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Abstract

Seed dispersal limitation, which can be exacerbated by a number of anthropogenic causes, can
result in local communities having fewer species than they might potentially support, representing
a potential diversity deficit. The link between processes that shape natural variation in diversity,
such as dispersal limitation, and the consequent effects on productivity is less well known. Here,
we synthesised data from 12 seed addition experiments in grassland communities to examine the
influence of reducing seed dispersal limitation (from 1 to 60 species added across experiments) on
species richness and productivity. For every 10 species of seed added, we found that species rich-
ness increased by about two species. However, the increase in species richness by overcoming seed
limitation did not lead to a concomitant increase in above-ground biomass production. This high-
lights the need to consider the relationship between biodiversity and ecosystem functioning in a
pluralistic way that considers both the processes that shape diversity and productivity simultane-
ously in naturally assembled communities.
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INTRODUCTION

Human activities directly and indirectly impact both the
diversity and the functioning of ecosystems (D�ıaz et al. 2006;
Moreno-Mateos et al. 2017; Chaplin-Kramer et al. 2019).
Furthermore, the loss of species diversity itself is often
thought to have a concomitant direct effect on the stability
and function of ecosystems (Cardinale et al. 2013; Hooper
et al. 2016). However, most studies that link biodiversity and
ecosystem functioning (BEF) implicitly assume biodiversity is
an independent variable driving ecosystem function, but this
is increasingly recognised as unrealistic (Lep�s 2004; De Laen-
der et al. 2016; Grace et al. 2016; Wardle 2016; Veen et al.
2018). Instead, biodiversity in natural systems arises as the
outcome of processes including environmental filtering,
colonisation/extinction dynamics and species interactions,
which in turn influence the functioning of ecosystems (Grace
et al. 2016; Leibold et al. 2017; van der Sande et al. 2017).
Providing more realistic manipulations to more fully under-
stand the relationship between naturally variable levels of
diversity and ecosystem functioning is an experimental chal-
lenge.
Habitat fragmentation and connectivity loss can have

strong negative effects on diversity (e.g. Damschen 2006;
Haddad et al. 2015; Damschen et al. 2019). While this loss

of diversity via reductions in dispersal rates might cascade to
affect ecosystem processes (e.g. Isbell et al. 2017), this
remains largely unexplored. For example, species exhibit
trade-offs in the ability to disperse and colonise vs. the abil-
ity to persist and compete (Hastings 1980; Tilman 1994). In
low-diversity communities, such as small patches in frag-
mented landscapes, species are unlikely to be a random sub-
set of diverse communities (Smith & Knapp 2003). Instead,
they are likely a biased subset of species on this trade-off
spectrum (Turnbull et al. 1999; Zavaleta & Hulvey 2004;
Veen et al. 2018), affected by processes such as competition
for resources. Which species can coexist locally depends on
how well suited their traits are for a local environment (Lei-
bold et al. 2017), and how species complement each other
(Barry et al. 2019a), which can have varying implications for
measures of ecosystem function above and below ground
(Barry et al. 2019b).
At the regional scale, connectivity among patches in a meta-

community facilitates dispersal (i.e. the quantity of propagules
arriving to a local community), which can influence the diver-
sity and composition of species in local areas (e.g. Ricklefs
1987, 2004; Vellend 2016; Leibold & Chase 2017). This altered
diversity and composition, can in turn influence patterns of
ecosystem functioning (Bond & Chase 2002; Mouquet & Lor-
eau 2003; Leibold et al. 2017; Thompson & Gonzalez 2017).
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For example, a dispersal-limited community may not be satu-
rated with species that would be otherwise well-adapted to
local environmental conditions, thus limiting potential ecosys-
tem function. In contrast, a community with an excess of dis-
persal might allow poorly competitive species to persist via
mass effects, and this might also limit ecosystem function
(Leibold et al. 2017). In short, varying rates of dispersal might
influence patterns of both species diversity and ecosystem
function in other interdependent ways, producing a variety of
possible correlational patterns between diversity and function.
For example, the relationship between biodiversity and
ecosystem functions is typically asymptotic (Cardinale et al.
2013; Hooper et al. 2016), and if dispersal-mediated diversity
increases are near the asymptote, dispersal could increase
diversity without influencing ecosystem functions in a signifi-
cant way.
In this study, we tested the local-scale relationship between

seed dispersal-mediated changes in species diversity and one
commonly reported measure of ecosystem function, above-
ground plant biomass. We analysed the results from seed-ad-
dition experiments in plant communities of grassland ecosys-
tems. A common experimental approach to understand the
importance of seed dispersal is to add seeds of species from
the regional species pool to discern to what degree local com-
munities are seed limited (e.g. Tilman 1997; Turnbull et al.
2000; Zobel et al. 2006; Poulsen et al. 2007; Myers & Harms
2009). Such an approach is among the most realistic available
to test seed dispersal effects on diversity in an experimental
setting, as the only factor manipulated is the realised seed dis-
persal rates. As a result, we can also directly estimate the
influence of dispersal on both changes in diversity and
changes in measures of ecosystem functions such as plant bio-
mass, allowing us to test a number of possible outcomes.
First, a local community can be saturated with species and
not dispersal limited, in which case we would expect no effect
of seed addition on species richness or plant biomass. Second,
seed addition could lead to an increase in species richness, but
no change in biomass, if, for example, the biodiversity-ecosys-
tem functioning relationship is asymptotic and added species
are largely redundant with those already present. Third, seed
addition could increase both richness and biomass if the local
community is highly dispersal limited, and increased dispersal
facilitates complementary species to establish and persist.
Finally, seed addition could lead an increase in species rich-
ness, but a decline in biomass if excess dispersal allows com-
petitively inferior species to persist and use resources less
effectively.
We examined how increasing number of species added as

seeds (ranging from 1 to 60 added species) influenced local
species richness, community evenness, species composition
and above-ground biomass production, per species of seed
added in a synthesis across 12 previously published seed-addi-
tion experiments in grasslands (Table 1). We also quantified
the relationship between the responses of richness and bio-
mass to this seed addition gradient. Local species richness
increased with seed dispersal across experiments, though bio-
mass remained unaffected overall. Positive increases in species
richness were not necessarily associated with large biomass
gains within experiments.

MATERIALS AND METHODS

Data collation

We searched for seed addition studies where the experiment
included: (1) an unmanipulated control and a treatment of
diverse seed mixtures selected from the regional species pool,
(2) the number and identity of every species added as seed
and (3) measured species richness and the relative contribu-
tion of each species to community biomass (that were not
weeded or otherwise altered). Because these criteria were rela-
tively stringent, we did not restrict ourselves to formally stan-
dardised literature searches, but rather attempted to find as
many datasets as possible that met our search criteria.
We began by consulting published meta-analyses (Cadotte

2006; Clark et al. 2007; Myers & Harms 2009; Grainger &
Gilbert 2016), and other experimental data sources (e.g. U.S.
Long Term Ecological Research [LTER] websites). We then
used different combinations of standardised search strings
including terms related to biodiversity (‘richness’, ‘diversity’),
biomass (‘ecosystem function’, ‘above-ground biomass’) and
seed addition (‘propagule arrival’, ‘BEF experiment’, ‘seed-
ing’). For each experiment identified, we scanned the paper to
determine whether it met our inclusion criteria. For some
studies, we were able to download or extract data directly.
For the rest, we contacted authors to request species-level
data and other needed information (i.e. seeded richness).
We found a total of 12 studies that tested the effect of seed

addition on species richness and biomass in grassland habi-
tats, where the identity and number of seeds per species added
was known (Table 1, Table S1, Fig. S1). Eight of the studies
were conducted in the United States (two in California, two
in Minnesota, two in Kansas, and one each in Michigan and
Texas) and four studies were conducted in Germany. In all
studies, species added via the seed addition treatments were
part of the broader regional species pool (P€artel et al. 1996),
and were added to each community through a high density of
seed mixes added to treatment (but not control) plots
(Table S1).
Several experiments included treatments other than the pri-

mary focus of this study (e.g. disturbance, nutrient addition),
which we omitted from all analyses. We also removed treat-
ments with unknown richness of added seeds (e.g. hay). This
led to some experiments having an unbalanced design between
controls and treatments. Community level biomass was some-
times measured directly within plots, and other times esti-
mated from percent cover or coarser samples (e.g. biomass
strip) (Table S1). Where biomass was measured indirectly
(sampled on smaller subplots), the percent cover of each spe-
cies was divided by the plot percent cover and multiplied by
the community biomass (g/m2) sample from a neighbouring
plot or biomass strip with the same treatment, and per species
biomass estimates were then summed to the plot level
(Axmanov�a et al. 2012). We standardised data for each exper-
iment in a hierarchical experimental design: plots nested in
blocks, nested in sites. The experiments varied in the number
of species added (hereafter seeded richness), the density of
seeds added and length of experiment (Table 1, Table S1).
Combined, the study-level treatments resulted in a ‘seeded
richness gradient’ ranging from 1 to 60 species (See Table 1).
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Data analysis

We examined how seed addition influenced plot level plant
diversity and biomass (g/m2) using a number of complemen-
tary metrics, and two different statistical models. Specifically,
we quantified how species richness, evenness, species composi-
tion and biomass responded to seed addition using multilevel
regression models.
Species richness and biomass were obtained directly from

each experiment (Fig. S1). We calculated evenness using indi-
vidual plant biomass as the probability of interspecific
encounter (PIE) transformed to an effective number of species
(SPIE), equivalent to a diversity of order q = 2 in the Hill
number scheme (Jost 2006; Chase et al. 2018). The PIE is typ-
ically calculated as the probability that two individuals sam-
pled from a random community are different species, and
higher values represent more even communities (Hurlbert

1971). Here, we had percent cover, not individual-based data,
and so we calculated PIE using biomass of each species as the
measure of relative abundance rather than the number of indi-
viduals, however, the qualitative information on the evenness
of communities remains the same. The changes in SPIE indi-
cate that seeding treatments influenced species relative abun-
dances, and in particular, the number of relatively common
species in the sample; a more uneven a community will have a
larger difference between species richness and SPIE than a
more even community (Chase et al. 2018).
To quantify the effect of seed addition on species composi-

tion of treatments compared to controls, we calculated the
turnover and nestedness components of Jaccard’s dissimilarity
index using the R package beta.part (Baselga 2009; Baselga &
Orme 2012; Baselga et al. 2018). Specifically, we calculated
the dissimilarity components between each control (no seeds
added) and each treatment (seeds added) plot within each

TABLE 1 Twelve experiments testing the effects of seed arrival on plant species richness and biomass. All experiments include a non-seeded control where

the seeded richness was 0. (More see Table S1)

Experiment short

name Experiment Location Climate Grassland type Management

Number

of sites

Seeded

richness

Data

obtained for

years since

treatment

California.1 Seabloom et al.

(2003)

Sedgwick Reserve,

USA-CA

Mediterranean Invaded natural None 2 5 1,2,3,4,5

California.2 Seabloom

(2010)

Sedgwick,

Hastings, &

McLaughlin

Reserve USA-

CA

Mediterranean Invaded natural None 3 1,3 1,2,3,4

CedarCreek.4 Clark &

Tilman (2010)

Cedar Creek

LTER, USA-

MN

Temperate Successional old

field

None 1 10 1,2

CedarCreek.93 Tilman (1997) Cedar Creek

LTER, USA-

MN

Temperate Natural savanna None 1 5,10, 15,

20,25,30,

35,40, 54

1,2,3,6,7,

13,17

Halle Maron et al.

(2014)

Halle (Salle),

Germany

Temperate Semi-natural Mowing 10 20 2,3

Jena Roscher et al.

(2004);

Petermann

et al. (2010)

Jena Experiment,

Germany

Temperate Established

grassland

(3 years prior to

seed addition)

Mowing 1 1,2,4,8,

16,60

2,3

Jena2 (Buchmann &

Roscher,

Unpublished)

Jena Region,

Germany

Temperate Semi-natural Mowing 6 30 2

Kansas.Hay.Meadow Foster (2016a) Kansas University

Field Station

LTER, USA-KS

Temperate Abandoned hay

meadow

None 1 41 1-15

Kansas.Old.Field Foster (2016b) Kansas University

Field Station

LTER, USA-KS

Temperate Successional old

field

Herbicide,

plowed, &

disked prior

to study

1 50 1-14

Michigan Reynolds et al.

(2007)

Allegan State

Game Area,

USA-MI

Temperate Successional

pasture

None 1 43 1,2,3

Montane Stein et al.

(2008)

Frankenwald &

Thuringer

Schiefergebirge,

Germany

Temperate Semi-natural/

Successional old

field

Mowing 20 60 1,2,3

Texas.Temple.Prairie Wilsey &

Polley (2003)

Temple, USA-TX Temperate Successional/

natural

None 1 20 1
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experiment, site, block and year combination as a pairwise
comparison (Marion et al. 2017). This allowed us to ask what
the effect of seed addition was on the species composition in
control plots vs. treated plots, which we refer to as commu-
nity composition hereafter. If adding seeds simply added spe-
cies to the community, we would expect most of the
difference in community composition between treatments
would be due to the nestedness component. Alternatively, if
adding seeds also led to some replacement of some species by
others, this would be identified in the turnover component.
We fit separate univariate multilevel regression models for

each metric (richness, biomass, evenness, turnover and nested-
ness) to quantify the effect of seed addition on these comple-
mentary components of community diversity, composition
and function. These models were fit to species richness, bio-
mass (log transformed) and evenness, with Gaussian error dis-
tributions. To quantify the joint response of richness and
biomass to seed addition, we also fit a multivariate multilevel
regression model. Finally, the turnover model assumed a zero-
one inflated beta error distribution, and nestedness a zero-in-
flated beta distribution; zero-one and zero-inflation were
required as the beta-distribution does not include zero or one,
but our responses variables did.
For all models, we quantified the effect of seed addition

using the seeded richness (i.e. the number of species of seed
added in seeding treatments), modelled as a continuous fixed
effect. This estimates the overall effect on species richness and
biomass per species of seed added. The control plots had a
seeded richness of zero and each treatment plot had a seeded
richness value that equalled the number of species of seed in
the associated treatment seed mixture. We fit models with
seeded richness as a continuous effect to account for differ-
ences in seeded richness within and across experiments, rather
than treating different levels of seeded richness as the same
(categorical) fixed effect of seeding. For all univariate models,
experiment, site (nested within experiment), block (nested
within site) and year (nested within blocks to account for
repeat samples through time) were all included as random
intercepts, and the seeded richness slope was allowed to vary
for all groups. However, for the multivariate model assessing
the joint response of richness and biomass, we could only
allow the seeded richness slope to vary among experiments as
it is not possible to model varying effects as correlated across
grouping variables (B€urkner 2018).
We visually examined plots of residuals to assess whether

model assumptions (e.g. homogeneity of variance) were met,
and plots of posterior predictive checks to visually determine
how well models reproduced the data (Fig. S2a–e). We pre-
sent the effects of seed addition on species richness and bio-
mass using the univariate models, as the residual inspection
showed that including the additional grouping variables of
site, block and year reduced heteroscedasticity (Supporting
Information 1–3). We use the multivariate model to quantify
the correlation between the response of species richness and
biomass to seed addition.
To visualise the combined response of species richness and

biomass to seed addition, we plotted the experiment-level
slope estimates from the univariate models. Because our mul-
tivariate model estimates the strength of correlation in the

variation of the two responses to seed addition, we report the
correlation estimated from the multivariate model.
For Bayesian inference and estimates of uncertainty, all mod-

els were fit using the Hamiltonian Monte Carlo (HMC) sampler
Stan (Carpenter et al. 2017), and coded using the ‘brms’ pack-
age (B€urkner 2018) in the R for Statistical Computing and
graphics environment [v.3.5.2; (R Core Development Team
2019)]. All models were fit with 4 chains and 2000 iterations,
with 1000 used as a warmup. We used weakly regularising
default priors and visual inspection of the HMC chains showed
excellent convergence (Supporting Information 1–3).

RESULTS

Seeding treatments

Across all experiments included in our synthesis, seed addition
increased the realised plot level species richness (0.13, 95%
CI: 0.049 to 0.20 richness increase per species seeded; Fig. 1a
and b). This means that for every ten species of seed added to
a plot, there were on average, a bit less than two species
gained in realised richness. For species richness, about half
(five out of twelve) of the experiments had an effect estimate
that was significantly greater than zero (i.e. the 95% CI did
not overlap zero); the other seven did not differ from zero
(Fig. 1b). Seed addition had a positive overall effect on even-
ness (0.041, 95% CI: 0.0024 to 0.07 effective species per spe-
cies seeded; Fig. S3a). Five out of 12experiments had an effect
estimate that was significantly greater than zero; the other
seven did not differ from zero (Fig. S3b). In terms of commu-
nity composition, seed addition per seed added had no effect
on the turnover (0.002, 95% CI: �01 to 0.015) or nestedness
components (0.002, 95% CI: �0.006 to 0.010) of Jaccard’s
dissimilarity between treatments and control plots overall, or
within any experiments (Fig. S4a-d).
Seed addition and subsequent effects on diversity estimates

did not affect realised biomass overall (0.002, 95% CI: �0.002
to 0.007 log(grams)/m2 biomass per species added; Fig. 2a
and b). Two out of 12 experiments had an effect estimate that
was greater than zero (10 were not different from zero)
(Fig. 2b).

Relationship between richness & biomass

The multivariate response model estimated the correlation
between the response of species richness and biomass to seed
addition across experiments as 0.58, with a high degree of
uncertainty that overlaps zero (95% CI: �0.13 to 0.95, Sup-
porting Information 4). In two experiments (Kansas.Old.-
Field, Jena) seeded richness did have a positive effect on
realised biomass and also a positive effect on species richness
(Fig. 3). In all other experiments where the effect of seeded
richness was strong on species richness (e.g. Michigan, Halle),
biomass remained unaffected (Fig. 3).

DISCUSSION

We found that on the whole, if additional species added as
seed successfully established, they contributed to increased

© 2020 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd
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community diversity. Despite some variation among studies,
species richness increased with the addition of seeds; on aver-
age, for every 10 species added, a bit less than two species
established and contributed to community-level patterns. Seed
addition treatments also generally had higher evenness using
the SPIE metric, which weights common species much more
than rarer species. This indicates that increased diversity due
to seed addition was not simply due to the addition of a few
rare individuals of established species, but that treatments
allowed species to establish and become important members
of the community. This result, while interesting, is not partic-
ularly surprising as there is considerable evidence for dispersal
limitation to play an important role in the local diversity of a
number of communities (e.g. Ricklefs 1987; Hubbell 2001;
Cornell & Harrison 2014). In experiments, dispersal in general
(Grainger & Gilbert 2016), and seed addition treatments in
grasslands specifically (Myers & Harms 2009), are well known
to often increase the numbers of species (and other measures
of diversity). While the effects of seed addition here were
found to persist over a range of time-scales, it is unknown

how long these effects persist for, which is an interesting area
for future research with many interesting applications such as
in ecological restoration.
What is less well known, however, is how the connection

between processes that influence species diversity (seed addi-
tion in this case) indirectly influence patterns of ecosystem
functioning (above-ground biomass in this case). Here, despite
the fact that seed addition increased species richness and even-
ness, we found little evidence that this had consequent effects
on above-ground biomass in most studies. That is, the posi-
tive biodiversity-ecosystem function relationships that are
often found in both experimental and observational studies
did not seem to play much of a role in the studies we analysed
here, where species diversity was altered as a consequence of
reducing the influence of dispersal limitation. One reason for
this could have been because biodiversity-ecosystem function
relationships are unlikely to be linear in most communities,
but rather are asymptotic (Tilman et al. 2014). If control com-
munities were already near the asymptote along the biodiver-
sity-ecosystem functioning relationship, increases in species
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credible interval. (b) Each point represents the slope of each experiment, error bars represent 95% credible intervals, and the dashed reference line at 0

represents a slope of 0 for species richness. The solid black line represents the overall slope, while the grey shading around this black line shows the 95%

credible interval.
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richness via removal of dispersal limitation would not neces-
sarily lead to increases in biomass.
Despite the overall general pattern of an increase in species

richness, but not biomass, in experiments with seed additions,
there were some exceptions. Specifically, in two communities
(Jena and Kansas.Old Field) seed addition had a positive
effect on both species richness and biomass (Fig. 3). Impor-
tantly, these two cases with the strongest species richness
response were seeded with much higher than average levels of
species richness (Jena: 60 species, Kansas.Old.Field: 50 spe-
cies). As a result, those studies may have had a higher chance
of seeding species that were exceptionally productive. Alterna-
tively, both of these sites are also on relatively degraded and
reclaimed land. It could be that the ‘control’ diversity in these
plots was lower such that increases in species richness via seed
additions was further down the asymptotic biodiversity-
ecosystem function curve.
We found that overall, c. 20% of the species seeded success-

fully colonised plots. Seeding success and the variability in the
strength of the response of local diversity to dispersal can be
related to several potential mechanisms, which we

unfortunately cannot fully parse owing to the fact that we
were only able to include 12 studies in our synthesis owing to
our data requirements. Nevertheless, potential mechanisms
influencing diversity responses could include the degree of
environmental variability (Davis et al. 2000); opportunity for
gap filling in unsaturated starting communities (Rychteck�a
et al. 2014); facilitation from already established species
(Pywell et al. 2004; Kulmatiski et al. 2008); elimination due to
priority effects (Delory et al. 2019); and the background envi-
ronmental conditions at the site, including levels of distur-
bance and productivity (Myers & Harms 2009). These
dynamics underlying community assembly can have varying
effects on the outcomes of dispersal on species richness and
biomass, and on the relationship between the two variables.
Finally, we found little effect of seed addition on the turn-

over and nestedness components of compositional change
within the time-span of the experiments examined here. The
lack of an effect on turnover indicates an absence of competi-
tive exclusion from the added species. The lack of an effect on
nestedness could be linked to the saturation of the starting
local community. However, it is worth nothing that these
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dynamics could be observed across different time spans, and,
that while there was no systematic effect of seed addition on
turnover, the turnover component of dissimilarity was higher
in treated plots than nestedness, and that there was greater
variation among experiments in the turnover component.

Ways forward and conclusions

Experiments examining the complex relationships between
regional species pools, dispersal, local species richness, species
traits and ecosystem function can better help us understand
the workings of real-world ecosystems. Local communities
assemble as a result of multi-scale processes, and relationships
between regional and local processes need to be further recog-
nised and explicitly tested (Bond & Chase 2002; Mouquet &
Loreau 2003; Thompson & Gonzalez 2016; Leibold et al.
2017). Direct examinations of the interdependencies between
biodiversity and biomass will improve the understanding of
the ultimate causal drivers of diversity and ecosystem func-
tion. Additionally, there is increasing evidence that biodiver-
sity affects other properties of ecosystems, such as stability
(Borer et al. 2012; Hautier et al. 2015), resilience (Ratcliffe
et al. 2017) and persistence (Staples et al. 2019), suggesting
that the selection of a measure of ecosystem function, health
and overall condition may depend on environmental condi-
tions, dispersal dynamics, community assembly processes or
competition.
Our results suggest that increases in biodiversity do not nec-

essarily translate into more biomass, but rather other mecha-
nisms including community assembly processes, and
environmental conditions may be affecting these two
responses interdependently, and differently in local plant com-
munities in different places. Thus, even though habitat frag-
mentation can lead to lowered diversity in many cases, and
lowered diversity can lead to lower ecosystem functions such

as biomass, we would caution making such a direct link (e.g.
Isbell et al. 2015) without understanding these interdependen-
cies more thoroughly. We suggest that integrating community
assembly processes more directly will increase our understand-
ing of biodiversity-ecosystem function relationships.
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