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Abstract.  An understanding of the relationship between species richness and produc-
tivity is crucial to understanding biodiversity in lakes. We investigated the relationship
between the primary productivity of lake ecosystems and the number of species for lacus-
trine phytoplanktan, rotifers, cladocerans, copepods, macrophytes, and fish. Qur study in-
cludes two parts: (1) a survey of 33 well-studied lakes for which data on six major taxonomic
groups were available; and (2) a comparison of the effects of short- and long-term whole-
lake nutrient addition on primary productivity and planktonic species richness.

In the survey, species richness of all six taxa showed a significant quadratic response
to increased annual primary productivity (MC estimate, g C-m~2.yr—!) when lake area is
taken into account. However, the richness—productivity relationship for phytoplankton and
fish was strongly dependent on lake area. The relationship for phytoplankton, rotifers,
cladocerans, copepods, and macrophytes was significantly unimodal. Species richness gen-
erally peaked at levels of primary productivity in the range of 30-300 g C-m~%yr-1. For
the average lake size, the highest biodiversity tended to oceur in lakes with relatively low
primary productivity, such as those found in the Northern Temperate Lakes Long-Term
Ecological Research (LTER) site in the upper Midwest (United States} and in the Exper-
imental Lakes Area of Ontario (Canada).

Based on short-term (3 yr) and long-term (21-24 yr) experiments, we tested whether
individual lakes respond to whole-lake enrichment experiments in the manner suggested
by analyses of survey data. Experimental addition of nutrients produced varied and un-
predictable responses in species richness, probably due to transient dynamics and time lags.
Responses to nutrient addition were taxon and lake specific.

Phytoplankten showed a variety of relationships between species richness and pelagic
primary productivity (PPR), depending on the history of enrichment and recovery. No
significant effect of primary productivity on rotifer richness occurred in any of the exper-
imental lakes, whereas richness of crustacean zooplankton was negatively corrclatcd with,
primary producuvny in both. the short- and long-term experiments.

Key words:  blodiversity; cladocera; copepoda; fish) freshwater; macrophyre, phytoplankion;
primary productivity; rotifer; unimeodal.

[NTRODUCTION

Understanding factors that control species richness
(ox biodiversity) in local habitats is a central concern
of ecalogists. The widespread threat of human-induced
ecological impoverishment in virtually all ecosystems
has prompted further research into developing a general
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theory for understanding the determinants of biodi-
versity. Empirical evidence suggests that species rich-
ness often exhibits a unimodal {“*hump-shaped®) pat-
tern with increasing primary productivity (G. Mittel-
bach, personal communicarion).

Lakes are optimal model systems for studying the
relationship between species richness and productivity.
In lakes, primary productivity is routinely measured
directly using standardized "“C uptake methods (Vol-
lenweider 1974). Many lakes, particularly those with
few or no inlets or outlets, provide a well-defined com-
munity with obvious borders. Finally, species com-
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position of several taxenomic groups and primary pre-
ductivity have been intensively monitored in a rela-
tively large number of lakes (Dodson 1992).

Lacustrine species richness is influenced by lake pro-
ductivity. Pure water in rock pools supports few or no
species (Dodson 1987) and the most productive lakes,
such as sewage lagoons, also show low species richness
(e.g., see Ganapati 1940). Lakes between these ex-
tremes of primary productivity generally have the high-
est species richness, at least for crustacean zooplankton
(e.g., Dadson 1992).

Anather factor that may influence aquatic species
richness islake size (Barbour and Brown 1974, Browne
1981, Dodson 1992). An increase in lake area of 10
orders of magnitude is associated with an increase in
zooplankton species richness of about one order of
magnitude (Dodson 1992). Over the entire range of
North American lake sizes, >=30% of among-lake var-
iability in richness of crustacean zooplankton is the
consequence of lake size, Typically, larger lakes have
more zooplankton species, regardless of other factors
including productivity.

This study examines the relationship between annual
primary productivity and the species richness of each
of six major lacustrine taxa; fish, aquatic macrophytes,
and pelagic phytoplankton, rotifers, cladocerans, and
copepods. We evaluated the effects of spatial and tem-
poral scale on the richness—productivity relationship by
using survey and experimental data. A survey of 33
well-studied lakes provided data for tests for spatial
effects (particularly lake size), whereas whole-lake en-
richment experiments provided insight into the tem-
poral aspect of the relationship. In particular, we fo-
cused on five questions. (1) Is the relationship between
primary productivity and species richness unimodal?
(2) Is the relationship between species richness and
productivity taxon specific? (3) Does lake size influ-
ence the richness—productivity relationship? (4) Do ex-
perimenial manipulations of nutrient loading and re-
sulting changes in primary productivity affect species
richness, and are such responses time dependent? (5)
Which mechanisms best explain the relationship be-
tween species richness and productivity in lakes?

METHODS
Lake survey

Our first goal was to understand the relationship be-
tween primary productivity and species richness for
several groups of freshwater organisms. By species
richness, we mean the number of species observed in
a lake over a pumber of years. It is useful to have
several years of observations because the number of
species observed varies from year to year. We chose
the total list of species (the asymptote of the “col-
lector's curve'’) as our index of species richness. The
lakes studied as part of the U.S. Long-Term Ecological
Research (LTER) Pragram are particularly valuable be-
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cause they have been studied for two decades, and com-
plete species lists exist for many kinds of organisms
in these systems. LTER lake sites occur in northern and
southern Wisconsin and northern Alaska (Toolik Lake).
However, because there are fewer than 15 LTER lakes
(and only seven with measured rates of primary pro-
ductivity), we increased sample size by including data
from additional well-studied lakes of similar size, but
which span a greater range of primary productivity (see
Table I). These lakes have been studied for several
vears, and estimates of annual primary productivity
exist for cach lake. Some well-studied lakes were not
included, such as those which lacked much of the cru-
cial data, or lakes that were unusually turbid or saline.
For example, Lake Okeechobee (Florida, USA) is tur-
bid and exhibits a wide range of productivity levels,
depending on the part of the lake sampled, while Mar-
ion Lake (British Columbia, Canada) has a flushing
rate of only a few days (W. E. Neill, personal com-
municarion).

Sampling design and protocol are not standardized
amang studies of lakes. For example, species identi-
fications were done by different people, sampling pe-
ried was quite variable, and the number of samples per
lake was variable. Such heterogeneity reduces the aec-
curacy and precision of relationships between produc-
tivity and species richness.

Primary productivity.—Pelagic primary productivity
(PPR) can be measured by the “C method (Vollen-
weider 1974). This method gives a close approximation
to gross primary productivity (GPP), but because some
of the fixed carbon is respired quickly, the value ob-
tained is less than GPP {Fee et al.1982). Paint values
of PPR are then integrated by depth and area to produce
estimates of whole-lake annual primary productivity
per cublc meter or square meter.

Lake primary productivity is fundamentally different
than productivity measured in other biomes (e.g., grass-
[ands, forests). The "C method measures available
(gross) primary productivity more than utilized (net)
production, which is what is normally measured in ter-
restrial systems. The *C method is also a fairly direct
measure of productivity, compared to the proxy meth-
ods {e.g., nuirient loading, biomass, climate, sail fer-
tility) used in many studies.

Sampling protocols for aquatic organisms.——3am-
pling protocols differed among taxonomic groups and
lakes (e.g., Downing and Rigler 1984). For example,
phytoplankton samples are taken by capturing (at most)
a few liters of lake water, either from a specific depth
or with a sampler that integrates water across a range
of depths. Zooplankton are usually sampled by vertical
tows (i.e., raising a net through the water column}. Both
zooplankton and phytoplankton samples are typically
taken from the center of the lake, although replicate
samples at different locations may be taken from larger
lakes. Planktonic organisms are much smaller than the
sampling device, and hundreds to hundreds of thou-
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TaBLe L. Physical parameters (location, lake area, and pelagic primary productivity} and species richness for 33 well-studied
lakes.

FPR
Area {z Cm~? Phyto- Clada- Cope- Macro-

Lake name Latitude Longitude (ha} ¥r7')  plankton Rotifers cerans pods  phytes Fish
Actan! 39°33" A4°44° 253.0 181.0 64 35 5 3 26
Biwa? 35715 228°54° 674000 87.6 88 80 18 7 34 a3
Char? 74°42 94°48" 52.6 4.1 150 1 1 2 1
Crystal® 46°00° 89°42° 36.7 148.9 30 10 6 g 21
Fish® 43°10 89°38' 87.4 292.0 1L 6 20 20
Gulls 42°25° 85°05 822.0 102.2 10 7 50
Imikpulk? 71°18° 156°42" a1.0 8.4 a 1 & 3 0
Kasumigaura® 36°09' 219°40" 16770.0 608.1 116 43 4 5 74 104
Kinneret® 32°48" 329724 16 800.0 619.4 76 19 7 4 19
LaCalderal? 37703 3°18' 2.3 3.4 45 12 2 2 4]
Lake 239 ELA! 49°41" 93°41" 56.1 213 234 31 11 g 21 8
Lanaa'? 08°48’ 240°48’ 357000 620.5 70 9 5 3 32
Latnjajaure®® a8°21’ 342°247 73.0 2.7 5 4 2 1]
Lawrence!? 4224 85724 5.0 41.2 121 9 5 24
Liute Rock!? 46°00° 89°42° 9.8 91.3 29 4 7 5 5
Long'd 40°06" 105°38" 15.8 1.5 3 2 2 2 2
MadMetra2B V7 43°02 39°20 0.5 1300.1 20 1 2 a 2 0
Mendota!s 43°05" 89°25° 39377 3424 88 13 7 20 36
Mexeue L119 39°00¢ L07°06 0.5 1.3 2 3 4 2 0
Mirrar® 43°54° 710427 . 15.0 47.1 238 11 5 7 25 5
Monona?! 43°047 §9°20° 1324.0 343.1 13 7 1 27
Paul® 46713 89732 1.5 60.2 192 13 7 4 1
Plusssee® 4710 349°37" 14.3 186.9 180 21 3 6 5 13
Sparkling® 46°01" 49°42° 64.0 134.0 34 I1 7 8 24
St. George™ 44°00° 79°24¢ 4. 547.5 27 10 5 15
Suwa® 36%02' 221755 1445.0 357.0 126 38 13 5 39 25
Thonotosassa?? A8°00° 82°06' 345.0 166.4 47 23 5 5 18 23
Taoalik? 636" 149736 14 900.0 3.5 139 11 4 4 6 5
Trout? 46703 89°40° 1607.9 152.9 39 12 9 30 37
Valencia™ L0P06" a8°06’ 35000.0 821.3 82 36 10 4 4 26
Washington3! 47°36" 122°24" 8760.0 96.0 148 31 13 9 20 29
Wingra® 43°04° 39°15° 139.6 3449 110 12 9 & 21 14
Wintergreen? 429247 . 45°24° 15.0 368.7 60 26 7 4 15
Sources:

UM. L Vanni, personal communication.

2 Horie (1984).

I Roff and Carter {1972, Kalff and Welch (1974), Rigler (1974}, phytoplankton from Kalff et al. {1975), Hobson and
Welch {1995).

4 North Temperate Lakes LTER data set: (hetp://limnosun.limnology. wisc.edu).

5 Macrophytes from Lillie (1997); zooplankton from D. Marshall at Wisconsin DNR; R. Lathrap, personal communication,
8. Dodsan, unpublished data.

& Primary productivity, areas, and fish species from G. Mittelbach, personal communication.

* Comita (1956), Howard and Prescatt (1971}, Hobbie (1980), S. Dodson, wunpublished data,

¥ Sakural (1981), primary productivity from Takamura et al. (1987); fish from the Kasumigaura Information Center
{www.ilec.orp/database/asi/dasi35 heml}); phytoplankton and zooplankton from T Hanazato, personal communication.

? Serruya (1978).

10 dMartinez-Silvestee (1975), primary productivity estimated from graph in Cruz-Pizzaro (1978), Dokulil et al. (1980},
ratifers, macrophytes, and fish from I. M. Conde-Porcuna, personal communication.

iLPrmary praductivity from I. Shearer, personal communication; macrophytes from §. Kasian and D. Huebert, personal
cammumication.

1 Frey (1969}, Lewis {1979}, Hecky (1984}; the 32 species of fish include 11 that are recently introduced (Meyers 1960,
Cohen 1994).

13 Nauwerck (1967, 1980), macrophytes based on lists of nearby lakes.

4 Werzel (1983, Leibold (1988); phytoplankton in Taylor and Wetzel (1988}, primary productivity, areas, and fish species
from G. Mittelbach, personal communicarion; A. Tessier, personal communication.

15 Brezonik et al. (1993}, PPR estimated from Fig. 2, reference basin, in Schindler et al. {1991); fish species also from
Schindler et al. 1991, T. M. Frost, persanal communication.

16 Patalas (1964), Keefer and Pennak (1977).

7 The primary productivity data are estimates based on limnolagy class light-dark battle determinations; §. Dodsan,
unpublished data.

& Brack (1985), Nichols and Lathrop (1994); I. Padisak, personal cammunication.

'* Dodson (1982), I. Harte, persanal commuenicarion, S. Dodson, unpublished data.

1 Jordan and Likens (1975), Makarewicz and Likens (1979}, Likens (1985}, G. Likens, personal communication.

2 Nichols and Lathrop (1994); 8. Dodson, unpublished data.

2 Zaoplankton and fish from T. M. Frost, personal communication; phytoplankton list provided by K. L. Cottingham using
wunpublished data from §. R. Carpenter and I. E Kitchell as counted by A. St. Amand, J. I. Elser, N. A. MacKay, and I. A.
Marrice, primary productivity estimated by 8. R. Carpeater, persenal communication.
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TaBLE 1. Continued,

2 Qverbeck and Chrost (1994}

% North Temperate Lake LTER data set; H. Baston, unpublished data.

% Holtby (1981), Malone and McQueen (1983}, Past and McQueen (1987}, McQueen et al. (1989); N. Lafontaine, persanal
COHHIURICAiOn.

* Kurasawa and Oking (1975), Kurasawa (1978); T. Hanazato, personal communication.

% Cowell et al. (1975), fish from T. Champeau, personal communication; maccaphytes from I. Rogers, personal comemti-
nication.

*% Miller et al. (1986), most information from Milner and Oswood (1997); C. Luecke, personal communiceation.

2 North Temperate lakes LTER data set.

W Fish from Pearse (1920), de Infante (1982), Lewis and Riehl (1982}, Saunders and Lewis (1988); macrophytes from W.
Lewis, personal communication.

* Edmondson and Lehman (1981}, Lehman {1988), A. Litt, personal communication;, phytaplankton data are from S. Abella,
personal communication; fish data are fram T. Sibley, personal communication;, macrophytes from J. Frodge, personal com-
HMRcation,

22 Bauman et al. (19734, with rotifers from 1973h); Prentki et al. {1977), Brock {1983}, Nichaols and Lathrop (19943, S.
Dodson, unpublished data, phytoplankton from J. E Koonce, persanal communication.

3 Threlkeld (1979); M. Leibold and D. Hall, personal communication, rotifers from S. Fradkin, personal communication,

primary productivity, areas, fish species, and phytoplankton from G. Mittelbach, persanal communication.

sands of organisms are typically captured in a single
sample. In contrast, aguatic macrophytes are sampled
using quadrats and rake samples, or simply based on
a walk around the lake, while fish are sampled using
a variety of nets and/or electraoshocking equipment.

Criteria for species lists.—Species lists for fish, mac-
rophytes, and pelagic phytoplankton, rotifers, cladoc-
erans, and copepoads were abtained fram the literature
and from unpublished data. We avoided lists restricted
to only dominant or common species, and thus included
only lists that were exhaustive. Few lakes had species
lists for all six groups of organisms. However, we in-
cluded any lake that had an estimate of the average
annual primary productivity and had lists for at least
three taxa.

We standardized this database by developing criteria
forinclusion of species in analyses. Phytoplankton lists
included all prokaryotic and eukaryotic photasynthetic
phytoplankton for which there were abundances of
more than one organism per milliliter (a criterion also
used by Lewis 1979). We included all nonsessile spe-
cies caught in open water as pelagic rotifers. For the
crustacean zooplankton {cladacerans and copepods),
we followed the criteria of Dodson (1992). Species lists
of macrophytes included all submerged, floating, or
emergent species of flowering plants, including Typha,
sedges, grasses, and duck weed. We did not include
Isoetes or macroalgae such as Chara and Nitefla as
macrophytes. The fish list included all species reported
from the lake, including introduced taxa. Fish species
reported to occur in the watershed, but not in the lake
(as in Pearse 1920) were not considered part of the
lake's biota. -

Statistical analyses—We used multiple regression

to evaluate the relationships between productivity, lake
size, and the species richness of each of the six biotic
groups. Log , transformations were applied to data for
species richness, productivity, and lake size in order
to normalize residuals. The transformations greatly 1m-
proved the normality of the distributions.

We first determined whether there were significant
colinearities between two variables (log primary pro-
ductivity, P; and log lake size, A), then developed a
regression model relating species richness (SR) to av-
erage annual primary productivity and lake size. The
model included a quadratic term for primary produc-
tivity because we were testing for the presence of a
unimodal response of species richness to this factor.
The full, two-factor regression model {(Eq. 1} was fit
to data from each taxon separately. Backwards regres-
sion in SAS (1996) was used to produce the most par-
simonious model: '

SR=a+ 8P+ PP+ dA + (A XP)+ A XPY. (1)

For some taxa, parameters e and f were not significantly
different from zero, suggesting that there were no in-
teractions hetween A and P In those cases, we sim-
plified by eliminating interaction terms:

SR =a + P + ¢cP! + dA. (2)

If the parameter 4 was not significantly different from
zero after fitting Eq. 2, we eliminated this term. from
the model and fit the simpler quadratic model for the
effects of productivity. Significance of the quadratic
model (Eq. 2 with or without parameter d) was assessed
by determining if the parameter ¢ was significantly dif-
ferent from zero, and whether the full model was sta-
tistically significani. We determined whether the sig-
nificant quadratic models were also unimodal within
the productivity range reported in these data using a
procedure introduced by Mitchell-Olds and Shaw
(1987). For taxa with significant unimodal quadratic
relationships, we estimated the productivity level at
which species richness peaked by setting the derivative
of the quadratic function te zero and solving for P.

Whole-lake envichment experiments

Ta explore the effects of nutrient enrichment on pri-
mary productivity and planktonic species richness at
different time scales, we used data from whole-lake
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experiments conducted at the University of Notre Dame
Environmental Research Center (UNDERC) in Mich-
igan and the Experimental Lakes Area (ELA) in On-
tario. These experiments represent several of the dozen
or so whole-lake enrichments conducted over the past
30 vears, and were selected because of the ease of
access to data on both plankton species richness and
primary productivity.

Sharr-terim  experiment.—Paul, Peter, and Long
Lakes (Gogebic County, Michigan, USA: 89°32' W,
46°13" Ny are small (1.2-3.4 ha), deep (maximum
depths ~10-20 m), stratified seepage lakes that were
studied intensively from 1991-19935 as part of a whole-
lake experiment to evaluate how contrasting food weh
structures may influence responses o increased nutri-
ent loading (Carpenter et al. 1996, Christensen et al.
1996). Complete descriptions of the lakes are available
elsewhere (e.g., Carpenter and Kitchell 1993). Both
food web siructure and nutrient loading were manip-
ulated during the experiment (Carpenter et al. 1996,
Cottingham and Carpenter 1998). The food webs of
Pau] and West Long Lakes remained in their pre-ma-
nipulation states (dominated by piscivorous fish and
large crustaceans including Daphnia), whereas the food
webs of East Long and Peter Lakes were manipulated
to preduce dominance by planktivorous fishes, small
crustaceans, and rotifers {Schindler et al. 1993, 1997,
Christensen et al. 1996).

In 1991 and 1992, each lake was monitored under
baseline nutrient conditions (phosphorus loading rates
of ~0.1-0.2 pgL-'d™Y, Beginning in 1993, Peter,
West Long, and East Long Lakes were enriched daily
with liguid fertilizer containing phosphate, ammoniumn,
and nitrate at the ambient N:P ratic of ~25:1 by atoms.
Loading rates varied among years. Nutrient additions
to all three lakes were ~10X baseline levels in 1993,
and 7-8X baseline levels in 1994 (Carpenter et al.
1996). In 1995, additions were 5% baseline levels in
Peter and West Long Lakes, and 11X baseline levels
in Bast Long Lake (8. R. Carpenter, unpublished data).

Each lake was sampled weekly from a central station
from mid-May through mid-September using procedures
described in Carpenter and Kitchell {1993} and Voichick
and LeBouton (1994). Profiles of light transmission
through the water column were used to determine the
depths of 50%, 25%, 10%, 5%, and 1% of surface ir-
radiance; discrete water samples were then taken at the
surface and at these five depths for phytoplankton and
primary productivity analyses. Phytaplankton samples
were pooled from the upper three sample depths (25%,
50%, and 100% of surface irradiance), preserved in glu-
taraldehyde, filtered, mounted in methacrylic resin, and
enumerated to species (St. Amand 1990, Cottingham
1996). Only taxa that could be identified to species level
were included in the estimates of richness.

Zooplankton were sampled by pooling two vertical
tows through the entire water column (calibrated 80
pm mesh net); samples were then chilled, preserved
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with cold sugared formalin, and enumerated and mea-
sured. In most cases, adult zooplankton were identified
to species. However, there were a few taxa which were
not distinguished consistently by different taxonomists
(there were three taxonomists during this period); con-
sequently, these taxa were pooled in analyses. Also,
unidentifiable juveniles (e.g., copepodid and naupliar
stages) were included as single, collective taxa (““co-
pepodites,” “‘nauplii’’).

Primary productivity was measured at monthly
(1991-1992) or biweekly (1993-19935) intervals using
replicated in situ “C fixation determinations (Vollen-
weider 1974) at each of the six depths for which discrete
samples were taken (Voichick and LeBouton 1994). This
resulted in estimates of carbon fixation for 2 given water
valume per hour (mg C-m~*h-"). To convert to primary

- productivity on an areal and annual basis (g C-m—2yr~'3,

estimates were integrated over the photic zone {from 1%
to 100% of surface irradiance), and multiplied by the
number of hours of daylight on each sampling date.
Estimates within sach year (g C-m~2d-!) were then in-
tegrated over the ice-free season, assuming no produc-
tivity under the ice. Ice-on and ice-off dates were esti-
mated using data from the North Temperate Lakes ETER
site, ~235 km south of these lakes,

Long-term  experiments.—Lakes L1227, L2268,
L226N are located in the Experimental Lakes Area in
Northwestern Ontario {93°41' W, 49°41' N). L226 is a
small, double-basin lake that has been divided with a
plastic curtain since May 1973. The two basins are
almost eqgual in surface area (8.3 ha for L226N and 7.8
ha for 1.2268), and similar in mean depth (5.7 m for
L226N and 6.3 m for L2265). Thermal stratification
occurs from early May and lasts until late September.
Starting in May 1973, each basin received weekly ad-
ditions of fertilizer during the ice-free season (May
through October) for eight years. Both basing received
sodium nitrate (NaNO,) as a nitrogen soutce and su-
crose as a carbon source. Phosphorie acid (H,PO,) was
added to only the north basin (L226N). Detailed meth-
ods of fertilization are available in Cruikshank {1984).
Since 1981, no nutrients have been added to either
basin.

1227 has a surface area of 3 ha, a maximum depth
of 10 m, and a mean depth of 4.4 m. In 1969, re-
searchers at the Experimental Lake Area (ELA} began
a long-term experiment in which they added phosphoric
acid to the epilimnion at an annual rate of 0.48 g/m®
Initially, nitrogen was added as sodium nitrate at an N:
P ratio (by weight) of 13:1. In 1973, the loading rate
of nitragen was decreased to 5:1, and in 1990 addition
of nitrogen ended. Throughout the experiment, phos-
phorus additions were constant. A more detailed de-
scription can be found in Findlay et al. (1994).

From 1973 to 1983, at ~2-wk intervals, primaty
productivity of phytoplankton in L227 and both basins
of L226 were estimated using an incubator-numerical
muoadel (Fee 1973). Shearer et al. (1985, 1987} describe
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field and laboratory methods. Total primary productiv-
ity for the ice-free season was used as an estimate of
annual primary productivity.

During the course of the experiment, two phyto-
ptankton sampling techniques were used. From 1973
to 1975, discrete 2-L samples were taken from odd
meter depths to a maximum of twice the Secchi disk
depth (photic zone). From 1975 to 1994, samples were
taken with an integrating sampler in the epilimnion,
metalimunion, and hypolimnion {Shearer 1978). Sam-
ples were taken fortnightly to monthly. Enumeration
and identification have been done using the same meth-
od and by the same taxanornist throughout the course
of the project (Findlay et al. 1994).

Because zooplankton sampling methods were incon-
sistent before 1977, which may bias estimates of spe-
cies richness, we used the zooplankton database for
L227 starting in 1977 (Chang and Malley 1987). In
most cases, adult zooplankton were identified to spe-
cies, although for same less common taxa, identifica-
tions were consistently made to genus. Unidentifiable
juveniles {e.g., copepodid stages and nauplii) and Lic-
toral species were excluded from the analyses.

Statistical aralysis.—Because the number of phy-
toplankton and zooplankton samples taken wvaried
among years within each whole-lake experiment, we
standardized sampling effort by calculating anaual cu-
mutative species richness based on a fixed number of
randomly selected subsamplés {n) taken from May to
September. For each lake in each year, we randomly
subsampled the database n times witheout replacement.
We then counted the total number of unique species in
this subsample as a measure of cumulative richness.
This procedure was repeated 1000 times to estimate
the mean cumulative richness for each year. Specifi-
cally, we used 15 samples for both phytoplankton and
zooplankton in the short-term experiment, five samples
for phytoplankton in L226, 10 samples for phytoplank-
ton in L227, and five samples for crustacean zooplank-
ton and rotifers in L227 (the variable number of sam-
ples reflects the total number of samples available in
each year). We then explored the relationships between
richness and primary produoctivity within each of the
whole-lake experiments by fitting linear and quadratic
models similar to those used for the lake survey. Be-
cause the quadratic model was significant only for ene
lake, we focus on the linear relationships as described
by Pearson produci-moment correlations in the results.
Significance was assessed using P = 0.05, with mar-
ginal significance for 0.05 < P = 0.10.

RESULTS

Lake survey

Relationships among factors.—A marginally signif-
icant positive relationship existed between log(area)
and log(PPR) (R* = 0.115, P = 0.053; Fig. 1). The
relationship berween area and productivity was weak
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Fra. 1. Scatter plat of log(lake area) and log{PPR), where

lake size is in hectares and primary productivity (PPR) is in
grams af carbon per square meter per year.

enough, however, that the multicollinearity was un-
likely to affect the multiple regressions.

Thete were significant positive linear relationships
between log(species richness) and lag(lake area) for
rotifers, cladocerans, macrophytes, and fish, but not for
phytoplankton and copepods (Fig. 2). Althoungh the sig-
nificant relationships were weak {all R? < 0.33), they
presented sufficient evidence for evaluating the effect
of both log{lake area) and log(PPR) aon species richness
in multiple regression madels for all six taxa.

Richness—productivity relationships —Regression an-
alyses indicated that species richness was related sig-
nificantly to primary productivity for all six groups of
aquatic organisms. This is apparent both from straight-
forward analyses of species richness and primary pro-
ductivity (Fig. 3) and from more sophisticated multiple
regressions exploring the effects of lake size and pro-
ductivity on species richness (Table 2).

For rotifers, cladocerans, copepads, and macro-
phytes, there was no significant interaction of lake size
and productivity on species richness. In fact, the main
effect of area was significant only for rotifers and mac-
cophytes. However, both the linear and quadratic terms
for the effect of primary productivity were significant
for all four groups. The unimodality test of Mitchell-
Olds and Shaw (1987) confirms that the quadratic re-
lationship is significantly unimaodal (all P < 0.03) in
the range of PPR values included in this survey. The
peaks of these unimodal (hump-shaped) curves oc-
curred at relatively low rates of primary productivity,
67-179 g C-m~2yr-! (Table 2).

Significant interactions between area and primary
productivity affected species richness of phytoplankton
and fish (Table 2). To facilitate interpretation of these
interactions, we used the parameter estimates from the
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TaBLE 2. Parameters for the final multiple regression model for each taxon, determined using backwards regression from
the full regression model (Eq. 1): SR = a + 6P + cP? + 4A + oA X P) + flA X P7.

Caefficient (1 SE)

Taxan at B fa ) ] I R Pi Max§

Phytoplanktan 1.08 1.47 —0.45 .34 —0.44 Q.12 .64 (.005 30--50|
{133} (.39 (.10} (015} Q.17 (.04

Ratifers —-0.03 1.39 —{0.38 .10 .64 =<(0,001 a7
{0.21) (.29} (.09} (0043

Cladocerans .05 .81 —-{0.18 .49 <0001 179
(0.15) (0.21) (0.03)

Copepods .19 .71 —{0.20 Q.51 = (.001 60
0.10) (0.13) (0.04)

Macrophytes —(.02 1.04 -0.27 011 0.56 0.002 84
{0.25) (0.34) (0.10) (0.05)

Fish .42 —{0.23 .17 —-0.32 0.45 —{.18 0.75 = (.001 300
523 (.62} (019} (0.23) (.27 Q.07

Notes: Terms for which SAS Type III 55 had P values = 0.05 were dropped sequentially from the madel.

1 Intercept.
T P indicates the overall P value for the regression.,

§ “Max.” refers to the level of primary productivity at which species richness peaks for taxa with significantly unimodal

quadratic relationships. Units are g C-m=2yr-L
|| Varies with area.

full regression model (Eq. 1) to generate response sur-
faces for the richness—productivity relationship as a
function of lake size (Fig. 4}. The response surfaces
showed that although the effect of primary productivity
was always quadratic, the curves switched from con-
cave up to concave dewn across the gradient of lake
size (Fig. 4). For phytoplankton, species richness
showed the expected unimodal concave-down pattern
(P < 0.03) with increasing productivity in lakes <1000
ha; whereas for larger lakes, the relationship tended to
be concave up (P > 0.10). In contrast, for fish, the
relationship appeared to be concave down only for
large lakes (100 ha), although none of the relation-
ships between fish species richness and productivity
were significantly unimodal (P > 0.4). These patterns
of interaction between species richness, primary pro-
ductivity, and lake size were unexpected and might bear
following up with further research.

Richness—productivity relationships in the
whole-lake experiments

Richness—productivity relationships in the experi-
mental lakes provided little evidence for a unimodal
relationship between richness and productivity. In all
cases, except for phytoplankton in L227, the lincar
model provided a better fit than the quadratic model.
The phytoplankton response to increased primary pro-
ductivity differed among lakes {(Fig. 5, Table 3). There
was no significant relationship between primary pro-
ductivity and phytoplankton species richness in the
short-term experiments, whereas richness declined with
increasing productivity in both basins of L226. In
L227, the quadratic meodel (SR = 0.002 + 1.7(F) —
0.39(P)* (P = 0.011, R? = 0.48) provided a much better
fit than the linear model (P = 0.265, R* = 0.08). The
Mitchell-Olds and Shaw (1987) unimodality test con-
firmed that the relationship is unimodal within the

range of primary productivity values observed in the
experiment (P < 0.01). With the quadratic model, phy-
toplankton species richness peaked at -~I150 g
Can~2yr~!, a level considerably higher than that pre-
dicted in the lake survey.

Zooplankton responses were more congistent among
lakes (Fig. 6, Table 3). Crustacean zcoplankton rich-
ness declined with increasing primary productivity in
all of the experimental lakes, although the relationship
was only marginally significant in the short-term en-
richment experiments. There were no significant rela-
tionships between rotifer species richness and primary
productivity, although rotifer richness declined with
primary productivity in East Long and West Long
Lakes, and increased in Peter and Paul Lakes.

Discussion

Lakes provide a unique opportunity for evaluating
the effects of primary productivity on species richness
because of their well-defined boundaries and the direct
nature of productivity estimates. We detected signifi-
cant unimodal effects of productivity on species rich-
ness for all organisms examined in our lake survey
except fish. The relationship between productivity and
species tichness was more variable in the experimental
studies, probably because of complex environmental
changes and transient effects.

Lake survey

Species richness responded in a significant unimodal
fashion to increases in productivity for five groups of
aquatic organisms (after lake size had been taken into
account). The productivity at which richness peaked
differed among taxa, but generally occurred at levels
comparable to those of oligotrophic to slightly meso-
trophic lakes (~30-300 g C-m~*yr™"). Species richness
of most taxa will likely decline as lakes hecome eu-
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Fic. 4. Response surfaces for the interactive effects of
lake area and PPR on the species richness of phytoplankton
and fish. Each curve indicates the relationship between
log{species richness) and log(PPR) for a particular lake size,
in hectares. To prevent extrapolation beyond the range of
available data, curves are drawn only for the region of PPR
for which we actually had data an species richness.

trophic. This suggests that eutrophication, the most
widespread water quality problem in lakes of the Unit-
ed States (National Research Council 1992), represents
a potentially serious threat to lacustrine biodiversity.
For four of the six taxa, lake size significantly af-
fected species richness. Nonetheless, this effect of lake
size is weak, as compared to the situation in other sur-
veys {e.g., Dodson 1992), possibly because of the rel-
atively small range of lake sizes in the present survey.
Our survey was designed to include well-studied lakes
of about the size of the LTER and other experimental
lakes, and to maximize the range of primary produc-
tivity in this restricted size range. Consequently, the
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survey contains enough variation in productivity to re-
veal strong unimodal (quadratic) relationships between
productivity and species richness, but possibly not re-
lationships with lake size.

The relation between richness and productivity may
depend on the scale of observation (G. Mittelbach, per-
sonal communication). In our multiple regression mod-
el for the effect of lake size and productivity on species
richness, there were no significant interaction effects
between lake size and productivity for rotifers, cla-
docerans, copepods, or macrophytes. This suggests
that, in the lakes we surveyed (which span four orders
of magnitude in lake size and three orders of magnitude
in primary productivity), the effect of productivity on
species richness was scale independent for these four
taxa (across space). However, this generalization does
not hold for phytoplankton and fish, for which there
were significant area by productivity interactions.

When present, the interactive effects of size and pro-
ducrivity complicate the interpretation of the richness—
productivity relationship. In particular, the response
surfaces developed for phytoplankton and fish (Fig. 4)
demonstrate that the particular hump-shaped curve for
these taxa depends on lake size. If we fail to consider
lake size, we may draw misleading conclusions re-
garding the relationship between species richness and
primary productivity.

Whole-lake enrichment experiments

We used data from experimental whole-lake nutrient
additions: (1) to test whether patterns from the lake
survey applied to individual lakes, and {2) to explore
how species richness responds to temporal changes in
primary praoductivity. Responses differed with exper-
imental manipulation and taxonomic greup, and inter-
pretation of results is complicated by transient effects,
lags in response, and possible shifts to conditions that
support different species. Like Mittelbach (personal
communication), we found little evidence for unimodal
patterns within sites (lakes) as cormpared te surveys of
regional patterns.

Phytoplankton.—QOverall, average anpual primary
productivity was a relatively poor predictor of plankton
species richness in lakes with experimental manipu-
lations of nutrient loading. Based on the survey results
for lakes this size (<210 ha), we expected to see a un-
imodal relationship between productivity and phyto-
plankton richness, with maximum richness at ~30-350
g2.C m-%yr-'. However, we observed a unimodal re-
lationship in only one of the experimental lakes (L2273,
and its peak in species richness occurred at a preduc-
tivity three times higher than predicted by the lake
survey. There was no significant relationship between
praoductivity and phytoplankton species richness in any
of the short-term experimental lakes, although there
was a tendency for richness to decline with increasing
productivity. This tendency for a negative relationship
hetween primary productivity and phytoplankton rich-
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of the short-term experiment, L227, L226N, and L2268,

ness was much more pronounced in both basins of
L226, and is consistent with the observation of de-
creasing phytoplankton richness with increasing nitro-
gen and phosphorus concentrations in natural ponds in
Michigan (Leiboid 1999).

The negative relationship between primary produc-
tivity and phytoplankton richness in L2268 and L226N
may be the result of a delayed response to declining
primary productivity. Both phytoplankton richness and
productivity increased during the initial years (1973—
1981) of the experiment (Fig. 7). In L226N, the positive
relationship was marginaily significant (r = 0.57; 0.10
= P > 0.035) during the years when nutrients were
added. In L2265, the relationship between primary pro-

Log(species richness) as a function of log{PPR) for phytoplankton in the whale-lake experiments: the four lakes

ducrivity and phytoplankton richness was also positive
{r = 0.55), but not significant. From 1982 10 1994
phytoplankton richness in both basins of L226 gener-
ally remained at ievels higher than those encountered
during the fertilization years, even though productivity
recovered to levels typical of unfertilized lakes in the
region (Shearer et al. 1987). Therefore, the nutrient
petturbation augmented the number of phytoplankton
species in the lake, where it remained despite the ter-
mination of nutrient additions.

The response of primary productivity and phyto-
plankton richness to nutrient addition was different in
L.227 compared to other experimental lakes. Although
we observed a unimodal relationship between phyto-

TasLE 3. Correlations between species richness and primary productivity in each of the lakes in the whole-lake enrichment

experiments.

All
East West short-term
Taxon Long Long Peter Paul lakes L226N L2268 L227
Phytoplankton —0.14 —0.01 —0.13 0.04 0.14 —0.54% —(.42¢ 0.29
{Crustaceans —0.61 —.85¢t —{.46 —{.44 —{.39} - —{. 6%
Rotifers -an —0.49 (.48 0.78 0.03 0.08

Natas: Ellipses (-} indieate that data are not avajlable. For all variates in the lakes in the short-term experiment, # = 5

years; when the four lakes from the short-term experiment are poaoled, &

= 2(} lake-years. For phytoplankton in both basins

of L226, n = 21 years; in L227, » = 17 years for phytoplankton, and # = 14 years for zooplankton.

1P < 3.10; *P < 0.05; **P < 0.01.
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and L227.

plankton richness and primary productivity, this was
probably driven by a complex response of primary pro-
ductivity and phytoplankton richness to nutrient load-
ing. Nutrient limitation, changes in species dominance,
and self-regulating processes likely interacted to pro-
duce transient responses in both primary productivity
and community composition that were probably dif-
ferent from the mechanisms operating in the regional
lake survey.

The response of primary productivity and phyto-
plankton richness to nutrient additions was variable
throughout the 25-yr experiment in 1.227. At the onset
of nutrient additions, phytoplankton biomass increased
and community composition shifted from chrysophytes
to co-dominance by small chlorophytes and filamen-
tous nonheterocystous cyanobacteria (Schindler and
Fee 1974, Findlay et al. 1994). This change was ac-
companied by a reduction in both phytoplankton rich-
ness and primary productivity, probably the result of
daily occurrences of carbon limitation {Schindler and
Fee 1973) (Fig. 8). When the N:P loading ratio was
lowered to 5:1 in 1975, annual richness and primary
productivity increased after heterocystous cyanobac-
teria hecame abundant at particular times during the
summer (Findlay et al. 1994). These changes were like-
ly due to nitrogen fixation by the heterocystous cya-

nobacteria, which relieved periods of nitrogen defi-
ciency and increased nitrogen availability to other phy-
toplankton groups (Hendzel et al. 1994). From 1978 to
1983, a new nitrogen-fixing species, Aphanizomenon
schindleri, dominated the summer phytoplankton com-
munity, coinciding with a peak in primary productivity
followed by a dramatic decline (Findlay et al. 1994},
After 1983, A. schindleri dominance waned, and pri-
mary productivity and phytoplankton richness were
variable (Fig. 8}. These complex shifts in primary pro-
ductivity, species richness, and dominance by hetero-
cystous cyanobacteria {such as A. schindleri) probably
resuited from self-regulatory processes within the lake
which maintained a relatively consistent TP:TN ratio
despite shifts in external loading ratios (Findlay et al.
1994). Despite the apparent similarity in the richness—
productivity relationship between the lake survey and
L227, factors driving the relationship in L227 were
complex and likely influenced by complex transient
dynamics.

The contrast between the unimodal relationships be-
tween richness and productivity in the lake survey and
the variable patterns in the experimental lakes under-
scores the importance of temporal scale in examining
the relationships between species richness and primary
productivity. Because colonization and extinction pro-
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cesses are probably slow relative to the changes in
primary productivity, short-term relationships between
primary productivity and species richness may be mis-
leading. Leibold et al. (1997) demonstrated that dis-
crepancies in trophic responses of lakes to nutrients
between comparative and experimental studies were
probably due to differences in species composition. In
comparative studies, years of evolution, dispersal, and
species interactions resulted in particular species as-
semblages associated with different nutrient levels. In
experimental studies, time lags in dispersal and species
interactions produced species assemblages that were
more similar among treatments compared with the
range observed in comparative studies (Leibold et al.
1997). This suggests that factors influencing species
composition (i.e., colonization and extinction) may
also be influencing the response of the system to nu-
trient additions. This situation is relevant to richness—
productivity relationships in this study. We know that
there were several exiremely successful invaders into
the EL A lakes following the onset of experimental en-
richment (e.g., Kling et al. 1994}, and that these in-
vasions persisted through time, especially in 1.226.
New species were also noted in Peter, West Long, and
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Fia. 8. Annual primary productivity and annual species

richness for phytoplankton, crustacean zooplanktan, and ro-
tifers in L227. Vertical lines indicate a change in experimental
additions of nitrogen. Experimental phasphorus loading was
constant throughout the experiment. The circles and dotted
lines show primary productivity. The squares show species
richness.

East Long Lakes during the first three years of exper-
imental enrichment (Cottingham 1996). However, it is
too soon to know whether these invasions were due to
transient species taking advantage of current condi-
tions, or to persistent species that will remain in these
systems for years to come. It is also too soon to know
how these new species will interact with the existing
community and what change in species richness will
result.

Crustaceart zooplankion.—The strongest and most
consistent relationship between species richness and
primary productivity in the experimental lakes was the
decline in species richness of crustacean zooplankton
with increased productivity. This contrasts with pre-
vious studies which report a positive relationship be-
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tween cladoceran richness and primary productivity
(Whiteside and Harmsworth 1967} and no relationship
between zooplankton richness and phytoplankton chlo-
rophyll a (Patalas 1971). Based on survey results and
the range of productivity in the experimental lakes, we
expected a unimodal relationship between productivity
and zooplankton richness in the short-term experi-
ments, and a negative relationship in the long-term ex-
periment. Instead, we observed a decline in richness
with inecreasing productivity in all four experimentally
enriched systems for which we have data on crustacean
zoaplankton.

This decline could be related to several factors as-
sociated with the nutrient additions; changes in food
quality, competitive exclusion due to dominance by a
few taxa, or changes in water chemistry. As lakes be-
come more eutrophic, phytoplankton size structure
shifts from. smaller, relatively edible species to lacger,
less edible species (Findlay et al. 1994, Cottingham
1999). Filamentous cyanobacteria frequently dominate
eutrophic phytoplankton communities (Watson et al.
1997). As phytoplankton size increases, smaller zoo-
plankton may have more difficulty obtaining sufficient
food. In the short-term experimental lakes where zoo-
planktivory was low, large taxa such as Daphnia spp.
thrived after enrichment, suggesting that they may have
outcompeted smaller taxa as phytoplankton species
composition changed, thus reducing richness. This was
seen particularly in East and West Long Iakes (1994
and 1995), when Daphnia constituted 60-90% of total
zoeplankton biomass.

Changes in lake chemistry associated with fertiliza-
tion appear to drive the negative relationship between
primary productivity and crustacean species richness
in L.227. Malley et al. (1988) conciuded that the bio-
mass of edible phytoplankton species was not limiting
to herbivorous zoeplankton in 1227 during 1977 to
1982 when crustacean richness and biomass were par-
ticularly low. Instead, they suggested that high pH and
low oxygen concentrations in the water column due to
increased primary productivity and decomposition re-
duced cladoceran and cyclopoid copepod populations
to low numbers and in some years eliminated species.
While the response of crustacean zooplankton to
changes in primary productivity was similar among
lakes, the mechanisms responsible for these changes
appear to be lake specific and related te individual lake
responses to experimental nutrient additions.

Rotifers.—Like Rublee and Bettez (1995), we found
ne averall relationship between rotifer species richness
and productivity in either the short-term or long-term
experimental studies. Based on the analyses from the
lake survey, we expected a unimodal pattern of richness
with productivity, such that richness initially increased
with increasing primary productivity, but then declined
above 67 g-C m~2yr-' Although we did not observe
the expected pattern, we noted some interesting rotifer
responses within individual lakes of the short-term ex-
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periment. Rotifer richness in Peter Lake increased with
increasing productivity, whereas rotifer richness in East
and West Long Lakes declined. In fact, without the
three points for Peter Lake in 1993-1995, the across-
lake relationship between rotifer richness and produc-
tivity is negative ( = —0.333), not zero (but still non-
significant). Moreover, the four points for East and
West Long Lakes during the second and third year of
the experiment were unusually low {see lower half of
Fig. 6.

Daphnia dominance in East and West Long Lakes,
as compared to Daphnia absence in Peter Lake, may
explain the different patterns in rotifer responses
among lakes. As Daphnia abundance increased in the
two basins of Long Lake as a result of low planktivory
or a shift in food resources, Daphnia appeared to have
negative effects on rotifers through competition or di-
rect interference (Pace et al. 1998). There may be a
pattern of population compensation between large cla-
docerans and rotifers; in the survey, peak rotifer species
richness occurred at about half the productivity of peak
cladaceran species richness.

Mechanisms explaining richness—productivity
relationships in lakes

Many mechanisms have been proposed to produce
the unimodal relationship between primary productiv-
ity and species richness, especially at the scale of local
communities (G. Mitelbach, personal communica-
tion). Some of these explanations are only relevant to
the particular conditions of organisms, such as terres-
trial plants, which are sessile and sampled by quadrats.
However, several of the models are more general, and
can be evaluated in pelagic as well as terrestrial sys-
tems. We review some of these models and discuss their
applicability to patterns observed in our study.

Unimodal relationships between species richness and
productivity can be best understood by looking at the
two arms of the hump. It is relatively easy to understand
how an increase in productivity can increase species
richness (Connell and Orians 1964, Abrams 1995, 1.
Moore, personal commurnication). Several factors have
been suggested to explain the decline of richness at
high productivities. Results from the nutrient enrich-
ment experiments suggest that competition may be a
mechanism in lakes, at least in the short term and for
some taxa. In addition, predation and abiotic factors
{such as reduced nocturnal oxygen concentrations) may
further account for the declines in species richness
above the moderate productivity levels we observed in
the lake survey and in whole-lake experiments. Support
for several different theories suggests that the rela-
tionship between primary productivity and species
richness in lakes is driven by multiple factors.

Productivity factors that increase species rich-
rness.—J. Moore (personal communication) modeled
thermodynamic arguments to explain an increase of
species richness with productivity (Oksanen et al.
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1981). The basic idea is that when there is more energy
available to a system, there is the potential to support
additional species and trophic levels. As energy input
increases, the likelihoed of adding more species and
traphic levels also increases. The results from the lake
survey are consistent with this model, at least in a broad
sense. That is, phytoplankton (at the base of the pelagic
food chain) are alteady diverse at the lowest known
level of lake productivity (~1 g C-m~*yr~1), and phy-
toplankton biodiversity peaks at the lowest productivity
level of the six species groups, at least in small to
meoderately large lakes (Table 2, Fig. 4). Although her-
bivores are present in the lowest productivity lakes,
their species richness peaks at slightly higher levels
than do phytoplankton, possibly reflecting the dimi-
nution of available energy between the primary pro-
ducer and the primary consumer levels. [n medium to
large lakes, fish species, representatives of the next
trophic level, exhibit peak richness at moderate levels
of preductivity, generally 100-300 g C-m~Z-yr~'.

The thermodynamic medel is also consistent with
the observation that macrophyte species richness gen-
erally peaks at a higher productivity level than does
phytoplankton richness. For a given level of input of
sunlight, temperature, and nutrients, phytoplankton
have a higher specific net primary productivity, be-
cause macrophytes have nonphotosynthetic tissue that
soaks up energy fixed in photosynthesis. In a particular
lake, the phytoplankton will experience a higher rate
of net productivity than will macrophytes, and there-
fare, among lakes, the peak in macrophyie species is
expected to occur at a higher productivity than the phy-
toplankton peak.

Productivity factors that decrease species rich-
Hess.—

1. Competition models—Competition for food re-
sources can be an important determinant of zooplank-
ton community composition {Allan 1974, Rothhaupt
1990, Lampert and Rothhaupt 1991). Zooplankton may
face increasing competition for food as primary pro-
ductivity increases, not because there is less food, but
because the food is of lower quality (Richman and Dod-
son 1983, Watson et al. 1997). As total phytoplankton
biomass increases with increasing productivity (Schin-
dler et al. 1978), the amount of edible phytoplankton
declines, especially in eutrophic lakes dominated by
cyanobacteria (Watson et al. 1992}, Peaks in richness
of zooplankton occur at productivity levels ~60~180C
g C-m~2yr~'. These peaks are just below productivity
levels associated with significant amounts of unpalat-
able food {above ~300 g Cmn~%yr~'). Thus, food gual-
ity and interspecific competition may cause reductions
in zooplankion richness. Species composition shifts in
the short-term experiments support this theory. As pro-
ductivity increased in East and West Long Lakes, the
community was dominated by a large, competitively
dominant zooplankton species.

Competition for light probabily has little effect on
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phyteplankton or plant diversity, just as competition
for light in terrestrial systems does not enhance local
diversity {Tilman 1988). Experimental studies in aquat-
ic systems have documented species displacements
(rather than changes in species diversity) resulting from
competition for light among phytoplankton (Huisman
et al. 1999). Like light, inorganic nutrients, such as
phosphate and nitrate, often limit phyteplankton pop-
nlation dynamics. However, competition for a principal
limiting nutrient such as phosphate, or for secondary
limiting nutrients (such as nitrate) probably dees not
affect phytoplankton diversity (Leibold 1999).

2. Predation.—A model (Leibaold 1999) predicts that
generalist keystone predators can create a unimodal
response In prey species richness along a productivity
gradient. Predator density and, therefore predation in-
tensity, is expected to increase along a productivity
gradient {Oksanen et al. 1981, Mittelbach et al. 1988,
Leibold 1999). At low productivity, superior resource
competitors should domiinate the prey community;
whereas at high productivity, species that are not vul-
nerable to predation will dominate. At intermediate
productivity levels, coexistence of the two species
types is predicted to occur because predation keeps the
superior competitors in check, thereby enabling inferior
competitars to persist. The survey results show just
such a unimodal pattern for phytoplankton. However,
Proulx et al. {1996) found that herbivery reduced phy-
toplankton diversity in low-nutrieat enclosures and in-
creased diversity in high-nutrient enclosures. Thus, un-
til further field tests of this theory are performed, it is
difficalt to make generalizations regarding the effects
of zooplankton predation an phytaplankton biodiver-
sity across a productivity gradient.

3. Ablotic factors.—As in terrestrial communities,
particular aquatic species are specialized for living in
a restricted range of abiotic conditions. For example,
there is a regular sequence of intertaxonomic replace-
ments of phytoplankton species groaps along the pro-
ductivity gradient (Reynolds 1984, Watson et al. 1997).
At the upper end of the natural productivity gradient
{above ~1000 g C-m~2-yr~"), only a few phytoplankton
species can tolerate extreme conditions characteristic
of highly entrophic lakes {e.g., strongly stratified light
and no oxygen at night). These same extreme condi-
tions also limit the ability of macrophytes and animals
to persist. Macrophytes are light limited (shaded) in
eutrophic lakes (Jones et al. 1983). In addition, few
fish species can gulp enough air to live in highly eu-
trophic lakes that become anoxic at night. Most zoo-
plankton species are probably sensitive to low oxygen
concentrations and high pH in strongly eutrophic lakes,
as evidenced in L227. Thus, extreme abiotic conditions
created by high productivity may be responsible for the
low species richness in these lakes.

These explanations are intrinsic to the organisms’
ecology (physiclogical specializations or species in-
teractions). However, an additional possibility is that
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of chemical contamination related to land use (5. L
Dodson, unpublished manuscript). The major groups
of organisms had peak species richness between 30 and
179 g C-m~2ye~', except for fish, which peaked at 300
g C-m~2yr~! (Table 1). Of the 15 lakes (Table 1) with
more than 179 g C-m~*yr~!, all are in land use areas
of moderate to intense agriculture. All of the 11 lakes
with more than 300 g C-m-2.yr~! are in areas of intense
agriculture, and moast receive or have received sewage
effluent and urban runoff from storm sewers. All of the
eight lakes with less than 30 g C-m~2.yr~' are in remote
areas with no direct agricultural, industrial, or urban
land use in the watershed. The hypothesis is that the
increasing (toxic) chemical contamination that accom-
panies increasing primary productivity reduces aquatic
species richness. Because of lack of data on contami-
nation and the extreme temporal and spatial complexity
of contamination, this will be a challenging hypothesis
to test.

Conclusions

Based an Mittelbach (personal communication), we
expected to find unimedal responses of species richness
to inereased productivity in the lake survey (regional
scale}, but possibly not in the whole-lake experiments
(local scale). Our results generally suppotted this ex-
pectation. Phytoplankton, rotifer, cladoceran, copepod,
and macrophyte species richness varied in a unimodal
fashion with increased productivity. Richness—produc-
tivity relationships for phytoplankton and fish were also
a function of lake size.

A variety of mechanisms might account for the lack
of unimodal richness—productivity relationships in the
whole-lake experiments; these include transient dy-
namics, lagged responses, and possibly shifts to new
system states. Both spatial and temporal scales need to
be congidered if we are to discern and then understand
richness—productivity relationships in lake ecosystems.
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