P, respec-
tively). Different trace element addition treatments
were used in the two years. In 1996, a mixture of
five trace elements was used, 10 ug 17! arsenic (As),



1 pg I'! cadmium (Cd), 5 pg 1" copper (Cu), b
g 171 nickel (Ni), and 5 pg 17! zinc (Zn; final nom-
inal concentrations). These reflect an enrichment
of 5-10 times the concentrations recorded in the
estuarine Patuxent River (Riedel et al. 2000). In
1997-1998, Ni and Zn were dropped from the mix-
ture, and the nominal concentrations of As, Cd,
and Cu were adjusted to 12.5, 0.5, and 7.5 pg "%
As and Cu were adjusted to compensate for loss of
dissolved trace elements observed in the 1996 ex-
periments, while Cd was lowered to produce a
more realistic enrichment.

CHEMICAL SAMPLING AND ANALYSIS

A peristaltic pump with acid-washed C-Flex
pump tubing and acid-washed PFA sampling tub-
ing was used to collect dissolved trace elements
samples using an acid-washed polypropylene 0.4
pm filter (Flegal et al. 1991; Hurley et al. 1996).
Filtration blanks were taken prior to use of the fil-
ters. Duplicate samples were collected during every
sampling to evaluate precision. Samples for Cd,
Cu, Ni, and Zn were collected in acid-washed PFA
bottles and preserved with 0.2% Baker Ultrex
grade HCI. Samples for As were collected in acid-
washed polyethylene bottles, and quick frozen to
preserve As speciation. Suspended particles were
concentrated from 8 1 using a 500,000 NMWC
cross-flow filtration cartridge, and collected on 0.4
pm polycarbonate filters (Petrusevski et al. 1995;
Wen et al. 1996; Riedel et al. 2000).

Samples for dissolved Cd, Cu, Ni, and Zn were
pre-concentrated for analysis using APDC/ammo-
nium DDDC chelation-chloroform extraction
(Bruland et al. 1979; Nolting and de Jong 1994).
Cadmium, Cu, and Ni were analyzed by graphite
furnace atomic absorption spectrometry, using a
Perkin Elmer 5100 ZL, calibrated using the meth-
od of standard additions. Zinc was analyzed by
flame atomic absorption spectrometry. A sample of
a Standard Reference Material (SRM) from the Na-
tional Research Council of Canada (NRCCQC),
SLEW-2 was concentrated and analyzed along with
each group of samples to check accuracy. Arsenic
was analyzed by hydride generation, cryogenic
trapping, chromatographic separations, and detec-
tion using a hydrogen-burning quartz cuvette (An-
dreae 1977; Braman et al. 1977; Riedel 1993) in a
Perkin Elmer 2380 atomic absorption spectrome-
ter. This method determines arsenate, arsenite,
monomethylarsenic (MMA), and dimethylarsenic
(DMA). Seston samples were wet digested in
HNO;/HCL/HF/HCIO, in an open Teflon vial
(Van Loon 1985). The resulting digestates were an-
alyzed for As, Cu, Cd, Ni, and Zn by the same tech-
niques cited for dissolved trace elements. Analyti-
cal methods for nutrients, dissolved organic car-
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TABLE 1. Mean ratios (by mole) of dissolved inorganic nitro-
gen (NH,* + NO,~ + NO;") to dissolved inorganic phosphate
(PO,*") during the mesocosms runs.

Mean DIN: DIP Ratio

Mesocosm Starting Seasonal
Run Month Classification ~ Non-Nutrient ~ Nutrient
196 April Spring 314 129
296 June Spring 115 79
396 July Summer 4.8 3.8
496 September Summer 5.6 6.0
197 May Spring 219 98
297 July Summer 23 29
397 August Summer 6.8 5.6
198 April Spring 106 63

bon, and chlorophyll have been previously docu-
mented (Breitburg et al. 1999).

STATISTICAL ANALYSIS

Analysis of variance (SAS version 6.12) was used
to determine the effects of trace element and nu-
trient additions and system complexity treatments
on dissolved trace element and nutrient concen-
trations, and particulate trace element distribution
coefficients (Kps). Data sets were tested for ho-
mogeneity of variance, and based on these results,
many of the data sets were log or rank transformed
for analysis. While many analyses showed signifi-
cant (p < 0.05) effects of trace element additions,
a number also had (p < 0.25) interactions too
large to be neglected between trace elements and
other variables. Because substantially greater bio-
logical response to the metal additions occurred
during spring runs (Riedel et al. 2003), the runs
were separated into spring (April-June) and sum-
mer (July-September) runs. This also reflected
seasonal differences in potential nutrient limita-
tion status of the experiments, as determined by
the average ratios of dissolved inorganic N (DIN)
to dissolved inorganic P (DIP) in the mesocosms
(Table 1). The spring experiments showed ratios
greater than 16:1, while all but one of the summer
experiments yielded ratios much less than 16:1. Ex-
periment 297 had an average DIN/DIP ratio of 26
and very low levels of both DIN and DIP, suggest-
ing joint N and P limitation.

Because biological uptake, transformations, and
changes in phytoplankton community composition
require time to occur, only statistical results for
trace elements from the second of two sampling
dates in each mesocosm run are presented. The
analysis for the distribution coefficient (K;) of par-
ticulate trace elements initially combined the am-
bient trace elements and the trace elements addi-
tions, to determine whether trace element addi-
tions changed the K;,. In subsequent analysis to ex-
amine the effects of nutrients and complexity
treatments on K, these data were also separated
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Fig. 1. Concentrations of dissolved trace elements from the
treatments without added trace elements in the mesocosms
from the 396 experiment at two sampling times. p = phyto-
plankton only, pn = phytoplankton plus nutrients, ¢ = cope-
pods addition, cn = copepod addition plus nutrients, f = fish
addition, fn = fish addition plus nutrients, s = sediment addi-
tion, sn = sediment addition plus nutrients, b = benthic fauna
addition, bn = benthic fauna addition plus nutrients. Open bars
= sampling 1, filled bars = sampling 2.

into ambient trace elements and trace element ad-
dition treatments.

Results

EFFECTS OF NUTRIENTS AND SYSTEM COMPLEXITY
ON TRACE ELEMENTS

Dissolved Cd, Ni, and Zn in tanks with nutrients
added often decreased (Figs. 1 and 2, Table 2),
presumably due to enhanced uptake by the addi-
tional biomass. This reduction more often oc-
curred in the trace element addition treatments.
Dissolved Cu concentrations were unaffected by
nutrient addition in the trace element addition
tanks, but were higher in the nutrient addition
tanks than in controls receiving ambient trace el-
ements.

In the 1996 experiments, there were no signifi-
cant effects of nutrients on the concentration of
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Fig. 2. Concentrations of dissolved trace elements from the
treatments with added trace elements in the mesocosms from
the 396 experiment at two sampling times. p = phytoplankton
only, pn = phytoplankton plus nutrients, ¢ = copepods addi-
tion, cn = copepod addition plus nutrients, f = fish addition,
fn = fish addition plus nutrients, s = sediment addition, sn =
sediment addition plus nutrients, b = benthic fauna addition,
bn = benthic fauna addition plus nutrients. Coarse cross hatch
bars = sampling 1, fine crossed hatched bars = sampling 2.

total dissolved or of any species of As (Table 2). In
the 1997-1998 spring experiments there were no
significant changes in total As concentration, but
nutrient addition enhanced the transformation
among the various forms of As. In the 1997-1998
summer experiments, nutrient additions de-
creased total As concentrations, and led to signifi-
cant differences in the concentrations of most of
the component species. Methylated As species were
present at much higher concentrations during the
spring experiments (Fig. 3).

The addition of sediments led to losses of trace
elements from the water column; this was the most
striking effect of complexity treatments noted. Be-
cause of the modifications to the experimental de-
sign in 1997-1998, this only occurred in the 1996
experiments. This effect was significant for all trace
elements in the 1996 summer experiment, but in
spring, a significant decrease was observed only for



TABLE 2. Statistical summary of effects of nutrients on the
dissolved trace element concentrations in the mesocosm study.
For main effect ns = p > 0.05, * = 0.05 > p > 0.01, ** = 0.01
> p > 0.001, *** = 0.001 > p, Pos. = an increase in response
to nutrients, Neg. = a decrease in response to nutrients. MMA
= monomethylarsenic, DMA = dimethylarsenic, nd = not de-
termined.

Trace
Trace Element Spring Summer Spring Summer
Element Treatment 1996 1996 1997-1998 1997
As(III) + nd nd ns ns
- nd nd Pos***  ng
As(III+V) + ns ns Neg##*  Neg##*
- ns ns Neg***  Neg***
MMA + ns ns Pos***  ns
- ns ns ns Pos**
DMA + ns ns Pos***  Pos**
- ns ns Pos***  Pos**
Total As + ns ns ns Neg**
- ns ns ns ns
Cd + ns Neg** Neg**  Neg#**
- ns ns Neg*** Neg**
Cu + ns ns ns ns
— POS** POS*** Pog**x Pog**x
Ni + ns Neg* nd nd
- ns ns nd nd
Zn + ns Neg*** nd nd
- ns ns nd nd

Cu and Ni in mesocosms with trace elements add-
ed, and for As when trace elements were not added
(Table 3).

In the 1997-1998 experiments, where sediment
was added to all mesocosms, few effects of the com-
plexity treatments were observed. In the spring
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Fig. 3. Average concentrations of dissolved As species in the
treatments with added As in the 1996 mesocosm experiments,
separated by nutrients additions and season.

1997-1998 experiments, only As(III) showed a sig-
nificant effect with complexity (Table 3), with high
concentrations of As(IIl) found in the mesocosms
with benthic organisms added to the sediment
(both of the benthos and mollusc treatments). In
summer 1997 experiments, both total As and DMA
concentration in the benthos and mollusc treat-

TABLE 3. Summary of effects of complexity on the dissolved trace element concentrations in the mesocosm studies. For main effects
ns = p > 0.05, * = 0.06 > p > 0.01, ** = 0.01 > p > 0.001, *** = 0.001 > p. Complexity treatments with significant results are
ranked from high to low, and Tukey groupings not significantly different (a« = 0.10) are underlined. P = phytoplankton, C =
copepods, F = fish, S = sediment, B = benthos, M = mollusc, MMA = monomethylarsenic, DMA = dimethylarsenic, nd = not

determined.

Trace Element

Trace Element Treatment Spring 1996 Summer 1996 Spring 1997-1998 Summer 1997
As(III) + nd nd M B F C P** ns
- nd nd ns ns
AS(II1+V) + ns P B ns ns
- ns P B* ns ns
MMA + ns ns ns ns
- ns ns BPMCF* ns
DMA + ns ns ns FPCBM*
- ns ns ns ns
Total As + ns P B#* ns CFPB M*
- P B P B ns ns
Cd + ns FP CS B** ns ns
- ns ns ns ns
Cu + CFPS B** FPCS B** ns ns
- ns ns ns ns
Ni + P CF B S* FCPSDB* nd nd
- ns ns nd nd
Zn + ns CPFSB* nd nd
- ns ns nd nd
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TABLE 4. Results of analysis of variance on the particle distri-
bution coefficients (K;) for 1996 and 1997-1998 mesocosm
studies, showing the significance of the main effects of the trace
element additions on the K. For significant results, the rank
order of the means is shown by N = no trace elements added,
T = trace elements added. ns = p > 0.05, * = 0.05 > p > 0.01,
= 0.01 > p > 0.001, #** = 0.001 > p. MMA = monome-
thylarsenic, DMA = dimethylarsenic, nd = not determined.

Trace Spring Summer Spring Summer
Element 1996 1996 1997-1998 1997
Inorganic As ns N>T#* N>T#* N>T#*
MMA ns ns N>Ts* ns
DMA N>T**  ns N>T#* ns
Total As ns N>T* N>Ts* N>To#*
Cd ns N> N> N>T*
Cu ns N>Ts* T>N##* ns
Ni N>T##% NSTH#* nd nd
7n ns N>To#* nd nd

ments ranked lowest in the concentrations (Table
3).

EFrFeECTS OF TRACE ELEMENT ADDITIONS,
NUTRIENTS, AND SYSTEM COMPLEXITY ON
PARTICULATE TRACE ELEMENTS

To normalize for the potential effects of the dif-
ferences in dissolved trace element concentrations,
particulate data are presented as the distribution
coefficient (Kp):

where P is the concentration of the trace element
in suspended particles (pg g7!) and C is the con-
centration of the trace element in solution (g 1!
Balls 1989). The influence of trace element addi-
tions on the K, for trace elements was relatively
strong and consistent (Table 4). With only one ex-
ception, Cu in spring 1997, the K;, was less in the
treatments receiving added trace elements, as il-
lustrated in Fig. 4 for the July 1996 experiment.
The effect was weakest in the spring 1996 experi-
ments, where only Ni and DMA showed significant
differences, and summer 1997, where Cd, inorgan-
ic As, and total As were significantly affected (Table
4).

In the spring 1996 experiments, the only signif-
icant nutrient effect occurred for DMA without
added trace elements, which was significantly ele-
vated in the nutrient additions compared to the
ambient nutrients. In the summer 1996 experi-
ments, no significant nutrient effects were ob-
served for any As species, however, significantly
higher K, values were observed for both Cd and
Zn. In 1997, the effect of nutrients was greater; in
spring 1997, there were significant positive nutri-
ent effects on DMA, total As, and Cd, and a neg-
ative effect on Cu. In summer 1997, the K, values
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Fig. 4. K, values for trace elements from the 396 mesocosm
experiment. p = phytoplankton only, pn = phytoplankton plus
nutrients, ¢ = copepods addition, cn = copepod addition plus
nutrients, f = fish addition, fn = fish addition plus nutrients, s
= sediment addition, sn = sediment addition plus nutrients, b
= benthic fauna addition, bn = benthic fauna addition plus
nutrients. Open circles = ambient trace elements, closed circles
= added trace elements.

for Cd were significantly increased by nutrients
(Table b).

The effect of experimental system complexity on
K;, appeared to be largely linked to sediment or
benthic activity. When a significant overall effect of
system complexity on K;, was noted, the sediment
and benthic (1996), or benthic and mollusc treat-
ments (1997), were ranked as the two lowest, al-
though they were not always a clearly defined
group by themselves (Table 6).

EFrrecTs OF TRACE ELEMENTS AND COMPLEXITY
TREATMENTS ON NUTRIENTS

If the trace element additions had a negative ef-
fect on overall primary productivity, it would be
reasonable to expect that trace element treatments
would have contained higher dissolved nutrient
concentrations than their non-nutrient pair. Be-
cause it was anticipated that the results might de-



TABLE 5. Statistical summary of effects of nutrients on the
particle distribution coefficients (K;,) of trace elements in sus-
pended particles for the mesocosm study, separated by metal
treatment. For main effect ns = p > 0.05, * = 0.05 > p > 0.01,
= 0.01 > p > 0.001, #** = 0.001 > p. MMA = monome-
thylarsenic, DMA = dimethylarsenic, nd = not determined.

Trace

Trace Element Spring Summer Sgring Summer
Element Treatment 1996 1996 1997-1998 1997
As(IIT+V) + ns ns ns ns
- ns ns ns ns
MMA + ns ns ns ns
- ns ns ns ns
DMA + Pos* ns Pos* ns
- ns ns ns ns
Total As + ns ns ns ns
- ns ns Pos* ns
Cd + ns Pos***  ng Pos**
- ns Pos** Pos* ns
Cu + ns ns ns ns
- ns ns Neg*#* ns
Ni + ns ns nd nd
- ns ns nd nd
Zn + ns Pos** nd nd
- ns ns nd nd

pend on the potential nutrient limitation status (P
versus N limitation), spring and summer meso-
cosm experiments were analyzed separately. Simi-
larly, because of the modifications in the experi-
mental design, the 1996 and 1997-1998 mesocosm
experiments were analyzed separately. The results
of these ANOVAs are summarized in Table 7.
There were significant effects of trace element ad-
ditions, nutrient additions, and complexity treat-
ments on nutrient concentrations.

Because of the uptake of nutrients by phyto-
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plankton in the continuous cultures, nutrient ad-
ditions would not necessarily result in accumula-
tion of excess dissolved nutrient concentrations.
NH,*, NO, , and Si(OH), concentrations in the
nutrient treatments were often significantly lower
than in the non-nutrient treatments (Table 7)
while PO in the nutrient treatments was signifi-
cantly greater in 3 of the 4 seasonal-mesocosm
combinations and significantly less in the 4th me-
socosm experiment (summer 1996).

In all instances where significant effects of trace
element additions on nutrient concentrations oc-
curred, there were higher nutrient levels in the
trace element addition treatments. The strength of
this appeared to be affected by the design of the
experiment; in the 1996 mesocosm experiments
(where sediments were placed in only the sedi-
ment and benthos treatments), this result was ob-
served in 3 of 8 opportunities. In the 1997-1998
experiments, where sediment was added to all me-
socosms, this effect was observed in 6 of 8 possible
combinations; only NH,* in both spring and sum-
mer failed to show increased concentrations in re-
sponse to trace element additions (Table 7).

Complexity treatments often significantly influ-
enced nutrient concentrations. In the 1996 meso-
cosm experiments, significant complexity effects
were observed in 5 of the 8 possible combinations.
With only one exception, the sediment and ben-
thos treatments ranked at the bottom of the list of
treatments in rank orders, showing that the pres-
ence of sediment in the mesocosms reduced the
nutrient concentrations. In the 1997-1998 meso-

TABLE 6. Summary of effects of complexity on distribution coefficient (Kp) of trace elements in suspended particles in the mesocosm
studies. For main effects ns = p > 0.05, * = 0.05 > p > 0.01, ** = 0.01 > p > 0.001, *** = 0.001 > p. Complexity treatments with
significant results are ranked from high to low, and Tukey groupings not significantly different (¢ = 0.10) are underlined. P =
phytoplankton, C = copepods, F = fish, S = sediment, B = benthos, M = mollusc, MMA = monomethylarsenic, DMA = dimethyl-

arsenic, nd = not determined.

Trace Element

Trace Element Treatment Spring 1996 Summer 1996 Spring 1997-1998 Summer 1997
As(III+V) + ns P B* ns ns
- ns P B** ns ns
MMA + ns P B* ns ns
— ns ns FPCM B* ns
DMA + P B* ns ns ns
- ns ns FCPM B* ns
Total As + ns P B** ns ns
- ns P B* F CP M B** ns
Cd + ns ns F P CM B*#* ns
- ns ns PFCBM* ns
Cu + ns ns FCPM B* ns
— ns ns FPCM B* ns
Ni + ns ns nd nd
- ns PFCBS* nd nd
Zn ns ns nd nd

I+

ns

ns nd nd
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TABLE 7. Results of Analysis of Variance on the mean nutrient concentrations for 1996 and 1997-1998 mesocosm studies, showing
the significance of the main effects of the nutrient additions, trace element additions, and system complexity treatments. ns = p >
0.05, * = 0.05 > p > 0.01, ** = 0.01 > p > 0.001, *** = 0.001 > p. Direction or rank order of treatment effects from high to low
are shown below significance indicator. Complexity treatments with significant results are ranked from high to low, and Tukey group-
ings not significantly different (a = 0.10) are underlined. P = phytoplankton, C = copepods, F = fish, S = sediment, B = benthos,
M = mollusc, Pos. = increased mean nutrient concentration, Neg. = decreased mean nutrient concentration.

Variables NH,* PO, Si(OH),

Spring 1996

Trace elements ns ns ns Pos.*

Nutrients Neg.* ns Pos.* ns

Complexity ns C P FB S** ns P CF S B¥**
Summer 1996

Trace elements ns ns ns ns

Nutrients ns ns Neg.* Neg . ##%*

Complexity ns BPCSF* CPFS B** P F C S B¥**
Spring 1997-1998

Trace elements ns Pos.* Pos.#* Pos. %

Nutrients ns Neg.* Pos. ##% Neg.*

Complexity ns B M CF pP* B M CF p* FPCB M*
Summer 1997

Trace elements ns Pos.#* ns Pos.##%

Nutrients Neg.* ns Pos.#* Neg. #*%*

Complexity CBPM F** B CMF pP* ns ns

cosm experiments, complexity treatments usually
had a significant effect on nutrient concentrations
(Table 7).

Discussion

TREATMENT EFFECTS ON DISSOLVED
TRACE ELEMENTS

The influence of nutrients on the concentra-
tions of trace elements appeared to be strongly af-
fected by seasonal factors, and by whether or not
the trace elements were those initially present or
were those added in the treatments. Cu increased
in concentration from 28% to 42% in the meso-
cosms with no trace elements added. This was the
only case where trace elements showed significant
increases with nutrient additions. One potential
source for the increased Cu in the nutrients was
the nutrient stock solutions. These were tested and
determined not have enough Cu to account for
the increase. Another logical source for additional
Cu was the sediments (e.g., Riedel et al. 1997,
1999), but the effect of nutrients was observed in
the treatments without sediment added in the 1996
experiments. Mesocosms that received nutrient ad-
ditions exhibited greatly increased rates of primary
productivity (Breitburg et al. 1999; Riedel et al.
2003). This increase in total dissolved Cu may be
due to the production of dissolved organic ligands
which served to keep more of the added Cu in
solution (e.g., McKnight and Morel 1979; Teresa
et al. 2001). In support of this, a small but signif-

icant increase (4-6%) in mean dissolved organic
carbon occurred in the nutrient treatments.

The implication of this finding in the Patuxent
and similar estuaries is that the mobility of Cu can
be enhanced by nutrient enrichment. With an av-
erage Cu enrichment of 34% compared to the
non-nutrient mesocosms, the residence time of Cu
in the mesocosm water columns was increased sev-
eral days as a result of the added nutrients. An
increase of the residence time of several days in
the water would increase the average distance that
Cu moves down the estuary from a source in the
river before becoming absorbed onto particles or
phytoplankton, and raise the fraction of Cu that
exits the river into the Chesapeake Bay, or for the
entire Chesapeake Bay, the fraction of Cu that en-
ters the coastal zone. It is interesting to note that
dissolved Cu concentrations in the Patuxent River
do not exhibit the common mixing profile of de-
clining concentrations with increasing salinity; con-
centrations are relatively constant throughout the
saline portion of the estuary (Riedel et al. 2000).
Increased Cu mobility caused by nutrient enrich-
ment may be responsible for this behavior. Evalu-
ating the relationship of nutrient enrichment to
Cu mobility is difficult from our data set alone,
given that there were only two trace element levels
and two nutrient levels, simulating only a single
region of the estuary. These results suggest that
additional examination of this topic is warranted.

In the summer 1996 experiments, the other cat-



ionic metals added (Cd, Ni, and Zn) exhibited sig-
nificantly lower concentrations with added nutri-
ent treatments when trace elements were added.
The result carried through in the 1997-1998 ex-
periments with Cd (Ni and Zn were not added in
the 1997-1998 experiments). The mean decrease
was 22.5% for Cd, 8.4% for Ni, and 56.56% for Zn.
The loss of cationic metals from solution was likely
due to the addition of biomass resulting from the
nutrient additions and metal incorporation into
that biomass. For at least Cd and Zn, the addition
of nutrients sometimes significantly increased the
concentrations of metal in the biomass, further de-
creasing the dissolved fraction.

Arsenic concentrations and speciation in the Pa-
tuxent River have a well established seasonal cycle,
with low concentrations and dominance by meth-
ylated species in winter and spring, and higher
concentrations and much lower fractions of meth-
ylated forms in summer and fall (Riedel 1993; Rie-
del et al. 2000). The period in winter and spring
when methyl species dominate coincides with a pe-
riod when phosphate was potentially limiting based
on DIN/DIP ratios, and when dense blooms of al-
gal species that are known to methylate As are pre-
sent. In these experiments, both a seasonal signal
and a nutrient effect were observed. Arsenic was
added to all treatments as sodium arsenate, As(V).
In spring, a conversion of a substantial fraction of
the added As(V) to DMA and MMA occurred dur-
ing the course of the mesocosm runs, with greater
concentrations of MMA and DMA in mesocosms
receiving added nutrients. Arsenite [As(III)] pro-
duction was not influenced strongly by either sea-
son or nutrients, although mean concentrations
were somewhat higher in the summer experi-
ments. These experiments support our previous
studies that suggest that a switch between P limi-
tation in winter and spring and N limitation in
summer and fall was responsible for the produc-
tion of large amounts of methylated As species dur-
ing winter and spring (Riedel 1993; Riedel et al.
2000).

The occurrence of high methylation rates for As
under conditions of P limitation suggests that the
presence of methylarsenicals might be used as a
long-term indicator for P limitation in estuarine
systems. Arsenic methylation is slow relative to nu-
trient cycling, requiring days to convert a majority
of the As from inorganic As to organic As even at
times of high production and low N: P ratio (Sand-
ers and Windom 1980; Sanders and Riedel 1993).
Demethylation is also relatively slow (Sanders 1979;
Scudlark and Johnson 1982). Conversion of a sub-
stantial fraction of As in an estuarine system would
require conditions of P limitation for substantial
periods to convert a majority of the available As to
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DMA and MMA. This signal would persist for days
to weeks after P limitation ends before demethyl-
ation and additional inputs of inorganic As reduce
the predominance of methylated As.

TREATMENT EFFECTS ON SUSPENDED
TRACE ELEMENTS

The decrease in K, with trace element additions
for Cd, Cu, Ni, and Zn observed in most cases
could have several origins. It may have been caused
by saturation of adsorption sites for the metals on
the particles. It may also have been an artifact of
dilution by an inert fraction of the suspended par-
ticles. If we assume that the particles have an inert
fraction of Cu of 15 pg g1, and adsorb metal with
a proportionality constant (a true K;) of approxi-
mately 40 1 g71, at 0.5 pg 1! dissolved Cu, the Cu
content of the particles would be 35 pg g !, and
have an apparent K;, of 70 1 g!. If the dissolved
Cu were raised to 5.0 pg 171, the Cu content of the
particles would be 230 pg g!, and the apparent
K, would be 43 1 g~!. Another likelihood is that
the character of the particles was different between
added trace elements and the control treatments,
such that particles from the trace element treat-
ments had reduced affinities for the trace elements
(Sanders and Riedel 1998). The trace element
treatments often had different phytoplankton com-
munity composition, particularly in the nutrient
addition treatments, where larger diatoms ap-
peared to be stimulated by nutrient additions, but
inhibited by trace metal additions (Riedel et al.
2003). If the larger cells had higher K, than the
smaller cells replacing them, the K, of the particles
in the trace element treatments could be reduced.
Finally, the added trace elements may have stimu-
lated the production of dissolved or colloidal li-
gands, which would also lower the K;, (McKnight
and Morel 1979; Moran et al. 1996).

An increase in K; for Cd with nutrient addition
was observed. A similar increase in K, for Cd in
suspended material has been observed during the
spring bloom in South San Francisco Bay, where
dissolved metals, including Cd, were greatly re-
duced in concentration while the concentration of
these metals in the particles rose substantially (Lu-
oma et al. 1998). Wang and coworkers (Wang and
Dei 2001; Wang et al. 2001) demonstrated that two
species of common bloom-forming centric diatoms
accumulated higher concentrations of Cd, and that
both flagellates and diatoms accumulated Cd and
Zn at much greater levels when grown under con-
ditions of high nitrate concentrations. They saw lit-
tle effect under high phosphate concentrations. In
our experiments, increases in K, of Cd with nutri-
ent additions occurred primarily in summer, when
nitrogen was the limiting nutrient, paralleling the
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findings of Wang and Dei (2001) and Wang et al.
(2001). This is also contrary to the particle con-
centration effect observed in some estuaries, where
increased concentrations of particles show gener-
ally decreased Ky, values (e.g., Balls 1989; Moran et
al. 1996), since the nutrient additions greatly in-
creased phytoplankton biomass.

The effect of nitrate enrichment on the accu-
mulation of Cd may have significant consequences.
The Patuxent River is relatively high in dissolved
and suspended particulate Cd, probably as the re-
sult of a geologic phenomenon (Riedel et al.
2000). Concentrations of Cd in Patuxent River oys-
ters are among some of the highest known in the
United States, often well above Food and Drug Ad-
ministration recommendations for Cd in shellfish
(Riedel et al. 1998). If an ample supply of N causes
phytoplankton to accumulate higher concentra-
tions of Cd during the spring bloom when the Pa-
tuxent River is P limited and high in N, our results
predict higher concentrations of Cd in phytoplank-
ton, further contributing to the high levels of Cd
in Patuxent River oysters.

The appropriateness of calculating a distribution
coefficient, Ky, for different As species is question-
able due to the speciation of As and transforma-
tions between those species. Even the use of a Ky,
from total As in both water and particles is difficult
to interpret because of the movements of As spe-
cies between the dissolved and particulate pools.
Since the methylarsenicals in the water and tissues
are produced by the same biochemical processes,
the Kps for MMA and DMA are a comparison of
the biomass producing the compound compared
to the amount produced. In both sets of spring
experiments (P-limited), but in neither set of sum-
mer experiments (N-limited), the mean K, for
DMA was significantly lower in the nutrient treat-
ments. This suggests that the increase in the pro-
duction of dissolved DMA due the nutrient addi-
tion was more than proportional to the increase in
particulate DMA stimulated by the nutrient addi-
tions.

The effects of system complexity on the K; of
most of the trace element treatments are due to
the sediment treatment (in 1996) or the benthic
invertebrate treatments (in 1997). In the 1996 ex-
periments, significant effects of the system com-
plexity treatment for Ky, were only observed for As,
and in all cases the benthic treatment had higher
K;, values than the phytoplankton treatment. In
the benthic treatments the concentration of dis-
solved As species was reduced, and in most cases,
the concentration of As in the particles increased.
The decreases in the dissolved concentration was
clearly the result of adsorption to the sediment. A
mechanism for the increases in the concentration

of As in the suspended particles in the benthic
treatments is not clear. Resuspended bottom sedi-
ments may have contributed higher concentrations
of As in treatments with added sediment. This is
unlikely because surface sediments in this region
of the Patuxent River contain approximately 8—12
ng g~! As, composed largely of inorganic As, with
traces of DMA (Riedel unpublished data). Sus-
pended sediments in the mesocosms without trace
element additions had similar concentrations (10.7
* 4.4 ng g '), so that the contribution of resus-
pended sediments would be relatively low. The spe-
ciation of the As in the mesocosm suspended par-
ticles was also dominated by organic As com-
pounds, primarily DMA, which averaged 6.9 * 4.2
wg g !, further suggesting that most of the As in
suspended particles was derived from dissolved As
incorporated by phytoplankton.

In the 1997-1998 mesocosm runs, the benthic
and mollusc treatments had the lowest K, for As
(and all other metals). All mesocosms in the 1997—
1998 mesocosm runs contained sediments, but the
benthic and mollusc treatment contained benthic
invertebrates that removed phytoplankton. By fil-
tering out larger particles, it appears that the filter
feeders left particles with lower K,,. The exact pro-
cess behind this is not clear, and further exami-
nation is warranted.

TREATMENT EFFECTS ON NUTRIENT
CONCENTRATIONS

Additions of nutrients (N and P) generally in-
creased dissolved PO,3~ concentrations, and the
trend was more consistent in 1997 experiments
(Table 7). This was likely due to greater coherence
in the data due to similar sediment additions to all
treatments. It was also stronger in the spring com-
pared to summer, a period when the mesocosms
were generally P limited. Nutrient additions had
only minor effects on NO;~ concentrations. Dis-
solved silicate was usually reduced by the N and P
additions; presumably increases in diatom biomass
resulted in greater depletion of the silicate. An in-
crease in diatoms was a common result of the nu-
trient additions (see Riedel et al. 2003). Similar
effects have been observed in several areas in the
field receiving increasing N and P additions, such
as the Great Lakes (Schelske and Stoermer 1971).

Metal additions generally resulted in increased
dissolved concentrations of NO;~, PO,*, and
Si(OH), but not NH,". In several cases (primarily
in spring), the metal additions caused significant
decreases in phytoplankton productivity and bio-
mass (Riedel et al. 2003). By decreasing productiv-
ity and biomass, trace element additions resulted
in less nutrient removal. It is difficult to conceive
of an example where this effect could be observed



in the field; without a control site for comparison
it would require substantial inhibition of phyto-
plankton production to observe the accumulation
of nutrients. This and similar experiments may
provide data for trace element cycling models that
can predict how changes in trace element loadings
influence estuarine nutrient cycling.

There were significant effects of the system treat-
ments on the residual nutrient concentrations. In
the 1996 experiments, with one exception, the sed-
iment and benthic treatments had the lowest con-
centrations of NO;~, PO,*", and Si(OH),. Since
considerable benthic primary productivity was as-
sociated with sediments in these tanks, it is reason-
able to presume that the additional benthic pro-
duction depleted the nutrients in these tanks to
lower levels. Denitrification and adsorption of
PO,%" could also contribute to losses of these nu-
trients (Stumm and Morgan 1981).

In the spring 1997 experiments, the benthic and
mollusc treatments contained the highest concen-
trations of NO;~ and PO,*~, but the lowest Si(OH),
concentrations. The increase in NO;~ and PO %~
associated with the benthic community was likely a
result of both a reduction in phytoplankton bio-
mass, and hence less nutrient utilization, and in-
creased regeneration by the organisms. The reduc-
tion of Si(OH), suggests that the removal and sed-
imentation of diatoms by the benthic community
significantly altered the silicate biogeochemistry by
packaging of diatom frustules in fecal material. In
the summer experiments, the effect of system com-
plexity was less clear, the sediment and benthic
treatments generally ranked in the middle for
NO;~ and PO,*", and no significant effect was ob-
served for Si(OH),.

Summary and Conclusions

Trace elements and nutrients, both common
contaminants in developing watersheds, interact
strongly with a variety of trophic components with-
in estuaries. The effects of nutrient additions on
phytoplankton biomass appeared to be controlled
by seasonal factors, in which nutrient limitation (P
versus N) was likely an important regulator. Nutri-
ent additions, which caused substantial changes in
the biomass and phytoplankton community com-
position, generally resulted in reductions in dis-
solved trace element concentrations (with the ex-
ception of Cu in the non-trace element additions),
increased fractions of trace elements on particles,
and in some instances (Cd and Zn) actual increas-
es in the concentrations of metals in the particles.
All of these promote shorter residence times for
trace elements in the water column. Nutrient en-
richment of estuaries should reduce dissolved trace
elements, and cause most trace elements to be re-
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moved to the sediments closer to their source. In
the case of Cd and Zn, the increase in concentra-
tion in particulate material may increase the
amount transferred to higher trophic levels. For
Cu at low concentrations the effect appears to be
reversed; nutrient enrichment may promote the
solution of Cu, resulting in longer residence times
and greater transport. These predictions are con-
tingent on the hypothesis that nutrient enrichment
in estuaries will lead to greater eutrophication; in
some cases estuaries may be saturated with nutri-
ents or lightlimited, and added nutrients may not
substantially increase production.

The opposite case exists as well. As a result of
clean-up efforts, some estuaries, including the Pa-
tuxent, are on the opposite course. After many
years of increasing nutrients and eutrophication,
nutrient reductions are beginning to produce evi-
dence of lowered production. In this situation the
question becomes, how will future reductions in
nutrient loadings and eutrophication alter trace el-
ement cycling and behavior in estuaries?

Trace element additions obviously raised the
concentrations of trace elements in the suspended
particles, but not usually in proportion to the
change in concentration. Trace elements also tend-
ed to increase free nutrient concentrations, pre-
sumably by inhibiting the phytoplankton. Trace el-
ement additions that reach levels inhibitory to
plankton tend to increase the residence time of
nutrients, and promote their transport through
the estuary.

ACKNOWLEDGMENTS

We thank Lori Cole, 'Nise Butera, and Sherry Williams for
trace element analytical work, Deborah Connell for managing
the mesocosm experiments, and Michael Grove and Courtney
Richmond for assistance with the statistical analysis. We also ac-
knowledge the other COASTES PIs (Denise Breitburg, Kevin
Sellner, Rick Osman, Sybil Seitzinger) for their roles in the over-
all design of the COASTES mesocosm experiments. This study
was funded by a grant from the National Oceanic and Atmo-
spheric Administration (NOAA), award No. NA66RG0129,
“The Importance of Understanding Ecological Complexity to
Predicting Effects of Multiple Stressors on Coastal Systems”
(COASTES). The views expressed herein are those of the au-
thors and do not necessarily reflect the views of NOAA or any
of its sub-agencies.

LITERATURE CITED

ANDREAE, M. O. 1977. Determination of arsenic species in nat-
ural waters. Analytical Chemistry 49:820-823.

BarLLs, P. W. 1989. The control of trace element concentrations
in coastal seawater through partition onto suspended partic-
ulate matter: A compilation of field data and laboratory stud-
ies. Netherlands Journal of Sea Research 23:7-14.

BoynTON, W. R., J. H. GARBER, R. SUMMERS, AND W. M. KEMmP.
1995. Inputs, transformations and transport of nitrogen and
phosphorus in Chesapeake Bay and selected tributaries. Is-
tuaries 18:285-314.

BramaN, R. S., D. L. JoHNsON, C. C. FOREBACK, J. M. AMMONS,



350 G. F. Riedel and J. G. Sanders

AND J. L. BRICKER. 1977. Separation and determination of
nanogram amounts of inorganic arsenic and methylarsenic
compounds. Analytical Chemistry 49:621-625.

BranD, L. E., W. G. Sunpa, AND R. L. L. GUILLARD. 1986. Re-
duction of marine phytoplankton growth rates by copper and
cadmium. Journal of Experimental Marine Biology and Ecology 88:
225-250.

BREITBURG, D. L., ]J. G. SANDERS, C. C. GILMOUR, C. A. HATFIELD,
R. W. OsmaN, G. F. RIEDEL, S. P SEITZINGER, AND K. C. SELL-
NER. 1999. Variability in responses to nutrients and trace ele-
ments, and transmission of stressor effects through an estua-
rine food web. Limnology and Oceanography 44:837-863.

BRrRuULAND, K. W., R. P. FRANKS, G. A. KNAUER, AND J. H. MARTIN.
1979. Sampling and analytical methods for the determination
of copper, cadmium, zinc and nickel at the nanogram per
liter level in seawater. Analytica Chimica Acta 105:223-245.

Bunpy, M. H., D. L. BREITBURG, AND K. G. SELLNER. 2003. The
responses of Patuxent River upper trophic levels to nutrient
and trace element induced changes in the lower food web.
Estuaries 26:365-384.

CLOERN, J. E. 1996. Phytoplankton bloom dynamics in coastal
ecosystems: A review with some general lessons from sus-
tained investigation of San Francisco Bay, California. Revues of
Geophysics 34:27-168.

D’ELia, C. F., W. R. BOYNTON, AND J. G. SANDERS. 2003. A wa-
tershed perspective on nutrient enrichment, science, and pol-
icy in the Patuxent River, Maryland: 1960-2000. Estuaries 26:
171-185.

FLEGcAL, A. R., G. F. SMITH, G. A. GILL, S. SANUDO-WILHELMY,
AND L. C. D. ANDERSON. 1991. Dissolved trace element cycles
in the San Francisco Bay estuary. Marine Chemistry 36:329-363.

GOLDBERG, E. D., V. HODGE, M. KOIDE, J. J. GRIGGEN, E. GAMBLE,
O. P. BRICKER, G. MATISOFF, AND R. BRAUN. 1978. A pollution
history of the Chesapeake Bay. Geochimica et Cosmochimica Acta
42:1413-1425.

GRrAy, J. S. AND E. PAASCHE. 1984. On marine eutrophication.
Marine Pollution Bulletin 15:349-350.

HAN, B. AND T. HUNG. 1990. Green oysters caused by copper
pollution on the Taiwan coast. Environmental Pollution 65:347—
362.

HowartH, R. W. 1988. Nutrient limitation of net primary pro-
duction in marine ecosystems. Annual Revues of Ecology 19:89—
110.

HURLEY, J. P., M. M. SHAFER, S. E. COWELL, ]J. T. OVERDIER, P. E.
HUGHES, AND D. E. ARMSTRONG. 1996. Trace metal assessment
of Lake Michigan using low-level techniques. Environmental
Science and Technology 30:2093-2098.

LAURSEN, A. E., S. P. SEITZINGER, R. DEKORSEY, J. G. SANDERS, D.
L. BREITBURG, AND R. W. OsMAN. 2002. Multiple stressors in
an estuarine system: Effects of nutrients, trace elements and
trophic complexity on benthic photosynthesis and respira-
tion. Estuaries 25:57-69.

Luowma, S. N., A. VAN GEEN, B.-G. LEE, AND J. E. CLOERN. 1998.
Metal uptake by phytoplankton during a bloom in South San
Francisco Bay: Implications for metal cycling in estuaries. Lim-
nology and Oceanography 43:1007-1016.

MaLoNE, T. C., W. BoywTON, T. HORTON, AND C. STEVENSON.
1993. Nutrient loadings to surface waters: Chesapeake Bay
case study, p. 8-38. In M. F. Uman (ed.), Keeping Pace with
Science and Engineering. U.S. National Academy of Engi-
neering, Washington, D.C.

MCCARTAN, L., J. D. PEPER, L. J. BACHMAN, AND ]J. W. HORTON,
JRr. 1998. Application of geological map information to water
quality issues in the southern part of the Chesapeake Bay wa-
tershed, Maryland and Virginia, eastern United States. Journal
of Geochemical Exploration 64:355-376.

MCKNIGHT, D. M. AND F. M. M. MOREL. 1979. Release of weak
and strong copper complexing agents by algae. Limnology and
Oceanography 24:823-837.

MoraN, S. B., P. A. YEATS, AND P. W. BaLLs. 1996. On the role
of colloids in trace element solid-solution partitioning in con-
tinental shelf waters: A comparison of model results and field
data. Continental Shelf Research 16:397-408.

NOLTING, R. F. AND J. T. M. DE JONG. 1994. Sampling and ana-
lytical methods for the determination of trace elements in
surface seawater. International Journal of Environmental Analyti-
cal Chemistry 57:189-196.

OviATT, C. A., P. LANE, F. FRENCH, III, AND P. DONAGHAY. 1989.
Phytoplankton species and abundance in response to eutro-
phication in marine mesocosms. Journal of Plankion Research
11:1223-1244.

PETRUSEVSKI, B., G. BOLIER, A. N. BREEMAN, AND G. J. ALAERTS.
1995. Tangential flow filtration: A method to concentrate
freshwater algae. Water Research 29:1419-1424.

Riedel, G. F. 1993. The annual cycle of arsenic in a temperate
estuary. Estuaries 16:533-540.

RiEDEL, G. F., G. R. ABBE, AND J. G. SANDERS. 1998. Temporal
and spatial variations of trace metal concentrations in oysters
from the Patuxent River, Maryland. Estuaries 21:423-434.

RIEDEL, G. F., J. G. SANDERS, AND D. L. BREITBURG. 2003. Sea-
sonal variability in response of estuarine phytoplankton com-
munities to stress: Linkages between toxic trace elements and
nutrient enrichment. Estuaries 26:323-338.

RIEDEL, G. F., J. G. SANDERS, AND R. W. OsmaN. 1997. Biogeo-
chemical control on the flux of trace elements from estuarine
sediments: Water column oxygen and benthic infauna. Estu-
arine, Coastal and Shelf Science 44:23-38.

RiEDEL, G. F,, J. G. SANDERS, AND R. W. OsMAN. 1999. Biogeo-
chemical control on the flux of trace elements from estuarine
sediments: Effects of seasonal and short-term anoxia. Marine
Environmental Research 47:349-372.

RIEDEL, G. F., S. A. WiLLIaMS, G. S. RIEDEL, C. C. GILMOUR, AND
J. G. SanpEeRrs. 2000. Temporal and spatial patterns of trace
elements in the Patuxent River: A whole watershed approach.
Estuaries 23:521-535.

RIEGMAN, R. 1995. Nutrient-related selection mechanisms in ma-
rine phytoplankton communities and the impact of eutro-
phication on the planktonic food web. Water Science Technology
32:63-75.

RUETER, J. G. AND D. R. ApEs. 1987. The role of iron nutrition
in photosynthesis and nitrogen assimilation in Scenedesmus
quadricauda (Chlorophyceae). Journal of Phycology 23:452-457.

RUETER, JR., J. G. AND F. M. M. MOREL. 1982. The interaction
between zinc deficiency and copper toxicity as it affects the
silicic acid uptake mechanisms in Thalassiosira pseudonana.
Limnology and Oceanography 26:67-73.

SANDERS, J. G. 1979. Bacterial role in the demethylation and
oxidation of methylated arsenicals in seawater. Chemosphere 8:
135-137.

SANDERS, J. G. AND S. J. CiBIK. 1985. Adaptive behavior of eury-
haline phytoplankton communities to arsenic stress. Marine
Ecology Progress Series 22:199-205.

SANDERS, J. G., S. J. CiBIK, C. F. D’ELIA, AND W. R. BOYNTON.
1987. Nutrient enrichment studies in a Coastal Plain-estuary:
Changes in phytoplankton species composition. Canadian
Journal of Fisheries and Aquatic Sciences 44:83-90.

SANDERS, J. G. AND G. F. RIEDEL. 1987. Control of trace element
toxicity by phytoplankton, p. 131-149. In J. A. Sanders, L.
Kosak-Channing, and E. E. Conn (eds.), Recent Advances in
Phytochemistry, Volume 21. Plenum Publishing, New York.

SANDERS, J. G. AND G. F. RIEDEL. 1993. Trace element transfor-
mation during the development of an estuarine algal bloom.
Estuaries 16:531-532.

SANDERS, J. G. AND G. F. RIEDEL. 1998. Metal accumulation and
impacts in phytoplankton, p. 59-76. In W. J. Langston and M.
J. Bebianno (eds.), Metal Metabolism in Aquatic Environ-
ments. Chapman and Hall Inc., London, U.K.

SANDERS, J. G., G. F. RIEDEL, AND R. W. OsMAN. 1994. Arsenic



cycling and impact in estuarine and coastal marine ecosys-
tems, p. 289-308. In J. O. Nriagu (ed.), Arsenic in the Envi-
ronment, Part I: Cycling and Characterization. J. Wiley and
Sons, New York.

SANDERS, J. G. AND H. L. WINDOM. 1980. The uptake and reduc-
tion of arsenic species by marine algae. Estuarine, Coastal and
Shelf Science 10:555-567.

SCHELSKE, C. L. AND E. F. STOERMER. 1971. Eutrophication, silica
depletion, and predicted changes in algal quality in Lake
Michigan. Science 173:423-424.

SCUDLARK, J. R., K. M. CoNkO, AND T. M. CHURCH. 1994. At-
mospheric wet deposition of trace elements to Chesapeake
Bay: CBAD study, year 1 results. Atmospheric Environment 28:
1487-1498.

SCUDLARK, J. R. AND D. L. JoHNsON. 1982. Biological oxidation
of arsenite in seawater. Estuarine, Coastal and Shelf Science 14:
693-706.

STUMM, W. AND J. J. MORGAN. 1981. Aquatic Chemistry, 2nd edi-
tion. John Wiley and Sons, New York.

SunpA, W. G. AND S. A. HUNTSMAN. 1983. Effect of competitive
interactions between manganese and copper on cellular man-
ganese and growth in estuarine and oceanic species of diatom
Thalassiosira. Limnology and Oceanography 28:924-934.

TERESA, M., S. D. VASCONCELOS, AND M. F. C. LrEAL. 2001. Ad-

Trace Element-Nutrient Interactions in Mesocosms 351

sorption and uptake of Cu by Emeliania huxleyi in natural sea-
water. Environmental Science and Technology 35:508-515.

TurpIN, D. H. AND P. J. HARRISON. 1979. Limiting nutrient patch-
iness and its role in phytoplankton ecology. Journal of Experi-
mental Marine Biology and Ecology 39:151-166.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. 1996.
Chesapeake Bay Fall Line Toxics Monitoring Program 1994
final report, CBP/TRS/144/96. U.S. Environmental Protec-
tion Agency, Chesapeake Bay Program, Annapolis, Maryland.

VAN LOON, J. C. 1985. Selected Methods of Trace Metal Analysis:
Biological and Environmental Samples. John Wiley and Sons,
New York.

WaNG, W. X. aND R. C. H. DE1. 2001. Effects of major nutrient
additions on metal uptake in phytoplankton. Environmental
Pollution 111:233-240.

WaNG, W. X, R. C. H. Dr1, AND Y. XU. 2001. Cadmium uptake
and trophic transfer in coastal plankton under contrasting
nitrogen regimes. Marine Ecology Progress Series 211:293-298.

WEN, L.-S., M. C. STOHRDAHL, D. TANG, G. A. GILL, AND P. H.
SANTSCHI. 1996. An ultraclean cross-flow filtration technique
for the study of trace metal phase speciation in seawater. Ma-
rine Chemistry 55:129-152.

Recetved for consideration, June 18, 2001
Revised, May 14, 2002
Accepted for publication, July 8, 2002



