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Top-down control from the bottom: Regulation of eutrophication in a large river by
benthic grazing
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Abstract

We use a 15-yr record from a 100-km stretch of the tidal, freshwater Hudson River to examine the controls of
phytoplankton biomass. Across years, seasonal mean chlorophyll a (Chl a) and maximum Chl a varied by approx-
imately 15-fold, with mean growing-season Chl a as high as 24 mg L21 and maximum Chl a as high as 120 mg
L21. For 3 of the 15 yr the river would be classified as eutrophic on the basis of lake standards for Chl a. Year-to-
year variation in Chl a was not closely related to either nutrients (phosphorus or nitrogen concentrations) or hy-
drologic flow. Annual variation in grazing by the invasive zebra mussel (Dreissena polymorpha) explained 90% of
the variation in mean Chl a; however, the maximum Chl a reached during the growing season was not significantly
related to grazing and, even with high grazing, blooms of phytoplankton that contained high proportions of poten-
tially toxic cyanobacteria occurred. Further, zebra mussels decreased dissolved oxygen concentrations even while
increasing production of submersed aquatic vegetation. The results from the Hudson add to a growing literature
that suggests that ecosystem changes linked with high phytoplankton biomass depend on a diverse range of system
characteristics as well as whether phytoplankton are controlled by top-down or bottom-up mechanisms.

For lakes, reservoirs, and estuaries it is well established
that high N and P inputs frequently result in high phyto-
plankton biomass and to problems associated with this high
biomass (Schindler 1978; Smith 2003). However, it is now
recognized that resistance to eutrophication can vary greatly
between systems (Cloern 2001). As a group, large rivers,
which tend to have high N and P loads from both point and
nonpoint sources, may show strong resistance to both high
phytoplankton biomass and many of the associated conse-
quences of high phytoplankton biomass. In large rivers bio-
mass of phytoplankton can potentially be kept low by high
advective losses associated with short residence times (So-
balle and Kimmel 1987; Wetzel 2001) and strong light lim-
itation resulting from the combination of a well-mixed water
column and turbid conditions (Cole et al. 1992). Addition-
ally, the well-mixed conditions may make river phytoplank-
ton more susceptible to control by benthic grazers than are
phytoplankton in stratified systems (Sullivan et al. 1991).
Finally, because of turbulent conditions in most rivers, even
bottom waters exchange relatively rapidly with the atmo-
sphere (Caraco et al. 2000) and, thus, low oxygen conditions
resulting from phytoplankton decomposition are less likely.

The potential resistance that rivers show to eutrophication
could explain why there has been comparatively little re-
search on the controls of phytoplankton biomass or conse-
quences of high phytoplankton biomass in riverine systems
(Smith 2003). At times, however, phytoplankton biomass can
reach values well above 15 mg L21 chlorophyll a (Chl a)
(Basu and Pick 1996; Welker and Walz 1998; Smith 2003),
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which would be indicative of eutrophic conditions in lakes
(Wetzel 2001) and estuaries (Nixon 1995). Further, phyto-
plankton in rivers can include significant proportions of po-
tentially toxic cyanobacteria (Smith 2003). As these waters
are often important sources of drinking water (van der Lee-
den et al. 1990), the consequences of eutrophication include
not only deterioration of recreational value of the system but
also potentially serious consequences to human health.

The past dogma that rivers uniformly have high resistance
to eutrophication is being challenged by recent studies dem-
onstrating high phytoplankton biomass in some riverine sys-
tems (Smith 2003). We hypothesize that large rivers, like
estuaries and lakes, show strong variation in both eutrophi-
cation and resistance to eutrophication. We focus on phyto-
plankton biomass as a major indicator of eutrophication, but
in addition analyze system characteristics thought to be
linked to high phytoplankton biomass, including cyanobac-
terial abundance and bottom-water oxygen depletion. The
work takes place in the tidal Hudson River, a site with long-
term data on phytoplankton biomass as well as top-down
and bottom-up factors that potentially control it.

Site description

The focus of this paper is a 100-km stretch of the tidal,
freshwater Hudson River (TFW Hudson, Fig. 1). The me-
sohaline section of the Hudson River Estuary, downstream
of the TFW section, may have very different controls on
primary production and phytoplankton biomass (Howarth et
al. 2000). This TFW stretch of river has several small cities
and towns that use the Hudson for both drinking water and
sewage disposal. However, most of the nutrients come from
diffuse and point sources above this stretch of the river
(Lampman et al. 1999). Annual nitrogen and phosphorus
loads from combined point and nonpoint inputs coming in
at the top of the study stretch are approximately 140 3 105

kg yr21 and 9 3 105 kg yr21, respectively, whereas inputs
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Fig. 1. Hudson River and its watershed and location of the wa-
tershed with respect to New York and adjoining states. The Hudson
River is tidal for 250 km from New York City (km 0) to just north
of Albany, New York. The tidal river receives water dominantly
from the nontidal Mohawk and Upper Hudson Rivers. The upper
150-km stretch of the tidal Hudson is freshwater (TFW) and our
study focuses on a 100-km stretch of the TFW Hudson (km 220–
120). The three locations of spatiosampling for the 1987–1990 sam-
pling are numbered 1–3.

from point and tributary loads within the 100-km study
stretch are approximately 40 3 105 kg yr21 and 2 3 105 kg
yr21, respectively (Lampman et al. 1999).

The 100-km study reach of the TFW Hudson River is
relatively wide (average 0.8 km) and deep (8 m), and this
in combination with moderate freshwater inputs results in
relatively long residence times (Caraco et al. 1997). At av-
erage growing-season flows of 200 m3 s21 the water resi-
dence time averages about 45 d. The entire TFW Hudson
River has a mean tidal range of near 1 m and the currents
generated by tides as well as freshwater runoff create a tur-
bulent water column that results in well-mixed conditions
(Cole et al. 1992). The high energy also keeps sediments in
suspension, resulting in moderately turbid conditions (Cole
et al. 1992; Lampman et al. 1999), and this coupled with the

relatively deep water column results in low-light availability
and depressed phytoplankton and submerged macrophyte
production (Cole et al. 1992; Caraco and Cole 2002).

An additional factor affecting phytoplankton biomass and
production is grazing. Although both zooplankton biomass
and grazing are low in the Hudson (Pace et al. 1992), the
grazing by benthic filter feeders is substantially greater
(Strayer et al. 1996). This benthic filtration is dominated by
one species, the invasive zebra mussel Dreissena polymor-
pha (Strayer et al. 1996). The zebra mussel invaded the river
and became an important filter feeder in 1992. Before the
invasion of the zebra mussel the water column of the Hudson
was filtered about once every 30 d by a combination of
zooplankton and benthic filter feeders; following the inva-
sion the water column is filtered about every 2 d (Strayer et
al. 1996).

Methods

We base our analysis primarily on a 15-yr period (1988–
2002). During this period we have spatiotemporal coverage
of phytoplankton biomass and physicochemical conditions
for a 100-km stretch of the TFW Hudson (Fig. 1) during the
6-month growing season (May–October). During 1988–
1990, sampling was based on three stations located at kms
193, 152, and 122, with samples taken at monthly intervals
(Pace et al. 1992). For 1991 to 2002 we have more extensive
spatial coverage, with samples taken during transects at ca.
3- to 5-km intervals over the study reach. During this period
samples were taken at monthly to 1.5-month intervals, and
for various years we have between 5 and 3 longitudinal tran-
sects per year (Lampman et al. 1999). Additionally, for the
entire 15-yr period, weekly samples were taken from one
station (sta. 2, Fig. 1). All samples were taken in the main
channel of the river at ca. 0.2 m depth.

At all samplings we have measurement of Chl a as an
estimate of phytoplankton biomass (Caraco et al. 1997). Nu-
trient analysis were made for all but a 3-yr period (1989–
1991). Nutrient samples include dissolved inorganic N (DIN,
or the sum of NH4, NO3, and NO2), dissolved inorganic P
(DIP), and total N and P (TN and TP) concentrations. Meth-
ods of storage, processing, and analysis are described else-
where (Lampman et al. 1999). For 7 of the 15 years we
additionally have direct measurements of turbidity (as NTU,
nephelometric turbidity units) for transects (at 2- to 3-km
intervals) and at station 2 (Fig. 1) at approximately weekly
intervals (Lampman et al. 1999). Hydrologic inputs reported
are for the top of the study stretch and are based either on
direct U.S. Geologic Survey (USGS) monitoring at Green
Island, New York or on correlative models calibrated to
USGS monitoring at sites on the Upper Hudson and Mo-
hawk (Caraco et al. 1997). In both cases daily hydrologic
inputs are used to calculate seasonal averages for various
years.

Estimates of zebra mussel filtration in the river were made
by applying the regression of Kryger and Riisgard (1988) to
measured population densities and body sizes of Hudson
River zebra mussels (Strayer et al. 1996). Zebra mussel pop-
ulation density was estimated each year (1991–2003)
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Fig. 2. Phytoplankton biomass as measured by chlorophyll a (Chl
a) and zebra mussel grazing for the 15-yr study period. (A) Mean
annual Chl a with the number of samples for which average values
are calculated in each year. (B) Maximum Chl a in each year.

through a combination of grab samples (on sand and mud)
and hand-collecting by divers (on rocky sediments). Esti-
mates of zebra mussel size were made on a subset of col-
lected mussels. Filtration rates estimated from the Kryger
and Riisgard regression agreed well with measurements of
filtration rates of Hudson River zebra mussels (Roditi et al.
1996).

Phytoplankton counts, taxonomic separation, and biomass
estimates were made at one station in the middle of the study
reach (Fig. 1, sta. 2) for 12 yr, 2 yr before the zebra mussel
invasion and 10 yr after the invasion (Smith et al. 1998,
unpubl. data). Counts are from 1-liter Lugol-preserved sam-
ples (Smith et al. 1998). Here we present information only
on total and cyanobacterial biomass for the late summer pe-
riod (20 July–20 September).

Dissolved oxygen (DO) was measured from 1987 to 2000
by Consolidated Edison (unpubl. data courtesy of J. Young).
Measurements were made with a YSI oxygen meter cali-
brated to atmospheric concentrations. Oxygen measurements
were made at ca. monthly throughout the growing season
(May–October). Oxygen was measured at 10 stations in the
100-km study reach and at each station measurements were
made from the surface to bottom of the water column at
approximately 2-m intervals. We present DO values for three
depth strata, which we define as: shallow waters (,2 m),
mid-waters (2 to 8 m), and deep waters (.8 m). In total
there are 4,134 measurements of DO for the 6-month grow-
ing season in the 100-km study reach.

Results

Considering the entire study reach of the Hudson there
was a large variation in both seasonal mean and maximum
Chl a (Fig. 2). During the 15-yr period mean Chl a varied
between 1.5 and 27 mg L21 and maximum Chl a ranged

between 6.2 and 127 mg L21. The ratio of maximum to mean
Chl a averaged 4.5 and varied from 1.5 to 13 among years.
Overall there was a significant (p 5 0.02) but relatively
weak correlation between maximum and mean Chl a (r 2 5
0.35). Additionally, among years the timing of maximum
Chl a varied by more than 120 d between June to October
and the location of this peak varied by 60 km from km 200–
140 (Fig. 3). This variation was not driven by inputs of phy-
toplankton above the study reach. At the top of the TFW
Hudson (km 230–250, Fig. 1) Chl a averaged only 1.3 mg
L21 and the maximum Chl a reached over the entire 15-yr
study period was only 6.4 mg L21.

In comparison to the large year-to-year variation in Chl a,
the between-year variation in nutrient concentrations was
relatively low. Year-to-year variation in average TP, TN, DIP,
and DIN was 2.0-, 1.6-, 2.5-, and 1.7-fold, respectively. The
between-year variation in nutrient concentrations was not
significantly related to variation in mean or maximum Chl
a (Table 1, Fig. 4A for TP). For both mean and maximum
Chl a, the closest relationships to nutrients were for DIN and
DIP, but these relationships were negative, opposite from that
seen in lakes and estuaries (Table 1).

Between-years average growing season hydrologic flow
varied by over threefold from 90 to 338 m3 s21. For the 15-
yr study period, annual variation in hydrologic flow was not
significantly related to annual variation in TP, TN, DIN, or
DIP concentrations (p . 0.05, linear regression), nor was
flow significantly related to mean Chl a or maximum Chl a
(Table 1). However, for the 7-yr period (1996–2002) for
which we have turbidity data, turbidity and flow were sig-
nificantly related to each other (p , 0.01, r 2 5 0.81, linear
regression) and both were significantly related to variation
in Chl a (p , 0.05, linear regression). This time period rep-
resents a period of relatively high and constant zebra mussel
grazing (Fig. 2).

The filtration rate (m3 m22 d21) by the invasive zebra mus-
sel can be expressed as a piston velocity (m d21) and this
varied between 0 m d21 (pre-1992) to near 7 m d21 in 1993
and 1997. This filtration rate did not relate significantly to
maximum Chl a (Table 1), but was significantly related to
mean Chl a in a linear regression (Table 1). The relationship
of Chl a to grazing was better described, however, by a neg-
ative exponential (Fig. 5A), and this relationship was highly
predictive (p , 0.001, r 2 5 0.90). The residuals from the
exponential relationship (DChl a) showed weak negative re-
lations to hydrologic flow (Fig. 5B). The relationship was
not significant considering the entire data set (p 5 0.08) but
was significant (p 5 0.01) considering only the period after
1990 when more extensive data were available (Fig. 2, Fig.
5B, filled circles). There was not a significant relationship
between DChl a and TN, TP, DIN, or DIP concentrations
considering the entire data set or the period after 1990 (p .
0.1, linear regression).

Over the same time period that the average phytoplankton
biomass was significantly reduced by zebra mussels grazing
(p , 0.001, unpaired t-test, Fig. 6), cyanobacterial biomass
was not reduced significantly (p 5 0.89, unpaired t-test).
This difference was driven by a tendency for, on average,
higher relative abundance of cyanobacteria after the invasion
of the zebra mussel (Fig. 6). The postzebra mussel period
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Fig. 3. Spatiotemporal variation in chlorophyll a (Chl a) in the tidal freshwater Hudson River
for 3 yr (labeled on plots). 1991 is a year with low benthic grazing by the zebra mussel, whereas
1999 and 2000 have moderately high grazing rates but differ in hydrologic inputs. 2000 is a wet
year and 1999 is a dry year. Note that in 1999, despite relatively low average biomass, ‘‘hot spots’’
of high biomass occur.

Table 1. Relationship, based on linear regressions, between growing season mean chlorophyll a (Chl a) and maximum Chl a and six
potential predictor variables. All predictor variables are mean values for the growing season. The columns are the regression outcomes
between Chl a (in mg L21) and total phosphorus (TP), total nitrogen (TN), dissolved inorganic phosphorus (DIP), and dissolved inorganic
nitrogen (DIN) (all expressed in mg L21). Hydrologic flow (flow) is in m3 s21 and zebra mussel grazing (ZMG) is in m d21. The number
of years in the regression analysis for both the mean and maximum Chl a. All variables had distributions that were not significantly different
from normal as judged by skewness and kurtosis criteria (Tabachnick and Fidell 1996).

Mean Chl a

p r2 slope Int n

Max Chl a

p r2 slope Int

TP
TN
DIP
DIN
flow
ZMG

0.45
0.86
0.18
0.09
0.78

,0.001

0.06
0.00
0.17
0.21
0.01
0.70

0.11
0.00

20.31
20.03
20.01
22.94

1.5
5.1

15.8
20.7
12.9
19.6

12
11
12
11
15
15

0.14
0.79
0.13
0.13
0.78
0.10

0.20
0.01
0.22
0.24
0.01
0.20

21.11
20.03
21.86
20.20
20.01
25.72

101.0
59.0
86.0

139.0
12.9
59.5

also differed from the prezebra mussel period in that in the
postzebra mussel period there was a highly significant pos-
itive relationship between cyanobacterial and total phyto-
plankton biomass (p , 0.001, r 2 5 0.41, linear regression).
Before the zebra mussel invasion there was no relationship
between cyanobacterial and total phytoplankton biomass (p
5 0.84, linear regression). Further, after the invasion of the
zebra mussel the cyanobacteria biomass was up to 90% of
total biomass, whereas prior to the invasion the highest per-
centage of cyanobacteria biomass was 10% of the total.

For the more than 4,000 DO measurements that covered
more than a decade of time and ranged from surface to bot-
tom waters, DO ranged between 2.9 and 12.8 mg L21. Sur-
prisingly, depth was not significantly related to this variation
in either the pre- or postzebra mussel period or considering
the entire data set as a whole (p . 0.05, unpaired t-test).
Further, the maximum average DO gradient, which occurred

between surface and bottom waters in the prezebra mussel
period, was only 0.1 mg L21 (Fig. 7). The difference between
DO in pre- and postzebra mussel periods was, on the other
hand, highly significant (p , 0.001, unpaired t-test). On av-
erage, for the entire 100-km reach, DO was 0.5 mg L21 lower
after the invasion of the zebra mussel (Fig. 7).

Discussion

During a 15-yr study in the Hudson River there was a 15-
fold range in average Chl a. On the basis of mean annual
Chl a and eutrophication standards for lakes (Wetzel 2001),
during the 15-yr period there would have been 3 yr classified
as oligotrophic (# 3 mg L21, average chl-a), 5 yr as eutro-
phic (.11 mg L21), and 7 yr as mesotrophic. The variation
in phytoplankton biomass did not relate significantly to var-
iation in phosphorus or nitrogen (Table 1, Fig. 4); rather, it
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Fig. 4. (A) Log–log plot of total P vs. chlorophyll a based on
mean seasonal values and (B) individual data points in the tidal,
freshwater Hudson River. The lines shown for comparison are re-
gressions derived for temperate lakes and reservoirs (solid line, Ma-
zumder 1994) and Canadian Rivers (dashed line, Basu and Pick
1996).

Fig. 6. (A) Total biovolume of phytoplankton (Total BV), (B)
cyanobacterial biovolume (Cyanobacteria BV), and (C) relative
contribution of cyanobacteria (% Cyanobacteria). All values are
split into periods before the establishment of the zebra mussel (pre)
and after the establishment in 1992 (zebra). Bars represent mean
values and error bars are 95% confidence intervals on the mean.
Total BV and cyanobacteria BV are both in mm3 L21.

Fig. 5. (A) Chlorophyll a (Chl a) vs. zebra mussel grazing (ZMG)
and (B) the residuals (DChl a) from the negative exponential rela-
tionship vs. flow. The equation for the negative exponential in panel
A is: Chl a 5 21 e2.45 ZMG. DChl a is the actual values of Chl a at
a given grazing rate minus those predicted from the negative ex-
ponential in panel A. Flow, Chl a, and mussel grazing are all mean
growing season averages for the 100-km study reach (Fig. 1). In
both panels the triangles are data from 1988–1990, during which
time we had less spatiocoverage and fewer points to define the mean
Chl a values; the dark circles are for the 1991–2002 period. The
regression lines in both panels are for the entire study period.

Fig. 7. Average dissolved oxygen concentrations for the pre- and
postzebra mussel periods in the 100-km study reach of the Hudson.
The values are divided by depth intervals of ,2 m (shallow), 2–8
m (mid), and .8 m (deep). The error bars are 95% confidence
intervals on the mean values.

was driven by variation in resistance to eutrophication across
years. That is, while at times phytoplankton yield at a given
TP concentration was equal to that found in nutrient-limited
lakes, often the values were far lower (Fig. 4).

High flow and resulting low residence time has classically
been an explanation for low phytoplankton biomass and,
therefore, high resistance to eutrophication in flowing waters
(Wetzel 2001). For example, Soballe and Kimmel (1987)
compared phytoplankton biovolume–TP relationship in riv-
ers and found that, as compared to lakes or reservoirs, there
was on average lower phytoplankton biomass at a given TP

value in rivers, and TP explained a smaller percentage of
the variation in phytoplankton biomass than it did in lakes.
The residual of the TP–phytoplankton biomass relationship
was related negatively to residence time of waters, which
decreases with increased flow in a given system. In the Hud-
son, however, flow is not strongly related to phytoplankton
biomass across years (Table 1). The lack of a strong negative
relationship to flow and phytoplankton biomass could be due
to very high among-year variation in grazing. The lack of a
strong relationship between phytoplankton biomass and flow
is consistent, however, with results of Basu and Pick (1996)
for Canadian Rivers.

Although flow and its associated higher turbidity and
greater light limitation may not explain well the variation in
mean summer Chl a in the Hudson, the overall high light
limitation may influence the extent to which grazers can af-
fect phytoplankton biomass. The Hudson River, and possibly
rivers in general (Basu and Pick 1996), have relatively low
biomass of zooplankton as compared to rivers and estuaries
(Pace et al. 1992). For the Hudson the zooplankton clearance
rates are only about 3% of the water column per day on
average (Strayer et al. 1996). By comparison, for lakes, bio-
mass of zooplankton at a given phytoplankton level is 10-
fold greater, with resultant water-column clearance rates of
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near 30% per day (Sterner 1986; Cole et al. 1988). Further,
before the invasion of the zebra mussel in the Hudson, graz-
ing by benthic grazers was low (Strayer et al. 1996). With
these low total grazing rates phytoplankton production could
regularly outstrip removal even with very low phytoplankton
turnover rates and on average, phytoplankton biomass was
quite high (Fig. 2). With even moderately high grazing rates,
however, phytoplankton biomass on average was kept quite
low.

The relative importance of benthic grazers in controlling
phytoplankton biomass in rivers or the extent to which light
limitation interacts with this control is to date not well
known. This control depends on both the growth rate of
phytoplankton as well as grazing rates of the benthos (Schol
et al. 2002). Interestingly, at present most riverine studies
that suggest a substantial role of benthic grazers in control-
ling riverine phytoplankton are of invasive bivalves (e. g.,
Welker and Walz 1998; Akopian et al. 2001; Gelda and Ef-
fler 2002). For a large number of rivers it is possible that at
present there is relatively low grazing by native populations
of benthic grazers because of human-related reductions in
bivalves (Strayer et al. 1999). Thus, historically many rivers
may have had stronger control of phytoplankton biomass by
benthic grazing than they do at present.

In systems where phytoplankton biomass is controlled by
grazing, occasional outbreaks can occur, resulting in very
high phytoplankton biomass (blooms). For the Hudson these
blooms were evident in the postzebra mussel period; in this
period there was a high ratio of maximum to mean Chl a
and our highest observed phytoplankton biomass was found
in a year with substantial zebra mussel grazing (1998, Fig.
2). The high phytoplankton biomass in the Hudson that oc-
curs in spatiotemporal ‘‘hot spots’’ (Fig. 3) can lead to water
quality problems including the increased abundance of po-
tentially toxic cyanobacteria (Smith 2003). Although mea-
surements of cyanobacterial abundance in the TFW Hudson
are limited to one station (Fig. 1, sta. 2) and miss some of
the highest biomass of phytoplankton in postzebra mussel
years (Figs. 2, 3), the data indicate that for the 12 yr since
the invasion of the zebra mussel the average and peak rel-
ative abundance of cyanobacteria has increased (Fig. 6C).
This result is in contrast to sharp reductions in cyanobacteria
in the TFW Hudson in the first 2 yr after the zebra mussel
invasion (Smith et al. 1998). The results are consistent, how-
ever, with effects of strong top-down control in general (Car-
penter et al. 1992) and with zebra mussel effects found in
some lakes (e. g., Raikow et al. 2004). For the TFW Hudson
the reason for the low cyanobacterial biomass 2 yr after the
zebra mussel invasion (Smith et al. 1998) or the overall high
variation in both cyanobacterial biomass and relative abun-
dance after the invasion of the zebra mussel is not clear.
Year-to-year variation in temperature, microstratification of
the water column, phosphorus, or trace element concentra-
tions could all play a role in controlling variation in cyano-
bacterial abundance.

In addition to potential blooms of toxic phytoplankton a
frequent consequence of high phytoplankton biomass is low
oxygen in bottom waters (Cloern 2001; Wetzel 2001). The
response of DO in the Hudson to changes in phytoplankton
biomass differs substantially from this expectation. First, be-

cause of high water-column mixing there was little differ-
ence in oxygen concentrations between surface and bottom
waters. Second, there was on average lower oxygen concen-
tration in both surface and bottom waters in years with zebra
mussels when phytoplankton biomass was lower (Fig. 7).
The DO decline throughout the water column can be ex-
plained by an increase in total system respiration that is only
partially compensated by increased production of submerged
aquatic vegetation associated with higher light penetration
in postzebra mussel years (Caraco et al. 2000). Although in
the Hudson DO did not decline to hypoxic levels in the water
column with the invasion of the zebra mussel, in systems
with greater biomass of benthic grazers or high inputs of
BOD (biological oxygen demand) from sewage, hypoxia
could occur along with decreased phytoplankton biomass
(Gelda and Effler 2002). Further, it is possible that within
the Hudson the zebra mussels caused substantially lower DO
at the sediment–water interface, but we have no measure-
ments to confirm or refute this.

For aquatic systems evidence is mounting that increased
phytoplankton biomass and production (e.g., eutrophication)
can cause a cascade of ecosystem changes (Cloern 2001). In
many cases the factors linked with high phytoplankton bio-
mass are of greater consequences than the phytoplankton
biomass per se. To date, however, the specific ecosystem
changes linked to high phytoplankton biomass, including
bottom-water hypoxia and undesirable or toxic phytoplank-
ton blooms, are based on a paradigm constructed for bottom-
up controlled (nutrient-limited) stratified lakes and estuaries.
The factors linked with high phytoplankton biomass can de-
pend, however, not only on system characteristics but also
on the mode of eutrophication control. For well-mixed and
nutrient-rich rivers more studies are needed to determine not
only the relative importance of top-down and bottom-up pro-
cesses in controlling phytoplankton biomass but also on how
the different control processes affect the system as a whole.
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