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ABSTRACT: In multispecies assemblages, phylogenetic relatedness of-
ten predicts total community biomass. In assemblages dominated by
a single species, increasing the number of genotypes increases total
production, but the role of genetic relatedness is unknown. We used
data from three published experiments and a field survey of eelgrass
(Zostera marina), a habitat-forming marine angiosperm, to examine
the strength and direction of the relationship between genetic relat-
edness and plant biomass. The genetic relatedness of an assemblage
strongly predicted its biomass, more so than the number of geno-
types. However, contrary to the pattern observed in multispecies
assemblages, maximum biomass occurred in assemblages of more
closely related individuals. The mechanisms underlying this pattern
remain unclear; however, our data support a role for both trait dif-
ferentiation and cooperation among kin. Many habitat-forming spe-
cies interact intensely with conspecifics of varying relatedness; thus,
genetic relatedness could influence the functioning of ecosystems
dominated by such species.

Keywords: genetic relatedness, biodiversity, productivity, community
genetics, genetic diversity, intraspecific interactions.

Introduction

Biodiversity is now broadly appreciated to enhance nu-
merous critical ecosystem functions, notably, productivity
and stability (Cardinale et al. 2012). Underlying this re-
lationship is the idea that the number of species present
reflects functional diversity (Naaem and Wright 2003;
Micheli and Halpern 2005) and that increases in functional
diversity promote greater resource use and, ultimately,
higher productivity (Tilman et al. 1997; Tilman 1999).
Theory predicts that phenotypic diversity at any level
should increase productivity (Norberg et al. 2001), and
such diversity can certainly occur below the species level
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(Bolnick et al. 2003). Indeed, a growing body of research
demonstrates the community or ecosystem importance of
genetic diversity within key species (Hughes et al. 2008).

Most empirical studies, however, consider only the
number of genotypes in an assemblage, implicitly treating
all genotypes as equally distinct from one another (e.g.,
Hughes and Stachowicz 2004; Reusch et al. 2005; Hughes
et al. 2008). Such an approach fails to use information on
quantitative genetic or functional differences among ge-
notypes that could help predict their independent or com-
bined effects on the community. Experiments linking spe-
cies diversity to ecosystem functioning have used such
information to sort species into discrete functional groups
and to assess directly the effects of functional diversity on
ecosystems (Naaem and Wright 2003). Such approaches,
however, require trait data for all taxa, limiting the use of
this approach for predicting effects of intraspecific diver-
sity. Furthermore, even for assemblages of species with
complete trait databases, defining relevant functional
groups depends on the ecosystem function of interest
(Hooper et al. 2005).

Reanalyses of species diversity manipulations reveal that
phylogenetic diversity (e.g., total branch length in a phy-
logeny) of a species assemblage is often a better predictor
of productivity than the number of species or functional
groups (Cadotte et al. 2008, 2009; Flynn et al. 2011). More
generally, the outcome of interspecific interactions can be
predicted by the phylogenetic distinctiveness of the inter-
acting species, with more closely related species competing
more intensely, leading to lower group productivity and/
or greater probability of competitive exclusion (Maherali
and Klironomos 2007; Burns and Strauss 2011; Violle et
al. 2011; Peay et al. 2012). These patterns putatively result
from a relationship between evolutionary divergence and
divergence in traits influencing the outcome of competi-
tion or ecosystem functioning (Violle et al. 2011). While
not all such traits are evolutionarily conserved (Cavender-
Bares et al. 2009; Best et al. 2013), at least among species,
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phylogenetic distance often provides an integrated mea-
sure of many traits that is positively correlated with eco-
logical functioning or the outcome of interactions. This
raises the unanswered question of whether genetic distance
or relatedness among individuals within a species has com-
parable effects on ecosystem processes.

Several mechanisms could yield a relationship between
relatedness of genotypes in an assemblage and the aggre-
gate productivity of that assemblage. First, relatedness
might serve as a proxy for differentiation of functional
traits with a strong genetic component, just as in analyses
above the species level. In assemblages of distantly related
genotypes, this niche differentiation could reduce intra-
specific competition, increase resource use, and lead to
higher aggregate production relative to assemblages of
close relatives, as appears to be the case in several studies
of performance in groups of sessile marine invertebrates
(Gamfeldt et al. 2005; Aguirre and Marshall 2011, 2012).
Genetically diverse assemblages could also be more pro-
ductive if highly productive genotypes are also genetically
very different from others. These processes would be anal-
ogous to complementarity and sampling, respectively, in
the species diversity—ecosystem functioning literature
(Hooper et al. 2005; Stachowicz et al. 2007; Drummond
and Vellend 2012). In contrast, strong local adaptation,
combined with spatial genetic structuring, could result in
assemblages of closely related genotypes outperforming
diverse assemblages under conditions similar to their
home site. However, other mechanisms, including in-
breeding or outbreeding depression and self/nonself rec-
ognition, may also directly connect genetic relatedness and
performance of mixtures in ways that have little to do with
trait differences per se. Many vascular plants, for example,
reduce belowground investment in response to the pres-
ence of related individuals, leading to increased allocation
to aboveground productivity (File et al. 2011). In other
cases, closely related genotypes are known to fuse, increas-
ing the rate at which individuals achieve a critical size that
renders them less vulnerable to biotic or abiotic stresses
(Grosberg 1988). In either instance, assemblages of close
relatives might outperform those consisting of unrelated
individuals. Additionally, inbreeding or outbreeding de-
pression could decrease vigor of sexual recruits and reduce
population-level performance (e.g., Keller and Waller
2002), leading to optimal production at intermediate re-
latedness. Thus, a broad range of relationships between
genetic relatedness and the productivity or functioning of
an intraspecific group of individuals seems plausible.

As a first step toward assessing the potential for relat-
edness to predict biomass accumulation in mixed-geno-
type assemblages, we reanalyze published studies on the
effects of genotypic richness on biomass accumulation in
Zostera marina, a clonally spreading marine vascular plant.

Eelgrass occurs in dense stands in estuaries throughout the
Northern Hemisphere, and its standing biomass and den-
sity directly contribute to a variety of estuarine ecosystem
services, including primary production, nutrient cycling,
habitat for fisheries species, and erosion control (Williams
and Heck 2001). Our previous research (Hughes and Sta-
chowicz 2004, 2009, 2011; Hughes et al. 2010) and that
of others (Williams 2001; Reusch et al. 2005) shows that
increasing the number of genotypes of eelgrass within ex-
perimentally planted assemblages increases plot biomass
and shoot density. There is substantial variation within
natural beds in both the number of genotypes per unit
area (Hughes and Stachowicz 2009) and the relatedness
of the genotypes that co-occur in a patch (Kamel et al.
2012), and these do not covary. Furthermore, eelgrass ge-
notypes differ with respect to functionally important mor-
phological and physiological traits (Hughes et al. 2009;
Tomas et al. 2011). Here we use new estimates of genetic
relatedness of the genotypes in our previous experiments
to assess the relationship between relatedness and eelgrass
abundance at the end of three experiments that manip-
ulated the number of genotypes present (Hughes and Sta-
chowicz 2004, 2011; Hughes et al. 2010) and one field
survey of genotypic diversity in unmanipulated plots
(Hughes and Stachowicz 2009). We also use a more limited
set of trait data from eight genotypes to evaluate the re-
lationship between genetic and ecological similarity and
to identify mechanisms that could mediate effects of re-
latedness. For now, our analysis is limited to our own
studies because reliable estimates of relatedness require
data on the allelic frequencies in populations from which
experimental genotypes are drawn, which are presently
unavailable for most systems in which experiments have
been conducted.

Methods
Experiments and Field Survey

All experiments were conducted in Bodega Harbor, Cal-
ifornia, and the survey included sites in both Bodega
Harbor and nearby Tomales Bay. More detailed methods
are available in the articles that present the analyses of the
effects of genotypic richness alone on productivity. Here,
we present only the directly relevant details (see also app.
A).

In the first experiment (Hughes and Stachowicz 2004),
we planted eight shoots belonging to two, four, or eight
genotypes into 1-m” plots. Each combination of genotypes
was unique (there were four plots with two genotypes, five
with four genotypes, and nine with eight genotypes). We
used the shoot density in each plot after 1 year as our
response variable. In the second experiment (Hughes and
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Stachowicz 2011), we planted eight different six-genotype
mixtures (eight mixtures x three replicates per mixture)
and measured shoot density and biomass in each plot at
the end of 2 years as our response variable. The two field
experiments were conducted at different sites, and neither
site was the source of any of the genotypes, although all
genotypes were collected from within 1 km of the planting
site and little genetic structure exists at that scale (Kamel
et al. 2012). The final experiment (Hughes et al. 2010)
involved planting six unique combinations of four ge-
notypes for each of four different grazer treatments (an
isopod and amphipod and a snail, plus a no-grazer con-
trol) in outdoor flow-through mesocosms under natural
light. A fifth grazer treatment that contained all grazer
species was removed from the analysis in this article be-
cause of considerable variation among replicates in grazer
species composition at the end of the experiment that
confounded interpretation of relatedness effects. This ex-
periment used a pool of six genotypes drawn from the
same eight genotypes used by Hughes and Stachowicz
(2011), and biomass was used as the response variable. All
experiments also contained monocultures, but these were
not analyzed here because shoots in those treatments have
a relatedness of 1 by definition.

The field survey examined whether the correlation be-
tween genotypic richness and shoot density in naturally
occurring beds matched the positive linear relationship
observed in experiments (Hughes and Stachowicz 2009).
We sampled 20 shoots per quadrat and measured shoot
densityina 25 x 25-cm subplot within each 1-m® quadrat.
There were a total of 84 quadrats from seven sites spread
across two bays separated by 30 km. The few monocultures
present were excluded from the analysis.

Estimating Relatedness

Using genotype data obtained in previous studies from
five polymorphic loci (7-13 alleles per locus; see Hughes
and Stachowicz 2004, 2009; Kamel et al. 2012), we used
STORM, a regression-based measure of relatedness cali-
brated by the frequency of alleles in the population (Frasier
2008), to estimate the average pairwise relatedness (R)
among genets within a group. For the experimental plots,
we calculated R for the outplanted genets. For the field-
surveyed plots, R was calculated for the sampled genets.
Among both experiments and field surveys there was a
significant negative relationship between the mean pair-
wise R of a plot and the standard deviation of all pairwise
R values in that plot (experiments: r> = 046, P =
.0001; survey: r*> = 0.37, P = .0001). This suggests that
plots with high average relatedness contain individuals that
are all somewhat equally related to each other, whereas
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plots with lower R contain a mix of somewhat related and
unrelated individuals.

Measuring Functional Diversity

We used 26 morphological and physiological traits of the
genotypes used in two of the experiments (Hughes et al.
2010; Hughes and Stachowicz 2011) to calculate an index
of functional diversity (FD) scaled to a minimum of 0 and
a maximum of 1 (Petchy and Gaston 2002). These traits
were related to root and shoot growth, nutrient uptake,
clonal expansion, and ramet size; methods used to obtain
trait data are reported elsewhere (Hughes et al. 2009; for
a list of traits see app. B, available online). FD calculations
were based on plot genotypic composition at the time of
planting.

Statistical Analyses

Our analyses focused first on assessing the correlation be-
tween genetic relatedness (R) and eelgrass standing stock
for all experiments and surveys. Secondarily, we compared
the ability of relatedness versus other factors such as the
number of genets (N;) or FD to account for variation in
eelgrass biomass or shoot density. Because of the different
methods, purposes, and durations of each experiment, and
because average R varied among experiments, we analyzed
each experiment separately rather than in a single analysis.
For each experiment we first ran single-variable mixed-
effects models with shoot density or biomass as the re-
sponse variable, with N, R, or FD as the predictor variable
and with a spatial variable such as block or site as the
random factor. For the experiment that included grazer
manipulations, we included grazer treatment as an addi-
tional fixed factor. Second within each experiment, all po-
tential predictors (R and FD or N;) and their interactions
were combined into a single mixed-effects model. We
could not run a single model with N, R, and FD because
genotypic richness did not vary among polycultures in the
experiments for which we had trait data on the genotypes
(Hughes et al. 2010; Hughes and Stachowicz 2011).

The field-surveyed assemblages covered a larger range
of R than either experiment. We hypothesized that non-
linear optimum relationships may result and so included
a quadratic term in the single mixed-effects model of R
versus density, with the quadratic term recentered around
its mean before squaring [R* = (R — R)?] to avoid collin-
earity with the linear R term. We then evaluated the im-
portance of N; and R on shoot density in a single gen-
eralized additive model (GAM; Hastie and Tibshirani
1990). Additionally, we also ran single and multivariate
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mixed-effects models on the subset of plots in which R
<0.4 to allow for direct comparison with experiments that
included only plots in this range of R. Mixed-effects mod-
els were run in JMP, version 8, and the GAM was run in
SAS, version 9.1 (SAS Institute, Cary, NC).

Results

The index of relatedness (R) among genotypes was a highly
significant predictor of biomass and shoot density across
experimental and natural assemblages of eelgrass. Among
experimental assemblages that varied in both initial genetic
richness and relatedness (Hughes and Stachowicz 2004),
final shoot density was positively correlated with relat-
edness, but not richness, in both univariate and multi-
variate models (fig. 1A; table 1, pt. A). Richness and re-
latedness in this experiment were uncorrelated (r* =
0.07, P = .28), so the lack of significance of richness was
not due to collinearity with relatedness.

In a separate field experiment in which all mixtures had
equivalent richness (six genotypes) but varied in genotypic
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composition (Hughes and Stachowicz 2011), shoot density
was also strongly positively correlated with relatedness (fig.
1B; table 1, pt. B1). In this experiment, functional trait
diversity (FD) was also positively correlated with shoot
density (fig. 1G; table 1, pt. B1). For the univariate re-
gressions, the model including only FD was the strongest
predictor of shoot density, and in the multiple regression,
R was not a significant predictor when FD was included
(table 1, pt. B2), presumably because of the strong positive
correlation between these two predictors (fig. 1D; r* =
0.61, P < .0001). This collinearity limits our ability to assess
whether trait diversity or relatedness is more important in
explaining the variation in eelgrass shoot density in this
experiment. In the mesocosm experiment (Hughes et al.
2010), grazer treatment had a strong effect on eelgrass
biomass (P < .0001), but R explained additional variation
(P = .01). Importantly, FD was uncorrelated with both
eelgrass biomass (P = .27) and R (P = 42) in this ex-
periment (table 1, pt. C).

In unmanipulated field plots (Hughes and Stachowicz
2009), R ranged from —0.3 to 0.9, which included much
more highly related combinations than any of the exper-
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Figure 1: Results of reanalysis of eelgrass genotypic richness manipulations showing consistent positive relationship between genetic relat-
edness and measures of eelgrass productivity. See table 1 for results of statistical analysis. A, Relatedness (and not richness) is positively
associated with shoot density (shoots/m”) from the experiment in Hughes and Stachowicz (2004), in which genotypic richness and relatedness
varied independently. Relatedness (B) and functional diversity (C) are positively correlated with eelgrass shoot density and biomass in
mixtures of six genotypes from Hughes and Stachowicz (2011); shoot density is depicted as filled circles and biomass open diamonds. D,
Functional diversity and relatedness are positively correlated in the experiment in Hughes and Stachowicz (2011) but not in Hughes et al.

(2010).
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Table 1: Statistical analysis of the relationship between eelgrass productivity and various metrics of biodiversity: genotypic

richness, genetic relatedness, and functional diversity

Models and variables F P df (den) R
A. Field experiment: relatedness and richness (response = density):
1. Single variable with site as random effect:
Relatedness 5.38 .035 14.76 45
No. genotypes 41 531 14.03 .30
2. Multivariable with site as random effect: .46
Relatedness 4.57 .049 14.02
No. genotypes .05 821 13.27
B. Field experiment: relatedness and functional diversity (response = density):
1. Single variable with site as random effect:
Relatedness 5.77 .027 19.57 .46
Functional diversity 15.1 .001 18.11 .61
2. Multivariable with site as random effect: .60
Relatedness 13 728 17.41
Functional diversity 6.81 .018 17.17
3. Single variable with site as random effect (response = mass):
Relatedness 5.88 .025 20.71 .30
Functional diversity 4.23 .003 19.32 .18
4. Multivariable with site as random effect: .40
Relatedness .01 941 18.59
Functional diversity 4.03 .060 17.83
C. Mesocosm experiment: relatedness and functional diversity (response = mass):
1. Each diversity predictor tested separately with grazer as fixed effect in each model:
Relatedness 6.04 .02 19 .87
Functional diversity 1.28 27 19 .81
2. Multivariable with both diversity metrics: .88
Grazer 40.7 <.001 19
Relatedness 4.31 .05 19

Functional diversity

.06 .81 19

D. Field survey with site as random effect (response = density):

1. Full data set, multivariable:
Relatedness—quadratic model:
R
RZ
No. genotypes
2. Field survey: only plots with R < .4:
Single variable with site as random effect:
Relatedness
No. genotypes
3. Field survey: only plots with R < .4:
Multivariable with site as a random effect:
Relatedness
No. genotypes

.35
92 .346 33.88
6.33 .017 33.73
5.40 .026 33.90
6.97 .018 15.63 .61
3.51 .080 13.93 .55
.63
3.91 .049 15.24
.96 334 13.93

Note: Analysis is by general linear model or mixed model, except for part D1, which is a generalized additive model.

iments. Overall, N; was a significant predictor of shoot
density (table 1, pt. D1). R was also a significant predictor
of density, but this relationship was nonlinear and was
best described by adding a quadratic term to the regression
equation (fig. 2; table 1, pt. D1). When both N and R
were included in the model, only the nonlinear component
of R was a significant predictor of shoot density (x* =
8.73, P = .03), and richness and relatedness were uncor-

related here as well (r*> = 0.02, P = 46). When we an-
alyzed only field-surveyed plots in which R was within the
range found in the three experiments (i.e., R<04), we
found a linear correlation between shoot density and R
similar to that found in the experimental studies (fig. 2).
In both single and multivariate analyses of this subset of
the data, R was the only significant predictor of shoot
density (table 1, pts. D2, D3).
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Figure 2: Shoot density in a plot is unimodally related to genetic relatedness of the genotypes in that plot. Note that this survey covers a
much broader range of relatedness than the experiments in figure 1. Over the range of relatedness covered by the experiment, the survey
also recovers a positive relationship between relatedness and shoot density (dashed line, gray circles only).

Discussion

Eelgrass occurs in dense meadows where it is the only
vascular plant species and thus in natural settings will likely
interact strongly with conspecifics of varying relatedness.
We found that the average relatedness among individuals
strongly predicted total biomass and/or density in both
field plots and experimental assemblages across four dif-
ferent studies. In the studies in which the number and
relatedness of genotypes varied independently (Hughes
and Stachowicz 2004, 2009), relatedness was a better pre-
dictor of plant biomass than genotypic richness. These
findings agree with those from meta-analyses of species
diversity experiments (Cadotte et al. 2008, 2009), in that
the richness of taxa (genotypes in our case) did not predict
plant biomass as well as metrics that incorporated quan-
titative measures of functional or genetic distinctiveness
among taxa. However, our results differ from those results
and from those of some nonclonal animal studies (Gam-
feldt et al. 2005; Aguirre and Marshall 2011, 2012) in that
highest eelgrass biomass occurred in more closely related
assemblages. This pattern was consistent across multiple
experiments conducted in different locations with distinct
pools of genotypes and in a field survey that included
hundreds of genotypes from seven sites in two bays sep-
arated by 30 km (Kamel et al. 2012). Thus, at least for
Zostera marina in Bodega Harbor and Tomales Bay, the
correlation between the relatedness of individuals in an
assemblage and the biomass achieved by that assemblage
is robust.

The mechanisms linking genetic relatedness, functional
diversity, and eelgrass production are, however, less clear.

The positive relationship between relatedness and biomass
accumulation appears to contradict the idea that niche
differentiation increases with genetic distance and suggests
that cooperation among close relatives might play a role.
Nonetheless, trait variation remains a viable explanation
because in one of the experiments for which we had func-
tional trait data, assemblages with higher relatedness also
had greater trait diversity. We do not currently have a
compelling explanation for this counterintuitive pattern,
but the relationship is unlikely to be the effect of a par-
ticular genotype. This would require a genotype that was
distantly related yet similar in trait values to most other
genotypes, and such a genotype was not in the pool of
eight used in these experiments. Such a relationship could
also result from local selection for trait divergence among
competing genotypes in a species with limited dispersal;
however, the low degree of genetic structure of eelgrass
across sites in Bodega Harbor (Kamel et al. 2012) argues
against such a mechanism in our system. Moreover, we
found no significant correlation between FD and R in a
second experiment, suggesting that trait diversity is not a
universal explanation for the correlation between relat-
edness and biomass. Given that there were only eight ge-
notypes in our pool, the range of relatedness treatments
in experiments for which trait data were available is rel-
atively narrow, making it difficult to interpret the positive
relationship (or lack thereof) between functional diversity,
relatedness, and plant biomass. In particular, none of our
experiments contained assemblages composed of closely
related individuals (R, = 04), yet such assemblages do
occur in nature (Kamel et al. 2012; fig. 2).
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Both experimental results and observational results pro-
duced a positive linear correlation for the range of relat-
edness over which they overlap (fig. 2). The correspon-
dence between experiments and surveys for low values of
R suggests that relatedness influences biomass in natural
assemblages. Yet, field surveys involved a broader range of
relatedness values, yielding a unimodal relationship be-
tween R and shoot density. Inbreeding and outbreeding
depression could underlie this pattern (Willi and van Busk-
irk 2005) but would not contribute to patterns in our
experiments because shoots in experimental plots were
primarily a product of vegetative reproduction. However,
the low shoot density in experimental monocultures
(R = 1) relative to polycultures (R < 0.4; see Hughes and
Stachowicz 2004, 2011; Hughes et al. 2010) is also con-
sistent with the idea that at very high levels of relatedness,
plot productivity suffers. Alternatively, the unimodal re-
lationship between relatedness and plant biomass could
reflect a balance between the benefits of trait differentia-
tion among distantly related genotypes, leading to greater
resource capture versus cooperation among close relatives.
Unfortunately, because we lack trait data for genotypes in
the survey, we cannot assess how trait diversity varies with
relatedness over this full range of R. Additionally, it is
possible that the interpretation of the relationship between
R and shoot density in survey data could be confounded
if additional factors (e.g., water flow) directly influence
both local density and relatedness (e.g., by altering dis-
persal of seeds and gametes).

In contrast to our experiments with eelgrass, the per-
formance of solitary invertebrates is often higher in groups
of unrelated individuals compared to groups composed of
siblings or half-sibs (Gamfeldt et al. 2005; Aguirre and
Marshall 2011, 2012). At this point it remains difficult to
explain why there is a positive relationship between re-
latedness and productivity in eelgrass and a negative re-
lationship in sessile invertebrates. However, our experi-
ments compare interactions among relatively unrelated
individuals (low probability that any are sibs based on
collection distances), whereas the invertebrate studies all
used known sibling groups in their most related treat-
ments. Thus, the direction of the relatedness-performance
relationship might differ among studies because eelgrass
and invertebrate experiments use relatedness values on the
ascending and descending portions of the unimodal curve,
respectively. Furthermore, species such as eelgrass that are
highly clonal and compete intensely with conspecifics
might be more likely to develop cooperative relationships
with close relatives than sessile invertebrates that typically
interact with a matrix of other species. The location of the
peak in a unimodal relationship might then vary among
taxa, depending on the relative strength of intraspecific
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niche differentiation, inbreeding depression, and cooper-
ation among kin.

In light of the fact that functional traits will likely never
be known for the vast majority of species, the increasing
number of examples in which ecological outcomes in com-
petition experiments can be predicted from phylogenetic
relatedness (Burns and Strauss 2011; Violle et al. 2011;
Peay et al. 2012) is encouraging (but see Best et al. 2013).
Such approaches also hold promise for understanding the
effects of genotypic diversity, as extending a purely func-
tional trait-based approach is problematic, except in sys-
tems in which genotypic diversity is low and clonal re-
production dominates. However, differences in the
mechanisms that can operate at the inter- and intraspecific
levels mean that the slope and direction of the relationships
may not be consistent across species and local levels of
genetic diversity. Additionally, the slope and direction of
the relationship between genetic differentiation and eco-
logical functioning might depend on the genetic scale un-
der consideration (fig. 2), as has been suggested for phy-
logenetic diversity among species (Peay et al. 2012). For
example, within the same assemblage of species, a positive
relationship between ecological and genetic distinctiveness
can occur when a broad range of phylogenetic distances
is considered, but the relationship becomes negative across
a narrower range (Peay et al. 2012).

Currently, our evidence is consistent with both coop-
eration among relatives and functional diversity as factors
contributing to the enhanced density and biomass of eel-
grass. More definitive assessment awaits an experiment
with a broader array of genotypes that can produce
mixtures that decouple trait diversity and relatedness at
the initiation of the experiment. Once the slope and di-
rection of the relationship between relatedness and func-
tionality across scales are more thoroughly understood,
genetic relatedness might be useful in designing restoration
or mitigation efforts for key foundation species such as
sea grasses, mangroves, or some forest trees that occur in
stands where species diversity is low and thus most in-
dividuals interact with conspecifics. We eagerly await ad-
ditional data to evaluate the consistency of this relationship
across taxa.
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APPENDIX A

Table Al: Details of studies examining the effects of genotypic richness on biomass accumulation that are used to assess the effect of genetic relatedness on biomass in this study

No. Replicates Total no. Trait data
Genotypic unique of each genotypes available for Response
Reference Study type richness combinations combination used all genotypes? variable Duration
Hughes and Stachowicz 2004 Field experiment 1,2,4,8 18 No 69 No Density 1 year
Hughes and Stachowicz 2011 Field experiment 1,6 8 Yes 8 Yes Density and biomass 2 years
Hughes et al. 2010 Mesocosm experiment 1, 4 6 Yes 6 Yes Density and biomass 10 weeks
Hughes and Stachowicz 2009 Field survey 2-15 NA No 322 No Density NA




Literature Cited

Aguirre, J. D., and D. J. Marshall. 2011. Does genetic diversity reduce
sibling competition? Evolution 66:94-102.

. 2012. Genetic diversity increases population productivity in
a sessile marine invertebrate. Ecology 93:1134-1142.

Best, R. J., N. C. Caulk, and J. J. Stachowicz. 2013. Trait vs. phylo-
genetic diversity as predictors of competition and community
composition in herbivorous marine amphipods. Ecology Letters
16:72-80.

Bolnick, D. I., R. Svanbick, J. A. Fordyce, L. H. Yang, J. M. Davis,
C. D. Hulsey, and M. L. Forister. 2003. The ecology of individuals:
incidence and implications of individual specialization. American
Naturalist 161:1-28.

Burns, J. H., and S. Y. Strauss. 2011. More closely related species
are more ecologically similar in an experimental test. Pro-
ceedings of the National Academy of Sciences of the USA 108:
5302-5307.

Cadotte, M. W., B. J. Cardinale, and T. H. Oakley. 2008. Evolutionary
history and the effect of biodiversity on plant productivity. Pro-
ceedings of the National Academy of Sciences of the USA 105:
17012-17017.

Cadotte, M. W.,, J. Cavender-Bares, D. Tilman, and T. H. Oakley.
2009. Using phylogenetic, functional and trait diversity to under-
stand patterns of plant community productivity. PLoS ONE 4:
€5695.

Cardinale, B. ], J. E. Duffy, A. Gonzalez, D. U. Hooper, C. Perrings,
P. Venail, A. Narwani, et al. 2012. Biodiversity loss and its impact
on humanity. Nature 486:59-67.

Cavender-Bares, J., K. H. Kozak, P. V. A. Fine, and S. W. Kembel.
2009. The merging of community ecology and phylogenetic bi-
ology. Ecology Letters 12:693-715.

Drummond, E. B. M., and M. Vellend. 2012. Genotypic diversity
effects on the performance of Taraxacum officinale populations
increase with time and environmental favorability. PLoS ONE 7:
e30314.

File, A. L., G. P. Murphy, and S. A. Dudley. 2011. Fitness consequences
of plants growing with siblings: reconciling kin selection, niche
partitioning and competitive ability. Proceedings of the Royal So-
ciety B: Biological Sciences 279:209-218.

Flynn, D. E. B., N. Mirotchnick, M. Jain, M. 1. Palmer, and S.
Naeem. 2011. Functional and phylogenetic diversity as pre-
dictors of biodiversity—ecosystem-function relationships. Ecol-
ogy 92:1573-81.

Frasier, T. R. 2008. STORM: software for testing hypotheses of re-
latedness and mating patterns. Molecular Ecology Resources 8:
1263-1266.

Gamfeldt, L., J. Wallen, P. R. Jonsson, K. M. Berntsson, and J. N.
Havenhand. 2005. Increasing intraspecific diversity enhances set-
tling success in marine invertebrate. Ecology 86:3219-3224.

Grosberg, R. K. 1988. The evolution of allorecognition specificity in
clonal invertebrates. Quarterly Review of Biology 63:377—412.

Hastie, T. J., and R. J. Tibshirani. 1990. Generalized additive models.
Chapman & Hall, New York.

Hooper, D. U., E S. Chapin, J. J. Ewel, A. Hector, and P. Inchausti.
2005. Effects of biodiversity on ecosystem functioning: a consensus
of current knowledge. Ecological Monographs 75:3-35.

Hughes, A. R., R. J. Best, and J. J. Stachowicz. 2010. Genotypic
diversity and grazer identity interactively influence seagrass and
grazer biomass. Marine Ecology Progress Series 403:43-51.

Ecological Effect of Genetic Relatedness 9

Hughes, A. R., B. D. Inouye, M. T. J. Johnson, N. Underwood, and
M. Vellend. 2008. Ecological consequences of genetic diversity.
Ecology Letters 11:609—623.

Hughes, A. R,, and J. J. Stachowicz. 2004. Genetic diversity enhances
the resistance of a seagrass ecosystem to disturbance. Proceedings
of the National Academy of Sciences of the USA 101:8998-9002.

. 2009. Ecological impacts of genotypic diversity in the clonal

seagrass, Zostera marina. Ecology 90:1412-1419.

. 2011. Seagrass genotypic diversity increases disturbance re-
sponse via complementarity and dominance. Journal of Ecology
99:445-453.

Hughes, A. R., J. J. Stachowicz, and S. L. Williams. 2009. Morpho-
logical and physiological variation among seagrass (Zostera ma-
rina) genotypes. Oecologia (Berlin) 159:725-733.

Kamel, S. J., A. R. Hughes, R. K. Grosberg, and J. J. Stachowicz.
2012. Fine-scale genetic structure and relatedness in the eelgrass
Zostera marina. Marine Ecology Progress Series 447:127-137.

Keller, L. E, and D. M. Waller. 2002. Inbreeding effects in wild pop-
ulations. Trends in Ecology and Evolution 17:230-241.

Maherali, H., and J. Klironomos. 2007. Influence of phylogeny on
fungal community assembly and ecosystem functioning. Science
316:1746-1748.

Micheli, E, and B. S. Halpern. 2005. Low functional redundancy in
coastal marine assemblages. Ecology Letters 8:391-400.

Naaem, S., and J. P. Wright. 2003. Disentangling biodiversity effects
on ecosystem functioning: deriving solutions to a seemingly in-
surmountable problem. Ecology Letters 6:567-579.

Norberg, J., D. P. Swaney, J. Dushoff, J. Lin, R. Casagrandi, and S.
A. Levin. 2001. Phenotypic diversity and ecosystem functioning in
changing environments: a theoretical framework. Proceedings of
the National Academy of Sciences of the USA 98:11376-11381.

Peay, K. G., M. Belisle, and T. Fukami. 2012. Phylogenetic relatedness
predicts priority effects in nectar yeast communities. Proceedings
of the Royal Society B: Biological Sciences 279:749-758.

Petchy, O. L., and K. Gaston. 2002. Functional diversity (FD),
species richness, and community composition. Ecology Letters
5:402—411.

Reusch, T. B. H., A. Ehlers, A. Himmerli, and B. Worm. 2005. Eco-
system recovery after climatic extremes enhanced by genotypic
diversity. Proceedings of the National Academy of Sciences of the
USA 102:2826-231.

Stachowicz, J. J., J. E Bruno, and J. E. Duffy. 2007. Understanding
the effects of marine biodiversity on communities and eco-
systems. Annual Review of Ecology, Evolution, and Systematics
38:739-766.

Tilman, D. 1999. The ecological consequences of changes in biodi-
versity: a search for general principles. Ecology 80:1455-1474.
Tilman, D., J. Knops, D. Wedin, P. Reich, M. Ritchie, and E. Siemann.
1997. The influence of functional diversity and composition on

ecosystem processes. Science 277:1300-1302.

Tomas, E, J. M. Abbott, M., Balk, C. Steinberg, S. L. Williams, and
J. J. Stachowicz. 2011. Plant genotype and nitrogen loading influ-
ence seagrass productivity, biochemistry, and plant-herbivore in-
teractions. Ecology 92:1807-1817.

Violle, C., D. R. Nemergut, Z. Pu, and L. Jiang. 2011. Phylogenetic
limiting similarity and competitive exclusion. Ecology Letters 14:
782-787.

Willi, Y., and J. van Buskirk. 2005. Genomic compatibility occurs
over a wide range of parental genetic similarity in an outcrossing

THURsDAY FEB 14 2013 10:54 AM/AN54140/2013/181/5/KFOSTER2/RITTERD/RITTERD//MS REVIEW COMPLETE/1002/USE-GRAPHICS/
NARROW/DEFAULT/



q4

10 The American Naturalist

plant. Proceedings of the Royal Society B: Biological Sciences 272: Pages XXX-XXX in M. D. Bertness, S. Gaines, and M. E. Hay,

1333-1338. eds. Marine community ecology. Sinauer, Sunderland, MA.
Williams, S. L. 2001. Reduced genetic diversity in eelgrass trans-

plantations affects both population growth and individual fitness.

Ecological Applications 11:1472-1488. Associate Editor: Daniel 1. Bolnick
Williams, S. L., and K. L. Heck. 2001. Seagrass community ecology. Editor: Judith L. Bronstein

THURSDAY FEB 14 2013 10:54 AM/AN54140/2013/181/5/KFOSTER2/RITTERD/RITTERD//MS REVIEW COMPLETE/1002/USE-GRAPHICS/
NARROW/DEFAULT/



Ecological Effect of Genetic Relatedness 11

QUERIES TO THE AUTHOR

ql. When you say “the articles that present the analyses
of the effects of the genotypic richness ...,” did you wish
to provide any citations?

q2. In table Al, does “NA” stand for “not available” or
“not applicable”™?

q3. Intable 1, (1) does “(den)” stand for “denominator”?
If so, OK to remove (implied in degrees of freedom)? (2)

What do the italic P values indicate? (3) Also, please note
I have added the “response” imformation to individual
stub cells (in parentheses) to more closely follow our table
style and save space. OK?

q4. For Williams and Heck 2001, please provide page
numbers.
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