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Abstract We conducted monthly bioassay experiments to
characterize light and nutrient use efficiency of phytoplankton
communities from the chlorophyll-a maximum located in the
tidal freshwater region of the James River Estuary. Bioassay
results were interpreted in the context of seasonal and inter-
annual variation in nutrient delivery and biomass yield using
recent and long-term data. Bioassay experiments suggest that
nutrient limitation of phytoplankton production has increased
over the past 20 years coinciding with reductions in point
source inputs and estuarine dissolved nutrient concentrations.
Despite increasing nutrient stress, chlorophyll concentrations
have not declined due to more efficient nutrient usage. Greater
CHLa yield (per unit of N and P) may be due to feedback
mechanisms by which the presence of toxin-producing
cyanobacteria inhibits grazing by benthic and pelagic filter-
feeders. Seasonal patterns in nutrient limitation indicate that
phytoplankton in the James respond to variations in inflow
concentrations of dissolved nutrients. This association gives
rise to an atypical pattern whereby the severity of nutrient
limitation diminishes with low discharge in late summer due
to minimal dilution of local point sources inputs by riverine
discharge. We suggest that this may be a common feature of
estuaries located in proximity to urbanized areas.
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Introduction

Effective nutrient management strategies for eutrophic
waterbodies require an understanding of the relationship be-
tween nutrient loading and algal production (Cloern 2001;
Wagner et al. 2011). Quantitative depictions of the nutrient
load-algal biomass relationship are the basis for determining
nutrient allocations (caps) to protect designated uses
(swimability, fishability, etc.) against impairments arising
from eutrophication (Cerco and Cole 1993; Havens and
Schelske 2001; Borah et al. 2006; Carstensen et al. 2011).
The complexities which influence the relationship between
nutrient supply and phytoplankton production pose a chal-
lenge to the implementation of this approach. This relation-
ship is influenced by physical forces such as variations in
temperature, water residence time, and underwater light avail-
ability (Sterner et al. 1997; Sellers and Bukaveckas 2003;
Borsuk et al. 2004; Lucas et al. 2009; Ochs et al. 2013), as
well as biotic processes such as grazing and nutrient re-
generation (Bronk et al. 1998; Vanni et al. 2006; Hall et al.
2007). Limiting resources such as nutrients and light vary
spatially and temporally, as do constraints on the ability of
phytoplankton to exploit these resources (Monbet 1992;
Bukaveckas et al. 2011a). In estuaries, discharge is an impor-
tant variable that influences both nutrient supply and demand;
the former because loading rates are related to riverine inputs,
and the latter because advective losses (washout) affect bio-
mass accumulation (Rudek et al. 1991; Borsuk et al. 2004;
Murrell etal. 2007; Lucas et al. 2009). The effects of discharge
on biomass yield may be viewed as a constraint on resource
use efficiency whereby under high discharge conditions, short
water residence time limits opportunities for phytoplankton to
convert dissolved inorganic nutrients into algal biomass. Our
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limited knowledge of the interactive effects of light, nutrient
and residence time conditions leads to uncertainty in estab-
lishing nutrient reduction targets for preventing harmful ef-
fects from algal blooms (Strayer et al. 2008; Bukaveckas et al.
2011a; Kratina et al. 2012).

Nutrient limitation arises from the imbalance between supply
and demand; this imbalance affects both the severity and form
(e.g., N vs. P) of limitation (Conley et al. 2009; Ptacnik et al.
2010). External nutrient supply is dictated by hydrologic load-
ing (the ratio of watershed runoff to the surface area of the
receiving water body) as well as anthropogenic activities in the
watershed which determine concentrations in runoff (Lewis
et al. 1999; Baron et al. 2013). Land use practices affect not
only the quantity but also the relative ratios and forms of N and
P. Nitrogen is generally thought to be limiting in coastal waters
(Howarth and Marino 2006), though co-limitation by N and P is
commonly reported (Elser et al. 2007). Forms of N differ in their
bioavailability—uptake of dissolved inorganic fractions
(e.g., nitrate and ammonia) is well-known, whereas utilization
of dissolved organic nitrogen has only recently been appreciated
(Mulholland et al. 2009; Bradley et al. 2010; Filippino et al.
2011). Algal nutrient demand is a product of their growth rates
and stoichiometry (C/N/P) both of which are affected by light
conditions (Sterner et al. 1997; Hall et al. 2004; Brauer et al.
2012). At saturating light intensities, nutrients are more effi-
ciently converted into algal biomass and it has also been shown
that production per unit of N or P (e.g., CHLa/P or C/P of
particulate matter) is greater under more favorable light condi-
tions (Sterner et al. 1997; Mette et al. 2011). Underwater irradi-
ance is determined by incident solar radiation, light attenuation
and the depth of the mixed layer, which in well-mixed estuaries
is the overall depth.

The presence and severity of nutrient limitation is often
inferred by comparing nutrient ratios in the environment (e.g.,
DIN/TP) to Redfield values (e.g., Ptacnik et al. 2010). This
approach relies on the assumption that measured nutrient
concentrations reflect availability which may be problematic
given differences in lability among various nutrient fractions
(Beardall et al. 2001). Bioassay experiments allow direct
measurement of nutrient enrichment on uptake rates, growth
rates, and stoichiometry (Tamminen and Andersen 2007; Ren
et al. 2009). This approach has long been used to measure
nutrient limitation and quantify relationships between nutrient
supply and algal biomass yield in diverse settings such as
lakes, rivers, and estuaries (Lean and Pick 1981; Elser et al.
1988). In addition to providing qualitative information on
which nutrients are limiting, they can be used to measure the
severity of nutrient limitation based on the ratio of phyto-
plankton growth rates at ambient vs. enriched nutrient levels
(Tamminen and Andersen 2007). A limitation of this approach
is that bioassays isolate phytoplankton from external and
certain regenerated sources of nutrients (e.g., sediment nutri-
ent fluxes) such that nutrient deficiency may be artificially

enhanced during the experiment. To minimize this, as well as
“bottle effects” arising from colonization of surfaces, bioas-
says are typically run as dilution experiments and over short
intervals (e.g., 48—72 h). Being of small scale, these experi-
ments can be replicated to characterize spatial and temporal
variation in nutrient limitation (e.g., Fisher et al. 1999) and can
be used to assess the effects of light conditions on nutrient use
efficiency (e.g., Koch et al. 2004; Whalen and Benson 2007).
A third, perhaps under-utilized, value to bioassay experiments
is in establishing algal stoichiometric properties to assess
growth efficiency (i.e., CHLa or C yield per unit of N and P)
under varying nutrient and light conditions (Gowen et al.
1992; Edwards et al. 2003).

In this study, we examine seasonal patterns in nutrient and
light limitation of phytoplankton communities at an estuarine
CHLa maximum. A region of elevated CHLa extends over
40 km within the tidal freshwater segment of the James River
Estuary where annual average CHLa concentrations are
among the highest in the Chesapeake Bay region (Fig. 1).
Longitudinal CHLa maxima have been reported in other
estuaries, and in some cases, attributed to hydrodynamic
retention whereby particulate matter in surface (seaward) cur-
rents is entrained in deeper, landward currents (North and
Houde 2001, 2003). This is not the case in James where
elevated CHLa is attributed to high growth rates (positive
water column NPP) in the region where the channel transitions
from a riverine to an estuarine morphometry (Bukaveckas
etal. 2011b). It is hypothesized that shallow conditions release
phytoplankton from light limitation and allow for greater
utilization of nutrients from the upper watershed and local
point source inputs. A recent mass balance analyses supports
this view by showing high rates of inorganic nutrient assim-
ilation within the CHLa maximum (Bukaveckas and Isenberg
2013). In this paper, we present results from bioassay exper-
iments in which light and nutrient conditions were manipulat-
ed to determine the form and severity of resource constraints
on phytoplankton growth in the CHLa maximum. We also
analyze a 3-year time series of weekly CHLa measurements to
make inferences about the relative importance of nutrient
availability and water residence time in influencing seasonal
patterns of nutrient limitation. Lastly, we consider whether the
severity of nutrient limitation has changed in response to
nutrient load reductions during the past 20 years by comparing
our results to bioassay experiments previously performed at
this site (Fisher et al. 1999).

Methods
Site Description

The James River Estuary is the southern-most of the five
major sub-estuaries of Chesapeake Bay. Its principal tributary,
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the James River, is the third largest tributary of Chesapeake
Bay by discharge and nutrient load. The tidal fresh segment of
the estuary (salinity <0.5) extends 115 km from the Fall Line
(at Richmond, VA) to the confluence with the Chickahominy
River. This segment experiences a large tidal prism (~60 cm)
relative to average depth (~3.0 m) creating a vertically and
laterally well-mixed system. Nutrient loads to this segment are
large due to its small surface area (52 km?), large contributing
area (watershed=26,165 km?), and direct point source inputs
from the Richmond metropolitan area (Bukaveckas and
Isenberg 2013). P loads are principally (~80 %) from riverine
inputs which are transported in particulate form and trapped
during high discharge events. For N, watershed and local
point sources contribute approximately equally, though the
latter dominate with respect to dissolved inorganic fractions
and during low discharge periods. Photic depths are typically
~1 m and are relatively uniform throughout the tidal fresh
segment (Bukaveckas et al. 2011b). Despite this, there are
large differences in light conditions between the upper,
constricted segment, where the deeper channel (>3 m)
results in low average underwater irradiance, and the
broader channel of the lower segment, where shallow
depths (<2 m) result in greater light availability. Water
residence time in summer ranges from 5 to 25 day
(mean=15.6 day for May—October 2012). Estimates pre-
sented here are based on the date-specific freshwater
replacement time (FRT) method (Alber and Sheldon
1999) using river discharge data from USGS gauges
located near the Fall Line on the James (no. 2037500)
and Appomattox Rivers (no. 2041650).
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Monitoring Data

We conducted ~weekly monitoring of CHLa and nutrient
concentrations during July 2010 to December 2012 at a station
located within the CHLa maximum (Chesapeake Bay
Program designation: JMS75; Fig. 1). The station is located
55 km below the Fall Line in the wide, shallow portion of the
tidal fresh segment. Water samples were collected at a depth of
1 m for analysis of particulate matter (CHLa, TSS, POC,
PON) and nutrient concentrations (TN, NHy, NO3. TP, POy).
Samples for CHLa, TSS, POC and PON were filtered through
Whatman GF/A glass filters (0.5-pm nominal pore size).
Filters for CHLa analyses were extracted for 18 h in buffered
acetone and analyzed on a Turner Design TD-700
Fluorometer (Arar and Collins 1997). TSS was determined
gravimetrically using pre-weighed, pre-combusted filters.
Filters for POC and PON analysis were dried at 60 C for
48 h, fumed with HCI to remove inorganic carbon and ana-
lyzed on a Perkin—Elmer CHN analyzer. Concentrations of
total nitrogen (TN), nitrate (NO3;) ammonium (NHy), total
phosphorus (TP), and phosphate (PO,) were determined using
a Skalar segmented flow analyzer using standard methods
(APHA 1998). Urea concentrations (bioassays only) were
measured on an Astoria Pacific autoanalyzer using the color-
imetric monoxime method of Price and Harrison (1987).

Bioassay Experiments

Experiments were performed monthly from May to October
2012 using water obtained from two locations within the
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CHLa maximum: a main channel site (JMS75) and the nearby
Research Pier at the VCU Rice Center (Fig. 1). The two sites
were included in the design to test for differences in the severity
of nutrient limitation between near-shore and main channel
habitats. Water from these sites was obtained in conjunction
with the weekly monitoring program and returned immediately
to the lab. Bioassays comprised a 150-mL solution in a 250-mL
Erlenmeyer flask containing 50 % raw water and 50 % filtered
water (0.5-um Whatman GF/A glass filter). Bioassays were
diluted in order to reduce algal densities below equilibrium to
measure algal growth responses (Sterner and Grover 1998). Six
nutrient treatments were performed (Control, +NHy4, +NO3, +
urea, +PO,4, +PN) using water obtained from the near-shore
site; only the Control (no nutrients added) and +PN treatments
were performed at the main channel site. Each treatment was
replicated three times. Enrichments entailed the addition of
0.125 mg L!of NO3, NHy, or urea and 0.1 mg L Lof PO,.
Combined treatments (+PN) received 0.125 mg L' each of
NO; and NH, and 0.1 mg PO, L™". Nutrient additions approx-
imately doubled ambient concentrations increasing DIN from
0.10-0.15 mg L' to 0.25-0.3 mg L', urea from 0.10—
0.20 mg L' to 0.20-0.30 mg L', and PO, from 0.05—
0.10 mg L' t0 0.15-0.20 mg L.

Bioassays were incubated on a shaker table at ambient
(river) temperature inside a Conviron growth chamber for
48 h. Control and +PN treatments were incubated at three
light levels (3, 6, and 12 Em > day ) to assess light effects on
phytoplankton growth, nutrient uptake, and stoichiometry.
These values represent the average daily irradiance experi-
enced by phytoplankton circulating through the entire water
column over depths ranging to 1, 2, and 4 m taking into
account typical summer solar radiation (~40 E m? day ';
Fisher et al. 2003) and underwater light attenuation (mean
k4=3.14+0.33 m™") measured monthly in conjunction with
bioassay experiments (Gosselain et al. 1994). The lowest light
level represented ambient conditions in the upper, constricted
section of the tidal fresh segment (e.g., near station JMS99;
Fig. 1). The higher light levels represented ambient conditions
in the broad, shallow reach near JMS75. Light conditions
within the incubator were modified by shade cloth and prox-
imity to light sources and verified with a Li-Cor photometer.

Initial and final concentrations of CHLa, POC, and nutri-
ents were determined using the same analytical methods as for
monitoring samples. Phytoplankton growth rates (r) were
calculated as the slope of the natural logarithms of POC as a
function of time. Some other studies have used CHLa to
calculate growth rates; however, in preliminary experiments
we observed changes in POC/CHLa during incubation in
response to varying light exposure. POC-based growth rates
were used to calculate effect sizes as the natural logarithm of
treatment/control (Koch et al. 2004). An analysis of covariance
(ANCOVA) was used to test for interactions between light and
nutrient effects. Light saturation effects were assessed by

comparing the fit of linear and non-linear (log and tangential)
models of phytoplankton growth as a function of irradiance for
individual experiments. Nitrogen use efficiency was assessed
based on PON production per unit of DIN uptake and from
changes in the ratio of C/N in particulate matter. The relation-
ship between DIN uptake and PON production was analyzed
using Model II regression analysis since both parameters are
measured with error. Statistical analyses were performed using
Microsoft Excel and JMP Pro 10.

Results
Seasonal and Inter-annual Variation in CHLa and Nutrients

A 3-year time series of weekly monitoring at JMS75 is pre-
sented to place the 2012 bioassay experiments in the broader
context of seasonal and inter-annual variation in phytoplank-
ton abundance and nutrient availability. Data from this station
located in the CHLa maximum showed well-defined bloom
periods in each year corresponding to seasonal patterns in
water temperature and residence time (Fig. 2). The periods
of elevated CHLa (>20 pg L") were associated with water
temperature >15 °C and freshwater replacement time >10 day
whereas intervening periods (~November—April) were char-
acterized by low CHLa (<10 pg L"), low water temperature,
and short FRT. Periods with elevated CHLa corresponded to
peaks in TP (>0.10 mg L") and low DIN (<0.15 mg L™).
This resulted in low DIN/TP ratios during summer months
(molar ratio <5). Declines in CHLa during Fall were often
associated with storm events which had a pronounced flushing
effect (e.g., Tropical Storm Lee, September 2011). Overall,
CHLa was positively correlated with FRT in the 3-year time
series (N=100, R*=0.47, p<0.001). Inter-annual differences
in July—August means for CHLa were large (>2-fold) relative to
inter-annual differences in TP and TN (CV=6 and 13 %, re-
spectively). This resulted in a 3-fold range of variation in CHLa
yield relative to TP (310-990w/w) and TN (50-115w/w). POC
concentrations tracked seasonal patterns in CHLa, but like TP
and TN, exhibited less inter-annual variability during bloom
periods (CV=12 %). C/N ratios of particulate matter were
similar during July—August in all 3 years (means=6.1-6.3)
and comparable to the Redfield ratio (6.6; Redfield 1958).

Bioassay Experiments

Phytoplankton exhibited statistically significant positive re-
sponses to light in 11 of 12 experiments, and to nutrient
additions in 11 of 12 experiments performed at the two sites
(Table 1). Significant interaction effects were detected for three
of six experiments from each site in which there was a syner-
gistic effect from the combination of enhanced light and nutri-
ent enrichment. No significant differences in phytoplankton
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Fig. 2 Seasonal variation in temperature, Freshwater Replacement Time (FRT), CHLa, POC, TN, DIN, TP and PO, and DIN/TP (as molar) at station
JMS75 located in the CHLa maximum of the James River Estuary

Table 1 Statistical analyses of light and nutrient effects on phytoplankton
growth in bioassay experiments performed at two sites in the tidal fresh-
water James River during 2012. Effect size is the natural-log transformed
ratio of phytoplankton growth (rPOC) under nutrient-enriched (+PN) and

ambient nutrient (Control) concentrations at three light levels. ANCOVA
was used to test for light limitation, nutrient limitation (+PN treatment) and
their interactive effect (L X V) on algal growth (as POC)

Site Month Nutrient effect sizes at variable light Light vs. nutrients (ANCOVA)
3 6 12 Light Nutrients LXN
E m? day™' E m? day ' E m? day™’ 12) 12} @)
Near shore May 0.01+0.01 0.15+0.02 0.25+0.04 0.003 0.045 0.036
June 0.71+0.06 0.76+0.12 0.93+0.05 0.002 <0.0001 0.024
July 0.19+0.08 0.36+0.03 0.30+0.07 0.024 0.001 ns
August 0.25+0.04 0.34+0.04 0.41+0.02 <0.0001 <0.0001 0.003
September 0.39+0.15 0.33+0.03 0.21+0.08 0.011 0.001 ns
October 0.21+£0.07 0.16+0.07 0.26+0.01 0.008 0.003 ns
Main channel May 0.30+0.05 0.21+0.01 0.40+0.07 <0.0001 <0.0001 ns
June 0.53+0.13 0.67+0.04 0.85+0.01 0.003 <0.0001 0.008
July 0.42+0.03 0.45+0.05 0.55+0.10 0.017 <0.0001 ns
August 0.12+0.09 0.29+0.04 0.17+0.03 0.001 0.019 ns
September 0.06+0.05 0.09+0.04 0.13+0.06 <0.0001 ns ns
October —0.02+0.05 0.04+0.03 0.48+0.04 <0.0001 0.001 <0.0001

ns denotes non-significant p values (>0.05)
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growth rates were observed between the main channel and
near-shore sites in either control or nutrient-enriched bioassays.
Nutrient enrichment effects on growth rates were observed
throughout the range of light intensities but larger responses
were typically observed at the highest light intensity (Fig. 3).
Average effect sizes (natural log-transformed ratios of nutrient-
enriched to Control growth rates) were 0.26+0.06, 0.31+0.07,
and 0.41+0.07 at 3, 6, and 12 E m > day ', respectively. We
compared the fit of linear and non-linear models relating phy-
toplankton growth (as POC) to irradiance and found that the
non-linear (saturating) model provided a better fit in three of the
six experiments at each site (June, July, and August; Fig. 3).
Forms of nutrient limitation differed among the monthly
experiments (Fig. 4, Table 2). The combined P and N addition
resulted in significantly higher growth rates relative to con-
trols in 11 of 12 experiments (excluding September, Main
Channel site). Higher growth rates in response to P addition
were not observed in any of the six experiments (performed at
near-shore site only). Interpretation of N effects was some-
what dependent on the form of N tested. In June, all three
forms of N (NOs, NH,4, and urea) resulted in significantly
higher growth rates relative to Controls. Growth rates were not
significantly different among the three N treatments indicating

that phytoplankton were capable of exploiting all three forms
of N. In August, additions of NH,4 and urea stimulated growth
rates relative to Controls, whereas NOj3 did not. In September,
bioassays receiving NOs, exhibited significantly higher
growth rates relative to Controls and to those receiving NH,
and urea. Overall, these findings suggest that phytoplankton in
the tidal freshwater segment of the James were consistently
stimulated by the combined addition of N and P, and in a few
cases responded to the addition of N alone.

Initial and final concentrations of DIN, PON and POC in the
bioassays were used to derive two metrics of N use efficiency:
one which considered the production of particulate N in relation
to DIN assimilation, and a second, particulate C production per
unit of particulate N production. In enriched bioassays, maximal
rates of DIN uptake were ~0.15-0.20 mg L™ day ' such that
DIN pools were depleted to ~20 % of initial (starting) concen-
trations during the 48-h incubations (Fig. 5). Rates of DIN
assimilation were significantly correlated with PON production
in each of the monthly experiments (data pooled for both sites;
R?=0.51 to 0.82). The slope of this relationship is an indicator
of N use efficiency as it represents the proportion of assimilated
N which is converted to particulate N. Highest N use efficiency
was observed in June (32 %) and August (29 %) corresponding

Fig. 3 Phytoplankton responses 0.6 2.0
to light and nutrient amendments
(as POC =+ SE) during monthly P 167 +PN
bioassay experiments performed 2 0.4 1 I 1o
at a near shore site in the tidal £ g’ ’ D/D/gontrol
fresh James River. Dashed lines 0 Y 08 -
represent initial POC levels, L 021 Q — — o o
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enriched conditions é
—~ 121 _ % 5
0 ", 0.8 A
=) E‘, JAY
£ 08 £ o o
Q Q *—— - — — — — —e
% — e — — — — — - Q 04
0.4 A
June Sep
0.0 T T 0.0 . .
1.6 15
2 N KA-’/’; o N /'-é
- 0
o o 0.9 1
E 08 ur——"‘/—e} £ E/_u,/q
(6] Q 0.6
b4 04 - —— - ———— nd Q -— — — — — — — —
0.3 1
July Oct
0.0 T T 0.0 T T
. 2 1
Light (Em™=d”) Light (Em2d™)

@ Springer



1194

Estuaries and Coasts (2014) 37:1188-1201

Fig. 4 Mean phytoplankton 0.6
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Table 2 Statistical analysis comparing C-based phytoplankton growth
rates (rPOC) in bioassays receiving single nutrient (PO4, NHy4, NO;, urea)
and combined nutrient (+PN=PO,, NH,, NO3) additions relative to
Controls (ambient nutrients). Experiments were performed monthly in
2012 at a near-shore site located in the tidal fresh James River

Month +PO;  +NHy4 +NO; +Urea +PN
®) ) ®) @) ®)

May ns ns ns ns <0.0001
June ns <0.0001 <0.0001 <0.0001 <0.0001
July ns ns ns ns 0.001
August ns 0.04 ns 0.014 <0.0001
September  ns ns 0.004 ns 0.019
October ns ns ns ns 0.003

ns denotes non-significant p values >0.05
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to the months when responses to N addition alone were ob-
served. In other months, N use efficiency was lower (10—19 %)
with the exception of October (32 %). Overall, the low propor-
tion of N retained in the particulate fraction indicates that the
bulk of assimilated N entered the DON pool. We analyzed
variation in algal biomass yield (as C) per unit of N by compar-
ing C/N ratios among bioassays under various light and nutrient
conditions (Fig. 6). C/N ratios increased by 2-fold in response to
higher light levels in both Control and nutrient-enriched treat-
ments. Highest C/N ratios (~12) were observed at high light
levels (12 Em 2 day ') and ambient nutrient concentrations. At
low light levels (3 E m > day '), C/N ratios were not signifi-
cantly different between Control and +PN treatments, and were
similar to Redfield (~6).

Growth rates at ambient nutrient concentrations ranged from
0.1 to 0.4 day ' (mean=0.23 dayfl) and corresponded to an

Sep Oct
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Fig. 5 Relationships between 0.045
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average doubling time of 3 day (Fig. 7). Nutrient-saturated
growth rates were higher (range=0.2 to 0.6 day '; mean=
0.44 day ") and corresponded to an average doubling time of
1.6 day. Incubation temperature ranged from 19 to 30 °C and
explained less than 10 % of the variation in growth rates. Strong
responses to nutrient enrichment were observed in May and
June when phytoplankton growth rates at ambient nutrient
concentrations were ~25 % of nutrient-enriched growth rates.
Weaker responses to nutrient enrichment were measured during
August-September when growth rates at ambient nutrient con-
centrations were ~75 % of nutrient-enriched growth rates.
Seasonal patterns in the severity of nutrient limitation followed
trends freshwater replacement time. Greater severity of nutrient
limitation was associated with short FRT in May and June (5—
10 day) with weaker responses to nutrient limitation occurring

DIN Uptake (mgL1dt)

during periods of longer FRT (15-20 day) in late summer. To
assess changes in the nutrient status of the James, we compared
current nutrient conditions with historical data from the CBP
monthly monitoring. At the site where bioassay experiments
were performed (JMS75), average summer values of DIN de-
clined from 0.45 mg L™ (1990-1996) to 0.25 mg L' (1997—
2012) while PO, declined from 0.022 mg L' t0 0.013 mg L™"
during the same period (Fig. 8). The incidence of very low DIN
concentrations (<0.10 mg L") has increased in recent years
(e.g., >50 % of summer monthly measurements during 2007—
2012). Declining nutrient concentrations in the region of the
CHLa maximum have led to the development of pronounced
longitudinal gradients in nutrient availability as indicated by
differences in concentration between stations JMS99 and
JMS75 (Fig. 8). Largest differences were observed during
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Fig. 6 C/N of biomass production under varying light and nutrient
conditions in bioassay experiments with phytoplankton from the tidal
freshwater James River (data pooled across experiments performed
monthly during May—October 2012). Error bars are standard error

2000-2010 with the exception of 2003, a year with high sum-
mer discharge and low CHLa.

Discussion
Our most striking finding was the prevalence of nutrient limi-

tation (observed in 11 of 12 experiments), given that a prior
study concluded that phytoplankton in the tidal fresh James
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Fig. 7 (Top) C-based phytoplankton growth rates under ambient
(Control) and nutrient-enriched (+PN) conditions. (Bottom) The se-
verity of nutrient limitation (ratio of ambient to nutrient-enriched
growth rates) and freshwater replacement time (FRT)
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were exclusively light limited (Fisher et al. 1999). The prior
study was conducted at the same station (JMS75) and included
monthly experiments performed during the same time of year
(May—October 1993) showing no detectable response to nutri-
ent addition. A number of methodological differences compli-
cate direct comparisons including use of different response
variables (CHLa vs. POC), incubation length (6-8 day vs.
48 h) and light exposure (8-30 vs. 3-12 E m 2 day '; Fisher
et al. 1999, this study; respectively). Two of these differences
(our use of lower irradiances and shorter incubations) would be
expected to diminish the likelihood of observing nutrient lim-
itation. Also, our nutrient additions were smaller (DIN=0.125-
0.250 mg L', PO,=0.1 mg L") than those used by Fisher
et al. (DIN=0.35 mg L', PO,=0.155 mg L™"). Therefore it is
unlikely that differences in methodology biased our results in
favor of finding nutrient limitation.

The bioassay results suggest that the severity of nutrient
limitation has increased during the 20-year interim between
the two studies. Two potential mechanisms could account for
this: an increase in water clarity and/or a reduction in nutrient
availability. An analysis of diffuse attenuation coefficients (k)
measured monthly at this site during May-October of
1994-2010 revealed no long-term trends in water clarity
(N=93, R?<0.10, p=0.46; data from VA DEQ Chesapeake
Bay Program). Average attenuation values measured in con-
junction with our bioassay experiments (k4=3.14+0.33 m ')
were similar to the long-term average at this location (k4=3.49+
0.10 m™"). In contrast, summertime DIN and PO, concentra-
tions have declined at the site where bioassay experiments were
performed with present values being less than half of those
measured during the earlier bioassay study. Interpretation of
the long-term nutrient data is complicated by changes in ana-
lytical methodology after 1994 (Marshall et al. 2009). However,
our assessment of nutrient availability is based on a comparison
between two sites showing that nutrient concentrations at the
station where bioassay experiments were performed (JMS75)
have declined relative to an upstream station (JMS99).
Concentration differences between the two sites became appar-
ent after 2000. We attribute the lower nutrient concentrations at
JMST75 to high rates of assimilatory uptake in the region of the
CHLa maximum. The effects of assimilatory uptake in deplet-
ing nutrients have likely been enhanced by reductions in point
source inputs. Our recent mass balance analyses showed that
point source inputs to this segment of the James have declined
by one-third (TN) and one-half (TP) since the early 1990s
(Bukaveckas and Isenberg 2013). Together, the monitoring
and bioassay data suggest that reductions in nutrient loads have
fostered a shift toward greater nutrient limitation of phytoplank-
ton while nutrient concentrations have declined to levels not
previously seen in the 25-year record.

Despite the increasing severity of nutrient limitation, CHLa
levels in the James were unchanged during this period (1990-
present; Fig. 8). CHLa yields per unit of N and P are higher
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now (2010-2012—CHLa/TP=310-990, CHLa/TN=50-115)
in comparison to data from throughout the 1990s
(CHLa/TP ~200, CHLa/TN ~30) indicating that increased
nutrient use efficiency has compensated for declines in nutri-
ent availability. Carstensen et al. (2011) have similarly report-
ed a doubling of the CHLa/TN ratio in recent decades for
estuaries from various regions, including the saline reaches of
Chesapeake Bay. They attribute this trend to factors which
include rising temperature and CO, as well as potential reduc-
tions in grazing due to increasing abundance of cyanobacteria
and other harmful algae. Our results show that this phenom-
enon extends to the tidal freshwater reaches of the estuary and
is evident for both TN and TP. Our data show that CHLa yield
is higher during periods of long residence time as indicated by

1996

2005 2008

2011

1999 2002

a significant positive relationship between CHLa/TN and FRT
in our weekly monitoring data (N=100, R*=0.34, p <0.001).
However, there were no significant trends in water inputs at
this site, either in the long-term data (1899-2011; p =0.39) or
during the period spanning the bioassay studies (1990-2011,
p=0.50) that would suggest that higher CHLa yield could be
attributed to reduced flushing. Higher CHLa yield may be
indicative of shifts in phytoplankton community composition
favoring species with greater nutrient use efficiency. However,
the two major groups contributing to phytoplankton biomass
in the James (chlorophytes and diatoms) have dominated
throughout this period. The abundance of cyanobacteria has
been increasing over the past 20 years (Marshall et al. 2009)
though their proportional contribution to biomass remains low
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(e.g., 5 % in 2012; H. Marshall, personal communication)
Thus there are no shifts among major phytoplankton groups
that could be linked to CHLa yield, though within-group
replacement by more nutrient-efficient species could account
for this trend. Historical changes in fisheries may also play a
role through their effects on zooplankton abundance and
consumer-mediated nutrient recycling (Havens et al. 2001;
Vanni et al. 2006; Caraco et al. 2006).

A second finding arising from our bioassay experiments is
that increasing ratios of ambient to nutrient-enriched growth
rates indicate that the severity of nutrient limitation declines
with decreasing discharge in late summer. As declining dis-
charge is linked to reduced riverine nutrient loads, a weaken-
ing of nutrient limitation appears counter-intuitive. Current
paradigms on seasonal patterns of nutrient limitation originate
from lake studies where the severity of limitation increases
during longer residence time in summer due to diminishing
external nutrient inputs and progressive depletion of nutrients
from the euphotic epilimnion (Schindler 1977; Wetzel 2001).
Similar explanations have been invoked for estuaries. For
example, a recent study of the New and Neuse River estuaries
reported that CHLa increased over a range of short residence
times, but at longer residence times, CHLa declined (Peierls
et al. 2012). The shift from positive to negative slope in the
CHLa-residence time relationship was attributed to biotic
processes exerting a greater influence on phytoplankton bio-
mass during long residence time. These included increases in
the severity of nutrient limitation as well as higher losses due
to grazing.

For estuaries located in proximity to urban areas, local
point source inputs are a key factor influencing nutrient avail-
ability. In the James, direct point source inputs account for a
large proportion of the external nutrient load, particularly for
dissolved inorganic fractions during summer (e.g., 93 % of
NH,4 and 75 % of NO;s and PO,4; Bukaveckas and Isenberg
2013). We contend that phytoplankton in the James are
responding to changes in the concentration of nutrients in
inflow, rather than to loading rates associated with riverine
fluxes. N yields from the James watershed are low among east
coast rivers (Boyer et al. 2002; Howarth et al. 2006) such that
periods of elevated discharge are characterized by inputs of
relatively N-poor waters. Nutrient concentrations in point
source inputs are orders of magnitude higher, and during
low river discharge, these would be subject to smaller dilution
effects from river inflow, thereby resulting in higher inflow
concentrations. The influence of point sources on estuarine
nutrient concentrations was apparent at our upstream sam-
pling station (JMS99) where summer DIN and PO, concen-
trations were consistently higher than those observed at the
bioassay site (JMS75; Fig. 8). We suggest that in late summer,
the severity of nutrient limitation declines due to higher nutri-
ent concentrations of inflow and that this may be a common
feature among estuaries which receive substantial point source
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inputs. We cannot discount the possibility that acceleration in
the rate of internal nutrient recycling could increase nutrient
supply in late summer, though we lack data on seasonal
variation in grazing rates and sediment nutrient fluxes to test
this hypothesis. An important implication of these findings is
that nutrient limitation of phytoplankton in the tidal fresh
James is principally determined by local point source nutrient
inputs, and the extent to which these are diluted by watershed
(riverine) runoff. We suggest that in estuaries where local
point sources account for a large fraction of inputs, the ex-
pected relationship of increasing nutrient stress during low
discharge and long water residence time may be reversed.

Lastly we consider the effects of light and nutrient condi-
tions on phytoplankton stoichiometry and nutrient use effi-
ciency. We derived two metrics of efficiency: the proportion of
assimilated DIN which was converted to particulate N, and the
C biomass yield per unit of particulate N. The proportion of
DIN uptake retained in the particulate fraction was variable
but low (10-31 %) indicating that 70-90 % of DIN was
transferred to the DON pool during the 48-h experiment.
This finding is consistent with a number of field and labora-
tory studies reporting that a large fraction of DIN uptake is
subsequently released as DON (e.g., 25-40 % in Bronk et al.
1994). DON release has been attributed to light and salinity
effects, phytoplankton physiological condition, and grazing
(Hu and Smith 1998; Ward and Bronk 2001; Bradley et al.
2010). Transfer of DIN to the DON pool would potentially
shunt more N into the microbial food web (Stepanauskas et al.
1999; Seitzinger et al. 2002a, b; Wiegner et al. 2006). A related
study of bacterial communities in the James revealed higher
cell densities, greater proportion of live cells and shifts in
community composition of active taxa in the region of the
CHLa maximum (Franklin et al. 2013). A number of studies
have shown that NHy is the primary source of N for phyto-
plankton uptake and DON production (e.g., Bronk and Ward
1999; Bradley et al. 2010) though other studies have reported
that uptake rates for NO5 exceeded those for NH, (Parker et al.
2012). In our bioassay experiments we observed similar uptake
rates for NH, (mean=0.070+0.001 mg L' day ") and NO;
(mean=0.062+0.003 mg L' day "); urea uptake rates were
lower and more variable (mean=0.045+0.014 mg L' day ).
These results suggest that all three forms of N play a role in
supporting phytoplankton production and DON release in the
tidal fresh segment of the James.

Carbon production per unit of N varied in response to
experimental treatments with two-fold higher C/N ratios ob-
served under high light conditions. This finding is consistent
with studies in other freshwater systems showing higher C/P
ratios of primary producers under more favorable light condi-
tions (e.g., Sterner et al. 1997). Our higher light treatments
(6-12 E m > day ') were representative of underwater irradi-
ance in the region where the CHLa maximum occurs and
suggest that high phytoplankton production in this zone can
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be attributed in part to greater biomass yield per unit of N or P.
Under these light conditions, C/N was double that of the
Redfield ratio — a result which has implications for estimating
algal N demand based on C production. In a prior paper we
argued that external nitrogen loads could account for only 20 %
of phytoplankton demand based on measured production and
Redfield ratios (Bukaveckas and Isenberg 2013). Using the
higher C/N ratios derived empirically from the bioassay exper-
iments we find that external inputs could account for 40 % of
algal demand, with 60 % supported by internal recycling. We
observed both linear and non-linear responses to light availabil-
ity among the monthly bioassay experiments suggesting that
phytoplankton are fully or partially released from light limita-
tion at irradiances representative of light conditions in the
shallower segment of the estuary (near JMS75). These results
are supportive of our earlier hypothesis (Bukaveckas et al.
2011b) that the location of the CHLa maximum is linked to
the morphometry of the channel whereby shallow conditions
result in greater average water column irradiance and higher
nutrient utilization.

In summary, our prior work has shown that the tidal freshwa-
ter segment of the James Estuary is a hot spot for phytoplankton
production and nutrient retention owing to favorable conditions
of light, residence time and nutrient supply. In the present study
we report that reductions in point sources inputs have resulted in
lower concentrations of dissolved inorganic nutrients and a
strengthening of longitudinal nutrient gradients in this segment
of the estuary. Seasonal patterns in nutrient limitation suggest
that phytoplankton in the James are responsive to local point
sources inputs and the extent to which these are diluted by
riverine discharge. Reduced riverine inputs during late summer
result in a weakening of nutrient stress due to higher inflow
concentrations. Increasing nutrient limitation in the James is a
promising first step toward oligotrophication. However, the
increase in biomass yield, as indicated by higher CHLa/TP
and CHLa/TN, has outweighed the effects of declining nutrient
availability such that phytoplankton abundance remains un-
changed. Achieving reductions in the magnitude and duration
of blooms may depend on internal nutrient cycles and their
influence on the nutrient load-algal biomass relationship.
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