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The relationship between species diversity and ecosystem func-
tioning has been debated for decades, especially in relation to the
‘‘macroscopic’’ realm (higher plants and metazoans). Although
there is emerging consensus that diversity enhances productivity
and stability in communities of higher organisms; however, we still
do not know whether these relationships apply also for commu-
nities of unicellular organisms, such as phytoplankton, which
contribute �50% to the global primary production. We show here
that phytoplankton resource use, and thus carbon fixation, is
directly linked to the diversity of phytoplankton communities.
Datasets from freshwater and brackish habitats show that diver-
sity is the best predictor for resource use efficiency of phytoplank-
ton communities across considerable environmental gradients.
Furthermore, we show that the diversity requirement for stable
ecosystem functioning scales with the nutrient level (total phos-
phorus), as evidenced by the opposing effects of diversity (nega-
tive) and resource level (positive) on the variability of both re-
source use and community composition. Our analyses of large-
scale observational data are consistent with experimental and
model studies demonstrating causal effects of microbial diversity
on functional properties at the system level. Our findings point at
potential linkages between eutrophication and pollution-medi-
ated loss of phytoplankton diversity. Factors reducing phytoplank-
ton diversity may have direct detrimental effects on the amount
and predictability of aquatic primary production.

biodiversity � carbon cycle � ecosystem functioning

The relationship between species diversity and ecosystem
functioning is a central issue in ecology, one fundamental

question being the effect of diversity on community dynamics
(‘‘diversity–stability debate’’; see ref. 1). It is commonly thought
that diversity has stabilizing effects on ecosystem functioning (2),
but early modeling work cast doubt on the validity of this belief
(3). However, although single populations within diverse com-
munities may indeed exhibit unstable dynamics, there is emerg-
ing consensus that diversity increases stability on the level of
communities and ecosystems (1).

In view of globally-increasing species losses, the importance of
diversity for ecosystem processes, such as resource use and
productivity, have recently received considerable attention.
Studies on terrestrial plants were the first to show that levels of
primary production generally increase with increasing diversity
and that more diverse communities are more resistant to ex-
treme events (4). Meanwhile, there is accumulating evidence
that this positive effect on productivity exists across various
habitats and trophic levels (5–7). Cardinale et al. (8) and Gross
and Cardinale (9) have shown that this positive effect may largely
be attributed to more efficient resource use in more diverse
communities.

Phototrophic bacteria and protists in the surface layers of
lakes and oceans (phytoplankton) account for �50% of the
global primary production, making this polyphyletic group a

major component of the global carbon cycle (10). A few milli-
liters of sea water may contain tens to hundreds of species from
very different taxonomic groups. Despite their obvious impor-
tance, however, our knowledge about the functional role of
phytoplankton diversity (and microbial diversity in general) is
very limited (11, 12). In addition to conceptual problems re-
garding the diversity of unicellular organisms (such as the species
concept in organisms with largely asexual reproduction), it is
generally unknown whether microbial diversity relates to eco-
system functioning in ways similar to those demonstrated for
higher organisms.

The enormous dispersal potential of microbes and many
species’ being found across vast spatial scales (13, 14) have been
the basis for the assumption that the spatial distribution of
unicellular organisms is not dispersal limited, which should imply
that the number of species present in a phytoplankton commu-
nity becomes only a matter of local environmental conditions.
With respect to ecosystem functioning, it has been proposed that
the ‘‘local species richness [of microbes] is always sufficient to
drive ecosystem functions’’ (13).

An increasing number of studies question the view of a global
distribution of microbes (15, 16). Microbes show biogeographical
patterns that do not always correlate to environmental gradients
(e.g., refs. 17 and 18). For example, the number of diatom species
found in a given lake correlates with the number of surrounding
lakes (19). The existence of spatial diversity patterns alone
cannot prove, however, that ecosystem function is related to
microbial diversity.

Experiments with artificial communities of phytoplankton and
other microbes indicate that processes carried out by microbes
might be related to diversity (20–22) and that the relationships
are similar to those known from the macroscopic realm. Such
artificial communities, however, usually consist of arbitrary
assemblages taken from easily cultivatable taxa and contain far
fewer species than those found in natural assemblages, raising a
serious concern as to what extent such ‘‘synthetic’’ communities
exhibit natural responses.

Here, we investigate whether the variation in natural phyto-
plankton diversity spans a range that affects ecosystem functions
and whether such patterns are comparable to those found for
higher organisms. In particular, we test (i) whether phytoplank-
ton diversity enhances resource use efficiency and (ii) whether
diversity dampens variability in resource use and community
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composition. We use �3,000 phytoplankton samples from Scan-
dinavian lakes and from the Baltic Sea. [See supporting infor-
mation (SI) for a map with the sampling stations.]

Phosphorus is generally considered the limiting resource for
phytoplankton primary production in temperate lakes (23, 24)
and frequently represents the (co-) limiting nutrient in the
Northern Baltic Sea (25). Moreover, phosphorus is rarely avail-
able in excess even in nitrogen limited systems (26, 27). There-
fore, we use total phosphorus (TP) as a proxy for potential
system productivity and express phytoplankton resource use
efficiency (RUE) by the ratio between phytoplankton biomass
and TP. To increase robustness of results, we use two indepen-
dent measures of algal biomass, namely chlorophyll-a and algal
carbon content as derived from microscopical cell counts, yield-
ing two measures of resource use efficiency (RUEchl and
RUEcarb). As a proxy for phytoplankton diversity, we use genus
richness (G). Because both diversity and system productivity may
affect system stability (28), we include TP as a covariable into
our analysis.

Results
Diversity as a Predictor of RUE. Diversity (G) was strongly and
positively connected to RUE in all datasets (Fig. 1 and Table 1).
A log–log transformation gave the best fit among several dif-
ferent transformations. This indicates a proportional rather than
an additive dependency between G and RUE.

When RUE was analyzed as a function of G and TP, the
positive relationship between G and RUE persisted, whereas
there was no consistent relationship between RUE and TP
(Table 1). Interestingly, the dependency of RUE on G was
strongest in the datasets with, on average, low G (compare with
box plots in Fig. 1): The estimated coefficients for the G effect
for Norwegian lakes and the Baltic Sea range from 0.76 to 1.43,
whereas they fall between 0.2 and 0.45 in the Finnish and
Swedish lakes (Table 1). Fig. 2 A shows that G generally increases
with TP (Spearman’s � � 0.16, P � 0.001). RUEchl is consistently
high along the upper flank of this relationship but variable where
high TP is met by low G (Fig. 2 A).
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Fig. 1. Resource use efficiency (RUE) as a function of diversity [genus richness (G)]. (Top) RUE in terms of chlorophyll-a per unit phosphorus (RUEChl). (Bottom)
The same for algal carbon per unit phosphorus (RUECarb). (Left) Raw data with a fit for all observations. (Right) Fits for the individual datasets, corresponding
to coefficients given in Table 1. The horizontal box plots show the diversity distribution for each dataset. Color codes refer to the single datasets. FI, Finland; NO,
Norway; SE, Sweden; BS, Baltic Sea.
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A positive effect of G on RUE implies that, for a given level
of TP, algal biomass increases with G. This can be seen when
plotting chlorophyll-a instead of RUEchl as a function of TP and
G (Fig. 2B). Because ln(RUEchl) equals ln(chlorophyll-a:TP),
adding ln(TP) to both sides of the model displayed in Fig. 2 A
gives a model predicting ln(chlorophyll-a) (contour lines in
Fig. 2B).

Variability of RUE and Community Composition. Temporal and
spatial variability of RUE were analyzed separately. In a het-
eroscedasticity analysis (see Materials and Methods), we tested
whether G and TP predict variability of RUE among sites (i.e.,
spatial variability). In the combined dataset and in most of the
separate datasets, error variances showed significant negative
relationships with G (Table 2). Moreover, although TP did not
have a consistent effect on absolute RUE (Table 1), the het-

eroscedasticity analysis revealed that variability of RUE in-
creased with TP in the Norwegian, Swedish, and combined
datasets (Table 2).

Using lakes with multiple observations per year, we analyzed
temporal dynamics of RUE and community composition. Vari-
ability of both parameters increased with TP, but decreased with
G (Fig. 3 and Table 3). The low number of observations in
Finland and Sweden made a countrywise analysis meaningless,
but the observations fit well into the trend seen in the combined
dataset (Fig. 3). Overall, the data indicate that phytoplankton
RUE and community composition are stabilized by G but
destabilized by TP.

Discussion
Both measures of resource use efficiency (RUEchl, RUEcarb)
show similar positive relationships with phytoplankton diversity
(G), indicating that systematic biases, which could arise from
microscopic counts or from variations in cellular chlorophyll
content, were of minor importance. The general importance of
diverse communities for RUE is also supported by the finding
that both the absolute RUE and its predictability increase with
diversity.

The patterns appear to be consistent among the different
datasets. Moreover, despite considerable differences in regional
diversity and environmental gradients (brackish vs. freshwater
and continental vs. oceanic climate), diversity was the best
predictor for RUE in all datasets (see Materials and Methods and
SI). This indicates a general and strong dependency between
phytoplankton diversity and resource use. The positive relation-

Table 1. Regression coefficients for G and TP in different regression models predicting RUE

Region RUE n

ln(RUE) � a � b � ln(G) ln(RUE) � a � b � ln(G) � c � ln(TP)

a b a b c

All RUEchl 2,122 0.88 (�0.001) 0.49 (�0.001) 0.52 (�0.001) 0.57 (�0.001) �0.1 (�0.001)
All RUEcarb 2,535 �0.96 (�0.001) 1.12 (�0.001) �0.79 (�0.001) 1.09 (�0.001) 0.06 (0.006)
BS RUEchl 99 0.28 (0.362) 0.55 (0.01) �0.74 (0.116) 0.76 (�0.001) �0.9 (0.002)
BS RUEcarb 512 �0.32 (0.208) 0.93 (�0.001) �0.57 (0.067) 0.97 (�0.001) �0.26 (0.039)
Fi RUEchl 378 1.11 (0.001) 0.4 (�0.001) 1.26 (�0.001) 0.37 (�0.001) 0.08 (0.024)
Fi RUEcarb 378 2.17 (0.002) 0.25 (0.082) 2.47 (�0.001) 0.2 (0.106) 0.17 (0.004)
NO RUEchl 1,400 0.03 (0.452) 0.79 (�0.001) �0.7 (0.002) 0.95 (�0.001) �0.18 (�0.001)
NO RUEcarb 1,400 �1.85 (�0.001) 1.4 (�0.001) �1.96 (�0.001) 1.43 (�0.001) �0.03 (0.212)
SE RUEchl 245 1.02 (0.005) 0.47 (�0.001) 1.09 (0.005) 0.46 (0.002) 0.02 (0.392)
SE RUEcarb 245 1.8 (0.034) 0.43 (0.026) 2.72 (0.003) 0.24 (0.164) 0.24 (�0.001)

Coefficients were estimated from 1,000 bootstrap replications. Significance levels (in parentheses) refer to the probability of a coefficient being either positive
or negative.
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Fig. 2. RUEchl (A) and chlorophyll-a (B) as functions of total phosphorus (TP,
x axis) and diversity (G, y axis). Contour lines in A indicate the fitted model for
RUEchl given in Table 1. The contour lines in B correspond to the same model
with RUEchl being replaced by chlorophyll-a (see Diversity as a Predictor of
RUE).

Table 2. Heteroskedasticity analysis for the error variance in the
regression ln(RUE) � a � b � ln(G) � c � ln(TP)

Region RUE R2 P b c

All RUEchl 0.04 �0.001 �0.9 (�0.001) 0.51 (�0.001)
All RUEcarb 0.03 �0.001 �0.56 (�0.001) 0.43 (�0.001)
BS RUEchl 0.03 0.23 �0.71 (0.355) �0.87 (0.276)
BS RUEcarb 0.02 0.01 �0.58 (0.021) �0.37 (0.122)
FI RUEchl 0.01 0.13 �0.76 (0.068) 0.19 (0.214)
FI RUEcarb 0.05 �0.001 �1.6 (�0.001) �0.18 (0.228)
NO RUEchl 0.05 �0.001 �0.59 (0.004) 0.58 (�0.001)
NO RUEcarb 0.06 �0.001 �0.49 (0.015) 0.61 (�0.001)
SE RUEchl 0.11 �0.001 0.44 (0.45) 0.93 (�0.001)
SE RUEcarb 0.06 �0.001 �1.01 (0.068) 0.6 (�0.001)

Regression coefficients (b and c) and significance levels (P, in parentheses)
refer to the regression on error variance (v): v � a � b � ln(G) � c � ln(TP).
Number of observations as given in Table 1. Note that these models explain
residual variance, i.e., R2 is expected to be low.
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ship between diversity and RUE is much more pronounced in
areas with a low average diversity (Norwegian lakes and the
Baltic Sea) compared with those with higher diversity (Finnish
and Swedish lakes), indicating that diversity effects are stronger
for less diverse communities.

Although species richness is often analyzed as a function of
productivity (e.g., 29, 30), the direction of causality has been
seriously challenged (9, 8). Experimental studies in which species
richness is manipulated give considerable support that species
richness enhances resource use and thus productivity (20–22,
31). Moreover, a recent mathematical model explicitly shows
that positive correlations between productivity and diversity may
not be interpreted such that productivity drives diversity (9).

A causal relationship between diversity and RUE cannot be
established based on observational data alone. The relationships
between diversity and RUE shown here, however, are very
consistent with those known from higher organisms (4, 6), and
supports the view of general scaling rules for microbes and
higher organisms (15). The data are also in good agreement with
experimental data from artificial microbial communities (see
above) but represent the first of its kind from natural species-rich
microbial communities that have not been subject to experimen-
tal manipulation. Moreover, stabilizing effects of diversity and
destabilizing effects of enrichment or trophic state (‘‘paradox of
enrichment;’’ ref. 28) have been hitherto reported independently
from each other. To the best of our knowledge, however, this is
the first study showing that stabilizing effects of diversity interact
with resource levels in natural systems.

Our analysis indicates that RUE and community composition
are both stabilized by diversity. A coupling between fluctuations

in RUE and fluctuations of community composition seems
plausible, because fluctuating RUE implies temporal windows
where resources are not used efficiently. Such situations provide
available niche-space for new species to become established in
the system, pointing to higher risk of species invasion and/or
resource monopolization (algal blooms) in species-poor com-
munities. The inverse relationship between community turnover
and diversity reported here (Fig. 3) is consistent with previous
results for communities of higher organisms, including fast
dispersing groups, such as macroalgae and zooplankton (32, 33).
Therefore, we suggest that the stabilizing effect of diversity may
be a universal rule.

A tight coupling between microbial diversity and ecosystem
function implies that factors impairing microbial diversity are
likely to affect efficiency and predictability of ecosystem pro-
cesses. For example, pollution stress, especially from toxic
substances, is often manifested as biodiversity loss. Our results
indicate that pollution-mediated losses of microbial diversity
may have direct effects on ecosystem processes, pointing to
important linkages between toxic pollutants, nutrient enrich-
ment, and biodiversity. This conclusion is supported by two
recent studies on microbial communities in soils (34, 35) in which
diversity of natural communities was artificially reduced by toxic
compounds, and the metabolic rates were measured. A reduction
of microbial diversity lowered community function and made the
communities less resistant to further stress (34, 35).

We still know very little about the diversity of phytoplankton
and other microbial communities and how it affects ecosystem
functioning. This is due in part to methodological difficulties in
assessment of microbial diversity (12). General ecological the-
ories have only recently been applied to microbial communities,
but the emerging patterns encourage a closer look into diversity
of microbial assemblages as a driver of ecosystem function.

Materials and Methods
Datasets. We tested our hypotheses by using �3,000 phytoplankton samples
from lakes in Fenno–Scandia (535 from Finland, 1,668 from Norway, and 299
from Sweden), and 512 phytoplankton samples from the Baltic Sea from
altogether 550 different sampling locations (see map in the SI). The lake
phytoplankton data originated from various sampling programs in these
three Nordic countries in the period from 1989 to 2003. The Baltic Sea
phytoplankton data came from the Finnish coastal monitoring program be-
tween 1980 and 2003 from stations ranging from the Bay of Bothnia to the
Gulf of Finland. We only used observations where total phosphorus (TP) and
phytoplankton biomass [chlorophyll-a (Chl)] were measured on the same
sample. To exclude observations from extreme habitats, we excluded acidified
lakes (pH �6.0) and localities located north of 65° from the analysis (see SI).
Diversity was defined as number of genera present in a given sample. Reduc-
ing the taxonomic resolution to genus level made the dataset more homo-
geneous and more robust to differences in skill and effort among the indi-
vidual phytoplankton analysts.

For all datasets, only surface samples from the period between July and
September were used to limit seasonal variation and to exclude periods with
unfavorable weather conditions except for the time series analysis. Most lakes
with multiple observations per year were sampled monthly; thus, we had to
use samples from May to September to make this analysis meaningful. We
excluded observations with TP concentrations �2 �g�liter�1 (n � 15) because
they are close to the detection limit, resulting in very imprecise measurements.
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Fig. 3. Results from time-series analysis. Partial residuals (Rp) for linear
regressions predicting community turnover �s (A and B) and standard devia-
tion (SD) of RUEchl (C and D) as functions of mean annual diversity (G) and total
phosphorus (TP) (see Table 3). Each dot represents 1 lake year. Lines indicate
the mean effect of a predictor together with confidence intervals.

Table 3. Results from time series analysis, where community turnover (�s) and variability
of RUE over time (expressed as its SD) were analyzed as functions of mean annual G
and TP, respectively

Response variable R2 n P G, mean TP, mean

Community turnover �s 0.37 449 �0.001 �0.01 (�0.001) 0.02 (�0.001)
SD(ln(RUEchl)) 0.09 435 �0.001 �0.20 (�0.001) 0.09 (�0.001)
SD(ln(RUEcarb)) 0.20 449 �0.001 �0.26 (�0.001) 0.16 (�0.001)

Given are the model summaries and estimated coefficients for G and TP, with corresponding P values in
parentheses.
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Abundances and biovolumes of phytoplankton species and genera were
estimated with the Utermöhl method. Phytoplankton carbon biomass (PPC)
was estimated from biovolumes, applying a constant conversion factor of 14%
of algal wet weight (36, 37).

Phytoplankton biomass divided by the limiting resource (total phosphorus)
gave the yield or resource use efficiency (RUE) for the community. We esti-
mated RUE both in terms of chlorophyll-a (RUEchl � chlorophyll-a:TP) and
carbon biomass (RUEcarb � PPC:TP) (see also Validation of Underlying Assump-
tions). For the Baltic Sea, chlorophyll-a data were missing for many samples,
causing a considerably lower number of observations for RUEchl (n � 99)
compared with RUEcarb (n � 512).

Data Analysis. Regression analysis of RUE. Initial analyses indicated nonconstant
error variances in regression models predicting RUE. We applied nonparamet-
ric bootstrapping (1,000 replications) to obtain robust estimates for linear
regression model parameters (38). Statistical inferences on regression coeffi-
cients were based on their bootstrap distributions.

To avoid bias due to varying number of observations per locality, observa-
tions from localities with multiple observations were down-weighted by the
inverse of the corresponding number of observations. Furthermore, for lakes
with �10 observations, 10 observations were selected randomly from the total
of observations.

Heteroscedasticity of the regression models was analyzed by using the
Breusch–Pagan test (38), which tests whether the variability of the response
variable scales with the predictors, i.e., whether the predictors affect the
predictability of the relationship (38). Using the regression coefficients esti-
mated from the bootstrapped regressions (see above), we calculated the
log-transformed absolute residuals (v) and analyzed heteroscedasticity by v �
a � b ln(G) � c ln(TP).
Species turnover and temporal variability of RUE. Variability in community
composition and RUE were analyzed for all lakes and years (‘‘lake year’’) with
a minimum of four observations per year. We calculated Bray–Curtis dissimi-
larity � for all pairs of observations within a lake year, using square-root
transformed genus-level data. Within a lake year, species turnover between
two samples was a saturating function of the corresponding time interval (�t).
Dividing � by ln(�t) gave a standardized �s, which was not correlated with
time. We calculated the averages of �s, ln(G), ln(TP), and the standard devia-
tion (SD) of ln(RUE) for each lake year. Using these data, we then estimated the

average effects of G and TP on community turnover (�s) and on variability (SD)
of RUE in linear regressions. We did not estimate turnover rates for stations in
the Baltic Sea, because sampling stations in an open system do not represent
distinct systems, making changes in species composition influenced by hori-
zontal advection rather than ‘‘local’’ dynamics.

Validation of Underlying Assumptions. There is a risk of confounding true
effects with spurious correlations when analyzing relationships between two
parameters (RUE and diversity) that both reflect cellular growth. Environmen-
tal factors acting upon phytoplankton growth might synchronize patterns
seen in productivity and diversity. To minimize such effects, we excluded sites
with extreme conditions from the analysis (see above). Using multiple regres-
sions with diversity and important environmental factors as predictors of RUE,
we double-checked that effects of diversity seen in the analyses do not
represent spurious correlations driven by environmental factors. These regres-
sions revealed that diversity is the best predictor of RUE in our datasets,
whereas the explanatory power of other factors, such as pH, temperature,
salinity, and lake morphometry, is rather poor (see SI).

Our definition of RUE depends on phosphorus being either directly limiting or
at least not being in excess compared with the actual limiting nutrient. We are
aware that phytoplankton is rarely limited by phosphorus alone, particularly at
highTP-levels (24). Elseretal. (26) recently showedhowsynergisticeffectsofboth
phosphorus and nitrogen additions fuel the pelagic productivity of lakes in a
consistent manner across a large number of studies. Because phosphorus is rarely
available in great excess compared with nitrogen (27), TP should give a reason-
able surrogate for potential productivity even in nitrogen limited systems. This
assumption may, however, be questioned for eutrophic systems with predomi-
nant light limitation. To safeguard against potential biases that might emerge
from including eutrophic sites in our analysis, we performed the analysis shown
in Table 1 for the same dataset with observations �0.5 �mol of TP per liter being
excluded (n � 1570 of 2535; temperate lakes with TP-levels �0.5 �mol of P per
liter were shown to be predominantly P-limited (24)). The results of this analysis
compare very well to the results shown for the entire dataset in the SI.
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