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Abstract

Benthic community responses to lake eutrophication are poorly understood relative to pelagic responses. We
compared phytoplankton and periphyton productivity along a eutrophication gradient in Greenland, U.S., and Danish
lakes. Phytoplankton productivity increased along the phosphorus gradient (total phosphorus [TP] = 2-430 mg
m~2), but whole-lake benthic algal productivity decreased, substantially depressing increasesin primary productivity
at the whole-lake scale. In shallow, oligotrophic Greenland lakes, periphyton was responsible for 80-98% of primary
production, whereas in Danish lakes with TP > 100 mg m~3, phytoplankton were responsible for nearly 100% of
primary production. Benthic contributions ranged from 5 to 80% depending on morphometry and littoral habitat
composition in lakes with intermediate phosphorus concentrations. Thus, eutrophication was characterized by a
switch from benthic to pelagic dominance of primary productivity. Carbon stable isotope analysis showed that the
redistribution of primary production entailed a similar shift from periphyton to phytoplankton in the diets of zooben-
thos. Benthic and pelagic habitats were energetically linked through food web interactions, but eutrophication eroded

the benthic primary production pathway.

Eutrophication is one of the most common water quality
problems in lakes worldwide. Phosphorus storage in sedi-
ments and diffuse loading from agricultural lands necessitate
long-term ecosystem management to offset persistent effects
of eutrophication in human-dominated landscapes (Jeppesen
et al. 1991; Carpenter et al. 1998). Within this context, the
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relationship between total phytoplankton chlorophyll and
water column phosphorus concentrations is a cornerstone of
lake ecosystem theory. However, the ability of competitive
interactions between macrophytes and phytoplankton to shift
shallow lakes from clear to turbid states demonstrates that
primary producer functional groups other than phytoplank-
ton also affect ecosystem structure (Scheffer et al. 1993).
Furthermore, food web analyses with stable isotopes of car-
bon consistently demonstrate that a broad array of fish taxa,
up to the level of top predators, are energetically dependent
on littoral attached algae (periphyton) as well as phytoplank-
ton (Hecky and Hesslein 1995; Bootsma et al. 1996; Yoshii
1999; Vander Zanden and Vadeboncoeur 2002). The wide-
spread reliance of fishes on carbon fixed by benthic algae
has led to speculation that either ecologists are consistently
underestimating attached algal primary production or that
periphyton production is transferred up food webs more ef-
ficiently than phytoplankton (Hecky and Hesslein 1995).
More accurately, limnologists often fail to estimate benthic
primary productivity altogether (Vadeboncoeur et a. 2002).
Existing relationships between water column phosphorus
and periphyton biomass measured as chlorophyll revea a
weak or nonexistent influence of total phosphorus (TP) on
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periphyton (Cattaneo 1987; Hansson 1992). However, relat-
ing chlorophyll to water column phosphorus is confounded
by a tendency for cellular chlorophyll content to increase,
but overall productivity to decrease, when light levels are
low. Therefore, in this study, we measured periphyton pro-
ductivity at the whole-lake scale to incorporate the covari-
ance of light and eutrophication gradients. Our purpose was
to explore how periphyton production varies over eutrophi-
cation gradients and how this variation affects the energetic
base of littoral food webs.

It has long been recognized that benthic and pelagic pri-
mary producers have the potential to compete for light and
nutrients (Sand-Jensen and Borum 1991). However, the per-
ception that a phytoplankton gradient is equivalent to an eco-
system-level primary productivity gradient persistsin the ab-
sence of any comprehensive analysis of periphyton
responses to eutrophication in lakes. Experimental and com-
parative evidence has shown that (1) phytoplankton seques-
ter water column nutrients more rapidly than periphyton be-
cause periphyton uptake is constrained by boundary layer
kinetics (Riber and Wetzel 1987; Reuter and Axler 1992),
(2) periphytic algae have access to sediment-associated nu-
trients and regulate availability of those nutrients to phyto-
plankton (Hansson 1990), and (3) phytoplankton attenuate
light, limiting periphyton production (Hansson 1992). These
competitive interactions set up the possibility for inverse re-
lationships between these two primary producer functional
groups across eutrophication gradients (Sand-Jensen and
Borum 1991; Havens et a. 2001), and fertilization experi-
ments demonstrate a compensatory decline in periphyton
production in response to increased phytoplankton biomass
(Vadeboncoeur et al. 2001). However, most measurements
of whole-lake benthic and pelagic primary production date
back to the International Biosphere Program of the 1960s
and 1970s. Unfortunately, these studies used a wide variety
of methods and lack the accompanying phosphorus data
needed to compare phytoplankton and periphyton responses
to nutrient enrichment (summarized in Westlake et al. [1980]
and Vadeboncoeur and Steinman [2002]).

Direct measurements of whole-lake primary production
provide a first indication of the relative importance of dif-
ferent primary producer functional to lake food webs. How-
ever, stable isotope food web analysis gives a direct, inte-
grative measure of assimilation of different carbon sources
by consumers. Although many grazing taxa have strong top-
down effects on periphyton (Steinman 1996; Hillebrand and
Kahlert 2001), the importance of attached algae as an energy
resource for the littoral invertebrate assemblage as a whole
is poorly resolved for lakes (Lamberti 1996). The depauper-
ate invertebrate communities of lake profundal zones are
necessarily dependent on settling phytoplankton (Jonasson
1972; Goedkoop and Johnson 1996). In contrast, diverse lit-
tora zone invertebrate assemblages might rely on multiple
energy resources, including phytoplankton, periphyton, mac-
rophytes, and detritus (James et a. 2000). Given that exces-
sive phytoplankton production can depress both periphyton
and macrophytes (Hansson 1992; Scheffer et a. 1993; Jep-
pesen et al. 1999; Vadeboncoeur et al. 2001), it is not sur-
prising that littoral zoobenthic biomass and production do
not exhibit simple monotonic relationships with phytoplank-
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ton or phosphorus. Loss of macrophyte habitat, increased
predation from fish, and hypoxia at the sediment—water in-
terface are potential negative effects of eutrophication on
littoral zoobenthos (Rasmussen and Kalff 1987; Jeppesen et
al. 1999). Here, we postulate that declines in periphyton and
macrophytes caused by eutrophication might also represent
a change in food resources for macroinvertebrates. Macro-
invertebrate consumers might respond to changes in the
availability of primary producer functional groups associated
with eutrophication in two ways. First, species that specialize
on periphyton or macrophyte production pathways might
disappear from the invertebrate assemblage. Alternatively,
generalist foragers might simply modify their diets to reflect
the relative availability of different primary producer func-
tional groups.

Carbon stable isotope analysis of consumer taxa within a
lake can detect changes in resource use because phytoplank-
ton discriminate against 1*C more than benthic algae do, and
consumers conserve these differences (Hecky and Hesslein
1995). Stable isotope analysis is a complex tool. Determin-
ing 6*C of primary producers by direct measurement can be
misleading because of temporal variability in 6*C of phy-
toplankton and because periphyton assemblages that are well
developed and easy to sample (e.g., cyanobacteria mats and
metaphyton blooms) might be conspicuous because they are
not being consumed (Vinebrooke et al. 2001). Using primary
consumers 6**C signals avoids both of these problems, giv-
ing a time-integrated signal of the actual resources exploited
(Cabana and Rasmussen 1996; Vander Zanden and Rasmus-
sen 1999). A second problem arises in that there are sub-
stantial lake-to-lake differencesin primary producer baseline
6C because of differences in dissolved inorganic carbon
(DIC) associated with watershed characteristics and lake tro-
phic status (Schindler et al. 1997). We used the within-lake
difference in 6°C between consumer functional feeding
groups as a response variable in this study. This approach
reduces the stable isotope information from each lake to a
single value that represents the isotopic range between con-
sumer functional groups (e.g., grazers and filter feeders).

We measured the contribution of benthic algae to midsum-
mer, whole-lake primary productivity in 27 lakes in Green-
land, Denmark, and the United States spanning a TP gradient
of 2-430 mg m~2. In selecting lakes, our goal was to cover
a broad range of TP We were interested in quantifying ben-
thic primary production in the Danish and U.S. lakes be-
cause intensive studies of top-down control of pelagic food
webs in these lakes consistently pointed to a critical but var-
iable energetic link between fish and littoral food webs
(Schindler et al. 1996; Carpenter et al. 2001; Jeppesen et a.
in press). We included the Greenland lakes in order to have
pristine lakes with extremely low phytoplankton production
and completely illuminated lake bottoms. Unfortunately, in-
corporating such a broad phosphorus gradient necessarily en-
tailed including a confounding geographic gradient. We eval-
uated the dependence of zoobenthos on phytoplankton and
periphyton across a narrower eutrophication gradient in 26
Danish lakes using stable isotopes of carbon to assess the
importance of benthic algae to benthic invertebrates. Our
results show that eutrophication caused a shift from domi-
nance of benthic to pelagic algae and that this shift in dom-
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inance was transferred up the food web to littoral primary
consumers and littoral invertebrate predators.

Methods

Primary productivity—Our study lakes included 11 oli-
gotrophic arctic Greenland lakes (z,, = 0.2-1.4 m), 4 oli-
gotrophic lakes in northeastern U.S. forests (z,, = 3.7-5.7
m), and 12 Danish lakes in forested, urban, and agricultural
watersheds (z,,, = 0.8-10.5 m). Three of the U.S. lakes were
experimentally fertilized for three consecutive summers, a-
lowing us to directly measure the benthic algal response to
eutrophication (Carpenter et al. 2001; Vadeboncoeur et al.
2001). Eighteen of the lakes are shallow with mean depths
<3 m. We measured phytoplankton and attached algal pri-
mary productivity as a function of light intensity to a depth
of 1% light in thermally stratified lakes and in the entire
water column in shallow lakes. Midsummer phosphorus con-
centrations were derived from routine monitoring data for
the U.S. (Carpenter et al. 2001) and Danish lakes (Jeppesen
et al. 1999). Total phosphorus data from the Greenland lakes
were single samples from the middle of the growing season
and were analyzed following the methods for Danish lakes.
We measured downwelling light attenuation with a Li-Cor
LI-192SA Quantum underwater flat cosine sensor.

Both phytoplankton and periphyton productivity were
measured with *C. For phytoplankton, whole-water sasmples
were collected from the epilimnion and incubated for 2 h.
Samples were then filtered onto membrane (0.45 um) filters,
exposed to acid, dried, and counted on a scintillation counter.
We measured periphyton primary productivity using intact
communities on natural substrata following the methods
published for the U.S. lakes (Vadeboncoeur et a. 2001). For
algae on wood, rocks, and mosses, small pieces of the sub-
stratum were isolated in clear acrylic chambers and incu-
bated with *C for 2 h. Replicate light (two or three) and
dark (one or two) chambers were incubated for each lake
and substratum. We gently removed the periphyton from
wood, mosses, and rocks with a soft brush and filtered a
known proportion of the total sample. Filters were treated as
described for phytoplankton. For epipelic algae, we used
clear acrylic tubes (5.2 or 3.8 cm internal diameter) to collect
intact sediment cores. Sediment cores were subjected to 2 h
of darkness immediately prior to a 2-h light exposure to
allow equilibration of *“C between the interstitial and over-
lying water. After incubation, we sliced the top 1 cm of
sediment from the core, freeze-dried it, exposed it to acid,
and suspended a subsample in scintillation gel for scintilla-
tion counting. Dark uptake was subtracted from light uptake
for both periphyton and phytoplankton. DIC was measured
by gas chromatography or titrated with a CO, Coulormeter
(Model 5012, UIC, Inc.). Although similar **C productivity
methods were used throughout, logistic and legal constraints
determined sampling protocol for each group of lakes.

Greenland: Each Greenland lake was sampled once in the
summer of 1999. In several of the lakes, it was impossible
to sample the deep epipelic mats. Therefore, we have only
included lakes (n = 7) for which we had periphyton mea-
surements on all dominant benthic substrata for whole-lake
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periphyton estimates. However, data for phytoplankton, epi-
phyte, and epilithic production from all lakes are included
in graphs of substratum-specific or habitat-specific estimates
where appropriate. Phytoplankton was incubated at one to
six depths depending on the shallowness of the lake. We
collected small rocks, unconsolidated sediments, and mosses
from the average depth and incubated them in situ. Hourly
rates of epiphyte productivity per square meter of littoral
zone was approximately 30 times that of moss (moss pro-
ductivity was calculated based on annual biomass accrual
Caning and Rasch (2000)). Therefore, competition between
macrophytes and epiphytes for *C tracer should not have
caused any detectable underestimates in epiphyte productiv-
ity. Relative surface area of substrata and macrophyte bio-
mass were measured on two perpendicular transects across
each lake. Depth was measured every 5 m to caculate av-
erage depth. The lakes were extremely clear and our light
profiles indicated that periphyton photosynthesis was satu-
rated at all depths on sunny days. In support of this as-
sumption, incubation depth had no effect on phytoplankton
productivity. Because the entire water column was illumi-
nated, we calculated areal phytoplankton productivity by
multiplying volumetric rates by average depth. For periph-
yton, we weighted productivity per square meter of each
substratum by the relative proportion of the lake bottom area
composed of that substratum. For moss substrata, we mul-
tiplied epiphyte productivity per gram moss by moss bio-
mass per square meter. For epilithon, we assumed that one-
half of the surface area of the incubated rocks were
colonized by periphyton and exposed to light. Bottom areas
covered with large rocks had a greater surface area for pe-
riphyton colonization than areas of flat sediment because pe-
riphyton grew on vertical as well as horizontal rock surfaces
(Loeb et al. 1983). The lake bottom covered with rocks was
categorized based on rock size. From this, we derived con-
servative surface area correction factors based on the three-
dimensional structure of the different size groups. Small
rocks (<20 cm diameter) were treated as flat disks (dimen-
sion factor of 1), boulders (>75 cm diameter) were treated
as perfect spheres (dimension correction factor of 2), and the
intermediate size group was given a dimension weighting
factor of 1.5.

Michigan: The four U.S. lakes are associated with the Tro-
phic Cascade Project and have contrasting food web struc-
tures imposed through fish manipulations (Carpenter et al.
2001). Epipelic agae and phytoplankton were collected from
multiple depths and wood was collected from 0.5 m. Phy-
toplankton were incubated at multiple depths in situ within
3 d of the periphyton measurements (Carpenter et al. 2001).
Periphyton samples were incubated in situ at the depth from
which they were collected. Total surface area of wood was
determined with a combination of direct measurement and
quadrat sampling. Total benthic surface area and epilimnetic
volume were determined for 0.1-m strata depth using func-
tions derived from bathymetric maps, and productivity in
each layer was calculated using photosynthesis-irradiance
relationships derived from the in situ incubations and lake-
specific light attenuation coefficients (K,). Light at depth (1))
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was calculated using midsummer surface light intensities (1)
measured at a nearby weather station.

I, = 1,0 Ke 1)

Total productivity on benthic surfaces and in the water
column was summed over the photic zone and divided by
total lake area to determine productivity per square meter
(see Vadeboncoeur et al. 2001 for details)

Denmark: Twelve sediment cores were collected from the
mean depth of the lake (unstratified lakes) or the epilimnion
(stratified lakes). Cores were incubated under Philips SGR
200 metal halide lamps at multiple light intensities in the
laboratory to generate photosynthesis-irradiance curves. \We
constructed photosynthesis-irradiance curves for both phy-
toplankton and sediments in the Danish lakes using the fol-
lowing equation (Kirk 1994).

Pl
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Photoinhibition parameters were necessary in only four of
the phytoplankton curves and none of the epipelic curves.
Whole-lake benthic productivity was calculated using func-
tions derived from bathymetric maps, photosynthesis-irra-
diance curves, and lake-specific light attenuation coefficients
as described for the U.S. lakes. We used a midsummer in-
cident radiation at the lake surface of 1,000 wmol m=2 s-2.

We underestimated productivity in some Danish lakes by
not including epiphytes on fringing reed beds and macro-
phytes (epiphyte production was measured in the Greenland
lakes, and macrophytes were rare in the U.S. lakes). For
some of our study lakes, epiphyton production was measured
on artificial substrata during the same summer as our study
lakes (Liboriussen and Jeppesen 2003). This study showed
that epiphyte production in the reed beds fringing the lakes
accounted for <1% of total (epipelon + epiphyte + phy-
toplankton) algal production. Four of the Danish lakes had
>5% submerged macrophyte cover (9, 20, 80, and 80%).
Epiphyte production was measured on plastic strips in three
of the four lakes (L. Liboriussen and E. Jeppesen unpubl.
data), and we used the average of the three values for the
fourth lake. We averaged maximum photosynthesis rates
measured at 0.1, 0.5, and 0.9 m in the water column to
determine potential productivity per square meter of mac-
rophyte surface. Allen and Ocevski (1981) calculated that
colonizable macrophyte surface area per square meter of lit-
toral zone ranged from 0.15 to 1 for macrophyte assemblages
in 2 m of water. We used a value of 1, which assumes a
monolayer of leaf surface area available for epiphyte colo-
nization that is equal to the surface area of the lake bottom.
Clearly, values >1 are possible but would result in high light
attenuation as leaves shade each other. We multiplied areal
rates on plastic strips by the percentage of lake surface col-
onized by macrophytes to estimate whole-lake epiphyte pro-
duction.

The periphyton data are expressed three ways. We first
present substratum-specific productivity rates averaged by
geographic region to highlight the importance of substratum
effects. Average productivity in the littoral zone depends on
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the distribution of both substrata and light. Therefore, at the
next level of aggregation, we calculated phytoplankton and
periphyton productivity per unit volume and surface area
(respectively) of available habitat to a depth of 1% light
availability. This is the appropriate level to examine the ef-
fects of water column phosphorus on average rates of pho-
tosynthesis for the two primary producer functional groups.
Finally, we assessed total periphyton and phytoplankton pri-
mary production at the whole-lake scale by converting hab-
itat-specific measurements to a per square meter of lake sur-
face basis. This incorporates both the effects of nutrient
gradients and the effects of 1ake morphometry on therelative
contribution of the two functional groups to whole-lake pri-
mary productivity. We lacked sufficient statistical power to
unequivocally separate the effects of region from TP con-
centrations. Therefore, simple linear regressions were per-
formed with SYSTAT® (GLM), and each lake-year was
treated as an independent observation.

Sable isotope analysis—In October 1998, we collected
benthic invertebrates from 26 lakes in central and northern
Jutland, Denmark. The lakes had phosphorus concentrations
ranging from 11 to 790 mg m-3. We used sweep nets to
collect from diverse habitats, including reed beds, macro-
phyte beds, and open sediments. Invertebrates were sorted
and separated by taxa within 24 h and allowed to purge their
guts for another 24 h. The foot muscle of unionid mussels
was sampled, and snails were removed from their shells. We
used the whole body for al other organisms. Samples were
dried at 60°C for 24 h and then ground in a mortar and
pestle. We placed a 0.1-0.5-mg sample in an aluminum foil
capsule. Stable isotopes of C and N were analyzed on a
FinneganMAT Delta Plus mass spectrophotometer at G.G.
Hatch Isotope Laboratories, Ottawa, Ontario, Canada. 6**C
is expressed on a per mil (%o) basis relative to a Pee Dee
Belemnite standard (Vander Zanden and Rasmussen 1999).

Our nonqguantitative sampling methods did not allow us
to examine species turnover of zoobenthos across the eutro-
phication gradient. Therefore, we focused on generalist taxa
that were found in the majority of lakes and assessed their
use of periphyton versus phytoplankton. Taxa were catego-
rized into functional feeding groups based on feeding be-
havior. Unionid mussels are filter feeders that provide a re-
liable, time-integrated estimate of the phytoplankton &§=C
signature (Cabana and Rasmussen 1996). We were unable to
collect mussels from all lakes, so we averaged the signatures
of mussels and the dipteran Chironomus plumosus to deter-
mine the phytoplankton 6*C signature. C. plumosus domi-
nates the zoobenthos on the open sediments in Danish lakes
and relies strongly on phytoplankton detritus (Jonasson
1972; Goedkoop and Johnson 1996; Hansen et al. 1998).
However, it would be surprising if it did not feed opportu-
nisticaly on epipelic algaein clear |akes. Based on datafrom
the U.S. lakes, epipelic algae have a more positive signal
than phytoplankton in oligotrophic lakes. Thus, our use of
C. plumosus might cause us to overestimate the importance
of phytoplankton by including epipelic consumption in the
“phytoplankton’™ category in oligotrophic lakes. As such,
using C. plumosus to determine phytoplankton endpoints
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constitutes a conservative bias of the importance of periph-
yton in lake food webs.

Amphipods and isopods occurred in the shallow fringing
reed beds and have the potential to exploit detritus and algae
on the sediments as well as epiphytes on reeds and macro-
phytes. Snails were often on the macrophytes and reed stems
but are aso likely to graze periphyton off sediments and
rocks. We averaged the carbon signals of these three groups
for a benthic grazer signal. The baseline 6°C of primary
producers varies considerably among lakes, and primary
consumers reflect this variability (Vander Zanden and Ras-
mussen 1999). We standardized among lakes by analyzing
the difference between 6°C of filter feeders (mussels and
chironomids) and the average 6°C signatures of taxa (am-
phipods, isopods, and snails) that collect material off mac-
rophytes, reeds, sediments, and rocks. Diets of generalist
predators provide an even more integrated view of the im-
portance of primary producers to littoral food webs. There-
fore, we averaged the signatures for common predators:
leeches, damsel fly larvae (Coenagrionidae), megalopteran
larvae (Sialidae), and coleopteran larvae (Dytiscidae).
Again, we standardized each lake by calculating the differ-
ence between predator and filter feeder 6°C. We regressed
these differences on TP using SYSTAT® GLM procedure.

Results

Periphyton productivity was strongly influenced by sub-
stratum. In both Greenland and the United States, productiv-
ity per square meter of sediments was higher than area-spe-
cific rates on mosses, wood, or rocks (Fig. 1). The one
exception was a thick (1 cm) mat covering the rocks in Lake
Katherine in Greenland that had productivities similar to that
on unconsolidated sediments in the U.S. lakes (Fig. 1).
Across the entire trophic gradient, habitat-specific (per cubic
meter epilimnion volume) phytoplankton production was
positively correlated with epilimnion TP (Fig. 2a). Converse-
ly, habitat-specific (per square meter littoral zone) periphy-
ton productivity was negatively correlated with TP (Fig. 2b).
Much of the variation in periphyton productivity is attrib-
utable to light availability. Regressing periphyton productiv-
ity on water column light attenuation (K,) improved the fit
(log,gprimary production = —3.07K, + 1.7, R2 = 0.54, p <
0.001) and made the TP effect nonsignificant (p < 0.6).
Thus, the negative relationship between benthic algae and
TP was primarily an indirect effect of phytoplankton inter-
cepting downwelling light.

Given that the majority of the Danish study lakes had
<5% macrophyte cover, the fact that we did not measure
epiphytes would have little detectable effect on most of our
estimates of whole-lake productivity. For instance, in the
lake with 9% macrophyte cover, estimated epiphyte produc-
tivity contributed ~5% of littoral zone primary production
(Fig. 2b). Conversely, in the two lakes with 80% macrophyte
cover, epiphyte production probably contributed substantial-
ly to both littoral and whole-lake primary production (Figs.
2b,d, 3). However, periphyton productivity per square meter
littoral zone was a negative function of TP whether or not
we included estimates of epiphyte production (Fig. 2b).

Vadeboncoeur et al.

sediments
[ rock/wood
I macrophytes

Primary productivity (mg C m2 h'!)

Greenland US

Denmark

Fig. 1. Substratum-specific primary production by geographic
region. In Greenland, substrata consisted of sediments with low or-
ganic content, rocks, and mosses. The point above the Greenland
bar graph is the value of epilithic production for one of the study
lakes that had an anomalous, 1-cm-thick, mat of algae covering the
rocky bottom. In the U.S. lakes, sediments were highly organic, and
the only other substratum was wood. In the Danish lakes, we mea-
sured only periphyton on sediments. Data for the Greenland and
U.S. lakes are rates measured in situ at midday on sunny days and
approach maximum photosynthesis rates (Vadeboncoeur and Lodge
2000). For the Danish Lakes, values are averages of maximum pho-
tosynthetic rates determined from photosynthesis-irradiance curves
measured in the laboratory. Error bars are 1 SE.

In order to compare the distribution of total primary pro-
duction among lakes, both phytoplankton and benthic algal
primary productivity were expressed per square meter of
lake surface area. Converting phytoplankton productivity
from volumetric to areal units obscured the relationship with
TP because total phytoplankton, but not total phosphorus,
was summed over the water column (Fig. 2c). Nonetheless,
the relationship between areal phytoplankton production and
phosphorus remained positive and spanned almost four or-
ders of magnitude. When both phytoplankton and periphyton
were included in whole-lake primary production, the varia-
tion in primary production was much lower than for phy-
toplankton alone (Fig. 2c,d). The very oligotrophic Green-
land lakes were dominated by periphyton productivity,
whereas the very eutrophic Danish lakes were dominated by
phytoplankton. At intermediate phosphorus concentrations,
lakes showed a wide range in the percent contribution of
periphyton (Fig. 3a). Our oligotrophic lakes in Greenland
were small and shallow but the oligotrophic lakes in the
United States and Denmark were deep and steep-sided. The
interacting effects of phosphorus and lake morphometry are
illustrated by summing TP over the depth of the epilimnion
(i.e., just as phytoplankton productivity was summed to cal-
culate areal rates). Integrating TP over the depth of the epi-
limnion reveals the inverse contributions of phytoplankton
and periphyton to whole-lake primary productivity across
gradients in lake depth and trophic status (Fig. 3b).

Stable carbon isotope signatures of grazing primary con-
sumers (amphipods, isopods, and snails) and predators
(leeches, odonates, megalopterans, and coleopterans) con-
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Fig. 2. Primary productivity as a function of epilimnion total
phosphorus (TP). () Midsummer phytoplankton productivity in the
epilimnion of lakes in Greenland, Denmark, and the United States.
Each point represents a single lake-year. (b) Primary productivity
of intact benthic algal communities per square meter of lake bottom
in the epilimnion. (c) Phytoplankton productivity per square meter
of lake surface area. (d) Whole-lake (benthic + pelagic) primary
productivity per square meter of lake surface area. We used artificial
substrata to estimate epiphytic contributions to primary productivity
in four of the Danish lakes that had >5% macrophyte cover (ver-
tical lines extending from points, see text).
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Fig. 3. (a) The relative contribution of benthic algae to whole-

lake primary production as a function of epilimnion TP concentra-
tion. (b) The contribution of benthic primary production is partly a
function of the proportion of benthic versus pelagic habitat. To con-
trol for the confounding effects of deep versus shallow water col-
umns on the total contribution of phytoplankton, we applied the
same transformation to TP as we did for phytoplankton production;
that is, we multiplied by mean depth of the mixed layer and ex-
pressed epilimnetic TP per square meter of lake surface. Vertical
lines represent estimates of epiphyte productivity (see Fig. 2).

verged with those of filter feeders with increasing TP (Fig.
4a,b). In eutrophic lakes, 6=C of all littoral invertebrates
tended toward —26%eo.

Discussion

Whole-lake benthic primary production has been reported
for fewer than 30 lakes (Vadeboncoeur and Steinman 2002),
and most of those studies predate both the development of
phytoplankton—phosphorus relationships in lakes and the
previous two decades of research on trophic cascades and
biomanipulation. Similar to other aspects of littoral zone
function, periphyton is poorly integrated into both concep-
tual and quantitative models of lake metabolism and food
webs (Schindler and Scheurell 2002; Vadeboncoeur et al.
2002). Our results demonstrate that periphyton production
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Fig. 4. (a) The difference in §°C between zoobenthos that are pelagic feeders (mussels and Chi-
ronomus plumosus) and those that graze littoral surfaces (snails, isopods, amphipods) in Danish lakes.
Each point is the difference between the mean 6°C of the two groups within a single lake. (b) The
difference in §°C between filter feeders and zoobenthic predators (leeches, odonates, megal opterans, and
coleopterans). The large difference between the functional feeding groups at low TP suggests benthic
agae and phytoplankton are both important energy sources. As TP increases, the convergence on §°C
~ —26%o is condstent with phytoplankton or phytoplankton detritus being the main resource for zoo-
benthos in eutrophic lakes.
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was a substantial proportion of total lake primary productiv-
ity even in our steep-sided, deep study lakes in the United
States. Interception of light by phytoplankton led to inverse
relationships between periphyton and phytoplankton produc-
tivity and reduced variation in whole-lake primary produc-
tion across the eutrophication gradient. Changes in the dis-
tribution of primary production were transferred up the food
web and the carbon isotopic signatures of littoral inverte-
brates demonstrated increased exploitation of phytoplankton
with increasing eutrophication.

The strong influence of substratum on periphyton produc-
tivity is similar to results from previous studies. Periphyton
chlorophyll (mg m~2 substratum) on sediments was 2—100
times that on substrata such as rocks, macrophytes, and
wood in Canadian alpine lakes (Vinebrooke and Leavitt
1999), in an Ivory Coast reservoir (Thomas et al. 2000), and
in streams in France (Maridet et al. 1998). In our U.S. study
lakes, substratum-specific epipelic chlorophyll and produc-
tivity was 10 times that on wood; periphyton on wood, but
not epipelon, responded positively to fertilization (Vadebon-
coeur et a. 2001). The high productivity of epipelon relative
to periphyton on other surfaces likely reflects different nu-
trient sources for the different assemblages. Periphyton up-
take of water column nutrients is limited by boundary layer
mass transfer and is low relative to phytoplankton (Riber
and Wetzel 1987; Reuter and Axler 1992). However, periph-
yton on soft sediments have access to high concentrations
of interstitial nutrients (Hansson 1992; Hillebrand and Kah-
lert 2001), whereas nutrient retention and recycling within
the periphyton mat is an important nutrient source for pe-
riphyton on hard surfaces (Riber and Wetzel 1987; Axler and
Reuter 1996).

Epipelic production dominated periphyton production in
amost all of our study lakes. However, thick, persistent epi-
lithic mats with productivity rates similar to those of epi-
pelon often develop in large lakes where littoral zones are
well lit below the depth of ice scour and severe wave action
(Loeb et al. 1983; Hawes and Smith 1994b; O’ Reilly 2001).
The boulders in one of the Greenland |akes were covered by
a 1-cm-thick felt of periphyton. This epilithic mat was 10
times as productive as periphyton on sandy sedimentsin the
same lake (Fig. 1). Epiphytes sometimes dominate littoral
zone primary production (McCormick et al. 1998), but our
data indicate that epiphytes contributed substantially to total
periphyton production only in the two Danish lakes with
80% macrophyte cover (Fig. 2b). As water column TP and
phytoplankton biomass increase, the influence of substratum-
derived nutrients and nutrient recycling is offset by light
limitation (Hansson 1992). In very eutrophic shallow lakes,
the disturbance of sediments by wind and benthic-feeding
fishes can exacerbate the effects of chronic exposure to low
light, leading to the extremely low rates of epipelic produc-
tion seen in some of our Danish study lakes.

It is extremely unlikely that the negative relationship be-
tween average littoral zone periphyton production and TP
reflects a direct negative effect of TP on periphyton. Maxi-
mum phytoplankton photosynthetic rates, phytoplankton
chlorophyll, and TP were all positively correlated with the
light attenuation coefficient, K,. Thus, high phytoplankton
chlorophyll associated with high TP reduces light penetra-
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tion. Increased light attenuation associated with increased
phytoplankton biomass caused a reduction in both the total
area of littoral habitat and the proportion of littoral habitat
exposed to saturating light intensities. It is the latter process
that drives the negative relationship between habitat-specific
periphyton production and TP (Fig. 2b).

Because of the inverse relationships between phytoplank-
ton and periphyton production (Fig. 2a,b), actual whole-lake
primary productivity increased at a much lower rate than
predicted by phytoplankton alone (Fig. 2d). Compilations of
literature data have demonstrated that 1og-log regressions of
phytoplankton chlorophyll on TP are sigmoidal rather than
linear (McCauley et al. 1989). Phytoplankton biomass as-
ymptotes in hypereutrophic lakes because, eventualy, light
will begin to limit even mixed-layer phytoplankton produc-
tion (McCauley et al. 1989). Our results offer a new per-
spective on these findings. at the whole-ecosystem level,
light limitation plays a role over most of the TP gradient,
but it isinitially imposed on periphyton assemblages and is
only expressed in phytoplankton in extremely productive
lakes (McCauley et al. 1989). In oligotrophic and mesotro-
phic lakes, increases in phytoplankton production with TP
are partly offset by reductions in periphyton. Light attenu-
ation by phytoplankton and self-shading by periphyton con-
strain integrated (benthic + pelagic) primary production (see
Krause-Jensen and Sand-Jensen [1998] for a discussion of
light limitation on integrated areal photosynthesis among dif-
ferent aguatic plant communities). The narrower range of
whole-lake productivity relative to phytoplankton productiv-
ity (Fig. 2c,d) demonstrates that eutrophication was charac-
terized not only by increased phytoplankton, but also by the
redistribution of productivity from benthic to pelagic habitats
(Fig. 3).

The intuitively attractive hypothesis that benthic primary
production is only important in small or shalow lakes is
confounded by interactions between morphometry and nu-
trient gradients (Lodge et a. 1998). Small and shallow lakes
dominate the hydrologic landscape, and high ratios of littoral
surface area relative to pelagic volume favor a strong influ-
ence of littoral and terrestrial processes (Wetzel 1990). How-
ever, small and shallow lakes are also highly susceptible to
eutrophication, which inhibits light penetration to the ben-
thos. In contrast, large deep lakes tend to be clear and sup-
port persistent, extremely productive periphyton mats (e.g.,
Lake Tahoe, U.S.A., Lake Taupo, New Zealand, Lake Tan-
ganyika, Africa; Loeb et al. [1983]; Hawes and Smith
[19944]; O'Reilly [2001]). The mutual dependence of rela-
tive periphyton production on both depth and trophic status
isillustrated in Fig. 3. In the shallow, clear Greenland lakes,
>80% of primary production was on benthic surfaces,
whereas in highly eutrophic, shallow Danish lakes, produc-
tivity was almost exclusively pelagic. In mesotrophic and
moderately deep lakes, the contribution of periphytic algae
varied between 80 and 5% (Fig. 3a). Our study lakes that
were both low in TP and deep had a lower contribution of
benthic productivity, as demonstrated by their tendency to
shift right toward shallower lakes when we expressed TP on
an areal basis (Fig. 3b). In deep lakes, the maximum con-
tribution of benthic algae is constrained by morphometry,
but deep |akes are also more resistant to catastrophic changes
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in light penetration (Scheffer 1998). Thus, we suggest that
the range of the potential periphyton contribution, more so
than its mean, is expected to be negatively correlated with
average depth.

Our study encompassed a broad geographical range, lead-
ing to the possibility that other factors might either covary
with the TP gradient or contribute to regional differencesin
the variation around the regression on TR, Thisis particularly
true for the Greenland lakes, which were at a high latitude
and had a short growing season and many of which lacked
fish. Ultraviolet (UV) radiation, for instance, might nega-
tively affect phytoplankton in the extremely clear Greenland
lakes, but UV can enhance epipelic productivity (Vinebrooke
and Leavitt 1999). Phytoplankton did not exhibit a positive
relationship to TP in the Greenland lakes, potentially be-
cause of high zooplankton grazing in the fishless lakes (Ma-
zumder 1994), but top-down effects do not cascade strongly
to phytoplankton in these lakes (Jeppesen et al. in press).
The more likely explanation is that the range of bioavailable
P in the Greenland lakes was narrower than indicated by TP
values. Both organic P and soluble reactive P were extremely
low in the Greenland lakes. Thus, much of the TP was in-
organic, but unavailable to the biota (E. Jeppesen unpubl.
data).

Zoobenthic grazers contribute to variation in periphyton
production (Steinman 1996; Hillebrand and Kahlert 2001).
We did not monitor grazer densities in all lakes, but there is
no indication that grazing contributed to the observed pattern
of decreasing benthic primary production across the eutro-
phication gradient. Rather, densities of large benthic grazers
were highest in the oligotrophic Greenland and U.S. lakes,
which aso had high periphyton productivity. In contrast,
sediments of the eutrophic Danish lakes were dominated by
chironomids. In fishless Greenland lakes, densities of the
large zoobenthic omnivore Lepidurus acticus were as high
as 245 individuals m=2 (Caning and Rasch 2000). When lim-
nephilid caddisflies were experimentally excluded from plots
in the U.S. lakes, primary production on sediments and wood
increased by 50% (Vadeboncoeur and Lodge unpubl. data).
Although this demonstrates strong top-down effects, at the
same time, limnephilid caddisfly densities were highest (76
individuals m=2) in the U.S. lakes with the highest periph-
yton production. Thus, densities of large grazers appeared to
be positively correlated with periphyton production (a bot-
tom-up effect), but, at least in the U.S. lakes, grazers had a
negative effect on periphyton (a top-down effect). These var-
ious observations indicate that grazers are likely an impor-
tant source of variation in periphyton productivity, but their
high densities did not negate the net positive effect of higher
light availability in oligotrophic lakes.

Research on ecosystem-level consequences of inverse re-
lationships between phytoplankton and benthic vascular
plants has focused on the ability of macrophytes to physi-
cally inhibit sediment suspension and the role of macro-
phytes in providing structure that modifies predator—prey re-
lationships among pelagic organisms (Scheffer 1998). Like
macrophytes, benthic algae also affect nutrient and light
availability by sequestering nutrients (Hansson 1990), by
stabilizing sediments, and by reducing phosphorus mobility
(Carlton and Wetzel 1988). In addition, benthic algae pro-
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vide a high turnover production base similar to phytoplank-
ton that is an important resource in lake food webs (Hecky
and Hesslein 1995). The loss of benthic algae with eutro-
phication could thus markedly alter energy flow through lake
food webs.

The convergence of 62C values that we observed with
increased phosphorus concentrations (Fig. 4) indicates that
either the diets of generalist consumers converged on a sin-
gle primary production resource or the signals of primary
producers themselves converged. In eutrophic lakes, the 6**C
values of zoobenthos clustered around —26%., a value typ-
ical of both phytoplankton and terrestrial detritus. This can-
not represent a convergence on macrophyte detritus because
macrophytes have much more positive signals than phyto-
plankton (Hecky and Hesslein 1995; Yoshii 1999; James et
al. 2000; Vadeboncoeur unpubl. data) and macrophytes did
not occur in very eutrophic lakes (Jeppesen et al. 1999).
Arguably, some of the variability in §3C signals in oligotro-
phic lakes might be attributed to exploitation of macro-
phytes, but this only reinforces the conclusion that the con-
vergence of consumer 6*°C as a function of TP represents a
shift away from littoral primary producers as an energy
source for zoobenthos. Littoral food webs in eutrophic lakes
became overwhelmingly fueled by either terrestrial detritus
or, as is more likely given the extreme productivity of eu-
trophic Danish lakes, phytoplankton detritus. Although eu-
trophication can cause phytoplankton §**C to become more
positive from influx of atmospheric carbon (Schindler et al.
1997), eutrophication would cause concurrent increases in
periphyton 6%C on any substrate that received adequate
light. The most straightforward explanation of the conver-
gence is that generalist primary consumer taxa switch to the
same resource as filter-feeding taxa, phytoplankton. This is
consistent with both the shift in primary production from
benthic to pelagic habitats demonstrated by our primary pro-
duction survey data and with the tendency for phytoplankton
to settle out onto the sediments of eutrophic Danish lakes.
The stable isotope data demonstrate that the energetic links
between littoral and pelagic communities are fluid and
strongly influenced by the relative production of primary
producer functional groups. Change in resource use can oc-
cur by various mechanisms. For instance, the snail Bithynia
tentaculata occurred in most of our study lakes. This snail
grazes off surfaces but switches to filter feeding when phy-
toplankton concentrations are high (Brendelberger and Jur-
gens 1993). We monitored zoobenthos, but zooplankton also
consume attached algae. Littoral predators such as odonates
that exploit zooplankton (Burks et al. 2001) can thus change
from periphyton primary production pathways to planktonic
pathways because of resource switching by pelagic, rather
than benthic, prey.

Our broad-scale survey indicates that primary production
shifts from benthic to pelagic habitats with eutrophication
and that gradients in whole-lake primary productivity are
more gradual than exhibited by phytoplankton aone. How-
ever, much of the variability in these relationships remains
to be related to littoral zone heterogeneity, benthic grazer
density, and pelagic food web structure. The importance of
periphyton-fixed carbon to fishes has been repeatedly dem-
onstrated, especialy in relatively unproductive lakes (Hecky
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and Hesslein 1995). Our stable isotope data fill an important
gap, showing that a wide variety of littoral consumers de-
pend on periphyton, but the littoral food base shifts to phy-
toplankton carbon as the periphyton food base is eroded.
Benthic and pelagic food chains tend to be studied in iso-
lation (Vadeboncoeur et al. 2002). However, interactions be-
tween primary producer functional groups and the conse-
quences for zoobenthic consumers that we have illustrated
here add to a growing number of studies, demonstrating that
a multitude of habitat linkages profoundly affect lake and
estuary ecosystem function (Palmer et al. 2000; Cloern
2001; Schindler and Scheurell 2002). Our data suggest that
eutrophication varies the strength of two coexisting food
chains that are linked at the bottom through primary pro-
ducer competition for light and nutrients and at the top by
fish foraging on zoobenthos. Other studies indicate that flex-
ibility in foraging strategies of littoral and pelagic consumers
affects nutrient transport between habitats (Schindler et al.
1996; Vanni 1996) and the ability of fish to exert top-down
control on pelagic food chains (Schindler et al. 1996). A
thorough exploration of how basin morphometry affects the
strength of these linkages is lacking. However, food web
studies from some of the world’'s deepest lakes, including
Lake Baikal, Lake Tahoe, and Lake Malawi, demonstrate
that a high proportion of the fish species in these lakes are
dependent on littoral primary production (Hecky and Hes-
slein 1995; Bootsma et al. 1996; Yoshii 1999; Schindler and
Scheurell 2002). The diminution of littoral resources de-
scribed here might underlie changes in biodiversity and food
web structure typically associated with eutrophication.
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