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Abstract. The current decrease in biodiversity affects all ecosystems, and the impacts of
diversity on ecosystem functioning need to be resolved. So far, marine studies about diversity—
ecosystem productivity-relationships have concentrated on small-scale, controlled experiments,
with often limited relevance to natural ecosystems. Here, we provide a real-world study on the
effects of microorganismal diversity (measured as the diversity of benthic diatom communities)
on ecosystem productivity (using chlorophyll a concentration as a surrogate) in a heteroge-
neous marine coastal archipelago. We collected 78 sediment cores at 17 sites in the northern
Baltic Sea and found exceptionally high diatom diversity (328 observed species). We used
structural equation models and quantile regression to explore relationships between diatom
diversity and productivity. Previous studies have found contradictory results in the relationship
between microorganismal diversity and ecosystem productivity, but we showed a linear and
positive basal relationship between diatom diversity and productivity, which indicates that dia-
tom diversity most likely forms the lowest boundary for productivity. Thus, although produc-
tivity can be high even when diatom diversity is low, high diatom diversity supports high
productivity. The trait composition was more effective than taxonomical composition in show-
ing such a relationship, which could be due to niche complementarity. Our results also indi-
cated that environmental heterogeneity leads to substantial patchiness in the diversity of
benthic diatom communities, mainly induced by the variation in sediment organic matter con-
tent. Therefore, future changes in precipitation and river runoff and associated changes in the
quality and quantity of organic matter in the sea, will also affect diatom communities and,
hence, ecosystem productivity. Our study suggests that benthic microorganisms are vital for
ecosystem productivity, and together with the substantial heterogeneity of coastal ecosystems,
they should be considered when evaluating the potential productivity of coastal areas.
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INTRODUCTION

Global biodiversity is diminishing at an alarming rate
in most ecosystems. Given that biodiversity plays a large
functional role in nature, the relationship between biodi-
versity and ecosystem functioning, such as productivity,
has received considerable attention (Tilman et al. 1996,
Paquette and Messier 2011), and ecologists widely agree
on the existence of positive or unimodal relationships
between macro-organismal diversity and ecosystem
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productivity (Cardinale et al. 2012). Such relationships
are based on different presumptions: (1) species exhibit
differences in resource use, which allows more diverse
communities to utilize resources more completely and
thus attain greater productivity, (2) highly productive
species are likely to be found in diverse communities
(Loreau 1998), or (3) resource availability in the ecosys-
tem limits both diversity and productivity (Gross and
Cardinale 2007).

Diversity-productivity—relationships have tradition-
ally been studied using regression analyses and struc-
tural equation models that focus on average responses.
However, the usefulness of these approaches is restricted
by heteroscedasticity (Breusch and Pagan 1979), which
is typical for ecological data sets. In scatter plots
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showing ecological relationships, data points are often
widely scattered below an upper limit or above a lower
limit. This refers to a phenomenon called “factor ceil-
ing,” which implies that, although several factors may
affect ecosystem productivity, the upper or lower limit is
controlled by the variable of interest, namely biodiversity
(Thomson et al. 1996). Thus, examining minimum and
maximum limits of the data can be a more appropriate
approach (Thrush et al. 2006).

Microalgal diatoms play important ecological roles
in virtually all aquatic environments (Middelburg et al.
2000). Considering their importance, high abundance
and enormous diversity, it is surprising how little
attention their effect on ecosystem productivity has
received. Nelson et al. (1995) estimated that diatoms
account globally for 40% of total marine primary pro-
duction of carbon, and benthic diatoms are the most
species rich, most abundant and most widely dis-
tributed benthic algae (Snoeijs-Leijjonmalm et al.
2017). They form a major component of microphyto-
benthos on sediments, are involved in nutrient cycling
and provide a food resource to meio- and macrofaunal
grazers (Lohrer et al. 2004, Evrard et al. 2012). The
composition and diversity of diatom communities are
controlled by the biotic and abiotic environment (e.g.,
the abundance of grazers, nutrients, habitat character-
istics), and the environmental preferences and toler-
ances of different diatom species are relatively narrow
(Soininen 2007). Diatoms also have short life cycles
(Jewson 1992). Thus, in regions with sharp spatial and
temporal environmental gradients, diatoms exhibit
large variation in terms of both community composi-
tion and diversity (Passy et al. 1999) and therefore
provide an excellent platform for studying diversity-
productivity-relationships.

The most commonly used proxy for diversity is taxo-
nomical species richness, but often the diversity can be
more effectively defined by the functional trait composi-
tion of the community (Hooper et al. 2005). Traits
describe organisms’ differences in their resource acquisi-
tion and tolerance to stressors and consumers (Hodapp
et al. 2016), hence reflecting the environmental pressures
that communities face. Because traits mediate fluxes of
energy and material both directly and indirectly by alter-
ing abiotic conditions, the functional trait composition
of a community can also be used to predict ecosystem
productivity (Chapin et al. 2000, Violle et al. 2014). The
relationship between trait diversity and productivity is,
however, dependent on the complexity of the environ-
ment (Ptacnik et al. 2010). In a homogeneous environ-
ment, the scarcity of niches often results in a poor
relationship, whereas in a heterogeneous environment
with multiple available niches, the relationship is often
strongly positive (Ptacnik et al. 2010).

Archipelagos are one of the most heterogeneous and
fragmented environments in the marine and brackish
ecosystems, with respect to nutrients, primary productiv-
ity, and biotic communities (Bonsdorff et al. 1997,
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Medina et al. 2007, Gammal et al. 2019). The great
diversity of habitats and strong gradients in environmen-
tal conditions and biotic communities make archipela-
gos challenging but interesting study sites for functional
biodiversity research. However, so far most of the stud-
ies conducted on aquatic and particularly marine com-
munities have been controlled experiments with limited
duration, small spatial scale and homogeneous environ-
ments (Gamfeldt et al. 2015). Such experiments hold
constant many environmental variables that play impor-
tant roles in natural ecosystems. This makes experiments
poorly extrapolatable to nature in complex archipelagos
and seafloors at larger scales (Gamfeldt et al. 2015,
Gammal et al. 2019). Thus, more realistic research is
needed to improve our understanding on the func-
tioning of these vital and heavily used and impacted
environments.

In the present study, our aim was to evaluate the role
of benthic diatoms in a sedimentary seafloor habitat,
one of Earth’s most widespread ecosystems, in an archi-
pelago characterized by strong environmental gradients.
We studied natural diatom communities and aimed at
maximizing the variation of habitat types; this is the first
in-depth study of the benthic diatom communities in the
study area. As a proxy for benthic microalgal productiv-
ity, we used chlorophyll a concentration, which is a
widely used indicator for marine productivity in shallow
areas (Henson et al. 2010). We also examined diatom-
grazer-interactions that naturally occur in the field but
are rarely included in controlled experiments (but see
Liess et al. 2009). Such a study design is challenging,
especially in a complex archipelago with a mosaic of
habitats, but also necessary if we want to enhance our
understanding of the functioning of real coastal ecosys-
tems (Snelgrove et al. 2014, Gammal et al. 2019). Our
specific research questions and hypotheses were (1) Is
there a relationship between the diversity of the diatom
communities and ecosystem productivity, and is this rela-
tionship stronger for functional diversity than for taxo-
nomic diversity? We expected to find a significant
relationship between benthic diatom diversity and pro-
ductivity, because of niche complementarity, sampling
effect, or the direct and indirect effects of environment,
but we expected it to be stronger for trait diversity than
for species diversity (Violle et al. 2014). We also consid-
ered the possibility of factor ceiling response in this rela-
tionship (Thomson et al. 1996). However, as shown
previously in many ecosystems, the shape of the relation-
ship could be positive and linear, unimodal, U-shaped or
even negative (Smith 2007). (2) What are the most impor-
tant environmental variables that drive the species and
trait composition in benthic diatom communities? As sug-
gested by the theory of niche complementarity, i.e., com-
plementary resource use leading to more diverse
communities, we hypothesized that diatom communities
would be sensitive to nutrient concentrations (Passy
2007). We also believed that organic matter (Passy 2010),
sediment grain size, abundance of grazers (Passy 2007),
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and abundance of benthic fauna that facilitates diatom
communities via, e.g., bioturbation and nutrient trans-
port (Thrush et al. 2006), would have a significant effect.
(3) Is there substantial small-scale spatial variation in the
diversity of diatom communities? Considering the diver-
sity of habitats and environmental conditions in the
coastal archipelago, we hypothesized that diatom species
richness would be significantly different among sampling
sites in spite of the short spatial distances between them
(Hewitt et al. 2008).

MATERIALS AND METHODS

Study area and sampling

Our study area is located on the Finnish coast of
the Baltic Sea, close to the Hanko peninsula
(Appendix S1: Fig. S1). The coastal zone in this area
is characterized by a complex archipelago with a mix-
ture of different habitats from muddy/sandy sheltered
bays to rocky, exposed shores. The archipelago area is
generally shallow, below 40 m, and very shallow habi-
tats (<5 m) are common. Thus, the euphotic zone
often reaches the bottom, and benthic communities are
productive. The salinity is 5-6 and several large rivers
discharge close to the Hanko peninsula, which results
in diatom communities with a mixture of brackish and
freshwater species.

We conducted the sampling in late summer, 6 August—
8 September 2014. We collected a total of 78 sediment
samples from 17 sites with high natural variability of
habitats within and across sites. Within-site sampling
was stratified to sample different habitats (bare sediment
to varying degrees of vegetation cover and different
grain sizes) with samples and video taken to characterize
these (see the end of section Study area and sampling).
The depth of our sites ranged between 1.7 and 3.9 m,
salinity between 5.1 and 5.7, and temperature between
13.6°C and 22.5°C. At each site, we used scuba diving to
collect four or five surface sediment samples using cut-
off syringes (internal diameter 3.5 cm) along a transect
of ~20 m. The samples were used for diatom analysis
(analyzed from 0 to 0.5 cm) and the characterization of
the sediment characteristics: grain size (analyzed from 0
to 3 cm), organic matter (analyzed from 0 to 0.5 cm)
and chlorophyll a concentration (analyzed from 0 to
0.5 cm). Additionally, we collected an intact sediment
core (internal diameter 8.4 cm; 15 cm of sediment and
15 cm of bottom water) around every surface sediment
sample to obtain bottom-water nutrient concentrations
and benthic macrofauna. Each transect was also videoed
by scuba divers at a fixed height (50 cm) above the sea-
floor, to allow characterization of the vegetation (total
cover, species-specific cover, distance to next patch, visi-
ble cover of microphytobenthos and drifting algae) and
amount of stone cover on the sediment surface (classi-
fied 1-3) over increasing spatial scales (0.25, 0.75, 1.25,
1.75, 2.25 m?) around each sample location.

DIATOM DIVERSITY AFFECTS PRODUCTIVITY
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Laboratory analyses and trait characterization

We took the sediment cores to the laboratory immedi-
ately after sampling, filtered water nutrient samples
(Whatman GF/F) and froze all the samples until further
processing.

For diatom analyses, we used the surface sediment cores
(0-0.5 cm). We removed organic matter by boiling with
hydrogen peroxide (30% H,0,) and mounted the cleaned
diatoms on slides using Naphrax (Brunel Microscopes
Ltd, Wiltshire, UK). Although this method does not allow
for the separation of live and dead diatoms, a number of
studies have shown that surface sediment diatoms repre-
sent the current conditions overall well and thus are a
good surrogate for the predominant environment (Weck-
strom et al. 2004). For identification of diatoms, we used
a light microscope with 1,000x magnification. We identi-
fied 500 frustules per sample to the lowest possible taxo-
nomic level (typically species level) following Snoeijs
(1993), Snoeijs and Vilbaste (1994), Snoeijs and Potapova
(1995), and Snoeijs and Kasperoviciene (1996). After the
identification of diatoms, we transformed species counts
into relative abundances and verified taxonomic names
according to AlgaeBase (Guiry 2018). In addition to the
species data, we used diatom trait abundance data. We
classified diatom species according to their size (biovol-
ume classes: large> 1,000 pm*/small<1,000 pm?), mobil-
ity (mobile/non-mobile), type of attachment (adnate/
pedunculate [which was further divided to pad-attached
and stalk-attached]/non-attached), colonization (colonial/
non-colonial), growth form (low-profile/high-profile/
motile/planktonic; Rimet and Bouchez 2012), nitrogen-
fixing abilities (nitrogen-fixer/non-nitrogen-fixer; Passy
2017), and acid tolerance (tolerant/non-tolerant; Van
Dam et al. 1994). To identify traits for each diatom spe-
cies, we used, in addition to the above-mentioned species
and trait literature, Snoeijs et al. (2002) and Diatoms of
North America (2019).

We also used the surface sediment cores (0-0.5 cm)
for the analyses of organic matter (loss on ignition, 3 h
at 500°C), chlorophyll a (spectrophotometry) and sedi-
ment grain size. For grain size characterization, we trea-
ted samples with hydrogen peroxide (6% H,0,) to
dissolve organic matter and then sieved the samples with
63, 125, 250, 500, 1,000, and 2,000 um sieves, dried the
fractions, and calculated the percentage of dry mass of
each fraction. To account for the possible confounding
effect of including diatoms in the organic matter con-
tent, we investigated the contribution of microphytes to
the organic matter. The values were low (0.65-8.13% for
all microphytic organisms) and, thus, we decided to use
the entire organic matter content as an explanatory vari-
able in our analyses.

We used the intact sediment cores for bottom-water
nutrient analyses. We conducted the analyses with a nutri-
ent auto analyzer (Thermo Scientific Aquakem 250
(Thermo Fisher Scientific Oy, Vantaa, Finland); NO, ™,
NO,™ + NO;~, PO,*~, and Si), except for NH,", which
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we analyzed manually. We then sieved (0.5 mm) the rest
of the cores to obtain benthic macrofaunal data and pre-
served them until analysis in 70% ethanol. We analyzed
the macrofaunal samples using a microscope to determine
species richness and the abundances of different species
(see Gammal et al. 2019). For the analyses of the rela-
tionships between benthic fauna and diatoms, we classi-
fied benthic fauna into inhibiting or facilitating species,
i.e., “grazers” (amphipods Bathyporeia pilosa, Corophium
volutator, Monoporeia affinis, and Pontoporeia femorata,
gastropods Hydrobiidae and Theodoxus fluviatilis,
bivalves Macoma balthica, and polychaetes Marenzelleria
spp., Hediste diversicolor, and Pygospio elegans) and “di-
atom facilitating fauna” (amphipods Bathyporeia pilosa,
Corophium volutator, Monoporeia affinis, and Pontoporeia
femorata, bivalves Cerastoderma glaucum and Macoma
balthica, and polychaetes Marenzelleria spp. and Hediste
diversicolor). With “diatom facilitating fauna”, we refer to
species that enable the growth of diatoms through their
potential of enhancing nutrient effluxes through biotur-
bation. We are aware of the coexistence of some macro-
faunal species in both groups, but we made this decision
due to complex relationships in benthic habitats, where
macrofaunal species modify the habitat in many ways:
they influence biotic interactions but also environmental
sediment characteristics by modifying hydrodynamics,
biogeochemistry, and particle gradients (Thrush et al.
2006). Thus, the same macrofaunal species can act as
both grazers and facilitators.

Statistical analyses

Scatter plots of diversity—productivity clearly identi-
fied one site as an outlier (Appendix S1: Section SI;
Appendix S1: Fig. S2), and this was removed from the
rest of the analyses. To investigate the potential for
within-site correlations in diatom species and trait diver-
sity affecting our results, we ran general linear models
(GLM) with site identity included as a categorical
explanatory variable. GLM indicated a nonsignificant
effect of site for diatom species and trait diversity
(Appendix S1: Section S1) and, thus, site was not
included as a variable in further analyses including diver-
sity; instead, representations of habitat characteristics
were used. We also stress that although these kind of
data sets are often biased by within-site correlations,
which cannot be totally ruled out in our case either we
collected our samples from sites with high natural
within-site variation of habitats and deliberately sam-
pled different habitats. Therefore, we believe that our
analyses are not negatively affected by within-site corre-
lations, nor are they pseudoreplicates.

As many of our environmental variables were corre-
lated, we reduced correlations and the number of vari-
ables using principal component analysis (PCA). PCA
was run on all explanatory environmental variables (or-
ganic matter, sediment grain size, mud content, NO,
NO, + NO;~, NH,*, PO,*", Si, abundance of grazers,
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abundance of diatom facilitating fauna, amount of
stones, and vegetation cover), with the first two axes
explaining 72.4% of the variability. The most important
environmental variables on PCA axis 1 were vegetation
cover, mud content, grain size and organic matter, and
together these explained 93.4% of the variation on PCA
axis 1. The most important factors on PCA axis 2 were
stone cover, the abundance of grazers and the abundance
of diatom facilitating fauna, and together these
explained 98.8% of the variation on PCA axis 2.

To investigate direct and indirect relationships
between environmental variables, diatom diversity and
ecosystem productivity, we used piecewise structural
equation models (SEM; Lefcheck 2018). PCA axes 1
and 2 scores were used to represent the environmental
characteristics. To represent abundance-based diatom
species and trait diversity, we used Simpson’s diversity
index (Simpson 1949), because this index is not biased
by sampling size (Chase and Knight 2013; see
Appendix S1: Table S1 for trait abundance table). We
chose chlorophyll ¢ concentration to represent ecosys-
tem productivity. We constructed initial full models of
hypothesized paths between all variables and considered
PC1 and PC2 as exogenous variables, that is, variables
that exist only as predictors in the network. From the
initial models, we eliminated nonsignificant paths step-
wise. We considered models with nonsignificant P values
(>0.05) as candidate models and chose the models with
lowest AIC (Akaike 1974) as the best-fit models (see
Appendix S1: Table S2 for AIC and P values of all
potential models).

SEMs focus on average responses. Due to the
heteroscedastic nature of our data, we considered it
would be useful to study the relationship between dia-
tom species and trait diversity and ecosystem productiv-
ity using quantile regression models (Koenker and
Hallock 2001) with the lower boundary, i.e., the fifth
percentile. The statistical properties of the quantile
regression models have been thoroughly described by
Cade et al. (1999, 2005). Quantile regression models
minimize the asymmetrically weighted sum of residual
errors and are insensitive to heteroscedasticity. With
specific, selected quantiles, these models can be used to
reveal trends that would be hidden with mean regression
models. In ecological data, data points in scatter plots
are commonly widely scattered beneath an upper limit
or above a lower limit, and the edges of a scatter plot in
both the maximum and minimum directions can be use-
ful in showing a limit in the response variable that is con-
trolled only by the explanatory variable of interest
(Thrush et al. 2003).

Next, we studied the effects of individual variables on
diatom species and trait diversity with distance-based
redundancy analysis (IbRDA) using Bray-Curtis distance
for species composition and Gower’s distance for trait
composition (Legendre and Anderson 1999). DbRDA is
a constrained method that allows ecologically meaningful
measures. We assessed multicollinearity among the
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variables by determining variance inflation factors (VIF;
O’Brien 2007) and considered values of VIF > 10 to rep-
resent high collinearity. Due to high VIF, mud content
was omitted from dbRDA analyses. To consider within-
site correlations in diatom community composition, we
included site identity as a categorical explanatory vari-
able in the dbRDA analyses. Prior to dbRDA, we log-
transformed (log;, for NH,", Si, chl @, and grain size;
logo(x + 1) for NO,~, NO,~ + NO;~, PO,*~, organic
matter and vegetation cover), or square-root-transformed
(abundance of grazers, abundance of diatom facilitating
fauna) environmental variables to reduce their skewed
distributions. We conducted dbRDA on Hellinger-trans-
formed diatom data (Legendre and Gallagher 2001).

We used hierarchical clustering to find groups of obser-
vations that share similar characteristics (Murtagh 1985).
We divided our samples into groups according to the sig-
nificant environmental variables indicated by dbRDA (or-
ganic matter, NO,, NH,", abundance of grazers, grain
size, PO,>~, and Si for species, and organic matter, NO, ™,
abundance of grazers, grain size, PO, and Si for traits).

We continued by applying species accumulation curves
to study the observed species richness and estimated
total species richness of the whole diatom data and of
the groups constructed by the hierarchical clustering
method. Because the groups contained different num-
bers of samples, we used random sampling methods to
ensure comparable species accumulation curves. We con-
structed the species accumulation curves with the func-
tion specaccum. We used the method “random,” which
adds sites in random order, with 999 permutations. We
also extrapolated the total species richness of each group
using a first-order jackknife estimator of total species
richness (Heltshe and Forrester 1983). To test if diatom
species and trait compositions significantly differ
between the groups constructed by the hierarchical clus-
tering method, we ran analysis of similarities (ANO-
SIM) with Bray-Curtis distance for species and Gower’s
distance for traits (Clarke 1993). ANOSIM is a distribu-
tion-free analogue of one-way ANOVA, where values
range between —1 and 1, 0 indicating random grouping.
We also used the similarity percentages (SIMPER) test
(Clarke 1993) to analyze which traits vary most between
the groups. The SIMPER test is based on Bray-Curtis
distance and measures the contribution of each trait to
the between-group effect (Warton et al. 2012).

All statistical analyses were conducted in the R envi-
ronment (R Development Core Team 2018) using pack-
ages dendextend (Galili 2018), piecewiseSEM (Lefcheck
2018), quantreg (Koenker 2018), vegan (Oksanen 2018),
and visreg (Breheny and Burchett 2018).

REsuLTS

The final SEM with diatom species diversity explained
15% of variation in ecosystem productivity and indi-
cated that diatom species diversity was controlled by
PCA axis 1 (Fig. 1a). The other paths in the model were
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nonsignificant. The final SEM with diatom trait diver-
sity explained 15% of variation in ecosystem productiv-
ity and indicated that diatom trait diversity was
controlled by PCA axis 1, and ecosystem productivity
was controlled by diatom trait diversity (Fig. 1b).

When exploring the relationship between the diatom
diversity and productivity, the linear quantile regression
models showed a significant lower boundary, i.e., the
fifth percentile, relationship with both species and trait
diversity (Fig. 2). This positive relationship was remark-
ably stronger for trait data than for species data.

In the dbRDA model for the diatom species data, the
first axis explained 14.6% of variation and the second
axis 7.1% of variation. The most significant (P < 0.001)
environmental variables were sediment organic matter,
and NO, ™~ and NH," in the water column (Appendix S1:
Fig. S3, Appendix S1: Table S3). In dbRDA for the dia-
tom trait data, the first axis explained 28.5% of variation
and second axis 8.4% of variation. The most significant
(P < 0.001) environmental variable was organic matter
(Appendix S1: Fig. S3, Appendix S1: Table S3). The
dbRDA also showed strong relationships between envi-
ronmental variables and traits. Large and high-growing
(pad-attached, high-profile, pedunculate, colonial) traits
were common in samples with high organic matter con-
tent and small grain size, whereas low-profile and adnate
traits were common in samples with high abundance of
grazers. Site identity appeared as significant (P = 0.012)
for the species composition, but nonsignificant
(P = 0.261) for the trait composition.

Hierarchical cluster analyses divided the samples into
three groups (Appendix S1: Fig. S4). Due to high signifi-
cance of sediment organic matter content shown by
dbRDA, groups are hereafter referred to as high organic
matter (red samples in Appendix S1: Fig. S4), medium
organic matter (green samples in Appendix S1: Fig. S4),
and low organic matter (blue samples in Appendix S1:
Fig. S4). In the cluster analysis for species, the high
organic matter group was also characterized by small
grain size, low vegetation cover, and high PO,*~ but low
NO,™ + NO3~ concentrations, the medium organic
matter group by low abundance of grazers and diatom
facilitating fauna and high Si but low NO,~, NH," and
PO,*~ concentrations, and the low organic matter group
by large grain size, high abundance of grazers and dia-
tom facilitating fauna and high NO, +NO;~, NO,~
and NH," but low Si concentrations. In the cluster anal-
ysis for traits, the high organic matter group was charac-
terized by small grain size, small abundance of grazers
and diatom facilitating fauna, and small NO,,
NO,™ + NO;~, and NH," concentrations, the medium
organic matter group by large grain size, large abun-
dance of grazers and diatom facilitating fauna, and high
PO,>~ but low Si concentrations, and the low organic
matter group by high Si concentration.

Species accumulation curves were used to investigate
the observed and total extrapolated species richness of
the whole diatom species data and the species data of
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Fic. 1. Best-fit structural equation models (SEM) showing the relationships between environmental variables (PC1 and PC2
axis scores), (a) diatom species diversity (Simpson’s diversity index) or (b) diatom trait diversity (Simpson’s diversity index), and
ecosystem productivity (chl @). The solid lines denote significant (P < 0.05) relationships and dashed lines nonsignificant (P > 0.05)
relationships that are included in order to achieve significant and well-fitted models; numbers next to lines are standardized coeffi-
cients. The most important environmental variables on PC1 were vegetation cover, mud content, grain size, and organic matter, and

the most important factors on PC2 were stone cover, the abundance of grazers, and the abundance of diatom facilitating fauna.

Species diversity, fifth percentile

Trait diversity, fifth percentile

Productivity (log chl a)

Goodness of fit 0.166

Simpson index P =0.027 *
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Goodness of fit 0.464
Simpson index P < 0.001***
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FiG. 2. Quantile regression models between diatom diversity (Simpson’s diversity index) and ecosystem productivity (chl a,
measured as pg/1.75cm3 of surface sediment). The left panel represents diatom species diversity at the fifth percentile, and the right
panel represents diatom trait diversity at the fifth percentile. The blue line is the regression line and the shaded area is the confidence

interval. *** P <0.001; * P <0.05.

the three groups formed by hierarchical cluster analysis.
We observed that none of the curves reached a horizon-
tal asymptote (Fig. 3). The species accumulation curve
of the whole diatom species data showed that our total
value of observed species was 328, but according to the
Jackknife 1-procedure, we only found 70.4% of the spe-
cies actually present in the sampling area. In the high
organic matter group, both the observed species richness
(168) and extrapolated total species richness (224) were
high. In the medium organic matter group, species rich-
ness was medium, whereas the species richness of the
low organic matter group was low.

The analysis of similarities (ANOSIM) indicated that
both the species and trait compositions significantly dif-
fered between the high organic matter, medium organic

matter, and low organic matter groups (species
R =0.223, P = 0.001; traits R = 0.239, P = 0.001).
Similarity percentages (SIMPER) revealed that the
most influential traits (>10% in at least one of the high
organic matter, medium organic matter, or low organic
matter groups) were related to the mobility, attachment,
and the ability to form colonies (Appendix S1: Table S4).

DiscussioN

Diversity-productivity-relationships

Productivity is a very important component of ecosys-
tem functioning and a key factor for ecosystem services.
We studied the direct and indirect relationships between
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Species accumulation curves (lines) for the whole diatom data and for the groups formed with hierarchical cluster analy-

sis. The total numbers of species richness refer to the extrapolated richness. The shaded area shows the confidence interval.

environment, diversity of diatom communities, and
ecosystem productivity and discovered that environment
controls diatom diversity, whereas diatom diversity seems
to set the lower boundary to ecosystem productivity. This
indicates that productivity can be high even when diatom
diversity is low, but high diatom diversity supports high
ecosystem productivity. This finding might refer to a phe-
nomenon called “factor ceiling”: in ecological data, data
points in scatter plots are commonly widely scattered
beneath an upper or above a lower limit. This indicates
that, although there might be a number of factors affect-
ing the response variable, the extreme limit is controlled
by the variable of interest, in our case, diatom diversity
(Thomson et al. 1996). To our knowledge, our study is
the first to show such a lower boundary relationship
between diversity and productivity. We speculate that the
potential for high productivity in habitats with low dia-
tom diversity is due to the presence of species capable of
high biomass production (Aarssen 1997), or the direct
and indirect effects of environmental factors on produc-
tivity (Gross and Cardinale 2007). The contribution of
other autotrophic organisms, such as cyanobacteria, also
needs to be considered. This contribution is varying and
highly dependent on the abiotic conditions, but diatoms

often dominate in cold and temperate waters, whereas the
proportion of cyanobacteria increases with warmer tem-
peratures (Watermann et al. 1999).

To our knowledge, this study is the first to examine
the diversity-productivity-relationship with marine or
brackish benthic diatoms. However, given the impor-
tance of diatoms for global marine primary production,
and the results of studies conducted with marine phyto-
plankton (Lewandowska et al. 2012) and aquatic plants
(Duffy 2006), we expected to find a significant relation-
ship between benthic diatom diversity and ecosystem
productivity. This hypothesis was indeed confirmed as
we found a significant positive linear relationship both
in univariate regressions and SEM (for trait diversity).
This finding agrees with some other studies in marine
environments (Agard et al. 1996), but disagrees with
many others that have found, e.g., unimodal or variable
relationships (Hall et al. 2000, Boyer et al. 2009).

As we hypothesized, trait diversity was more tightly
related to ecosystem productivity than species diversity,
both in simple regression and in SEM. Such a positive
relationship between traits and productivity could be due
to niche complementarity, which implies that the different
trait groups occupy different niches and use resources in a
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complementary way, thus resulting in a more effective
production (Kahmen et al. 2006). Although definite evi-
dence for niche complementarity cannot be obtained
from observational studies, many studies have docu-
mented its effect via, e.g., higher productivity in diverse
plant communities compared to monocultures (Roscher
et al. 2005). We agree, of course, that in addition to niche
complementarity, such a positive relationship could be
caused by the sampling effect (Loreau et al. 2001) in
which highly diverse samples contain some highly
productive species, or the direct and indirect effects of
environment, such as resource availability (Gross and
Cardinale 2007). Thus, although further research is
needed to separate these effects in natural communities,
our study emphasizes the usefulness of functional traits in
diversity-productivity-relationship research.

Although we found a linear positive lower quantile
relationship, our results indicate substantial variation in
the diversity-ecosystem productivity-relationship. This is
in agreement with earlier studies (Boyer et al. 2009,
Norkko et al. 2015) suggesting that the effect of biodi-
versity on ecosystem functioning is highly dependent on
the environmental context (Gammal et al. 2019). So far,
most of the studies on marine diversity-productivity-
relationships have been conducted as relatively simple,
controlled experiments (Gamfeldt et al. 2015). However,
benthic coastal ecosystems are, due to the availability of
nutrients and light, highly productive and diverse sys-
tems, which was highlighted by the observed 328 diatom
species in our data. Such complex environments and
diverse communities are extremely difficult to include in
controlled experiments (Thrush et al. 2012). Further-
more, the significance of diversity-productivity-relation-
ships increases with growing spatial scale (Mittelbach
et al. 2001), which often makes experiments insufficient
in scale for investigating these relationships. Thus, our
findings emphasize the importance of field studies to
better understand the effect of microbial diversity for the
functioning of marine ecosystems.

The effect of environment on species and trait composition
of diatom communities

Environmental factors explained the trait composition
of diatom communities more effectively than the species
composition. However, almost the same combination of
environmental factors—organic matter content, nutri-
ents, benthic fauna, grain size—affected both species
and trait composition. Despite the inclusion of a number
of environmental factors, part of the variation in diatom
community composition was left unexplained. We specu-
late that this may be due to, e.g., unmeasured habitat
features or trace metal concentrations that are known to
affect diatom diversity (Chappell et al. 2019).

Our analyses indicated that organic matter content is
by far the most significant factor in controlling diatom
communities. In our sampling sites, organic matter con-
tent is high in sheltered bays with negligible wave action.
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At these sites, high organic matter content leads to
diverse diatom communities and, in combination with
small grain size and low abundance of grazers, facilitates
the occurrence of prominent diatom species, i.e., species
that exhibit large, high-profile, and colonial traits. The
importance of organic matter content for microorgan-
isms has been recognized before (Marin-Spiotta et al.
2014), but organic matter is quite rarely included as an
environmental variable in benthic microorganismal stud-
ies. The importance of organic matter is related to its
nutritive values to microbes, such as diatoms that live in
intimate contact with sediment grains (Admiraal and
Peletier 1979). Microbes consume organic matter during
heterotrophic growth (Asmala et al. 2018), which many
diatom species are capable of in light-limited conditions,
such as in the sediment (Admiraal and Peletier 1979).
Due to the high importance of organic matter to
microbes, changes in microbial community composition
are anticipated in the future: river flow is the main driver
for organic matter concentrations in surface waters
(Erlandsson et al. 2008), and climate scenarios estimate
increased precipitation and river runoff in the northern
Baltic Sea area (Kjellstrom and Ruosteenoja 2007).

Our results suggested that all the analyzed nutrients (ni-
trogen, phosphate, silicate) are important for diatoms, as
also documented before (Passy 2007). Phosphorus often
dominates as a limiting nutrient for primary production
in freshwater ecosystems (Schindler 1977), while nitrogen
limitation is more common in marine ecosystems
(Howarth and Marino 2006). However, our finding of the
combined limitation of nitrogen and phosphorus is also
common (Elser et al. 2007). The importance of silica as a
limiting nutrient in the Baltic Sea has increased due to
eutrophication and consequent high productivity of sili-
cate-consuming diatoms (Conley et al. 2008).

Our results show increasing diatom diversity towards
smaller sediment grain size, which may be due to larger
surface area, higher organic matter content, and lower
grazing pressure in finer sediments (Rusch et al. 2003).
However, the effect of grain size on microphytobenthic
production may not be straightforward: microphytoben-
thic biomass is generally higher on fine sediments, but
primary production can be equally high or even higher
on coarse sediments (Billerbeck et al. 2007). This may
be related to, e.g., different life strategies of microphyto-
benthos on fine and coarse sediments, or to more fre-
quent disturbance and resuspension events on coarse
sediments (see Billerbeck et al. 2007 for more thorough
consideration). In addition to the high species diversity,
our samples with small grain size were characterized by
large and high-profile traits. This may be due to different
grain size preferences between species (Admiraal and
Peletier 1979) and lower abundance of grazers (Hall and
Anderson 2013) and lower grazer activity (De Troch
et al. 2006) in substrates with small grain size.

Benthic macrofauna affects diatom growth in two
opposite ways: grazing removes diatom cells, whereas
bioturbation transports nutrients to the surface layers of
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sediment where it is available for microphytobenthos
(Thrush et al. 2006). In our study, high abundances of
both grazers and diatom facilitating fauna increased the
importance of both negative and positive effects of ben-
thic fauna. Grazing pressure was also connected to the
trait composition: samples with high abundance of graz-
ers were dominated by low-profile and adnate species.
This agrees with the findings of Jyrkankallio-Mikkola
et al. (2016), who noted that the number of grazers and
low growth form of diatoms are positively correlated.

Small-scale spatial variation in diatom communities

Here, coastal benthos exhibited substantial patchiness
in the diversity and community composition. Most of
the studies showing similar heterogeneity of communi-
ties in archipelagos have been conducted in deep sea
archipelagos (Johnson and Black 2006), where great
depth and strong currents between islands lead to iso-
lated habitats (Darwin 1859, Watts and Johnson 2004).
Our study highlights the role of archipelagos as hotspots
of patchiness of biotic communities also in the shallow
coastal zone, where disjunction of habitats is the main
driver for the formation of patches.

CONCLUSIONS

Microorganisms are vital to all ecosystems, but our
knowledge about the relationship between their diversity
and ecosystem productivity is still poor. Although con-
trolled experiments can provide mechanistic insight into
diversity-productivity-relationships, results are rarely
directly applicable to complex natural ecosystems, such
as marine coastal environments. Our field campaign on
a heterogeneous sedimentary seafloor revealed the
importance of microorganisms for aquatic ecosystems
and showed that diatom diversity most likely forms the
lowest boundary for ecosystem productivity. To our
knowledge, this result has not previously been observed.
Our findings also indicate substantial patchiness in the
diversity of benthic communities in coastal archipelagos,
which should be considered when modelling these
important environments, which are exposed to increas-
ing anthropogenic pressure. The most significant factor
for the patchiness in diatom diversity seems to be the
variation in sediment organic matter content. Therefore,
presumed future changes in precipitation and river run-
off patterns that are likely to change the quality and
quantity of organic matter in the sea, will also affect dia-
tom communities and, hence, ecosystem productivity.
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