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ABSTRACT: The potential for light- and nutrient-limitation of phytoplankton production was examined
in the Delaware Estuary, USA, by combining a hierarchy of experimental approaches including small-
scale bioassay experiments, ecosystem-level analysis of nutrient concentration and stoichiometric
ratios, and light-limitation modeling. Light was found to be the predominate regulator of phytoplank-
ton growth throughout the estuary during the winter period as a result of high turbidity and a well-
mixed water column. However, during late spring, phosphorus (P) was found to limit growth. This
observation was confirmed at each of the experimental levels, and was related to several factors,
including elevated input ratios (230:1) of dissolved inorganic nitrogen (DIN) to PO, in river waters,
accumulation of P into phytoplankton, and low rates of P regeneration. During summer, P no longer
limited production. At this time DIN:PO, ratios and bioassay experiments revealed the potential for
nitrogen (N} limitation — particularly in the lower estuary — while particulate composition ratios and
ecosystem nutrient flux estimates gave contradictory evidence. From these data it appears that N was
potentially limiting to phytoplankton biomass but that the constant flux of N from upstream and rapid
N regeneration maintained non-nutrient-limited steady-state growth. These data document a pattern
of recurring system-wide variations in the factors that limit phytoplankton production over several
annual sequences. These temporal and spatial variations are related to both light availability — as reg-
ulated by incident light, suspended sediment concentration, and depth of the surface mixed-layer —
and nutrient availability — as determined by riverine inputs and in situ biogeochemical processes.
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INTRODUCTION levels, a variety of specific indicators have been used

to assess nutrient limitation, including, for example,

One of the principal goals of phytoplankton ecology
has been to understand the factors that regulate phyto-
plankton production in aquatic ecosystems. The
general approach to this question has focused on
determining a single factor that limits phytoplankton
growth (Liebig 1855) over an experimental hierarchy
ranging from small bottles (Ryther & Dunstan 1971,
Smayda 1974, Goldman 1976, Zevenboom et al. 1982,
Rudek et al. 1991), to mesocosms (Nixon et al. 1984,
D'Elia et al. 1986), to whole ecosystems (Schindler
1975, 1985, Smith 1984). At each of these hierarchical
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inorganic nutrient stoichiometry and flux (Vollen-
weider 1976, Nixon & Pilson 1984), phytoplankton
growth (Sakshaug 1977), particulate (plankton) com-
position ratios (Goldman et al. 1979, Copin-Montegut
& Copin-Montegut 1983), and modeling at both the
cellular (Droop 1974, 1977) and ecosystem (Nixon &
Pilson 1983, Smith 1984) levels.

This general approach has been successful for
assessing the regulation of phytoplankton growth in
freshwater lakes, where there is a general consensus
that P is most often limiting to phytoplankton growth
(Schindler 1977). An important feature of this conclu-
sion is that it is corroborated by results of studies from
each of the above hierarchial levels (Hecky & Kilham
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1988), including bioassay experiments (Maestrini et al.
1984, Schelske 1984, Vincent et al. 1984), mesocosms
(Healey & Hendzel 1980), and ecosystem-level N:P
loading ratios (Healey & Hendzel 1980) and particulate
composition ratios (Healey 1978).

In oceanic and coastal systems, N is perceived as the
nutrient most likely to limit phytoplankton production.
This general premise derives primarily from small-
scale bioassay experiments (e.g. Ryther & Dunstan
1971, Goldman 1976). In contrast to freshwater systems,
however, observations over larger time and space
scales often offer contradictory evidence. For example,
N-limitation has been inferred in coastal waters at the
ecosystem level using mass balance arguments (Sharp
& Church 1980), while longer-term ecosystem-level
mass balance analysis suggests that P ultimately regu-
lates marine primary production (Broecker & Peng
1982, Smith 1984). The contradictory results obtained
from such studies are often attributed to differences in
scale over both time and space.

The influence of scale is particularly evident in the
estuarine environment, where the hierarchical ap-
proach presented above has been even less successful
at identifying a common factor that limits phytoplank-
ton production (Hecky & Kilham 1988). In general, N is
considered to be the major regulator of estuarine
phytoplankton production (Boynton et al. 1982). How-
ever, variations from this general pattern are numer-
ous. For example, in turbid systems, light-limitation
has been found to be an important regulator of biomass
(Wofsy 1983, Pennock 1985), while under non-light-
limiting conditions, each of the major nutrients,
nitrogen (Smayda 1974, D’Elia et al. 1986, Dortch &
Whitledge 1992), phosphorus (Meyers & Iverson 1981,
D’Elia et al. 1986, Harrison et al. 1990) and silicate
(D'Elia et al. 1983), has been found to limit phyto-
plankton growth and/or biomass in different estuarine
ecosystems. Although such variations are often inter-
preted as being a function of geographic differences,
recent studies (e.g. D'Elia et al. 1986, Rudek et al. 1991,
Fisher et al. 1992) have observed temporal variations
in the factors limiting production. We believe that such
variability is more prevalent than has been previously
documented and suggest herein that natural physical
and biogeochemical processes provide predictable
constraints on the regulation of phytoplankton produc-
tivity. Of these processes, those arising from physical
flushing and mixing cycles, and biogeochemical rate
processes (e.g. phytoplankton growth and biomass
accumulation, and both water-column and benthic
remineralization) are particularly important in the
estuarine environment.

In this study, we examined variations in phytoplank-
ton production in relation to the light and nutrient fields
along the longitudinal axis of the Delaware Estuary,

USA, over several seasonal cycles. Seasonal transitions
between light- and nutrient-limitation of phytoplankton
growth were assessed and confirmed by experiments at
various levels of control, including small-scale bioassay
experiments, ecosystem-level analysis of nutrient con-
centration and stoichiometric ratios, light-limitation
modeling and determination of plankton organic com-
position ratios. Finally, we were able to document the
observed transition between limiting factors in relation
to variations in the major physical and biogeochemical
processes acting in the system.

STUDY AREA AND METHODS

Study area. The Delaware Estuary is a drowned
river-valley extending 240 km into the mid-Atlantic
coastal plain from the bay mouth to the fall line at
Trenton, New Jersey (Fig. 1). The upper reach of the
river, between Trenton and just south of its confluence
with the Schuylkill River at Chester, Pennsylvania
(220 to 130 km from the mouth), is classified as fresh-
tidal and is dominated by the flow of the Delaware and
Schuylkill Rivers (Albert & Krausch 1988). Between
Chester and the mouth of the estuary (130 to 0 km)
estuarine mixing occurs, resulting in salinity ranging
from O to 30%. (Sharp et al. 1982). In this region, fresh-
water discharge is still seasonally important but the
mean freshwater residence time is sufficiently long
(~100 d) that biogeochemical processes within the
lower estuary impart an important influence on the
system (Sharp et al. 1986). Although the estuary has a
strong anthropogenic influence, the major input of
organic matter has been shown to result from in situ
phytoplankton production (Cifuentes et al. 1988, Cif-
uentes 1991). Similarly, both phytoplankton {Pennock
1985, 1987, Pennock & Sharp 1986) and bacterial
processes (Coffin & Sharp 1987 Lebo 1990) have been
shown to influence the overall nutrient cycle.

Samples for this study were collected along the
longitudinal axis of the estuary between Trenton and
the mouth of the bay in 1985 and 1987. As part of on-
going biogeochemical studies of the estuary begun in
1980, these annual sequences represent times dur-
ing which particularly intensive temporal and spatial
sampling was undertaken. During 9 cruises in 1985,
sampling was focused temporally on the spring phyto-
plankton bloom and spatially on the salinity gradient
between Chester and the bay mouth. At this time, 8
series of nutrient enrichment experiments were com-
pleted in addition to standard hydrographic, chemical
and phytoplankton analyses. In 1987, 13 cruises were
undertaken, with an increased focus on processes in
the tidal river in addition to the saline estuary, and
coverage over the complete annual cycle.
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Fig. 1 The Delaware Estuary, USA, depicting the sampling

region from the head of tide at Trenton, NJ (220 km) to the

mouth of the estuary (0 km). Solid dots are the approximate

station locations (+ 1 km). Stations CL and BR in the lower bay

are the locations of samples collected for nutrient enrichment
experiments in 1985

Chemical and biological sampling. Samples were
collected from the RV 'Cape Henlopen' at 1 to 2 m
depth using 101 Niskin bottles on a rosette sampler
configured with a Niel Brown Mark IlIb CTD. Inor-
ganic nutrients were determined colorimetrically using
the manual methods of Strickland & Parsons (1972;
NO;, NO3, POy and SiO,) and Butler & Tibbets (1972)
modified for small volumes (Sharp et al. 1982). Particu-
late organic carbon and nitrogen (PC, PN) were deter-
mined via high temperature combustion using a
Hewlett-Packard 185B CHN analyzer (Sharp 1974),
while particulate organic phosphorus (PP) was
analyzed colorimetrically after manual combustion
following the method of Solorzano & Sharp (1980).

Suspended sediment concentration was determined
gravimetrically after filtration onto tared 1 pm Nucle-
pore filters and drying at 50°C for several days.
Chlorophyll a (chl a) was analyzed fluorometrically
using a Turner Model 110 Fluorometer calibrated with
pure chlorophyll a (Sigma Chemical) to the equations
of Lorenzen (1967) (see Strickland & Parsons 1972).

Phytoplankton production was determined using
24 h MC incubations modified from the general pro-
cedures of Eppley & Sharp (1975). Sub-samples were
distributed to 65 ml bottles, spiked with 2 pCi of
[MCJHCO;, and incubated at 6 light levels (100, 60,
30, 12, 3.3, and 1.1% of incident PAR, photosyntheti-
cally active radiation) obtained with neutral density
screens in a deck incubator flushed with surface sea-
water. After 24 h, incubations were terminated by
filtering the particulate matter onto Whatman GF/C
filters under reduced (<350 mm Hg) vacuum, and
rinsing with filtered seawater. Wet filters were imme-
diately placed in 7 ml scintillation vials containing
Agquasol-2, and subsequently counted on a scintillation
counter. Daily areal phytoplankton production (g C
m~? d°}) was estimated at each station by fitting the
productivity measured at each of the light levels (mg C
17* d7!) to a hyperbolic tangent function (Pennock &
Sharp 1986) and integrating these measurements
with light availability as described by the diffuse atten-
uation coefficient, k (see Pennock & Sharp 1986 for
details).

Light-limitation modeling. Light-limitation is a diffi-
cult phenomenon to detect in the field, particularly
in well-mixed estuarine environments where classic
physiological responses to low light conditions are not
observed (Harding et al. 1986, Pennock & Sharp 1986).
Previous studies of the Delaware River (Wofsy 1983)
and Estuary (Pennock 1985) have demonstrated that
light availability is an important regulator of phyto-
plankton biomass in the system using a steady state
‘critical-depth’ model (Wofsy 1983). In the present
study, light-limitation was assessed using this model,
where phytoplankton biomass in the surface mixed-
layer is described by the equation:

P = L [i - (ky +ks)}
R Z

where P (mg C17!) is the steady-state standing stock of
phytoplankton carbon. The specific coefficients used in
the model (listed below in parentheses) were derived for
the Delaware Estuary during previous studies (Pennock
1985). Ry (10% of B, maximum photosynthetic ca-
pacity) is the respiration due to phytoplankton and
heterotrophs in a mixed layer of depth Z (Wofsy 1983).
Other coefficients are: attenuation of light in the water
column due to water, k,, (ky, = 0.095 m~"); suspended
sediment, k, [k; = 0.025 m~'/(mg 17")]; and chlorophyll,
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k. [k =0.020m"'/(ug1™")]; where kis the product of the
concentration of a particular constituent and its specific
attenuation coefficient, k' (Pennock 1985). Bis a dimen-
sionless parameter describing the ambient light field
and the diurnal mean water-column integrated rate of
photosynthesis given by:

B = Luav[ln[2.7 LOH
I

where L is the sunlit fraction of the day, p,, is the
average cosine of the solar zenith angle over the
sunlit portion of the day, and I, is the light intensity
at which photosynthesis is saturating (see Pennock
1985). Carbon biomass calculated using this equation
was converted to chlorophyll concentration using a
carbon:chlorophyll ratio of 30:1.

Theoretically, periods during which model predic-
tion of biomass was greater than observed biomass —
i.e. model overprediction — are indicative of times
when factors other than light — e.g. nutrients or
grazing — were regulating phytoplankton growth. For
this study, we chose a value of 50 % overprediction as
indicative of periods when light was not the primary
regulator of phytoplankton biomass. This level was
determined through sensitivity analysis, by estimating
the uncertainty of several potential variants in the
model, including the carbon:chlorophyll ratio (30:1
to 80:1; Harris 1986), the analytical precision of sus-
pended sediment and chlorophyll analyses (~5 %), and
the coefficient Ry (10 to 20%).

Nutrient-limitation experiments. During 1985, sam-
ples were collected for nutrient-limitation experiments
at 2 stations during each cruise. These stations were
representative of the mid-estuarine region where the
annual spring bloom occurs (Stn CL}, and the mouth of
the estuary (Stn BR) as shown in Fig. 1. At these sta-
tions, sub-samples were distributed to 11 polycarbon-
ate bottles to which 20 uCi of ["*CJHO; and a nutrient
complement (see below) were added. These samples
were then incubated in deck incubators at ambient
water temperature and 60 % of ambient light intensity.
Daily, over a 4 d time-series, duplicate 50 ml aliquots
were filtered onto Whatman GF/C filters for the deter-
mination of *C incorporation into the particulate frac-
tion.

Nutrient additions were taken from IMR/10 stock
solutions (Eppley et al. 1967) that, for full comple-
ments, resulted in a final concentration of 50 uM
nitrogen, 5 pM phosphate, 25 uM silicate and the
IMR/10 complement of trace metals and vitamins.
Each experiment included (1) a control, to which no
nutrient addition was made, (2) samples to which
nutrients were added in the full complement, and
(3) samples to which nutrients were added in the full
complement minus either nitrogen or phosphorus.

Limitations with incubator space and cruise logistics
resulted in these treatments being unreplicated for
individual samples and dates; thus, statistical analysis
is inappropriate. Within-sample variability of replicate
samples never varied by more than 4 %. While these
bioassay experiments provide only descriptive sup-
port of the patterns of nutrient-limitation discussed
herein, we believe that the replication of patterns be-
tween different cruises carried out during the same
season provide important corroborative evidence of
nutrient-limitation patterns in the estuary. For each
experiment, time-series data displayed one of 3
general treatment effects, that for the purpose of
discussion we denote as: {1) ‘mo difference’ where
uptake in the nutrient-enriched and control incuba-
tions displayed no clear differences through the incu-
bation (e.g. Fig. 11, February); (2) 'stoichiometrically
deplete’ (SD), where uptake in the control and one of
the nutrient treatments decreased as nutrients were
exhausted after Day 1, while the full complement and
the other nutrient treatment maintained a constant
rate through time (e.g. Fig. 10, March for P; Fig. 11,
March for N); and (3) ‘nutrient-limited’ (NL), where
uptake rates in a nutrient-enriched sample were
stimulated with respect to the unenriched sample
(e.g. Fig. 10, August). Note that the difference be-
tween these effects is that the SD treatment is char-
acterized by lowered growth that is caused by the ex-
haustion of the stoichiometrically deplete nutrient (P
if DIN:PO4 > 16:1; N if DIN:PO, < 16:1; DIN = dis-
solved inorganic nitrogen) under culture conditions,
while the NL treatment is characterized by stimulated
growth that results from the addition of one or both of
the nutrients.

RESULTS
Field observations
Phytoplankton biomass and production

Chlorophyll concentrations displayed recurring sea-
sonal patterns of bloom formation and dissipation in
1985 and 1987 (Fig. 2). The most prominent feature
was the winter/spring bloom which began near the
mouth of the bay (~10 km) in February and migrated
up the estuary until it dissipated in the mid-estuary
(~100to 120 km) in late May. This bloom attained con-
centrations between 40 and 60 ug chl a 17!, and was
dominated by the diatom Skeletonoma costatum.
During summer, chl a concentrations in the lower
estuary (0 to 50 km) were usually 2 to 10 ug 17!, except
during sporadic blooms of >10 pg 1"! in the region
20 to 50 km upstream from the mouth. In addition
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Fig. 2. Chlorophyll a concentration versus distance upstream
for full seasonal cycles during 1985 and 1987 The stippled
area delineates concentrations 240 pg 17" The distance axis
runs from O km at the mouth of the estuary to 220 km at Tren-
ton, NJ Triangles along the upper x-axis indicate sampling
times. Insufficient sampling was done upstream of 130 km in
1985 to compare the tidal river region in the 2 years

to these lower estuary blooms, chl a concentrations in
excess of 40 ug 1-! were observed in the river between
Trenton and Philadelphia (150 to 210 km) during the
summer of 1987

Phytoplankton production also displayed recurring
annual sequences (Fig. 3). Between October and
March phytoplankton production in the river and
upper estuary (upstream of 100 km) was always <0.1g
C m~%d-! Riverine production reached a maximum of
>3 gC m~? d°! during the mid-summer chlorophyll
maximum, upstream of the Philadelphia metropolitan
area (150 to 200 km). In the lower estuary, production
was >0.2 g C m~? d~! throughout most of the year and
attained rates >2 gCm™2d™! (-4 gC m2d"! at par-
ticular stations) during the spring bloom and sporadi-
cally throughout the summer period. In most cases,
production rates varied directly with chlorophyll con-
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Fig. 3. Phytoplankton production versus distance upstream for
full seasonal cycles during 1985 and 1987 The stippled area
delineates production rates 22 g C m~ d~! while the hatched
area represents rates <0.1 g C m~2d~!. The distance axis runs
from O km at the mouth of the estuary to 220 km at Trenton, NJ.
Triangles along the upper x-axis indicate sampling times.
Insufficient sampling was done upstream of 130 km in 1985
to compare the tidal nver region in the 2 years

centration except when the rate of production per unit
biomass (P,%: pg C pgchla™! d7') increased signifi-
cantly as a result of species composition changes dur-
ing summer (see Pennock & Sharp 1986).

Inorganic nutrient distributions

Previous research has shown that nutrient concen-
trations in the Delaware Estuary are elevated in the
freshwater region and decrease to lower concentra-
tions toward the mouth of the estuary as a result of
estuarine mixing (Sharp et al. 1982, 1984) and uptake
by phytoplankton (Pennock 1987). This general pat-
tern was maintained over the 1985 and 1987 seasonal
cycles, although the more detailed sampling during
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the late spring and summer of these years revealed
more extensive patterns of depressed nitrogen and
phosphate concentrations than has been reported pre-
viously.

DIN concentrations reached a maximum of 100 to
200 uM as a result of anthropogenic inputs in the river
(130 to 150 km; Fig. 4). In the river, both NH, and NO,
were important contributors to the DIN pool (Pennock
1987, Sharp 1988). In the lower estuary, NO; domi-
nated the DIN pool with concentrations at the bay
mouth in excess of 5 pM between September and
February. Despite typically high DIN concentrations
throughout the estuary over most of the year, low con-
centrations (<1 puM) were consistently observed near
the mouth of the estuary (0 to 20 km) between April
and August.
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Fig. 4. Dissolved inorganic nitrogen (NH,, NO, and NO3) con-
centration (DIN} versus distance upstream for full seasonal
cycles during 1985 and 1987 The stippled area delineates
DIN concentrations =150 uM while the hatched area repre-
sents concentrations <1 uM. The distance axis runs from
0 km at the mouth of the estuary to 220 km at Trenton, NJ.
Triangles along the upper x—axis indicate sampling times.
Insufficient sampling was done upstream of 130 km in 1985
to compare the tidal river region in the 2 years

Phosphate concentrations are typically enriched in
the river (2 to >4 pM) with decreasing concentrations
downstream (Sharp 1988), although riverine concen-
trations can vary appreciably from year to year in
conjunction with differences in river discharge {Lebo
& Sharp 1992) as can be seen with higher concentra-
tions in 1985 and in 1987. During this study, PO, de-
pletion was particularly pronounced during the
spring, with concentrations <0.1 pM observed during
March and April in mid-estuary just spatially down-
stream and temporally after the spring biomass maxi-
mum (Fig. 5). During the remainder of the vyear,
PO, concentrations greater than 0.5 pM extended
throughout the estuary.
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Fig. 5. Phosphate concentration (POy) versus distance upstream
for full seasonal cycles during 1985 and 1987. The stippled area
delineates PO, concentrations >4 uyM while the hatched area
represents concentrations <0.1 uM. The distance axis runs
from O km at the mouth of the estuary to 220 km at Trenton, NJ.
Triangles along the upper x-axis indicate sampling times.
Insufficient sampling was done upstream of 130 km in 1985
to compare the tidal river region in the 2 years
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Fig. 6. Dissolved inorganic nitrogen to phosphate ratios
(DIN:PO,) versus distance upstream for full seasonal cycles
during 1985 and 1987 The stippled area delineates DIN:PO,
ratios 2400 while the hatched area represents ratios <1 The
distance axis runs from 0 km at the mouth of the estuary to
220 km at Trenton, NJ. Triangles along the upper x-axis
indicate sampling times. Insufficient sampling was done up-
stream of 130 km in 1985 to compare the tidal river region
in the 2 years

C:N:P ratios

DIN: PO, ratios displayed marked variations over the
seasonal cycles (Fig. 6). In the river, DIN:PO, ratios of
20 to 50 were observed in 1985 while higher ratios
(50 to 100) were found in 1987 primarily as a result of
decreased PO, concentrations. In the estuary, DIN:PO,
ratios increased to greater than 400 during the spring
bloom in mid-estuary. In contrast, ratios below 5 were
observed near the mouth of the bay throughout the
late spring and summer period.

In 1987 (the year for which we have a complete
PC:PN:PP data set), we examined atomic PC:PN and
PN:PP particulate ratios as indicators of possible nitro-
gen and phosphorus limitation, respectively (Yentsch

et al. 1977, Healey 1978, Nixon 1981, Hecky & Kilham
1988). During this period, the PC:PN ratio in the estu-
ary varied around an average value of 6.5:1 (range
2.5:1to 13:1; n = 275) but displayed no distinct patterns
that could provide evidence of N- or P-limited growth
either spatially or temporally (Fig. 7). In contrast, the
PN:PP ratio varied between 1 and 11:1 (n = 275) and
displayed a systematic elevation in the lower estuary
during spring (Fig. 8) corresponding to the period of
PO, depletion. It was only in this spring period that
the N:P ratio approached the Redfield Ratio (Redfield
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Fig. 9. Results of light-limitation modeling (presented as per-

cent overprediction of observed chlorophyll} versus distance

upstream for 1985 and 1987 Contours are presented for

model results which overpredict observed chlorophyll con-
centrations by 50 % and 100 %
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et al. 1963} indicating significant P-enrichment in
particulate matter (Lebo & Sharp 1992) for most of
the year.

Light-limitation modeling

Results from the light-limitation model revealed 2
periods when the model significantly overpredicted
observed chlorophyll concentrations, indicating poten-
tial light limitation (Fig. 9). The first period occurred in
the fresh tidal river during early spring 1987 (river data
were not collected in spring 1985), during which both
chlorophyll concentration and phytoplankton produc-
tion were low. The second period occurred between
March and late summer, beginning in mid-estuary in
the region of the spring bloom and extending through-
out the mid- and lower estuary during the summer
period. These periods are thought to be periods when
factors other than light were regulating phytoplankton
production.

Nutrient-enrichment experiments

Nutrient-enrichment experiments carried out at the
mid-bay station (CL) indicated that PO, additions
stimulated production between March and June,
while N additions simulated production during August
(Fig. 10). During March and early April, PO, appeared
to be stoichiometrically deplete (SD), while we clas-
sified P as nutrient-limiting (NL) during late April
and possibly June, while N was nutrient-limiting in
August. Results at the bay mouth station (BR) show
that nitrogen additions stimulated production between
late April and early May, and in October, while both
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N and P influenced growth during June and August
(Fig. 11). For these data, N appeared to be stoichio-
metrically deplete in March, while either N or N and P
together were nutrient-limiting between late April and
October.

DISCUSSION
Temporal variations in phytoplankton growth limitation

These observations of temporal variation in the fac-
tors that regulate phytoplankton production expand
upon previous research in both freshwater and estu-
arine environments. For example, Lin & Schelske
(1981) found a seasonal variation in potential nutrient-
limitation in Lake Huron (N. America) involving the
primary limiting nutrient P and several secondary
limiting nutrients (EDTA, Fe and vitamins). Likewise,
alternating periods of P-, N- and light-limitation were
observed in a eutrophic lake (Zevenboom et al. 1982),
while N and P are often found to be co-limiting in more
oligotrophic lake environments (Suttle & Harrison
1988, Elser et al. 1990). In the estuarine environment,
Smayda (1974} found that the growth of Thalassiosira
pseudonana in bioassay experiments conducted in
Narragansett Bay (USA) was limited primarily by N,
but that organic chelators also limited growth at cer-
tain times. Seasonal transition between P- and N-
limitation was also observed in mesocosm studies from
the Patuxent River Estuary, Maryland (D’Elia et al.
1986) and the Neuse River Estuary, North Carolina
(Rudek et al. 1991). In these environments, limitation
of phytoplankton growth-potential was related to vari-
ations in N:P stoichiometry associated with riverine
inputs (D’Elia et al. 1986) and temperature-dependent
biological processes (Pomeroy et al. 1972, Pilson et al.

1980, Elser et al. 1988). In a field study in Chesapeake
Bay (USA), Fisher et al. {1992) found temporal varia-
tions in N- and P-limitation that they related primarily
to the stoichiometry of nutrient inputs. The results from
our research expand upon these earlier studies, by
documenting a recurring pattern of estuarine phyto-
plankton growth and abundance that is alternately
regulated by light, phosphorus and nitrogen as dis-
cussed below (Table 1).

Light-limitation

Although elevated turbidity in the brackish-water
zone of many larger estuarine systems is an important
regulator of phytoplankton production, no specific
indicator of light-limitation is available experimentally.
Physiological indices such as low-light adaptation that
are useful in stable water masses (Falkowski & Owens
1980, Harding et al. 1983) are less useful in well-mixed
water columns where phytoplankton are frequently
exposed to short periods of high light intensity during
rapid vertical mixing (Harding et al. 1986, 1987, Pen-
nock & Sharp 1986). An alternative approach, in which
light-limitation is ascertained through modeling
chlorophyll biomass as a function of available light
energy, has proven a successful indicator of light-
limitation in the Potomac (Wofsy 1983), Delaware
(Pennock 1985) and Chesapeake Estuaries (Harding
et al. 1986).

Light-limitation modeling produced results that
were similar to those found previously in the Delaware
(Pennock 1985). Light-limitation occurred throughout
the year in the upper estuary (90 to 150 km; Fig. 9) and
in the lower estuary between mid-September and mid-
February. However, from early March until Septem-
ber, model results suggest that phytoplankton were



284 Mar. Ecol. Prog. Ser. 111: 275-288, 1994

Table 1 Conceptual summary of the factors that potentially limit phytoplankton in 2 regions of the Delaware Estuary based on

data from each of the hierarchical levels examined during this study. Potential limitation was assessed as follows: light, based on

a > 509 overprediction of the light-limitation model; nitrogen, based on DIN concentrations below 1 uM, DIN:PO, ratios < 8:1,

PC:PN ratios elevated above the annual average and bioassay results in which nitrogen additions stimulated production; and

phosphorus, based on PO, concentrations below 0.1 pM, DIN:PO, ratios >32:1, PN:PP ratios elevated above the annual average

and bioassay results in which phosphorus additions stimulated production). (-) indicates that a particular indicator did not meet
the above criteria, and an asterisk (*) indicates DIN;PO, ratios > 100 for P-limitation or < 1 for N-limitation

Month {DIN] [PO4]
Mid-estuary (~40 km)
Jan-Feb -
Mar-Apr -
May-Jun -
Jul-Aug - -
Sep-Oct -
Nov-Dec - -

DIN: PO,

jaeJav |

{

jav s iieviie v lis v lig o]

Lower estuary (~5 km)
Jan-Feb
Mar-Apr
Mav~-Jun
Jul-Aug
Sep-Oct
Nov-Dec - -

22272
g o |

2222272

PC:PN

PN:PP Light model Bioassay Summary
- Light - Light
P Light P Light/P
P - P p
- - N N2
- Light - Light
- Light - Light
- Light - Light
- - N N
- N&P N&P
- - N&P N?

- Light N N?
- Light Light Light

not light-limited in the mid- and lower estuary. This
period, during which model results significantly over-
predict observed chlorophyll values, begins as the
spring diatom bloom migrates from the lower estuary
towards the turbidity maximum (Fig. 2), and continues
through the summer. Pennock (1985) has shown
that the spring bloom is physically regulated by
flow-induced stratification that decreases the depth of
the surface mixed layer. The increased temporal and
spatial sampling densities in 1985 and 1987 confirm
this observation and further suggest that the dissipa-
tion of the bloom is caused by factors other than light.

Phosphate-limitation

Coinciding with the dissipation of the spring bloom
and the overprediction of the light-limitation model,
several indices suggest the occurrence of P-limitation
in mid-estuary from mid-March through April. At this
time, DIN: PO, ratios exceed 400 (Fig. 6) as a result of
significant loss of PO, in the mid- and lower estuary
(Fig. 5). At their minimum, these POy, concentrations
(< 0.1 uM) fall within the range for half-saturation con-
stants for PO, uptake (Nalewajko & Lean 1980, Smith
& Kalff 1982) suggesting the possibility of P-limitation.
Bioassay experiments also support the occurrence of P-
limitation in the mid-estuarine region (Fig 10) where
DIN:PO, ratios attained a maximum (Fig. 6). In addi-
tion, the observations of PN:PP in the estuary over the
annual cycle revealed elevated ratios in the mid- and
lower estuary during spring (Fig. 8). The low PN:PP

average in the upper estuary has been shown to result
from PO, adsorption to inorganic particulates and
phosphorus-rich mineral phases (Biggs et al. 1983,
Lebo & Sharp 1992). In light of this low PN:PP ratio, the
elevated PN:PP ratios observed during spring support
the interpretation of P-limitation. Such patterns have
been observed previously in bioassay experiments
(Maestrini et al. 1984, Schelske 1984}, and in particu-
late (plankton) composition ratios (Antia et al. 1963,
Healy & Hendzel 1980), where they have been inter-
preted as indicators of P-limitation.

Thus, each of the available lines of evidence sug-
gests P-limitation occurs in the mid-estuary during
spring. Although there is a general notion that estuar-
ine and marine systems are N-limited (Boynton et al.
1982), this study and several others provide evidence
of P-limitation in estuarine ecosystems. For example,
in the U.S., potential P-limitation based on DIN:PO,
ratios has been suggested for Albemarle Sound
(Bowden & Hobbie 1977), the Potomac River Estuary
(Jaworski 1981), Apalachicola Bay and Chesapeake
Bay (Fisher et al. 1992). Evidence for potential P-
limitation using bioassay experiments has also been
shown for several estuaries in the northeastern Gulf of
Mexico (Meyers & Iverson 1981), the Peel-Harvey
Estuary, Australia (McComb et al. 1981), the Patuxent
River Estuary (D'Elia et al. 1986), and Chesapeake Bay
(Fisher et al. 1992).

Conceptually, it is possible to separate estuarine P-
limitation into 2 categories based on nutrient con-
centrations. In relatively unenriched estuaries with
slightly elevated N:P ratios, such as Apalachicola Bay
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and the Econfina Estuary (Meyers & Iverson 1981),
P-limitation was suggested throughout much of the
summer growth period. In more eutrophic systems
with significantly elevated DIN:PO, input ratios
(>30:1) such as the Delaware, Patuxent (D'Elia et al.
1986) and Chesapeake (Fisher et al. 1992), P-limitation
is observed only during active phytoplankton growth
during the winter/spring period when water tempera-
tures are low. Fisher et al. (1992) attribute this season-
ality to changes in the input ratios of DIN and PO,. In
the Delaware, seasonal changes in nutrient input ratios
are not obvious, but rather P-limitation is associated
with fixation of PO, into phytoplankton biomass (PP)
which accumulates to high concentrations during the
spring period (Table 1). This period lasts only a rela-
tively short time, between March and early May, after
which PO, concentrations begin to rebound as a result
of regeneration (Lebo & Sharp 1992).

Nitrogen-limitation

Subsequent to and downstream of the region of
P-limitation, several indices suggest the occurrence of
N-limitation at the mouth of the estuary beginning in
late April and extending until September in both 1985
and 1987 As with phosphorus, nutrient concentrations
(DIN < 1 uM: Fig. 4), and DIN:PO, stoichiometry
(DIN:PO, < 5: Fig. 6) were in a range suggestive of
potential N-limitation and below the typical half-
saturation constant for N uptake reported for several
estuarine and near-coastal systems (1 to 2 uM: Eppley
et al. 1969, Maclsaac & Dugdale 1969, Fisher et al.
1981). Similarly, bioassay experiments suggested N-
limited growth at the bay mouth sampling station
between late April and August in 1985.

In contrast to these results, however, PC:PN ratios
(Fig. 7) were not elevated as has been seen in culture
(Droop 1974, Rhee 1978) and in the field (Sakshaug &
Olsen 1986) under N-limited conditions. These data
could be interpreted in several ways. First, it is possible
that detrital carbon and nitrogen obscure altered C:N
ratios in the plankton during summer. However, using
carbon:chlorophyll ratios (30:1) we can estimate that
>60% of the organic carbon in the lower estuary
during 1987 was contributed by living phytoplankton.
Alternatively, the PC:PN ratio may correctly reflect
a situation in which phytoplankton are not severely
N-limited and rather that the other indices are mis-
leading (Table 1).

We believe that this second explanation is most
probable. Although DIN concentrations and DIN:PO,
ratios near the bay mouth support the possibility of
N-limitation, DIN concentrations in the upper Delaware
River are among the highest in the world (Sharp 1988),

and this material is continually advected through the
brackish-water region and into the lower estuary (Sharp
etal. 1984). As aresult, we suggest that the lower estu-
ary acts analogously to a chemostat during summer,
with relatively high rates of phytoplankton production
(05t02g Cm™%d ' Fig 3) being supported by both
remineralized N and N advected from upstream, while
biomass is limited by grazing. This hypothesis is sup-
ported by °N uptake experiments which generally dis-
play nutrient-saturated uptake kinetics throughout the
estuary (Pennock 1987), and high P,,® values suggesting
robust phytoplankton growth (Pennock & Sharp 1986).

If accurate, this explanation contradicts the interpre-
tation of the bioassay experiments, suggesting that iso-
lation of the natural phytoplankton populations from
continuous nutrient supply and grazing pressure can
lead to misidentification of nutrient-limitation. Further,
in the absence of both light- and nutrient-limitation,
this conclusion suggests that grazing is a major regu-
lator of phytoplankton biomass in the lower estuary
during summer.

Factors regulating growth limitation

The above scenario provides clear evidence of tempo-
ral variability in the factors that regulate estuarine
phytoplankton growth. Ultimately, however, it is im-
portant to further identify the processes that regulate
these factors. For example, although input ratios of N
and P impart an important influence on the regulation of
estuarine phytoplankton production (Fisher et al. 1992),
it is clear that variations in N:P stoichiometry along the
estuarine gradient (Fig. 6) occur independent of input
ratios (Fig. 12). Several factors, including physical flush-
ing/mixing rates, geochemical equilibria reactions, and
bioclogical processes appear to be important regulators
of nutrient availability and, ultimately, the temporal
patterns of growth limitation that are observed.

In the Delaware Estuary, freshwater discharge plays
an important role in determining both total nutrient
loading and the N:P input ratio available to phyto-
plankton. However, this nutrient loading is signifi-
cantly modified by biogeochemical processes within
the estuary. For example, geochemically, the predomi-
nant reactions are ones that raise the DIN:PO, input
ratio to the estuary (Fig. 12) by removing PO, from the
dissolved phase during transit through the river. As a
result, DIN:PO, ratios entering the brackish region,
which ultimately fuel phytoplankton growth in the
lower estuary, are stoichiometrically deplete in P
(~100:1), despite riverine (30:1) and point-source
inputs (6:1) that are near or below typical phyto-
plankton requirements (Redfield et al. 1963). The net
result is the occurrence of P-limitation during the late
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spring period, during which physical flushing and
phytoplankton growth are the predominant processes
within the system.

As the influence of freshwater discharge decreases
towards summer, biogeochemical regeneration of P as
a result of heterotrophic activity and inorganic desorp-
tion reactions significantly decreases the DIN:PO,
ratio in the estuary. The overall consequence is that N
becomes stoichiometrically deplete in the lower estu-
ary during the summer, as indicated by the DIN:PO,
ratios and nutrient enrichment experiments. In the
Delaware, this does not appear to result in physio-
logical N-limitation — that would be indicated by
changes in the C:N ratio of the particulate matter.
However, in ecosystems in which light availability and
riverine nutrient flux are not as dominant as they are
in the Delaware, these biogeochemical processes will
likely act to regulate N availability and ultimately
result in N-limited growth.
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