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Abstract

The relative importance of deterministic and neutral processes in shaping assembly of communities remains controversial,
partly due to inconsistencies between theoretical, empirical, and experimental studies. We investigate the interplay between
local (productivity) and regional (size of species pool) assembly mechanisms in communities of phytoplankton and zoo-
plankton in 72 experimental microcosms. Local environmental conditions were manipulated by varying the level of nutrients
in the water (ambient, low, high). The size of regional species pool colonizing each microcosm was manipulated by mixing
phytoplankton and zooplankton species from different numbers of source ponds (n=2, 4, 8 and 16). Our results show that
local communities assembled differently depending on the numbers of sources available for colonization. Microcosms with
larger species pools supported greater numbers of species. In contrast, the effects of productivity led to different results across
trophic groups. Phytoplankton communities were, on average, more diverse on more productive treatments, while zooplankton
communities were more diverse under less productive treatments. Phytoplankton and zooplankton communities responded
to both sources of variation, although the size of species pool was a better predictor of communities’ composition than the
local effects of productivity. These results reinforce the view that community assembly is influenced by the interplay of both
local and regional drivers but that the relative importance of these factors varies with trophic groups.
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Introduction

Multiple processes operate simultaneously to influence pat-
terns of species diversity at different scales (Ricklefs 1987;
Chase 2003; Cadotte 2006; Ostman et al. 2006; Marquez
and Kolasa 2013; Cornell and Harrison 2014). Community
assembly—the construction and maintenance of local com-
munities through sequential arrival of potential colonists
from an external species pool (Warren et al. 2003; Fukami
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2004)—provides a conceptual foundation for understanding
the processes that determine which species and how many
can co-occur in any particular locality (Chase 2003). Con-
ceptually, the assembly of a local community can be visu-
alised as species passing through a series of filters, which
represent historical (e.g., dispersal, speciation) and ecologi-
cal (e.g., competition, predation, disturbance, abiotic envi-
ronmental factors) constraints in the arrival and survival of
organisms at a certain locality (Zobel 1997; Lawton 1999;
Hillebrand and Blenckner 2002). Much of the discussion on
community assembly has focused on the relative importance
of environmental determinism versus stochastic processes
(e.g., Strong et al. 1984; Diamond and Case 1986; Hubbell
2001). There is a growing evidence that both deterministic
processes, such as environmental filtering, biotic interac-
tions, and interspecific trade-offs, and stochastic processes,
such as dispersal limitation, colonization, extinction, and
speciation, simultaneously affect the diversity and compo-
sition of local communities (Leibold et al. 2004; Cottenie
2005; Gravel et al. 2006; Chase and Myers 2011; Marquez
and Kolasa 2013).
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Although the assembly of communities from the avail-
able species pool—the set of species that could disperse
and potentially colonize and establish within a community
(Lessard et al. 2012)—is likely to be outcome of both sto-
chastic and deterministic processes (Ricklefs 1987; Chase
2003; Leibold et al. 2004; Chase and Myers 2011; Marquez
and Kolasa 2013), the relative importance of deterministic
versus stochastic factors on community assembly remains
undetermined in a general sense (Chase 2007, 2010; Chase
et al. 2009; Chase and Myers 2011), since they act on differ-
ent temporal and spatial scales (Hillebrand and Blenckner
2002). If communities are strongly controlled by determin-
istic processes, assembling under similar environmental
regimes should follow a common path and converge in
composition and abundance (Chase 2003, 2007; Chase
et al. 2009; Marquez and Kolasa 2013). If true, local com-
munities under particular environmental constraints should
be fairly predictable (Chase 2007). In contrast, if regional
processes are more important, local community structure
should appear to be shaped predominantly by stochastic pro-
cesses, such as immigration, colonization and extinction, all
of which depend on the processes operating at much coarser
scales of resolution and extent; and community composition
should be unpredictable relative to the species pool (Chase
2007).

One key issue hindering progress in understanding the
relative contributions of deterministic and stochastic pro-
cesses on community assembly is the nature of existing evi-
dence, mainly coming from observational studies in natural
communities (e.g., Hill et al. 2017; Matias et al. 2017). In
such studies, community assembly patterns can be con-
founded by the assembly history of the communities, i.e.,
the sequence and timing in which species join the ecological
community (Chase 2003; Fukami et al. 2010). We addressed
these issues by using a microcosm experimental system con-
ducted with freshwater ponds at regional scale. Microcosms,
small experimental enclosures intended to simulate natural
communities (Stewart et al. 2013; Altermatt et al. 2015), are
particularly useful as they allow studying whole ecosystems,
from bacteria to animals (Altermatt et al. 2015). Advantages
of microcosms include ease of replication and repetition,
precise control over environmental variables, and the flex-
ibility to manipulate the parameters and treatments under
investigation (Jessup et al. 2004; Srivastava et al. 2004;
Stewart et al. 2013; Altermatt et al. 2015), which enables
the detection of very subtle effects with reasonable power
(Srivastava et al. 2004). Experimental microcosms have
been used extensively as model systems to test a variety of
hypothesis about species diversity and habitat disturbance,
species diversity and productivity (e.g., Kassen et al. 2000;
Matias et al. 2013), habitat connectivity (e.g., Forbes and
Chase 2002), trade-offs in community ecology (e.g., Kneitel
and Chase 2004; Livingston et al. 2012), metacommunity
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richness (e.g., Cadotte 2006), species interactions (e.g.,
Petchey 2000), climate change (e.g., Woodward et al. 2010).

Most experimental studies have investigated either local
or regional processes separately (but see Kneitel and Chase
2004), often revealing inconsistent responses to similar pro-
cesses (Ostman et al. 2006). Here, we examined how com-
munity assembly (phytoplankton and zooplankton) was
affected by initial community composition (as a function
of the size of the regional species pool) and productivity.
Productivity is often considered a primary determinant of
species composition, coexistence and diversity (Dodson
et al. 2000; Chase 2003). It is suggested that increases in
productivity would be analogous to increases in area thereby
resulting in increases in species richness and abundance
(e.g., Wright 1983), which means that more productive sites
support greater numbers of species (Srivastava and Law-
ton 1998). It has been also argued that variations in size
of the species pools influence greatly community compo-
sition, implicating factors that vary at broad spatial scales
and trickle down to local scales (Ricklefs 1987; Kraft et al.
2011; Karger et al. 2015). Here we tested the hypothesis
that (1) local communities with higher levels of productivity
should support more diverse communities, suggesting that
local processes are more important than regional processes
in the assembly of communities; and (2) local communi-
ties exposed to larger pools of potential colonists should
have greater numbers of species, suggesting that regional
processes are more important than local processes in the
assembly of communities.

Methods
Experimental setup

The experiment was setup at the “El Ventorrillo” Bio-
logical Station (Madrid, Spain), managed by the National
Museum of Natural Science (CSIC) in Madrid. We used
two twin walk-in climatic chambers (Ibercex V-450-D) with
ventilation to establish 72 microcosms (10 L white plastic
tanks; 30 cm high x 30 cm diameter). Within each cham-
ber, microcosms were setup uncovered in groups of 12,
each group with dedicated light sources. All microcosms
were exposed to a photoperiod of 12 h/12 h (light/dark) and
to a constant air temperature of 15 °C. Temperature was
checked using TidbitV2 waterproof temperature data loggers
(Onset HOBO). Each microcosm was initiated with approxi-
mately 500 g of topsoil (approximately 5% of total volume)
collected locally and filled with well water with nutrient
concentrations bellow the detection limits. No additional
water was added during the experiment, since loss of water
through evaporation was minimal.
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Manipulation of productivity

We manipulated the productivity of the microcosms by
varying the level of nutrients, nitrogen (N) and phospho-
rous (P), according to nutrient levels found in natural ponds
in the sampling region: ambient (no nutrients added), low
(N=0.55mg L™'; P=0.02 ug L™!) and high (N=1.2 mg
L~'; P=0.1 ug/L). The level of nutrients was manipulated
using Seachem Flourish Nitrogen™ and Seachem Flour-
ish Phosphorous™. Seachem Flourish Nitrogen™ provides
nitrogen in both nitrate (NO;~) and ammonium form (NH, "),
and Seachem Flourish Phosphorous™ provides phosphorous
in potassium phosphate form (K;PO,). After the manipula-
tion of productivity, the nutrient levels were measured once
at the beginning of the experiment using Sera® Nitrat-Test
and Sera® Phosphat-Test.

Manipulation of species pools

Studies examining the relationship between the size of spe-
cies pool and local species richness have manipulated the
species pool by combining species obtained from different
local-scale surveys (e.g., Chase and Myers 2011; Kraft et al.
2011), by using all species known to occur in a given region
(e.g., White and Hurlbert 2010), or by a combination of both
approaches (e.g., Ricklefs 2000). Here, we manipulated
the size of species pool colonizing microcosms by mixing
water samples from different source ponds (n=2, 4, 8 and
16 source ponds) with increasing environmental variability.

We surveyed a total of 24 freshwater bodies in the region
north to Madrid, from which we chose 16 source ponds
according to accessibility and environmental conditions

(see Online Resource 1 in Electronic Supplementary Mate-
rial). Five horizontal hauls (1-m-long) were carried out with
plankton nets (25 um mesh size) to collect phytoplankton
and zooplankton samples; additionally, we collected 5 L
of water in each location. Environmental parameters, such
as pH, temperature, conductivity, and dissolved oxygen,
were measured in each pond using a multiparametric probe
(Hach), turbidity and chlorophyll a concentration were
measured using a handheld fluorometer (AquaFluor™,
Turner Designs). Water samples were collected on the day
of the experiment and kept inside the climatic chambers (see
above) upon arrival to the laboratory. We mixed the differ-
ent water samples into planned combinations just before the
inoculation of the microcosm. Based on the environmental
variables (see Online Resource 2 in Electronic Supplemen-
tary Material), we analysed the variability between source
ponds using a Principal Components Analysis (Fig. 1 a) and
selected the source pond that had the most “average envi-
ronmental conditions” as our focal pond. We then calculated
the environmental distances from the focal pond to all other
ponds and ranked them. The different source ponds were
assigned to each species pool based on their distance ranking
to ensure that smaller species pools include closely related
ponds; conversely, larger species pools included ponds with
increasing environmental dissimilarity (Fig. 1a, b).

Each microcosm was inoculated once at the beginning of
the experiment with 200 mL of the corresponding simulated
species pool (2, 4, 8 and 16 ponds). The final combinations
ensured that each source pond had the same relative contri-
bution within each species pool; meaning, for species pool
2,4, 8 and 16 each source pond contributed with 100 mL,
50 mL, 25 mL, and 12.5 mL, respectively. The inoculum
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Fig. 1 Decomposing regional species pools. a Environmental dis-
tances calculated using principal components analysis (PCA) of all
16 source ponds using all environmental variables. Symbols indicate
source ponds; square symbol indicates the focal pond (source pond
that had the closest to “average environmental conditions”); b NMDS

ordinations based on the combination of phytoplankton and zoo-
plankton communities. SP source ponds, FP focal pond, P2 species
pool size 2, P8 species pool size 8, P16 species pool size 16. ¢ Num-
ber of species in each species pool. Dashed line indicates the mean
number of species present in the source ponds
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included a range of producers, i.e. phytoplankton (e.g., green
microalgae, diatoms, cyanobacteria, etc.), and consumers.
i.e. zooplankton (e.g., rotifers and microcrustaceans) to the
microcosms. The number of species varied between the
manipulated species pools; species pools with larger size
had more species (P2 =37—Phyto=23, Zoo=14; P4=50—
Phyto =35, Zoo=15; P8 =99—Phyto =74, Zoo=25; and,
P16 =147—Phyto=115, Zoo =32; Fig. 1c). Phytoplankton
communities were dominated by green microalgae, which
presented higher number of taxa (Chlorophyta; P2 =12,
P4=16, P8=39, P16 =50) and by diatoms (Bacillariophyta;
P2=6,P4=10, P§ =15, P16 =39). Other groups were also
represented, such as blue-green algae (Cyanobacteria;
P2=2, P4=4, P§=8, P16=9), cryptophyts (Cryptophyta;
P2=1,P4=2,P8§=4,P16=28), and dinoflagellates (Miozoa;
P2=1,P4=2,P8=7, P16=7). As expected, rotifers were
the group with more identified taxa on zooplankton com-
munities (Rotifera; P2=8, P4=9, P8§=12, P16=18), fol-
lowed by microcustaceans (Cladocera; P2=2,P4=2,P8=6,
P16=7; and, Copepoda; P2=3, P4=3, P8=6, P16=06).
The number of species present in the source ponds ranged
between 9 and 42 (mean=21.81 species per pond). At the
end of the experiment, the number of species present in the
microcosms ranged between 12 and 41, with a mean number
of 20.36 species per microcosm, which indicates that the
level of species diversity in each microcosm was analogous
to the diversity found in natural source ponds.

Sampling

At the end of the experiment, 60 days after the inoculation,
aquatic communities were sampled from each microcosm.
0.2 L of water was collected and preserved with lugol solu-
tion (5%) for phytoplankton, and 2 L were filtered through a
53 um mesh and preserved with ethanol 96% (sample final
concentration approximately 50%) for zooplankton. Iden-
tification and enumeration of all collected specimens were
done using an optical microscope (Olympus BX43), and the
identification was made at the lowest taxonomic level pos-
sible. The abundances were calculated as number of cells per
litre (cell L™ for phytoplankton and number of individuals
per litre (individuals L) for zooplankton.

Data analysis

We tested for differences in community composition within
each trophic group by comparing composition and abun-
dance of species along three levels of productivity and dif-
ferent sizes of species pool. We tested for differences in
community composition (number of species) using two-way
ANOVA, ‘aov’ function in R package stats (R Core Team
2016), with ‘productivity’ and ‘size of species pool’ as main
factors.
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Differences in community abundance were tested using
PERMANOVA, ‘adonis’ function in R package vegan
(Oksanen et al. 2016), with Bray-Curtis dissimilarity
measures and productivity’ and ‘size of species pool’ as
main factors. Phytoplankton and zooplankton total abun-
dances were log (x + 1) transformed prior data analyses. A
posteriori pairwise comparisons were undertaken to test
for differences between productivity groups and between
species pool groups, using the function ‘permatest’ in R
package vegan (Oksanen et al. 2016).

Strong positive relationships between algal biomass and
nutrient loading have been observed in most lakes (Smith
et al. 1998; Bergstrom et al. 2005), thus phytoplankton
biomass can be used as a proxy of the system productivity.
Phytoplankton biomass (mg L™') was estimated based on
measurements of the size of species and the adaptation of
cells’ shapes to geometrical shapes according to Sun and
Liu (2003) and Olenina et al. (2006). The individual bio-
volumes (um?> x 107°) of different species were multiplied
by each species’ abundance (cell L™!). From the biovolume
data, the biomass (wet weight) was derived by a rough

assumption of a plasma density of 1 g cm™:

1 mm’L~ ! (biovolume) = 1 cm®m™3(biovolume)

= 1 mg L™ (wet weight) :
1 mm’m~3(biovolume) = 106pm3L_ !(biovolume)
1 pg L™ (wet weight)
0.001 mg L™ 1.

We tested for differences in phytoplankton biomass
using two-way ANOVA with ‘productivity’ and ‘size of
species pool’ as main factors. As expected, phytoplankton
responded strongly to productivity (F=7.890, P=0.008;
Table 1), showing an increase in biomass production with
high productivity (see Online Resource 3 in Electronic
Supplementary Material).

Finally, we tested the effects of the productivity and size
of species pool on community variability using Jaccard,
calculated with presence-absence data and Bray-Curtis
dissimilarities, calculated using log (x + 1) transformed
species abundance data. We used ‘metaMDS’ function in
the R package vegan to perform non-metric multidimen-
sional scaling (NMDS) on distance matrixes calculated
using ‘vegdist’ function in R package vegan (Oksanen
et al. 2016).

To identify the relative contribution of local and regional
processes to compositional variation in phytoplankton and
zooplankton communities, we partitioned the variation in
community composition matrices of each trophic group with
respect to matrices of productivity or size of species pool
using the function “varpart” in R package vegan (Anderson
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Table 1 Variation in community
composition and phytoplankton

Variable

Df MeanSq Fvalue P

biomass using two-way
ANOVA with “size of species
pool” and “productivity” as
main factors

Phytoplankton

Biomass

Zooplankton

Number of species

Number of species

Productivity =P 2 109.60 6.218 0.0035%*
Size of species pool=SP 3 98.94 5.614 0.0019**
P x SP 6 2147 1.218 0.3098
Residuals 60 17.62

Tukey HSD P: Amb=Low <High; SP: 2=4=8=16

Productivity =P 2 20921 5.692 0.0052%*
Size of species pool=SP 1 55473 15.092  0.0002%**
P x SP 2 5789 1.575 0.2147
Residuals 66 3676

Tukey HSD P: Amb=Low <High; SP: 2=4=8=16

Productivity =P 2 1185 3.485 0.0364*
Size of species pool=SP 1 2589 7.616 0.0075%*
P x SP 2 4.03 1.184 0.3125
Residuals 66 3.40

Tukey HSD P: Amb=Low=High; SP: 2=4=8=16

Pairwise comparisons, done using the function ‘TukeyHSD’ in R package stats (R core Team 2014),
showed significant differences only between productivity levels for phytoplankton at P <0.05. Significance
levels: ¥**P <0.001; **P<0.01; *P <0.05

et al. 2011; Chase et al. 2011). We used the distance-based
Redundancy Analysis (dlbRDA) outputs adjusted R-squared
values that correspond to unbiased estimates of the propor-
tion of variation explained by each of the three fractions:
productivity, size of species pool, and unexplained variance
(Oksanen et al. 2016).

Results

Overall, green microalgae (Chlorophyta=41 taxa) domi-
nated the phytoplankton communities, both in number
of taxa and abundances, followed by diatoms (Bacillari-
ophyta =20 taxa) and blue-green microalgae (Cyanobac-
teria=>5 taxa). Zooplankton communities were dominated
by rotifers (Rotifera=22 taxa), copepods and cladocerans
were present but in lower numbers and abundances (Copep-
oda=10 taxa, Caldocera=35 taxa). The numbers of species
and numbers of individuals found in local communities
differed depending on the numbers of sources of colonists
(i.e., size of species pool), and depending on the productivity
level (ambient, low or high). Local communities had overall
more species (Fig. 2a, ¢) and greater abundances (Fig. 2b, c)
when they were colonized from a greater number of source
pools.

The size of the species pool had a strong effect on the
number of species of phytoplankton (F=5.6 P<0.05;
Table 1) and zooplankton (F=7.6, P <0.05), as well as on
their abundances regardless of the measure of dissimilarity
used (Phytoplankton—Bray—Curtis: F=4.7537, P <0.005;
Jaccard: F=3.2, P<0.005; Zooplankton—Bray—Curtis:

F=5.0, P<0.005; Jaccard: F=5.2, P<0.005; Table 2).
Phytoplankton communities showed also more species
(F=6.2, P<0.05) and higher abundances (Bray—Curtis:
F=3.5, P<0.005; Jaccard: F=2.7, P<0.005; Table 2) on
the more productive treatments. However, zooplankton had
areverse pattern (Fig. 2c, d) being, on average, more species
rich (F=3.5, P <0.05; Table 1) and abundant (Bray—Curtis:
F=4.3, P<0.005; Jaccard: F=3.6, P <0.005; Table 2) under
less productive treatments (ambient and low). A posteriori
pairwise comparison, using Tukey’s test, showed no signifi-
cant differences between species pool levels (at P <0.05) for
both communities’ composition. However, it showed that
phytoplankton composition from microcosms with higher
productivity was significantly different from those in less
productive sites (Table 1). Finally, it showed no significant
differences between treatments with different sizes of spe-
cies pool and different levels of productivity (P <0.05) for
both phytoplankton and zooplankton abundances.

The species pool size and productivity affected phy-
toplankton and zooplankton communities’ variability in
different ways. There was a significant correlation in the
variation of composition between the two trophic groups
(Jaccard dissimilarities; Pearson r=0.21; P<0.001; see
Online Resource 4 in Electronic Supplementary Mate-
rial). Similarly, when we compared communities taking
in account their relative abundances (Bray-Curtis dissimi-
larities) within each trophic level, we also found significant
but weaker correlation between the two groups (Pearson
r=0.09; P<0.001).

Both local and regional processes explained small
amounts of compositional variation in phytoplankton and
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munities. Numbers of species of a phytoplankton and ¢ zooplankton;
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zooplankton communities (Fig. 3). However, size of spe-
cies pool had a slightly higher contribution to compositional
variation in phytoplankton and zooplankton communi-
ties (3.89% P <0.01, and 11.18% P <0.001, respectively;
Fig. 3) then productivity (2.79%, 0.001 and 4.73% P <0.001
respectively).

Discussion

Changes in species richness and abundances of species were
best explained by an interaction between local productiv-
ity and the size of regional species pool in our microcosm
experiment. Local communities assembled differently
depending on the numbers of sources available for coloni-
zation but, overall, microcosms with larger species pools
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supported greater numbers of species (which supports
hypothesis two). However, each trophic level responded dif-
ferently to productivity: phytoplankton communities were,
on average, more diverse on more productive treatments,
while zooplankton communities were more diverse under
less productive treatments (supporting partially hypothesis
one). Several studies have reported divergent responses by
different trophic groups to different drivers and processes
influencing communities’ assembly (e.g., Declerck et al.
2007; Korhonen et al. 2011; Matias et al. 2017). For exam-
ple, Matias et al. (2017) found that producers (phytoplank-
ton and benthic diatoms) responded more to changes in the
environment (mainly to phosphorous concentrations), while
zooplankton did not show correlations with the environment
but it did covary consistently with pairwise geographical
distances between lakes.
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Table 2 Permutational

-c | . Df MeanSqs F. model R? Pr (>F)
multivariate analysis of variance
(PERMANOVA) among Phytoplankton Bray—Curtis Productivity =P 2 021 3.548 0.0847  0.0001%*
microcosms for phytoplankton log (x+1) " Size of species pool=SP 1 0.28 4754 00567 0.0003%%
and zooplankton abundances, trans-
using Bray—Curtis log (x + 1) formed PxSP 2 017 2.964 0.0708  0.0003**:*
transformed and Jaccard Residuals 66 0.06 0.7878
dissimilarities Total 71 1
Permutest P: Amb=Low=High; SP: 2=4=8=16
Jaccard Productivity =P 2 0.70 2.706 0.0684 0.0001%***
Size of species pool=SP 1 0.81 3.160 0.039  0.0006%**
PxSP 2 0.60 2.295 0.0580 0.0012%**
Residuals 66 0.26 0.8337
Total 71 1
Permutest P: Amb=Low=High; SP:2=4=8=16
Zooplankton ~ Bray—Curtis Size of species pool=SP 1 0.78 4.963 0.0617 0.0008%***
log (x+1)  productivity =P 2 067 4254 0.1057 0.0001%%*
trans- PxSP 2008 0517 00128 0.8568
formed
Residuals 66 0.16 0.8198
Total 71 1
Permutest P: Amb=Low=High; SP:2=4=8=16
Jaccard Size of species pool=SP 1 1.34 5.222 0.0640 0.0002%**
Productivity=P 2 092 3.587 0.0879  0.0002%#:**
PxSP 2 042 1.627 0.0398 0.0572
Residuals 66 0.26 0.8084
Total 71 1

Permutest P: Amb=Low=High; SP:2=4=8=16

A significant PERMANOVA indicates that the multivariate composition of the community differs between
species pool size and/or productivity (or their interaction). Pairwise comparisons calculated using ‘permat-
est’ in R package vegan (Oksanen et al. 2016), showed no significant differences between species pool
levels and between productivity levels at P <0.05. Significance levels: ***P <0.001; **P <0.01; *P <0.05

Productivity is often considered a primary determinant
of species composition, coexistence and diversity (Dodson
et al. 2000; Chase 2003). It is argued that increases in pro-
ductivity would be analogous to increases in area thereby
resulting in proportional increases in total number of spe-
cies and numbers of individuals (e.g., Wright 1983). The
productivity begets diversity hypothesis proposes that more
productive sites support greater numbers of species because
they contain more individuals and thus have faster popula-
tion recovery times from disturbance (Srivastava and Lawton
1998). In our experiment, this was true for phytoplankton
communities; however, zooplankton communities showed
lower diversity in more productive microcosms. The diver-
sity-productivity relationship can be attributed to habitat
variability, predator—prey dynamics, relative rates of supply
of alternative resources, the outcome of competitive interac-
tions (e.g., Leibold 1999), that we did not account for, and
several other possible mechanisms that remain to be identi-
fied (Barnett and Beisner 2007). Earlier works (e.g., Dodson
et al. 2000; Hessen et al. 2006; Ptacnik et al. 2010) have
shown that there may be predictable large-scale patterns in
plankton richness mediated by productivity. However, the

diversity-productivity relationship is often studied using
small-scale field experiments, or studies are conducted in
laboratory microscosms and, at smaller scales it seems that
there is no obvious pattern. Several studies (e.g., Chase
and Leibold 2002; Hoffmann and Dodson 2005; Declerck
et al. 2007; Korhonen et al. 2011) showed that productivity-
diversity relationship presents variable patterns in different
trophic groups ranging from positive linear and unimodal to
negative linear relationships. Using natural systems, Hoff-
mann and Dodson (2005) found that zooplankton diversity
was positive linear for pristine lakes (typically with low
productivity) and negative linear for developed lakes (typi-
cally with high productivity); and, Korhonen et al. (2011)
observed productivity-zooplankton diversity relationship
ranging from positive linear and unimodal to negative linear.
In an outdoor mesocosms experiment, Declerck et al. (2007)
also showed a linear decrease in zooplankton diversity with
increasing productivity. Caution should be used when com-
paring results between local and regional mechanisms of
community assembly in studies of differing spatial scales
(Heino et al. 2012; Hill et al. 2017). This is because environ-
mental controls on communities are likely to be dominant
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Fig.3 Partitioning of the variation in community structure in
response to size of species pool or productivity across two trophic
groups. Variation is partitioned in three fractions: size of species
pool (black), productivity (dark grey) and unexplained variance (light

grey)

at smaller spatial scales compared to larger regions, while
regional mechanisms will have a greater influence on com-
munity structure at larger spatial scales (Heino et al. 2015a).
A few mechanisms for diversity decline along a productiv-
ity gradient have been proposed: resource heterogeneity,
competitive displacement, and habitat quality (Kassen et al.
2000; Declerck et al. 2007). The small dimensions of our
containers make it improbable that changes in resources
heterogeneity influenced diversity, but we lack appropriate
data to confirm this assertion. Competitive displacement
of a consumer species by one or a small set of dominant
species is often referred to as a possible explanation for a
negative response of consumer diversity at the high end of a
productivity gradient (e.g., Declerck et al. 2007). However,
in our experiment productivity was not associated with the
dominance of a particular species in microcosms with higher
levels of productivity. One explanation for the lower zoo-
plankton diversity in high productivity treatments might be
explained by changes in phytoplankton community. There
was a significant correlation between both trophic groups
which may indicate that changes in phytoplankton com-
munity could be affecting zooplankton communities. Algal
bloom events develop often with increases on nutrient lev-
els, which can interrupt the flow of energy through trophic
levels. Cyanobacteria can reach very high abundances in
higher levels of nutrients, and they are more capable of pro-
ducing secondary metabolites (e.g., toxins), structural or
other defences (e.g., mucus) that render them less palatable

@ Springer

to zooplankton (Mitra and Flynn 2006). However, our micro-
cosms were dominated by small cells or colonies of green
microalgae and diatoms, which are generally more palat-
able to zooplankton (Tdnno et al. 2016). Lower zooplankton
diversity and abundance in highly productive sites may be
also due to the fact that high productivity may lead to a
deterioration of abiotic conditions (Hoffmann and Dodson
2005), and the decreased zooplankton diversity with produc-
tivity may reflect the distribution of fundamental niches in
the regional species pool, with fewer species adapted to con-
ditions associated with high productivity. Also, the produc-
tivity range we used in this experiment was not very high.
In other nutrient enrichment experiments (e.g., Wang et al.
2016) the levels of nutrients used are much higher (around
30x higher) than the ones we used. However, nutrient levels
in our low and high productivity treatments were chosen to
represent levels close to low and high levels found in natural
ponds in the region.

It has been proposed that community composition is also
strongly influenced by differences in size of the species
pools (the number of species in the species pool) and hence
by factors that vary at broad spatial scales and trickle down
to local scales (Ricklefs 1987; Kraft et al. 2011; Karger et al.
2015). The species pool concept holds that local variation in
community patterns is dependent on the availability of spe-
cies (Zobel 2016) and, in our study, as expected, microcosms
with larger species pools presented, on average, larger num-
bers of species. While there might not be one single accept-
able definition of species pool, it should be defined explicitly
rather than arbitrarily (Lessard et al. 2016). As mentioned
before, studies have defined their species pools by pooling
species from local-scale surveys, by using all species known
in the region, or by a combination of both (Ricklefs 2000;
White and Hurlbert 2010; Chase and Myers 2011; Kraft
et al. 2011; Karger et al. 2015). Here, we manipulated the
size of the species pools based on environmental affinities,
the different source ponds were assigned to each species
pool based on their environmental distance ranking. This
approach ensures that smaller species pools include closely
related ponds; while larger species pools included ponds
with increasing environmental dissimilarity. We followed
this environmental distance approach because the altitudi-
nal gradient in the sampling area (region north of Madrid;
Online Resource 1 in Electronic Supplementary Material)
is very important. But by explicitly accounting for the influ-
ence of environmental filtering in the construction of our
species pools, we could be strengthening the inference of
local processes in shaping the communities’ structure and
composition (Zobel 1997; Lessard et al. 2016). However, it
should be acknowledged that a combination of mass effects,
dispersal limitation and species sorting (local environmental
variables) has been reported to most effectively explain vari-
ation among freshwater communities (Cottenie 2005; Hill
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et al. 2017). An ideal approach would allow for comparing
different types of filters, e.g., environmental (as we used
here) and dispersal filters, on the same scale, by separating
the spatial, environmental and dispersal components of the
species pool. Hill et al. 2017 found that, when the entire
community was considered, local environmental variables
were dominant drivers of variation; however, their results
also clearly indicated that spatial factors should not be over-
looked and can, individually or in combination with local
environmental variables, have a significant effect in diver-
sity. The purely environmental component could be sepa-
rated from the geographical component by manipulating dis-
persal, i.e., by manipulating the contribution of the inoculum
depending on their origin. A pool could be defined on the
basis of distance (as a proxy for dispersal probability), where
only species within a certain distance would be included,
and the filter would be the actual distance. For example,
instead of dividing the inoculum from the 16 source ponds
in equal parts, as we did in this experiment, we could have
made the inoculum from the closer source ponds more con-
centrated and dilute the ones from the most distant source
ponds, which may be closer to reality. The role of species
pools in generating local diversity and compositional pat-
terns is widely accepted in theory, but empirical investiga-
tion remains quite limited (Zobel 2016). One of the main
difficulties in explaining community patterns has been our
weak ability to apply the species pool concept to investiga-
tions of real communities. Consequently, the concept has
not had as great an impact as it might on theory related
to the mechanisms underlying diversity patterns and com-
munity assembly (Zobel 2016). The fact that the influence
of the size of species pool was greater than the local effects
of productivity is interesting, since most meta-community
studies using field data (e.g., Cafiedo-Argiielles et al. 2015;
Kérni et al. 2015; Hill et al. 2017) have reported a greater
influence of the environment (i.e., species sorting) than of
dispersal (i.e., mass effects). This could be related with the
chosen treatment magnitudes mentioned before. The low
total proportion of variance explained in this experiment is
typical of that recorded across recent freshwater metacom-
munity studies and suggests that the complete structure of
freshwater metacommunities is inherently difficult to model
or predict (Heino et al. 2015b). Ponds are often character-
ised by stochastic processes both in terms of flora or fauna
and environmental conditions (Chase 2007), which may
provide some justification for the very large proportion of
unexplained variation observed and lead to a less definitive
explanation of community variance by environmental vari-
ables (Heino et al. 2015a).

Experimental microcosms offer the possibility to test this
and other concepts in ecology and evolution (Fukami 2004;
Jessup et al. 2004; Srivastava et al. 2004; Cadotte et al. 2005;
Livingston et al. 2012; Altermatt et al. 2015). Microcosms

provide a link between theory and nature (Stewart et al.
2013; Altermatt et al. 2015), by simplifying the complexities
of natural systems. This characteristic has been argued as
the strength (e.g., Jessup et al. 2004; Srivastava et al. 2004;
Altermatt et al. 2015) as well as the weakness (e.g., Carpen-
ter 1996) of microcosms. Carpenter (1996) suggested that,
by minimizing ecosystem complexity and the multidimen-
sionality of natural conditions, experimental microcosms
are disconnected from natural systems and concluded that
microcosms have limited relevance for community and eco-
system ecology. Even though natural communities have had
centuries to approach an equilibrium between environment
and species composition and experience seasonal and annual
variation in environmental conditions as well as interactions
with other trophic groups (Ejrnas et al. 2006), the num-
ber of species present in the microcosms at the end of our
experiment support the assertion that communities of phyto-
and zooplankton that were assembled and persisted in the
microcosms were analogous to those in natural ponds (see
“Manipulation of species pools”). In the case of most micro-
scopic organisms (< 1 mm), the fast generation time enables
experiments to run for many generations, allowing us to test
theory about short- and long-term effects of manipulations
with experiments that last only weeks or months (Srivastava
et al. 2004), which could be impossible to measure in nature
during a span of a human life (Jessup et al. 2004).

Our study has demonstrated that community assembly
in aquatic microcosms was determined by both local (pro-
ductivity) and regional drivers (size of the species pool).
Results lend support to the contemporary view that both
local and regional processes are important to explain com-
munity structure and composition (Gravel et al. 2006; Chase
and Myers 2011; Mérquez and Kolasa 2013). However, the
relative importance of local and regional processes can
vary within the food web, which might be a result of dif-
ferent traits within each trophic group (Leibold et al. 2004;
Ricklefs 2004; Matias et al. 2017). The study of community
assembly in natural systems remains challenging, and work
on how to bridge microcosm experiments to natural systems
is a worthy direction of future research. Outdoor mesocosm
experiments form a necessary link between small-scale labo-
ratory experiments (microcosms) and comparative field stud-
ies (see Stewart et al. 2013). With climate change already
affecting a wide variety of ecosystems, including aquatic
ones, experimental approaches are of importance to help us
to understand how communities will assemble in a chang-
ing world. That trophic groups are responding differently
to changes in their environment also reveals the potential
importance of measuring responses using functional groups.

Acknowledgements Research by CLP, MGM, and MBA was sup-
ported through the Integrated Program of IC&DT (1/SAESCTN/
ALENT-07-0224-FEDER-001755). MGM acknowledges support by

@ Springer



45 Page100f12

C. L. Pereira et al.

a Marie Curie Intra-European Fellowship within the 7th European
Community Framework Programme (FORECOMM) and TrophicRe-
sponse-Trophic responses to macroecological gradients funded by
FCT (PTDC/BIA-BIC/0352/2014). CLP acknowledges support by
the Portuguese Science and Technology Foundation (FCT) through
Ph.D. studentship (SFRH/BD/102020/2014). MBA acknowledges sup-
port by a Spanish Ministry of Economy and Competitiveness project
(CGL2015-68438-P).

Author contributions MGM designed the experiment; CLP and MGM
performed the surveys, collected and processed samples; MGM, CLP
and MBA conceived and performed the analysis of data; CLP, MGM
and MBA wrote the first draft of the manuscript and contributed revi-
sions to the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics The surveys performed comply with the current laws of Spain.

References

Altermatt F, Fronhofer EA, Garnier A, Giometto A, Hammes F, Klecka
J, Legrand D, Michler E, Massie TM, Pennekamp F, Plebani M,
Pontarp M, Schtickzelle N, Thuillier V, Petchey OL (2015) Big
answers from small worlds: a user’s guide for protist microcosms
as a model system in ecology and evolution. Methods Ecol Evol
6:218-231. https://doi.org/10.1111/2041-210X.12312

Anderson MJ, Crist TO, Chase JM, Vellend M, Inouye BD, Free-
stone AL, Sanders NJ, Cornell HV, Comita LS, Davies KF, Har-
rison SP, Kraft NJB, Stegen JC, Swenson NG (2011) Navigat-
ing the multiple meanings of beta diversity: A roadmap for the
practicing ecologist. Ecol Lett 14:19-28. https://doi.org/10.111
1/.1461-0248.2010.01552.x

Barnett A, Beisner BE (2007) Zooplankton biodiversity and lake
trophic state: explanations invoking resource abundance and distri-
bution. Ecology 88:1675-1686. https://doi.org/10.1890/06-1056.1

Bergstrom A-K, Blomqvist P, Jansson M (2005) Effects of atmospheric
nitrogen deposition on nutrient limitation and phytoplankton bio-
mass in unproductive Swedish lakes. Limnol Oceanogr 50:987—
994. https://doi.org/10.4319/10.2005.50.3.0987

Cadotte MW (2006) Metacommunity influences on commu-
nity richness at multiple spatial scales: a microcosm experi-
ment. Ecology 87:1008-1016. https://doi.org/10.1890/0012-
9658(2006)87%5B1008:MIOCRA%5D2.0.CO;2

Cadotte MW, Drake JA, Fukami T (2005) Constructing nature: labo-
ratory models as necessary tools for investigating complex eco-
logical communities. Adv Ecol Res 37:333-353. https://doi.
org/10.1016/S0065-2504(04)37011-X

Caiiedo-Argiielles M, Boersma KS, Bogan MT, Olden JD, Phillipsen
I, Schriever TA, Lytle DA (2015) Dispersal strength determines
meta-community structure in a dendritic riverine network. J Bio-
geogr 42:778-790. https://doi.org/10.1111/jbi.12457

Carpenter SR (1996) Microcosm experiments have limited relevance
for community and ecosystem. Ecology 77:677-680. https://doi.
0rg/10.2307/2265490

Chase JM (2003) Community assembly: When should history mat-
ter? Oecologia 136:489-498. https://doi.org/10.1007/s0044
2-003-1311-7

@ Springer

Chase JM (2007) Drought mediates the importance of stochastic com-
munity assembly. Proc Natl Acad Sci USA 104:17430-17434.
https://doi.org/10.1073/pnas.0704350104

Chase JM (2010) Stochastic community assembly causes higher biodi-
versity in more productive environments. Science 328:1388-1391.
https://doi.org/10.1126/science.1187820

Chase JM, Leibold M (2002) Spatial scale dictates the productiv-
ity-biodiversity relationship. Nature 416:427-430. https://doi.
org/10.1038/416427a

Chase JM, Myers JA (2011) Disentangling the importance of eco-
logical niches from stochastic processes across scales. Philos
Trans R Soc B Biol Sci 366:2351-2363. https://doi.org/10.1098/
rstb.2011.0063

Chase JM, Biro EG, Ryberg WA, Smith KG (2009) Predators temper
the relative importance of stochastic processes in the assembly
of prey metacommunities. Ecol Lett 12:1210-1218. https://doi.
org/10.1111/j.1461-0248.2009.01362.x

Chase JM, Kraft NJB, Smith KG, Vellend M, Inouye BD (2011)
Using null models to disentangle variation in community dis-
similarity from variation in a-diversity. Ecosphere 2:art24. https
://doi.org/10.1890/ES10-00117.1

Cornell HV, Harrison SP (2014) What are species pools and when
are they important? Annu Rev Ecol Evol Syst 45:45-67. https
://doi.org/10.1146/annurev-ecolsys-120213-091759

Cottenie K (2005) Integrating environmental and spatial processes in
ecological community dynamics. Ecol Lett 8:1175-1182. https
://doi.org/10.1111/j.1461-0248.2005.00820.x

Declerck S, Vanderstukken M, Pals A, Muylaert K, Meester LD
(2007) Plankton biodiversity along a gradient of productivity
and its mediation by macrophytes. Ecology 88:2199-2210. https
://doi.org/10.1890/07-0048.1

Diamond J, Case TJ (1986) Community ecology. Harper and Row,
New York

Dodson SI, Arnott SE, Cottingham KL (2000) The relationship in
lake communities between primary productivity and species
richness. Ecology 81:2662-2679. https://doi.org/10.1890/0012-
9658(2000)081%5B2662: TRILCB%5D2.0.CO;2

Ejrnes R, Bruun HH, Graae BJ (2006) Community assembly
in experimental grasslands: suitable environment or timely
arrival? Ecology 87:1225-1233. https://doi.org/10.1890/0012-
9658(2006)87%5B1225:CAIEGS %5D2.0.CO;2

Forbes AE, Chase JMN (2002) The role of habitat connectiv-
ity and landscape geometry in experimental zooplankton
metacommunities. Oikos 96:433-440. https://doi.org/10.103
4/j.1600-0706.2002.960305.x

Fukami T (2004) Community assembly along a species pool gradi-
ent: implications for multiple-scale patterns of species diver-
sity. Popul Ecol 46:137-147. https://doi.org/10.1007/s1014
4-004-0182-z

Fukami T, Dickie IA, Paula Wilkie J et al (2010) Assembly history
dictates ecosystem functioning: evidence from wood decom-
poser communities. Ecol Lett 13:675-684. https://doi.org/10.111
1/j.1461-0248.2010.01465.x

Gravel D, Canham CD, Beaudet M, Messier C (2006) Reconciling
niche and neutrality: the continuum hypothesis. Ecol Lett 9:399—
409. https://doi.org/10.1111/j.1461-0248.2006.00884.x

Heino J, Gronroos M, Soininen J, Virtanen R, Muotka T (2012)
Context dependency and metacommunity structuring in boreal
headwater streams. Oikos 121:537-544. https://doi.org/10.111
1/1.1600-0706.2011.19715.x

Heino J, Melo AS, Siqueira T, Soininen J, Valanko S (2015a) Meta-
community organisation, spatial extent and dispersal in aquatic
systems: patterns, processes and prospects. Freshwater Biol
60:845-869. https://doi.org/10.1111/fwb.12533

Heino J, Melo AS, Bini LM, Altermatt F, Al-Shami SA, Angeler
DG, Bonada N, Brand C, Callisto M, Cottenie K, Dangles O,


https://doi.org/10.1111/2041-210X.12312
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1890/06-1056.1
https://doi.org/10.4319/lo.2005.50.3.0987
https://doi.org/10.1890/0012-9658(2006)87%5B1008:MIOCRA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1008:MIOCRA%5D2.0.CO;2
https://doi.org/10.1016/S0065-2504(04)37011-X
https://doi.org/10.1016/S0065-2504(04)37011-X
https://doi.org/10.1111/jbi.12457
https://doi.org/10.2307/2265490
https://doi.org/10.2307/2265490
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1126/science.1187820
https://doi.org/10.1038/416427a
https://doi.org/10.1038/416427a
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1111/j.1461-0248.2009.01362.x
https://doi.org/10.1111/j.1461-0248.2009.01362.x
https://doi.org/10.1890/ES10-00117.1
https://doi.org/10.1890/ES10-00117.1
https://doi.org/10.1146/annurev-ecolsys-120213-091759
https://doi.org/10.1146/annurev-ecolsys-120213-091759
https://doi.org/10.1111/j.1461-0248.2005.00820.x
https://doi.org/10.1111/j.1461-0248.2005.00820.x
https://doi.org/10.1890/07-0048.1
https://doi.org/10.1890/07-0048.1
https://doi.org/10.1890/0012-9658(2000)081%5B2662:TRILCB%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B2662:TRILCB%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1225:CAIEGS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1225:CAIEGS%5D2.0.CO;2
https://doi.org/10.1034/j.1600-0706.2002.960305.x
https://doi.org/10.1034/j.1600-0706.2002.960305.x
https://doi.org/10.1007/s10144-004-0182-z
https://doi.org/10.1007/s10144-004-0182-z
https://doi.org/10.1111/j.1461-0248.2010.01465.x
https://doi.org/10.1111/j.1461-0248.2010.01465.x
https://doi.org/10.1111/j.1461-0248.2006.00884.x
https://doi.org/10.1111/j.1600-0706.2011.19715.x
https://doi.org/10.1111/j.1600-0706.2011.19715.x
https://doi.org/10.1111/fwb.12533

Interplay between productivity and regional species pool determines community assembly in...

Page110f12 45

Dudgeon D, Encalada A, Gothe E, Gronroos M, Hamada N,
Jacobsen D, Landeiro VL, Ligeiro R, Martins RT, Miseren-
dino ML, Rawi CSM, Rodrigues ME, Roque FO, Sandin L,
Schmera D, Sgarbi LF, Simaika JP, Siqueiro T, Thompson RM,
Townsend CR (2015b) A comparative analysis reveals weak
relationships between ecological factors and beta diversity of
stream insect metacommunities at two spatial levels. Ecol Evol
5:1235-1248. https://doi.org/10.1002/ece3.1439

Hessen DO, Faafeng BA, Smith VH, Bakkestuen V, Walseng
B (2006) Extrinsic and intrinsic controls of zooplank-
ton diversity in lakes. Ecology 81:2662-2679. https://doi.
org/10.1890/05-0352

Hill MJ, Heino J, Thornhill I, Ryves DB, Wood PJ (2017) Environmen-
tal of dispersal mode on the environmental and spatial correlates
of nestedness and species turnover in pond communities. Oikos
126:1575-1585. https://doi.org/10.1111/0ik.04266

Hillebrand H, Blenckner T (2002) Regional and local impact on speies
diversity—from pattern to processes. Oecologia 132:479-491.
https://doi.org/10.1007/s00442-002-0988-3

Hoffmann MD, Dodson SI (2005) Land use, primary productivity,
and lake area as descriptors of zooplankton diversity. Ecology
86:255-261. https://doi.org/10.1890/03-0833

Hubbell SP (2001) The unified neutral theory of biodiversity and bio-
geography. Princeton University Press, Princeton

Jessup CM, Kassen R, Forde SE, Kerr B, Buckling A, Rainey PB,
Bohannan BJM (2004) Big questions, small worlds: Microbial
model systems in ecology. Trends Ecol Evol 19:189-197. https://
doi.org/10.1016/j.tree.2004.01.008

Karger DN, Tuomisto H, Amoroso VB, Darnaedi D, Hidayat A, Abra-
hamczyk S, Kluge J, Lehnert M, Kessler M (2015) The impor-
tance of species pool size for community composition. Ecography
38:1243-1253. https://doi.org/10.1111/ecog.01322

Kiarnda O-M, Gronroos M, Antikainen H, Hjort J, Ilmonen J, Paasiv-
irta L, Heino J (2015) Inferring the effects of potential dispersal
routes on the metacommunity structure of stream insects: as the
crow flies, as the fish swims or as the fox runs? J Anim Ecol
84:1342-1353. https://doi.org/10.1111/1365-2656.12397

Kassen R, Buckling A, Bell G, Rainey PB (2000) Diversity peaks
at intermediate productivity in a laboratory microcosm. Nature
406:508-551. https://doi.org/10.1038/35020060

Kneitel JM, Chase JM (2004) Trade-offs in community ecology: link-
ing spatial scales and species coexistence. Ecol Lett 7:69-80. https
://doi.org/10.1046/j.1461-0248.2003.00551.x

Korhonen JJ, Wang J, Soininen J (2011) Productivity-diversity relation-
ships in lake plankton communities. PLoS One 6:¢22041. https://
doi.org/10.1371/journal.pone.0022041

Kraft NJB, Comita LS, Chase JM, Sanders NJ, Swenson NG, Crist
TO, Stegen JC, Vellend M, Boyle B, Anderson MJ, Cornell HV,
Davies KF, Freestone AL, Inouye BD, Harrison SP, Myers JA
(2011) Disentangling the drivers of beta diversity along latitudi-
nal and elevational gradients. Science 333:1755-1758. https://doi.
org/10.1126/science.1208584

Lawton JH (1999) Are there general laws in ecology? Oikos 84:177—
192. https://doi.org/10.2307/3546712

Leibold MA (1999) Biodiversity and nutrient enrichment in pond
plankton communities. Evol Ecol Res 1:73-95. doi

Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM,
Hoopes MF, Holt RD, Shurin JB, Lae R, Tilman D, Loreau M,
Gonzalez A (2004) The metacommunity concept: a framework for
multi-scale community ecology. Ecol Lett 7:601-613. https://doi.
org/10.1111/j.1461-0248.2004.00608.x

Lessard J-P, Belmaker J, Myers JA, Chase JM, Rahbek C (2012)
Inferring local ecological processes amid species pool influ-
ences. Trends Ecol Evol 27:600-607. https://doi.org/10.1016/].
tree.2012.07.006

Lessard J-P, Weinstein BG, Borregaard MK, Marske KA, Martin DR,
McGuire JA, Parra JL, Rahbek C, Graham CH (2016) Process-
based species pools reveal the hidden signature of biotic interac-
tions amid the anfluence of temperature filtering. Am Nat 187:75—
88. https://doi.org/10.1086/684128

Livingston G, Matias M, Calcagno V, Barbera C, Combe M, Leibold
MA, Mouquet N (2012) Competition—colonization dynamics in
experimental bacterial metacommunities. Nat Commun 3:1234.
https://doi.org/10.1038/ncomms2239

Marquez JC, Kolasa J (2013) Local and regional processes in com-
munity assembly. PLoS One 8:¢54580. https://doi.org/10.1371/
journal.pone.0054580

Matias MG, Combe M, Barbera C, Mouquet N (2013) Ecological strat-
egies shape the insurance potential of biodiversity. Front Micro-
biol 3:1-9. https://doi.org/10.3389/fmicb.2012.00432

Matias MG, Pereira CL, Raposeiro PM, Gongalves V, Cruz AM, Costa
AC, Aratjo MB (2017) Divergent trophic responses to biogeo-
graphic and environmental gradients. Oikos 126:101-110. https
://doi.org/10.1111/0ik.02604

Mitra A, Flynn KJ (2006) Promotion of harmful algal blooms by zoo-
plankton predatory activity. Biol Lett 2:194—197. https://doi.
org/10.1098/rsb1.2006.0447

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn
D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens
MHH, Szoecs E, Wagner HH (2016) Vegan: 2.4-0., community
ecology package. R package version. https://CRAN.R-project.org/
package=vegan

Olenina I, Hjdu S, Edler L, Andersson A, Wasmund N, Busch S, Gobel
J, Gromisz S, Huseby S, Huttunen M, Jaanus A, Kokkonen P,
Ledaine I, Niemkiewicz E (2006) Biovolumes and size-classes
of phytoplankton in the Baltic Sea. HELCOME Balt Sea Enciron
Proc 106:144 pp

Ostman O, Kneitel JM, Chase JM (2006) Disturbance alters habitat
isolation’s effect on biodiversity in aquatic microcosms. Oikos
114:360-366. https://doi.org/10.1111/j.2006.0030-1299.14521.x

Petchey OL (2000) Prey diversity, prey composition, and predator
population dynamics in experimental microcosms. J Anim Ecol
69:874-882. https://doi.org/10.1046/j.1365-2656.2000.00446.x

Ptacnik R, Andersen T, Brettum P, Lepisto L, Willén E (2010) Regional
species pools control community saturations in lake phytoplank-
ton. Proc Biol Sci 277:3755-3764. https://doi.org/10.1098/
rspb.2010.1158

R Core Team (2016) R: a language and environment for statistical
computing. Foundation for Statistical Computing, Vienna. https
//www.R-project.org/

Ricklefs R (1987) Community Diversity Relative Role of Local
and Regional Processes. Science 235:167-171. https://doi.
org/10.1126/science.235.4785.167

Ricklefs R (2000) The relationship between local and regional species
richness in birds of the Caribbean Basin. J Ecol 69:1111-1116.
https://doi.org/10.1111/j.1365-2656.2000.00456.x

Ricklefs R (2004) A comprehensive framework for global pat-
terns in biodiversity. Ecol Lett 7:1-15. https://doi.org/10.104
6/j.1461-0248.2003.00554.x

Smith VH, Tilman GD, Nekola JC (1998) Eutrophication: Impacts
of excess nutrient inputs on freshwater, marine, and terrestrial
ecosystems. Environ Pollut 100:179-196. https://doi.org/10.1016/
S50269-7491(99)00091-3

Srivastava DS, Lawton JH (1998) Why more productive sites have
more species: an experimental test of theory using tree-hole com-
munities. Am Nat 152:510-529. https://doi.org/10.1086/286187

Srivastava DS, Kolasa J, Bengtsson J, Gonzalez A, Lawler SP, Miller
TE, Munguia P, Romanuk T, Schneider DC, Trzcinski MK (2004)
Are natural microcosms useful model systems for ecology? Trends
Ecol Evol 19:379-384. https://doi.org/10.1016/j.tree.2004.04.010

@ Springer


https://doi.org/10.1002/ece3.1439
https://doi.org/10.1890/05-0352
https://doi.org/10.1890/05-0352
https://doi.org/10.1111/oik.04266
https://doi.org/10.1007/s00442-002-0988-3
https://doi.org/10.1890/03-0833
https://doi.org/10.1016/j.tree.2004.01.008
https://doi.org/10.1016/j.tree.2004.01.008
https://doi.org/10.1111/ecog.01322
https://doi.org/10.1111/1365-2656.12397
https://doi.org/10.1038/35020060
https://doi.org/10.1046/j.1461-0248.2003.00551.x
https://doi.org/10.1046/j.1461-0248.2003.00551.x
https://doi.org/10.1371/journal.pone.0022041
https://doi.org/10.1371/journal.pone.0022041
https://doi.org/10.1126/science.1208584
https://doi.org/10.1126/science.1208584
https://doi.org/10.2307/3546712
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1016/j.tree.2012.07.006
https://doi.org/10.1016/j.tree.2012.07.006
https://doi.org/10.1086/684128
https://doi.org/10.1038/ncomms2239
https://doi.org/10.1371/journal.pone.0054580
https://doi.org/10.1371/journal.pone.0054580
https://doi.org/10.3389/fmicb.2012.00432
https://doi.org/10.1111/oik.02604
https://doi.org/10.1111/oik.02604
https://doi.org/10.1098/rsbl.2006.0447
https://doi.org/10.1098/rsbl.2006.0447
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.2006.0030-1299.14521.x
https://doi.org/10.1046/j.1365-2656.2000.00446.x
https://doi.org/10.1098/rspb.2010.1158
https://doi.org/10.1098/rspb.2010.1158
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1126/science.235.4785.167
https://doi.org/10.1126/science.235.4785.167
https://doi.org/10.1111/j.1365-2656.2000.00456.x
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1016/S0269-7491(99)00091-3
https://doi.org/10.1016/S0269-7491(99)00091-3
https://doi.org/10.1086/286187
https://doi.org/10.1016/j.tree.2004.04.010

45 Page120f12

C. L. Pereira et al.

Stewart RIA, Dossena M, Bohan DA, Jeppesen E, Kordas RL, Ledger
MR, Meerhoft M, Moss B, Mulder C, Shurin JB, Suttle B, Thomp-
son R, Trimmer M, Woodward G (2013) Mesocosm experiments
as a tool for ecological climate-change research. Adv Ecol Res
48:71-181. https://doi.org/10.1016/B978-0-12-417199-2.00002-1

Strong DR, Simberloff DS, Abele LG, Thistle AB (1984) Ecological
communities: conceptual issues and the evidence. Princeton Uni-
versity Press, Princeton

Sun J, Liu D (2003) Geometric models for calculating cell biovolume
and surface area for phytoplankton. J Plankton Res 25:1331-1346.
https://doi.org/10.1093/plankt/fbg096

Tonno I, Agasild H, Koiv T, Freiberg R, Noges P, Noges T (2016)
Algal diet of small-bodied crustacean zooplankton in a cyano-
bacteria-dominated eutrophic lake. Plos One 11:¢0154526. https
://doi.org/10.1371/journal.pone.0154526

Wang J, Pan F, Soininen J, Heino J, Shen J (2016) Nutrient enrichment
modified temperature-biodiversity relationships in large-scale
field experiments. Nat Commun 7:13960. https://doi.org/10.1038/
ncomms 13960

Warren PH, Law R, Weatherby AJ (2003) Mapping the assembly of
protist communities in microcosms. Ecology 84:1001-1011.

@ Springer

https://doi.org/10.1890/0012-9658(2003)084%5B1001:MTAOP
C%5D2.0.CO;2

White EP, Hurlbert AH (2010) The combined influence of the local
environment and regional enrichment on bird species richness.
Am Nat 175:E35-E43. https://doi.org/10.1086/649578

Woodward G, Perkins DM, Brown LE (2010) Climate change and
freshwater ecosystems: impacts across multiple levels of organi-
zation. Philos Trans R Soc B Biol Sci 365:2093-2106. https://doi.
org/10.1098/rstb.2010.0055

Wright DH (1983) Species-energy theory: an extension of species-area
theory. Oikos 41:496-506. https://doi.org/10.2307/3544109 doi

Zobel M (1997) The relative role of species pools in determining plant
species richness: an alternative explanation of species coexist-
ence? Trends Ecol Evol 12:266-269. https://doi.org/10.1016/
S0169-5347(97)01096-3

Zobel M (2016) The species pool concept as a framework for study-
ing patterns of plant diversity. J Veg Sci 27:8-18. https://doi.
org/10.1111/jvs.12333


https://doi.org/10.1016/B978-0-12-417199-2.00002-1
https://doi.org/10.1093/plankt/fbg096
https://doi.org/10.1371/journal.pone.0154526
https://doi.org/10.1371/journal.pone.0154526
https://doi.org/10.1038/ncomms13960
https://doi.org/10.1038/ncomms13960
https://doi.org/10.1890/0012-9658(2003)084%5B1001:MTAOPC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5B1001:MTAOPC%5D2.0.CO;2
https://doi.org/10.1086/649578
https://doi.org/10.1098/rstb.2010.0055
https://doi.org/10.1098/rstb.2010.0055
https://doi.org/10.2307/3544109
https://doi.org/10.1016/S0169-5347(97)01096-3
https://doi.org/10.1016/S0169-5347(97)01096-3
https://doi.org/10.1111/jvs.12333
https://doi.org/10.1111/jvs.12333

	Interplay between productivity and regional species pool determines community assembly in aquatic microcosms
	Abstract
	Introduction
	Methods
	Experimental setup
	Manipulation of productivity
	Manipulation of species pools
	Sampling

	Data analysis

	Results
	Discussion
	Acknowledgements 
	References


