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Abstract

The study of the interrelationship between productivity and biodiversity is a major research field in ecology. Theory predicts
that if essential resources are heterogeneously distributed across a metacommunity, single species may dominate
productivity in individual metacommunity patches, but a mixture of species will maximize productivity across the whole
metacommunity. It also predicts that a balanced supply of resources within local patches should favor species coexistence,
whereas resource imbalance would favor the dominance of one species. We performed an experiment with five freshwater
algal species to study the effects of total supply of resources, their ratios, and species richness on biovolume production and
evenness at the scale of both local patches and metacommunities. Generally, algal biovolume increased, whereas algal
resource use efficiency (RUE) and evenness decreased with increasing total supply of resources in mixed communities
containing all five species. In contrast to predictions for biovolume production, the species mixtures did not outperform all
monocultures at the scale of metacommunities. In other words, we observed no general transgressive overyielding.
However, RUE was always higher in mixtures than predicted from monocultures, and analyses indicate that resource
partitioning or facilitation in mixtures resulted in higher-than-expected productivity at high resource supply. Contrasting
our predictions for the local scale, balanced supply of resources did not generally favor higher local evenness, however
lowest evenness was confined to patches with the most imbalanced supply. Thus, our study provides mixed support for
recent theoretical advancements to understand biodiversity-productivity relationships.
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Introduction

The relationship between productivity and biodiversity of
ecosystems has been, and continues to be, a major focus of
ecological research [1-3]. Synthetic work has shown that the shape
of this relationship is highly variable, from no obvious relationship,
to hump-shaped, negative, and positive [2,4]. There have been
numerous attempts to explain why diversity could be expected to
change with changes in productivity [5-7]. However, progress in
our understanding of the mechanisms behind observed produc-
tivity-diversity relationships has been hampered by a lack of clear
definitions of productivity. Estimates of productivity range from
the direct measure of the rate of carbon flux through organisms, to
standing stock biomass, to rates of resource supply, to derived
variables such as latitude and precipitation (see [3] for an
overview). It has often been implicitly assumed that these estimates
are interchangeable [5], whereas in fact they are most often not
[2]. Another issue that limits our understanding of the productiv-
ity-diversity relationship is the direction of causality. While
ecologists have traditionally viewed biodiversity as a function of
productivity [2,5,8], recent work has explored the relationship
from a fundamentally differing perspective, where productivity is
viewed as a function of changes in biodiversity [9]. This has
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spurred a lively debate about whether biodiversity is the cause or
consequence of the productivity of ecosystems (see e.g. [10,11]). A
rich body of research that manipulated the richness of species has
found strikingly general patterns in the way biodiversity affect
resource capture and productivity [12]. The mean effect of
increasing richness in these studies is to increase both biomass
production and depletion of resources [13,14].

Recent theoretical and empirical advancements may aid in a
consolidation of our view of the productivity-biodiversity relation-
ship. A first step is the realization that both productivity and
biodiversity respond to the magnitude and the balance of resource
supply [3,11,15]. The latter argument on the stoichiometry of
resources is well known from competition theory in the form of
resource-ratio theory [16], but has rarely been explicitly addressed
in assessments of productivity and diversity. In a mathematical
model with metacommunities, Gross and Cardinale [11] show that
both the supply rate and ratio of limiting resources determined
realized richness and productivity. The model emphasizes three
major points. The first one is that the often-suggested hump-
shaped response of diversity to changes in productivity is due to
the fact that species are able to coexist via niche partitioning only
at intermediate levels of resource ratios. This mechanism, by
which resource availability affects diversity, is fundamentally
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connected to the way diversity affects resource use and biomass
production. When resource supply does not permit species
coexistence, resource use and biomass are driven by the
competitively dominant species (as observed in many classical
ecological experiments, e.g. [17,18]). When resource levels allow
coexistence, resource partitioning results in transgressive over-
yielding [19], with more diverse assemblages experiencing more
effective resource use than any single species. It has indeed been
shown experimentally that a diverse community (of bacteria) in
which species differ slightly in their efficiency in exploiting
different resources is more fully using the available niche space,
thereby enhancing ecosystem processes [20]. The second point in
the model is that resource supply can affect diversity and mediate
the way diversity affects resource use at the same spatial scale.
Third, even though total biomass of species and their diversity may
often be correlated, one should caution to make inference about
direct mechanistic relationships based on the observation of the
two alone. Biomass and diversity are affected by variations in
resource supply, and changes in resources are likely to affect actual
levels of both as well as their interrelationship. It should be noted
that there of course are other factors that are important in
affecting species coexistence, such as dispersal, disturbances, and
pathogens. The value of focusing on multiple limiting resources
should foremost be evident in systems where resource competition
is strong.

For a mechanistic understanding of the relationship between
resources and diversity it is thus important to distinguish between
the total rate of supply of resources and their ratios (resource
stoichiometry). Resources are often patchily distributed in natural
systems [21-23] and are required at different amounts and ratios
by different species [24]. Species often have trade-offs in their
resource use efficiency [16,17] and theory predicts that species
cannot simultaneously be the best competitor for all resources. At
extreme resource ratios most species are likely to be limited by the
same resources with little chance for competitive coexistence.
Multiple limiting resources that are, on average, in a balanced
supply should allow for more species to coexist than should
resources with a highly skewed distribution [25]. Since resource
ratios influence species coexistence, they indirectly also affect
community biomass and productivity. In an experiment with
microalgae, Hillebrand and Lehmpfuhl [26] manipulated total
resource supply and resource ratios in a metacommunity
framework. Each metacommunity consisted of three patches
differing in their resource ratios. Results showed that total resource
supply increase biomass but decrease species richness and
evenness. In addition, algal resource use efficiency increase with
increasing richness and evenness at the scale of whole metacom-
munities indicating that resource stoichiometry is an important
mediator of the relationship between diversity and resource
uptake. However, since the experiment did not directly manipulate
species richness it could not evaluate whether a mix of species has
higher resource use efficiency than single species at the scale of
patches (each with a unique resource ratio) or metacommunities
(consisting of three patches with unique resource ratios).

To explicitly study how algal species richness, resource supply
and resource ratios interact to influence resource use efficiency,
biovolume and diversity (expressed as algal evenness), we
manipulated these three factors in experimentally assembled
freshwater metacommunities. At the metacommunity (i.e. region-
al) scale we manipulated the amount of total phosphorus. Since the
ratio of limiting resources can affect species coexistence, and
thereby also resource use efficiency, we used metacommunities
consisting of three local patches, where patches differed in the ratio
of nitrogen and phosphorus. Whereas one or a few species can be

@ PLoS ONE | www.plosone.org

Resources, Diversity and Productivity

expected to competitively exclude other species in local patches,
more species can potentially coexist at the metacommunity scale
when there is spatial turnover in resource ratios and species differ
in their requirements for limiting resources. If resource use
efficiency does in fact differ among species under different resource
ratios, it could be hypothesized that a mixture of species enhances
resource use efficiency at the metacommunity scale compared to
single species. This hypothesis was not tested in the study by
Hillebrand and Lehmpfuhl [26]. We compared species responses
In mixtures to expectations derived from the component algal
monocultures to study how species richness affects resource use
efficiency and algal biovolume. Specifically, we tested the following
hypotheses on the scale of both local patches and metacommu-
nities:

H1: Increasing total amount of resources increases algal
biovolume at both local patch and metacommunity scales.

H2: Imbalance in resource supply decreases realized algal
diversity (evenness) in species mixtures treatments at the local
scale.

H3: Resource use efficiency and productivity increase with algal
richness at the metacommunity scale since the species with the
highest resource use efficiency differs among patches with different
resource ratios. Metacommunities consisting of only single species
will thus have high biovolume in some local patches but not in
others, whereas metacommunities consisting of all species will have
high biovolume in all local patches. At the local scale, however,
richness will have no effect since single species maximize
biovolume production.

H4: Realized algal evenness is positively correlated with
resource use efficiency, and thus also realized algal biovolume,
at the metacommunity scale. This pattern was observed in the
previous study using a similar experimental setup as this
experiment [26].

Methods

Species

We used five species of freshwater microalgae: Ankistrodesmus sp.
(Chlorophyta), Chlamydomonas terricola (Chlorophyta), Cylindrosper-
mum sp. (Cyanobacteria), Fragilaria sapucina (Bacillariophyta), and
Gymnodinium sp. (Dinophyta). All species are hereafter referred to
by their genus names only. Strains were obtained from the CCAC
culture collection of algae in Cologne, Germany, and were kept in
WC medium [27] in pre-cultivation and during the experiment.
We chose these taxa to represent a wide range of resource
requirements: chlorophytes have high requirements for nitrogen,
Cylindrospermum can fix inorganic nitrogen, diatoms need large
amounts of silicate, and dinoflagellates have high requirements for

carbon (e.g. [28]).

Experimental design

We simultaneously manipulated species composition, total
supply of phosphorus (Py,p), and nitrogen to phosphorus (N:P)
ratios in a factorial experiment. Species composition had six levels:
each species in monoculture and a mixture of all five species. We
used a substitutive design with a constant starting biovolume of
231%10° pm® mL ™! for both monocultures and mixture, and the
total biovolume in the mixture evenly divided among the five
species. There were three levels of total amount of phosphorus to
reflect the range of phosphorus loading encountered in natural
freshwater systems [29]: 0.13, 0.81, and 5.02 umol L—1. We
created metacommunities (replicated three times within each level
of total phosphorus) consisting of three local 50 ml patches (in
60 ml Nunc flasks), with N:P ratios of 2, 16, and 128 respectively.
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Our choice of 16 as an intermediate level was based on the
Redfield ratio [30]. Since Py, was fully crossed with N:P, it follows
that increasing Py, was associated with increasing nitrogen.
Dispersal between local patches within each metacommunity was
carried out three times during the experiment (days 13, 20 and 27)
by removing 2.5 ml from each local patch, thoroughly mixing the
7.5 ml, and then redistributing 2.5 ml to each patch.

For additional information on how species richness and
resource supply affected algal biovolume and resource use
efficiency we included two extra levels of total phosphorus: 0.32
and 2.02 pmol L-1. These levels were crossed with the species
mixture treatment only, yielding 18 extra flasks (grand total
number of flasks = 180). Throughout the paper, the five levels of
total phosphorus (0.13, 0.32, 0.81, 2.02, and 5.02) are referred to
by the roman numbers I, II, III, IV, and V respectively.

The experiment ran for 31 days between February 21* and
March 23" 2007 at the Institute for Botany, University of Cologne
(latitude 50° 55" 48", longitude 6° 55" 12"). Flasks were placed in a
climate chamber set to 15°C with a 12 h: 12 h light: dark cycle,
with each flask assigned a random position in the chamber. We
exchanged medium on days 3, 6, 10, and 17 of the experiment by
pipetting 5 mL (day 3 and 6) or 10 mL (the other dates) and
replacing the removed volume with fresh medium. In total, we
removed and replaced 10 ml from each local patch every week.
The lids on the flasks had filtered ventilation holes to allow gas
exchange while at the same time preventing cross-contamination.
Each flask was gently stirred every second day to keep cells in
suspension. At the same time, flasks were randomly redistributed
to a new position to avoid effects of small-scale variation in light
intensity in the climate chamber. All culturing and experimental
work was performed under sterile conditions on a clean-bench,
and all material was autoclaved and HCl-washed.

Dependent variables

At the end of the experiment we took samples for nutrient
analyses. Samples were analyzed for nitrogen and phosphorus
using an autoanalyser. For each local patch we determined
population sizes by counting samples in Utermohl chambers under
a Leica DMIRB inverted microscope. Total algal biovolumes were
determined by multiplying the number of cells by their biovolume.
Mean biovolumes were based on the geometric shape of each
species as described in [31], and estimated by measuring the
dimensions of 25 cells per species before the experiment.
Depending on species type and cell densities, samples were
sometimes diluted and counted under 100, 200 or 400 times
magnification using a counting grid. For monocultures, at least
400 cells and ten grids were counted, and for mixtures a minimum
of 1000 cells and ten grids. Biovolume was our estimate of realized
production and biovolume proportions of species were used to
calculate Pielou’s Evenness index [32]. We analyzed the effect of
both resource supply and ratio on evenness at the local scale, and
resource supply alone on evenness at the metacommunity scale.
Metacommunity evenness was calculated based on the total
biovolume of all algal species across all three local patches. We
calculated a measure of resource use efficiency (RUE), which was
final algal biovolume per initial unit phosphorus (Py,,). At the
metacommunity scale, RUE was calculated as the mean algal
biovolume across local patches divided by Pg,,. All data on
biovolume, resources, and resource use efficiency were In-
transformed prior to statistical analyses. To explore the effect of
species richness on biovolume, as compared to monocultures, we
calculated net diversity effects (sensu Loreau and Hector [33]) and
divided these into selection effects (the effects of individual species)
and complementarity (e.g. effects of niche partitioning and
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facilitation). We also compared patterns of RUE (Aryg) and
evenness (Apyen) in the algal mixture to the patterns expected
based on species performances in monocultures. Agyg could not
be partitioned into complementarity and selection because species-
specific contributions to RUE in the mixture could not be
quantified.

Statistical analyses

For analyses at the local scale on the effects of resource supply
on algal biovolume and evenness we used a two-factor ANOVA
(with «=0.05) with total phosphorus (P, and N:P ratio as
factors. When testing for the effects of initial species composition
and richness we used a three-factor ANOVA with species
composition, Py, and N:P ratio as factors. At the metacommunity
scale, data were also analyzed with ANOVA with the exception
that N:P ratio was not included (since there was no manipulation
of N:P at this scale).

Patches within metacommunities in our experiment were not
strictly independent, as 5% of patch volume was exchanged each
week. This introduces a source of interdependence in the data,
which makes patches of different N:P within metacommunities
slightly more similar compared to patches among metacommu-
nities. Such interdependence represents an inherent problem in
the analysis of metacommunity studies. Previous studies have
either focused on independently replicated regional patterns only
or used bootstraps with the true number of replicates to assess local
patterns [34]. Focusing on regional metacommunity patterns only
would force us to ignore the results of important interactions at the
local scale. This would be unfortunate since we were directly
interested in local interactions between species composition
(species identity and richness) and resource ratios. A bootstrapping
approach would collapse our multi-scale design, allowing us to
only explore effects at the metacommunity scale. For the purposes
of our analyses, we argue that the interdependence among local
patches in our experiment blurs rather than strengthens
differences among treatments of different N:P ratios: dispersal
was only among patches of different N:P, not among metacom-
munities. Moreover, we approached the test of hypotheses on the
local scale with additional conservatism in terms of the degrees of
freedom (see also [26]): for each of the response variables at the
local scale, we conducted factorial ANOVAs in which the F-ratios
retrieved were tested for significance at o=0.05 using an F-
distribution with a third (because there are 3 dependent patches in
each metacommunity) of the actual degrees of freedom in the error
term. Significant local treatment effects were those that showed an
observed Fqp larger than the critical Figqp.

To explore hypothesis 4 we did correlations between observed
patterns of realized algal evenness and RUE, at both local and
metacommunity scales. We also did the correlations between
realized algal evenness and RUE for the treatment residuals to
evaluate if the relationship changes. If the results from the
correlations on observed patterns and residuals differ, observed
patterns may be largely due to treatment effects.

Results

Effects of Py, and N:P

At the metacommunity scale, biovolume increased and resource
use efficiency (RUE) decreased with increasing Py, (Table 1A;
Figs. 1A, B respectively). Evenness was high at low levels, and low
at high levels of Py, (Fig. 1C). The general patterns on the local
scale matched those on the metacommunity scale (Fig. 2), and
there were significant and interactive effects of Py, and N:P ratio
on algal biovolume (Table 1B). Algal biovolume increased by a
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factor ranging from around 56 (at Py, I) to around 1500 (at Py,
V) over the course of the experiment compared to inoculated
biovolumes. At the local scale, algal biovolume generally increased
with Pg,, and there were no differences among N:P ratios at low
and high levels of Py, (Fig. 2A). At Py, II and III, however,
biovolume was highest for the highest N:P ratio. RUE generally
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Figure 1. Effects of phosphorus supply (P,,,) at the metacom-
munity scale. P, generally increased algal biovolume (A), decreased
resource use efficiency (B), and decreased evenness (C). Results are
based on the mixture treatments only. For this and the following
figures, all error bars are 1 standard error.
doi:10.1371/journal.pone.0021972.g001
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Table 1. Effects of total phosphorus (Ps,,) and nitrogen:phosphorus ratio (N:P) on algal biovolume, resource use efficiency (RUE),
and algal evenness on (A) metacomunnity and (B) local scales.

A. Biovolume RUE Evenness

Factor Df (adj) F P adj F P adj F P adj

Psup 4 470 <0.001 49.5 <0.001 1.3 0.0010

Error 10

B.

Psup 4 411 <0.001 48.7 <0.001 12.3 <0.001

N:P 2 235 <0.001 23.51 <0.001 14.1 0.0012

Pup*N:P 8 10.4 <0.001 10.4 <0.001 7.36 0.0025

Error 30 (10)

Results as analyzed with ANOVA with adjusted (adj) number of degrees of freedom in the error term (see text for details). Significant results are shown in bold.
doi:10.1371/journal.pone.0021972.t001

decreased with increasing Py, and was consistently lowest for the
treatments with highest biovolume, and vice versa (Fig 2B). Effects
of Py and N:P ratios on algal evenness were highly variable
(Table 1B; Fig. 2C). With respect to Py, there was a trend that
evenness was hump-shaped at N:P ratio 128, flat at N:P ratio 16,
and declining at N:P ratio 2.
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Figure 2. Effects of phosphorus supply (P,,;) and nitro-
gen:phosphorus (N:P) ratio at the local scale. Algal biovolume
generally increased (A) and resource use efficiency decreased (B) with
increasing Py,,. There were mixed effects of Py, and N:P on evenness
(C). Results are based on the mixture treatments only.
doi:10.1371/journal.pone.0021972.g002
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Effects of species richness and identity

Whereas total algal biovolume at the metacommunity scale was
as high in the mixture as in the best monocultures (Cylindrospermum
and Ankistrodesmus) at the highest Py, level, it was not at the lower
levels (Table 2A; Fig. 3A). Fragilaria had highest biovolume at Py,
Tand Cylindrospermum at Py, 111, Information from the local patch
scale showed that the green alga Ankistrodesmus had as high
biovolume as Cylindrospermum when supply of N was high (at N:P
ratio 128; Fig. 3D). RUE matched the results on biovolume well,
i.e. species with low biovolume had low RUE and vice versa (Fig.
S1).

Net diversity effect for biovolume production at the metacom-
munity scale was positive (i.e. significantly larger than zero) only at
Py V, whereas complementarity effect was positive at Py, I and
selection effects negative or not different from zero irrespective of
Py (Table 3A; Fig. 4A). Positive complementarity effects suggest
that algal species showed niche partitioning or positive interactions
whereas absence of positive selection effects inferred that those
species that were most productive in monocultures did not
dominate the species mixture. Net diversity effects for RUE
(Arur) were positive throughout the experiment, thus mixtures
always used P more efficiently than predicted from the
monocultures (Table 3A; Fig. 4B). For evenness (Ag,en), mixtures
were more even at Pg,, I compared to what would be expected
based on how species grew in the absence of interspecific
competition (monocultures), whereas the opposite was true at Py,
V, when mixtures were less even than expected (Table 3A;
Fig. 4C).

Proportional species biovolume in the mixtures qualitatively
resembled those observed for the monocultures, but the absolute
deviation differed (Fig. S2). For example, observed proportions of
the algal species in mixtures showed that the dominance of
Cylindrospermum increased as phosphorus became less limiting, and
Fragilaria and Cylindrospermum were equally abundant at low Py,
(Fig. S2 A). Looking at the proportional biovolume of each species
in monoculture compared to the total biovolume of all species
monocultures (as an estimation of expected proportions in the
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mixture; see Iig. S2 for an explanation of calculations),
Cylindrospermum was not as abundant as Fragilaria at low P, and
not as dominant at high Py, (Fig. S2 B). In terms of absolute
values of biovolume, all species but Gymnodimium had higher
biovolume than expected at highest Py, level (Fig. S2 C).

At the local patch scale, net diversity effects for biovolume were
positive at Py, V, where an increase with decreasing N:P ratio was
obvious (Table 3B; Fig. 5A). Complementarity effects were
generally positive and selection effects generally negative, even
though often not significantly so (Table 3B). As for the regional
scale, local Agyg, was significantly positive throughout, and at high
P-supply, Agug, was higher for imbalanced than for balanced N:P
ratios (Fig. 5B). Evenness was lower than expected for intermediate
and low N:P, at Py, V (Table 3C; Fig 5C).

Correlation between evenness and other variables

We observed a marginally non-significant increase in RUE with
increasing evenness at the regional scale (r=0.47, p=0.076)
(Fig. 6A), but this correlation reversed when analyzing the
treatment residuals for RUE and evenness instead (r= —0.447,
p=0.096, Fig. 6B). Thus, we cannot exclude that the positive
correlation between RUE and evenness stems from their response
to treatments alone. At the local scale, no significant correlations
were found except for a marginally non-significant negative trend
in the analysis on residuals (Fig. 6 C, D).

Discussion

Recent studies have made significant progress in our under-
standing of the reciprocal effects of biodiversity and productivity
through theory, field observations and experiments. In this
experiment we explicitly studied how resource supply, resource
ratios, and species richness interacted to affect resource use
efficiency, producer biovolume, and evenness. There were clear
effects at both metacommunity and local scales of increasing total
resource supply (Pg,,) on algal biovolume, thereby accepting
hypothesis 1. This is consistent with previous work that
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Table 2. Effects of Py, N:P, and Sp (species composition: individual species and mixture) on algal biovolume and RUE on (A)
metacommunity and (B) local scales.

A. Biovolume RUE

Factor Df (adj) F P adj F P adj
Poup 2 842 <0.001 177 <0.001
Sp 5 376 <0.001 376 <0.001
Psup*SP 10 397 <0.001 39.7 <0.001
Error 36

B.

Psup 2 458 <0.001 149 <0.001
N:P 2 19 <0.001 19.0 <0.001
Sp 5 296 <0.001 296 <0.001
Poup*N:P 4 7.96 <0.001 7.96 <0.001
Psup*SP 10 20.0 <0.001 20.0 <0.001
N:P*Sp 10 6.11 <0.001 6.11 <0.001
Psup*N:P*Sp 20 5.19 <0.001 5.19 <0.001
Error 108 (36)

Details as in Table 1.

doi:10.1371/journal.pone.0021972.t002
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Figure 3. Algal composition and biovolume. Algal biovolume for
the six different algal compositions, five monocultures and the mixture,
under different levels of Ps,. (A) The metacommunity scale, and (B-D)
local patch scale for the three levels of N:P. AN=Ankistrodesmus,
CL=Chlamydomonas, CY =Cylindrospermum, FR=Fragilaria, and GY
= Gymnodinium. Solid line indicates the mixture.
doi:10.1371/journal.pone.0021972.9003

manipulated the supply of nitrogen and phosphorus [35], and with
the previous study that used a similar design as our study [26].
Resource use efficiency, on the other hand, decreased with
increasing Pg,p,. Thus, when resources were more abundant, the
algal communities became less efficient in turning these resources
into new tissue.

Observed evenness declined with increasing Pg,, at the
metacommunity scale. The deviance of observed from expected
evenness also declined, being positive at low and negative at high
Py,p. This indicates that species interactions tended to decrease
evenness at high Py, but to increase evenness at low Pg,,. By
looking at the observed proportional biovolume of species in the
mixtures compared to what would be expected from monocultures
(Fig. S2) we get some insight into why this is so. The most striking
differences between observed and expected patterns were that
Fragilaria was less common than expected in mixtures at lowest Py,
thereby increasing evenness, whereas Cylindrospermum was more
common and Ankistrodesmus less common in mixtures at highest
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Py, thereby decreasing evenness (compare Figs. S2 A and S2 B).
Cylindrospermum became increasingly competitively superior at the
metacommunity scale when resources were more abundant.

Theory predicts that, on a local scale under stable conditions,
the most efficient species will eventually outcompete all other
species when competing for a single limiting resource [16]. For
species to coexist they should be limited by different resources
(even though other factors such as microbe composition can also
affect coexistence and resource use, e.g. [36]). For example, a
study with two freshwater diatom species showed that only when
each species was limited by a different resource did coexistence
occur [17]. Consequently, we hypothesized that a balanced supply
of N:P would favor the coexistence of species with both high (e.g.
chlorophytes) and low (e.g. cyanobacteria) nitrogen requirements,
and that deviations from such balance would result in competitive
exclusion (see [11]). However, contrary to hypothesis 2 we found
no general increase in evenness with balanced resource supply
(N:P = 16), thereby corroborating the findings of Hillebrand and
Lehmpfuhl [26]. We observed no large shifts in the rank order of
biovolume of species under different resource ratios when in
monoculture (Figs. 3B-D), indicating that in the absence of
competition, the algae did not perceive the metacommunities as
very patchy. There were, however, some clear deviations from
these patterns. For example, at Py, V Ankistrodesmus ranked as the
third most abundant species at lowest N:P ratio, but was ranked
first at highest N:P. It thus seems as if some species indeed differed
in their response to different resource ratios, and that this response
depended on the total magnitude of resources available. We found
an imprint of stoichiometry on dominance in that evenness was
lowest in the combination of low P-supply and very high N:P and
high P-supply with very low N:P, i.e. the most imbalanced actual
supply rates in our experiment (Fig. 2). The patchiness as
perceived by the algae, however, was not large enough to result
in distinct community compositions under different resource
ratios. A possible explanation for a lack of clear relationships
between N:P and evenness may be that dispersal of species among
patches within metacommunities was too frequent to allow
competitive exclusion but we have no data to evaluate this
possibility. It is important to note that the work by Gross and
Cardinale [11] and Cardinale et al. [37], which shows that more
species can coexist if resources are provided in a balanced supply,
refers to diversity as species richness. But the theory on how
resource balance affects richness, and simultaneously how richness
affects the efficiency in which resources are converted into new
tissue [11], can potentially be extended to considerations of
evenness: at imbalanced supply, a few species would dominate at
the expense of others, whereas more species are more likely to
persist at higher abundances at balanced supply, thereby
increasing evenness.

At the metacommunity scale, our results agree with the general
pattern of nutrient enrichment resulting in increased biovolume,
and increased dominance and lower evenness in freshwater
microalgae [38]. Contrary to hypothesis 3, however, some
monocultures always had higher biovolume than the mixture at
each level of Py, But even though there was no transgressive
overyielding [19] we found positive net diversity effects for
biovolume at the highest level of Py,,, and positive net diversity
effects for resource use efficiency (Agyg) across all levels of Py, In
other words, there was evidence of non-transgressive overyielding,
which indicates that diverse algal communities were more efficient
In converting resources into new tissue compared to the average
monoculture. Patterns of diversity effects at the local patch scale
generally reflected those at the metacommunity scale, with some
clear effects of stoichiometry. For example, complementarity
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Table 3. Results of t tests to analyze if net diversity effects, complementarity effects, selection effects, Agyg, and Agyen, are different
from zero on (A) metacomunnity and (B) local scales.

A. Net div. Compl. Sel. Arue Agven

Factor t P t P t P t P t P

Psup | —8.0 0.015 9.4 0.011 —10.6 0.0087 10.1 0.0096 4.7 0.042
Psup 1l —22 0.16 1.6 0.24 —-1.7 0.23 5.0 0.037 —0.80 0.51

Psup V 10.6 0.0088 35 0.075 0.28 0.81 19.8 0.0025 —203 0.0025
B.

Psup I 2 —6.1 0.026 4.2 0.052 —4.6 0.044 83 0.014 0.23 0.84

Psup 1. 16 —3.2 0.085 303 0.0011 —16.9 0.0035 25.8 0.0015 3.2 0.086
Psup 1, 128 —-29 0.10 0.82 0.50 -1.7 0.24 4.0 0.058 —-1.6 0.25

Poup Il 2 —3.2 0.081 1.6 0.26 -1.9 0.20 13.2 0.0057 —20.8 0.0023
Psup I, 16 —4.2 0.052 1.2 0.34 —-20 0.18 6.6 0.022 —22 0.16

Psup 1I, 128 37 0.065 1.5 0.27 —-1.2 0.34 6.3 0.024 —-1.4 0.31

Psup V, 2 83 0.014 9.4 0.011 4.0 0.058 14.8 0.0045 —14.3 0.0048
Psup V, 16 52 0.035 12.6 0.0062 —0.86 0.48 24.0 0.0017 =73 0.018
Psup V, 128 1.6 0.25 1.0 0.41 —0.56 0.63 7.0 0.020 —3.1 0.089

3 levels of total phosphorus (Ps,,) and 3 levels of N:P ratio (shown after comma sign as 2, 16 or 128). Agye and Ag,en, are observed resource use and observed evenness
compared to expected values in monocultures. Significant results are shown in bold.

doi:10.1371/journal.pone.0021972.t003
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Figure 4. Comparing observed and expected results for the
mixture (diversity effects) at metacommunity scale. Net
diversity, complementarity, and selection effects for algal biovolume
(A). Net diversity effects for resource use efficiency, Agye (B). The
difference between evenness (Agvenness) in Mixture and in monocultures
Q).

doi:10.1371/journal.pone.0021972.g004
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Figure 5. Comparing observed and expected results for the
mixture (diversity effects) at local scale. Net diversity effects for
algal biovolume (A). Net diversity effects for resource use efficiency,
Arute (B). The difference between evenness (Agyenness) in Mixture and in
monocultures (C).

doi:10.1371/journal.pone.0021972.g005
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Figure 6. Correlation of algal evenness and resource use efficiency. At the regional (A,B) and local (C,D) scale. A and C are raw observed data,
B and D residuals after analyzing the response of both resource use efficiency and evenness to the resource supply treatments.

doi:10.1371/journal.pone.0021972.9g006

effects were significantly positive only at low and intermediate N:P
ratios at Py, V. Resource use efficiency (RUE) was higher than
expected only for imbalanced N:P at the highest level of Py,
From these results it is clear that the effects of species richness were
highly context dependent, changing with both the total supply of
limiting resources and their ratios.

We hypothesized that a positive relationship between evenness
and RUE, and thus also evenness and biovolume, would only be
apparent at the metacommunity scale because different species
would be most efficient under different resource ratios (hypothesis
4). In other words, diversity would be important in a heteroge-
neous environment because species have different niches, as was
observed in the study by Hillebrand and Lehmpfuhl [26]. Indeed,
diversity effects on ecosystem processes increases with heteroge-
neity in real ecosystems [39], and a laboratory experiment has
shown that bacterial diversity affects productivity in heterogeneous
metacommunities [40]. Furthermore, heterogeneity in the physical
environment can also be important [41]. In our study, however,
taking into account the effects of Py, and N:P, realized algal
evenness at the metacommunity scale was not positively correlated
with RUE. At first glance, our results seem to match those of many
previous laboratory experiments with algae, which revealed strong
effects of low diversity (single species) on production of biomass
(e.g. [42-44]). All those previous efforts, however, used local
patches with a homogenous resource base. Experiments that
explicitly studied the effect of resource heterogeneity on ecosystem
processes have yielded mixed results. In an experiment with
microalgae [45], the authors contrasted homogeneous and
heterogeneous environments by creating sets of patches with
either only one N:P ratio (16:1) or a range of N:P ratios (from 4:1
to 64:1). Contrary to the authors’ hypothesis, one algal species
dominated both types of environments, resulting in a positive
“selection” effect (see [33]). In contrast, our results suggest that the
algal species facilitated each other or were complementary in
their use of resources, but that this effect on biovolume was
counteracted by some species in monoculture being less productive
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in species mixtures (Fig 4A; Fig. S2 C). A study with bacteria found
that both resource heterogeneity and species richness positively
affected metabolic activity [46], but only in few combinations of
resource heterogeneity and species richness did species mixtures
outperform the best monoculture. This suggests that complemen-
tarity was uncommon, probably because species did not greatly
differ in niche dimensions, or that negative interactions (e.g.
competition) between species was strong. For a guild of fungi,
effects of species richness also increased with resource heteroge-
neity, although patterns were somewhat idiosyncratic [47].
However, it has also been shown that species complementarity
effects can be stronger in less heterogeneous environments,
indicating that facilitative interactions may sometimes be more
important than resource partitioning for positive effects of species
richness [48]. In our experiment, even though the five algal species
likely have different resource requirements [28], resource
heterogeneity and trait diversity were not large enough to
overwhelm the effects of a general and strong competitor, the
cyanobacterium Cylindrospermum. Taken together, there is hitherto
limited experimental evidence that species mixtures are generally
more efficient than monocultures in using resources in heteroge-
neous compared to homogeneous environments. Negative inter-
actions among species may indeed be stronger than positive
interactions or complementarity, or we have yet to experimentally
map resource diversity with the corresponding trait diversity
among species. A match between resource heterogeneity and
species’ resource requirements is key for diversity effects to be
apparent [49].

While our results are in line with some other microcosm studies
that manipulated resource diversity and resource use, they contrast
with the findings of both large-scale positive relationships between
freshwater algal diversity and phosphorus use efficiency in
Scandinavian lakes and the Baltic Sea [50], and small-scale
positive relationships between freshwater microalgae and meta-
community biovolume in the controlled laboratory experiment
with heterogeneously distributed resources [26]. As discussed
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above, a possible explanation for a lack of such patterns in our
study is that dispersal among patches was too high, or that other
factors affecting species coexistence, such as allelopathy, were
important. Further studies examining the importance of resource
imbalance and scale are deeply needed to enhance our
understanding of the reciprocal relationship between biodiversity
and resource supply.

Supporting Information

Figure S1 Resource use efficiency (RUE) for monocul-
tures and the species mixture.
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