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Summary
1. Genetic diversity, like species diversity, can enhance resistance or resilience to perturbation.
However, we know little about how disturbance intensity affects this relationship or what mechanisms underlie the positive effects of genetic diversity.
2. We experimentally tested the independent and interactive effects of seagrass genotypic diversity
(two levels) and disturbance (three levels) on seagrass biomass in a 2-year ﬁeld experiment.
3. Our results indicate that genotypic diversity enhances seagrass resilience from experimental biomass removal, but only at the highest level of disturbance; in the absence of disturbance, monocultures out-perform polycultures over the short term.
4. Following recovery from the planned experimental disturbance, a natural macroalgal bloom
caused a loss of seagrass shoots in our plots. In this case polycultures lost fewer shoots than monocultures (i.e. were more resistant to the disturbance), and this positive effect of genetic diversity persisted until the end of the experiment (1 year in total, including 6 months after all plots had
recovered to pre-disturbance densities). At the end of the 2-year experiment, polycultures had
higher shoot density and above-ground biomass than monocultures.
5. The positive effects of diversity on shoot density and biomass were caused by both trait-independent complementarity (TIC; due to differential resource use among clones) and positive dominance
(due to one genotype achieving high density in both monoculture and polyculture).
6. Synthesis. Our results conﬁrm that genetic diversity, like species diversity, can inﬂuence disturbance response and does so via similar mechanisms. They also highlight that over longer time
frames, these effects are likely to result from a complex mix of dominance and complementarity
mechanisms that depend on the traits of the speciﬁc taxa involved and the response variables of
interest.
Key-words: aquatic plant ecology, biodiversity, community genetics, compensation,
disturbance–stability, ecosystem function, eelgrass, genotypic diversity, primary production,
resilience, Zostera marina

Introduction
The relationship between biodiversity and stability has long
interested ecologists, generating a large body of empirical and
theoretical research. Although still controversial, the empirical
evidence suggests that species diversity most often inﬂuences
stability by reducing realized disturbance (Hughes et al. 2007)
via a variety of mechanisms. For example, the ‘insurance
hypothesis’ posits that more diverse communities are more
likely to contain taxa capable of withstanding or surviving a
given disturbance that can compensate for those that are more
susceptible (Tilman 1996; Yachi & Loreau 1999). In this case,
*Correspondence author. E-mail: rhughes@bio.fsu.edu

these taxa are expected to increase in relative abundance following disturbance, as is the case in the sampling effect in
experiments of biodiversity and ecosystem function (Huston
1997; Tilman, Lehman & Thomson 1997). Additionally, diversity may be associated with an increased range of life-history
or resource-use traits that enhance the response to disturbance
via complementarity or facilitation (Mulder, Uliassi & Doak
2001).
To date, the majority of empirical studies of the diversity–
disturbance relationship have focused on diversity at the level
of species, yet the mechanisms thought to be responsible for
diversity–stability relationships are not speciﬁc to any particular taxonomic level (Norberg et al. 2001). The operation of
these mechanisms depends only on taxa varying in some
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functionally relevant manner; this sort of variation is certainly
not restricted to the species level, as studies show that phenotypic variation within species can be as large as that between
species (Bangert et al. 2005; Shuster et al. 2006). In addition,
genetic diversity has demonstrated population- and community-level ecological effects similar to those of species diversity
(Hughes et al. 2008).
Although the number of examples is small, the available
data suggest that genetic diversity can also inﬂuence population stability by reducing realized disturbance (Schmitt &
Antonovics 1986; Boles, Thoendel & Singh 2004; Hughes &
Stachowicz 2004; Reusch et al. 2005) by increasing resistance
(decreased biomass loss) or resilience (recovery to pre-disturbance conditions). In marine systems, two independent studies have shown that genotypic diversity in seagrass (Zostera
marina) enhances the resistance and resilience of this system
to natural disturbances (Hughes & Stachowicz 2004; Reusch
et al. 2005), and that these positive effects of diversity can be
detected in natural populations of Zostera (Hughes & Stachowicz 2009). However, these studies involved natural,
uncontrolled disturbances, leaving open the question of how
seagrass genotypic diversity (and genetic diversity, more generally) inﬂuences system response across a range of disturbance levels. Additionally, these studies were relatively short
in duration, spanning only a single growing season. In this
paper, we examine the effects of seagrass genotypic diversity
on seagrass density and biomass in response to experimentally imposed disturbances over the short term (weeks to
months) and to larger natural disturbances over the long
term (> 1 year). We hypothesized that genotypic diversity
would have a positive effect on the response of seagrass plots
to experimentally imposed disturbance. However, we
expected that these differential responses to disturbance
would be temporary, resulting in equivalent performance
between monocultures and polycultures at the end of a
longer period of time (2 years).
Eelgrass (Z. marina, ‘Zostera’ henceforth) is a model system for testing the interaction between genotypic diversity
and disturbance for a number of reasons. First, Zostera
reproduces sexually as well as clonally, generating considerable variation in genotypic diversity at small scales in natural
populations (Reusch 2001; Hughes & Stachowicz 2009). In
addition, genotypic diversity in these populations is important not only for the seagrass itself, but it also inﬂuences the
abundance and diversity of organisms that rely on it for habitat (Hughes & Stachowicz 2004, Reusch et al. 2005). Furthermore, seagrasses are subjected to a wide variety of
natural and anthropogenic disturbances, such as grazing (by
invertebrates, ﬁshes and birds), storm events, eutrophication,
boat grounding and dredging (Short & Wyllie-Echeverria
1996; Orth et al. 2006). These varied and common disturbances represent a major threat to seagrasses, which are currently declining throughout their range (Waycott et al.
2009). Understanding the role of seagrass genotypic diversity
in the response to and recovery from disturbance is increasingly important for the conservation of these valuable habitats.

Materials and methods
STUDY SYSTEM

Bodega Harbor is located c. 100 km north of San Francisco Bay, CA,
USA. It is a c. 2 km2 marine embayment that is largely ﬂushed on
each tidal cycle by a central, dredged shipping channel. Zostera is
common throughout the low intertidal and subtidal regions of the
harbour. This experiment was conducted within an existing seagrass
bed on the south-western side of the harbour.
Previous experimental manipulations of genetic diversity in Zostera beds (Hughes & Stachowicz 2004; Reusch et al. 2005) relied on
ﬁeld-collected clones that were identiﬁed using molecular markers,
yet this process introduces a number of difﬁculties. First, the genotyping process is costly and time-consuming. More importantly, however, it is difﬁcult to ﬁnd adequate numbers of shoots of the same
clone to include each clone in both monoculture and polyculture to
allow inferences about mechanisms underlying diversity effects. Further, using ﬁeld-collected shoots from different areas means that
genotypic effects may be confounded with local environmental acclimation. To minimize these complications, we propagated eight
known genotypes in ‘common garden’ 300-L outdoor ﬂow-through
mesocosms at Bodega Marine Laboratories (see Hughes et al. (2009)
for details on clonal propagation).

EXPERIMENTAL DISTURBANCE MANIPULATION

We used shoots from the clones propagated in the laboratory to conduct a factorial ﬁeld experiment in which we manipulated seagrass
genotypic diversity (one or six genotypes) and disturbance (0%, 33%
or 66% of shoots clipped) and monitored shoot density over time.
Shoot density is a non-destructive sampling technique, allowing us to
assess how results change over time while avoiding the introduction
of additional disturbance that could obscure our disturbance treatments. Shoot density is positively correlated with above-ground biomass in this system (R. Hughes, unpublished data), so it is a
reasonable measure of biomass production. We also destructively
sampled all plots at the end of the experiment.
The genotypic diversity treatments tested in our experiment fall
within the range found in natural Zostera populations in Bodega
Harbor of 1–15 genotypes m)2 with a mean of 4.1 (Hughes & Stachowicz 2009). Because the best way to differentiate between mechanisms of complementarity and selection effects is to compare
genotype performance in monoculture and polyculture (Loreau &
Hector 2001; Fox 2005), we planted three monocultures (one for each
disturbance treatment) of each of the eight genotypes used in the
experiment. For the polyculture treatments, we randomly generated
eight different combinations of six genotypes and planted one replicate of each per disturbance treatment; by chance, one genotype was
present initially in all polyculture treatments. Thus we had replicates
of monocultures and polycultures, but no replication of speciﬁc compositions within each level of disturbance. We did this because we had
limited numbers of shoots available for each genotype, and because
in this experiment we were most interested in whether monocultures
differed from polycultures rather than comparing the performance of
speciﬁc genotypes or combinations of genotypes. However, at the end
of the experiment, there was no effect of disturbance on any metric of
performance, and we removed this factor from the analysis, giving us
N = 3 per genotype combination in the ﬁnal analysis. We used six
genotypes in our polyculture treatment, because this diversity was
well within the range observed in natural populations (i.e. we did not
bias our results by using an extremely high diversity) and because this
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allowed us to have high diversity plots that varied in genotypic
composition.
All treatment plots began with six transplanted shoots, regardless
of whether it was a monoculture or polyculture. Limitations on the
number of shoots available per genotype necessitated these low initial
densities; plots reached densities comparable to surrounding natural
seagrass beds in the second year of the experiment (see Results). We
also created control plots that received no transplants to estimate natural recruitment of shoots into bare space over the course of the
experiment.
In May 2005 we cleared 64.1-m2 plots in 4 rows of 16 plots (separated by at least 2 m) in an existing seagrass bed in Bodega Harbor.
We then buried 16.2 cm high · 41.3 cm wide · 59.7 long containers
into each plot and ﬁlled them with sieved sediment to exclude all seeds
and below-ground vegetation and ensure that there were no differences in the infaunal invertebrate community at the start of the experiment. In preliminary trials, shoot production rates did not differ
inside versus outside containers (mean = 1.1 shoots transplant)1
month)1 inside containers vs. 0.9 shoots transplant)1 month)1 outside; t-test, P = 0.39). Treatments were assigned to plots in a randomized complete-block design, with two plots of each
disturbance · diversity combination and four control plots per
block. Experimental shoots were transplanted into the plots in June
2005, and shoot densities were monitored every 2–4 weeks for the
duration of the experiment (June 2007). In November 2005, all plots
were surrounded by four 2-m tall pieces of PVC to prevent shoot
removal by geese that could confound interpretation of the experiment.
We evaluated the effects of genotypic diversity on the response to
disturbance by applying three levels of above-ground biomass
removal in January 2006 (8 months post establishment). The removal
of above-ground biomass was chosen speciﬁcally to simulate grazing
by geese, a natural and signiﬁcant disturbance in Bodega Harbor
(Hughes & Stachowicz 2004), although above-ground biomass
removal is a common thread among many seagrass disturbances
(Short & Wyllie-Echeverria 1996; Orth et al. 2006). The speciﬁc disturbance levels correspond with variation in goose grazing observed
in a previous experiment (Hughes & Stachowicz 2004). Although
plots were still increasing in shoot density by vegetative propagation
at the time of the experimental disturbance, we wanted to perform the
disturbance treatment in an ecologically relevant season (i.e. when
goose grazing typically occurs) and before the recruitment of new
genotypes by seed (March–April) that could potentially compromise
diversity treatments. In early January, we quantiﬁed shoot density in
each plot; these data were then used to calculate the number of shoots
that represented 0%, 33% or 66% of the above-ground biomass. We
haphazardly selected the appropriate number of shoots in each plot

and removed biomass by manually clipping shoots to the sediment
surface. In addition to standardizing the amount of biomass removed
within a treatment level, our experimental disturbance allowed us to
avoid confounding non-consumptive effects (fertilization, sediment
disturbance) that are speciﬁc to herbivores, since we wanted to assess
whether there is a general effect of diversity on disturbances that
causes loss of above-ground biomass.
EXPERIMENTAL DISTURBANCE MANIPULATION:
STATISTICAL ANALYSES

We ﬁrst assessed the effectiveness of our disturbance treatment by
conducting a factorial anova on the number of shoots 2 weeks following the experimental disturbance, with block, diversity and disturbance intensity as ﬁxed factors and including all possible interactions.
We included pre-disturbance shoot density as a covariate (see Hughes
& Stachowicz 2004); in these and subsequent analyses incorporating
covariates, our data met the assumption of homogeneity of slopes.
To assess the inﬂuence of diversity on recovery from disturbance, we
performed a repeated-measures anova on all sampling dates during
the recovery period (12 weeks), using shoot density 2 weeks following
the disturbance as our covariate. There was a signiﬁcant diversity · disturbance interaction in the repeated measures analysis
(Table 1), so we examined the effects of diversity at each sampling
date (4, 6, 10 and 12 weeks post disturbance) using planned independent contrasts to compare monoculture and polyculture performance
for each disturbance level. Our analysis did not meet the assumptions
of sphericity, so we used the Greenhous–Geisser (G–G) adjustment
to reduce our degrees of freedom when evaluating time effects.
Because there were not signiﬁcant interactions between diversity
and ⁄ or disturbance with time, we present data from 6 weeks post disturbance to illustrate the effects of diversity on recovery from disturbance. In these and subsequent analyses, we excluded one plot from
our analyses in which Zostera transplants failed to establish.

NATURAL DISTURBANCE EVENT

Twelve weeks following our experimental disturbance (April 2006),
there were no longer any differences in shoot density due to disturbance, diversity or their interaction (Table 1). Several months later
(August 2006), an unexpected loss of shoots occurred across all treatments. This shoot loss was associated with a natural bloom of the
green macroalga Ulva sp. in our plots and the surrounding seagrass
beds of Bodega Harbor. The bloom lasted from May to October, but
reached its greatest intensity in late June 2006, peaking at 4 kg wet
weight m)2, the greatest biomass recorded during the 4-year period
from 2004 to 2008 (Olyarnik 2008). Because of the observed shoot

Table 1. Results of statistical analyses of the interaction between disturbance and genotypic diversity.
Disturbance ·
Diversity (d.f. = 2)

Disturbance (d.f. = 2)

Diversity
(d.f. = 1)

Time since disturbance

F

P

F

P

F

P

Covariate

2 weeks
4 weeks
6 weeks
10 weeks
12 weeks
Overall (repeated measures)

42.19
0.56
2.97
1.44
1.09
1.47

<0.0001
0.46
0.09
0.24
0.35
0.25

0.18
0.15
0.78
1.42
0.88
0.59

0.67
0.70
0.38
0.24
0.36
0.54

0.14
5.01
11.75
4.38
1.95
3.64

0.71
0.03
0.002
0.04
0.16
0.04

0
2
2
2
2
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ANALYSES

We ran a factorial anova on shoot density after the Ulva bloom dissipated (7 September 2006) with shoot density prior to the decline (26
July 2006) as a covariate, including block, diversity, disturbance
intensity and all possible interactions as ﬁxed factors. We also quantiﬁed Ulva biomass in July 2006 and ran a factorial anova as above to
determine if Ulva varied by disturbance or diversity treatment. We
were unable to reliably sample density in our plots in August 2006
due to a lack of sufﬁciently low tides during this month.
To evaluate differences between monocultures and polycultures in
shoot density, above-ground biomass, below-ground biomass,
root : rhizome biomass ratio, and distance between shoots at the end
of the experiment, we ran factorial anovas on each response variable
individually with block, diversity, disturbance intensity and all possible interactions. Neither the experimental disturbance treatment nor
any of its interactions affected any of the response variables during
this period (F £ 0.78, P ‡ 0.47), so we dropped this factor and its
interactions from our analyses. Thus, there were three replicates of
each monoculture and polyculture combination for this portion of
the analysis.
To examine ﬁnal genotypic composition and relative abundance,
we collected tissue samples from each of the haphazardly selected
clones in each plot at the end of the experiment. The samples were frozen following collection and later extracted using a modiﬁed CTAB
protocol, ampliﬁed via a polymerase chain reaction, and genotyped
at ﬁve DNA microsatellite loci speciﬁc to Z. marina (see Hughes &
Stachowicz 2004 for Methods). Shoots differing by zero or one alleles
were considered of the same genotype in our analyses (Arnaud-Haond et al. 2007). GenClone 2.0 was used to calculate ﬁnal genotypic
diversity.

IDENTIFYING DIVERSITY MECHANISMS

To test whether polyculture performance differed on average from
that expected based on performance of the component genotypes in
monoculture, we compared observed and expected polyculture values
using paired Student’s t-tests at three occasions in our experiment
when there was a signiﬁcant effect of genotypic diversity: (i) following

Results
EXPERIMENTAL DISTURBANCE MANIPULATION

There was a general increase in shoot density over the 2-year
experiment, regardless of disturbance level or genetic diversity
(Fig. 1); the ﬁnal shoot density of 201 ± 14.7 shoots 0.25 m)2
(mean ± SE) is similar to that found in undisturbed plots in

300
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May 2006
Jun 2006
Jul 2006
Aug 2006
Sept 2006
Oct 2006
Nov 2006
Dec 2006
Jan 2007
Feb 2007
Mar 2007
Apr 2007
May 2007
Jun 2007

NATURAL DISTURBANCE EVENT: STATISTICAL

our experimental disturbance; (ii) following shoot loss during the
macroalgal bloom; and (iii) at the end of the 2-year experiment. We
calculated expected polyculture values based on the initial genotypic
composition of each polyculture, assuming equal relative abundances
(i.e. monoculture values were divided by six, the original number of
transplants, and then summed for each genotype in a particular polyculture combination). A signiﬁcant difference between observed and
expected values indicates overyielding has occurred.
To further differentiate among diversity mechanisms, we used standard methods (Fox 2005) to partition variation in polyculture shoot
density and above-ground biomass at the end of the experiment
among three mechanisms: TIC, dominance and trait-dependent complementarity. TIC (equivalent to complementarity sensu Loreau &
Hector 2001) results when genotypes yield higher biomass in mixture
than expected, regardless of absolute monoculture biomass. TDC
and dominance (together equivalent to selection sensu Loreau & Hector 2001) occur when a particular genotype dominates polycultures,
either at the expense of other genotypes (dominance) or in addition to
increases in other genotypes (TDC). Because there were no independent or interactive effects of disturbance at this time, we used the three
disturbance levels as replicates for each particular genotypic combination. We conducted separate anovas for biomass and density to
determine whether the diversity mechanisms differed in their effect
size.

Number of shoots per 0.25 m2

loss following peak Ulva abundance and the documented negative
effects of high Ulva biomass on seagrasses (Hauxwell et al. 2001;
McGlathery 2001, Olyarnik 2008), we treated this algal bloom as a
natural disturbance and continued running the experiment to capture
the effect of genotypic diversity on the Zostera response to this disturbance.
In June 2007, we measured ﬁnal shoot density and harvested the
seagrass from all plots. We then quantiﬁed distance between shoots,
and shoot, root and rhizome biomass from haphazardly selected
clones (i.e. multiple shoots connected by a single rhizome) from each
plot. We also genotyped these sampled clones to assess the performance of the planted genotypes and determine ﬁnal genotypic composition. Because of the higher probability of not sampling a
genotype that was actually present in polyculture than in monoculture (due to the lower initial relative abundance of component genotypes in polyculture), we sampled polycultures with greater intensity:
we sampled 48 clones from each polyculture and 24 clones from each
monoculture, representing 26–100% of the shoots in each plot (average = 58%). The remaining seagrass biomass was divided into
above- and below-ground portions, dried at 60 C for at least 48 h,
and weighed to determine biomass.

Date

Fig. 1. Seagrass shoot density over the course of the experiment.
Grey diamonds represent monocultures; black squares are polycultures. Open circles are from an unmanipulated natural seagrass bed
in a nearby experiment (Olyarnik 2008). Error bars represent 1 SE.
(a) The experimental disturbance was applied in January 2006. There
was a signiﬁcant interaction between diversity and disturbance during
the 12-week period highlighted in the box (see Fig. 2). (b) A natural
bloom of the macroalgae Ulva began in May 2006 and ended in October 2006, resulting in a loss of shoots across all plots (and in nearby
unmanipulated areas). Shoot density in our experimental plots was
comparable to the natural shoot density throughout the second year
of the experiment.
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the surrounding eelgrass bed in a separate study (Olyarnik
2008). Prior to the experimental disturbance there was no effect
of diversity treatment on shoot density, with plots of on average c. 40 shoots per container. Our experimental disturbance
in January 2006 was effective, resulting in a signiﬁcant decline
in the number of shoots per plot 2 weeks following the disturbance as clipping intensity increased, regardless of diversity
(disturbance F2,22 = 42.19, P < 0.0001; Fig. 2a). Not surprisingly, given that we controlled the number of shoots
clipped, there was no variation in shoot density due to diversity
at this time (diversity · disturbance F2,22 = 0.14, P = 0.71;
Fig. 2a). However, there were signiﬁcant diversity effects on
disturbance resilience, measured as shoot re-growth following

15

(a)

Change in shoot density after disturbance

10
5
0
–5
–10
–15
10

Monoculture
Polyculture
Expected polyculture

(b)

5
0
–5

Weeks to pre-disturbance density

–10
40

(c)

35
30

disturbance (repeated-measures anova: diversity · disturbance
F2.22 = 3.64, P = 0.04, see Table 1 for full statistics), and
these effects persisted for 10 weeks (time effect: G–G
F46,42 = 1.16, P = 0.31).
Our experimental disturbance in January 2006 coincided
with a seasonal period of low growth (see, e.g. similar period of
static shoot density in January 2007; Fig. 1), most likely due to
light limitation (Dennison & Alberte 1982). Polycultures and
monocultures in the no-disturbance treatment differed in shoot
growth during the recovery period (independent contrast,
F1,22 = 5.73, P = 0.02): polycultures experienced a slight net
decrease in shoots, despite not being clipped. While monocultures exhibited no net change in shoot numbers (Fig. 2b).
Shoot mortality and re-growth were equivalent among diversity treatments at intermediate disturbance (independent
contrast, F1,22 = 0.54, P = 0.47), and there was a trend for
polycultures to gain more shoots than monocultures at
the highest level of disturbance (independent contrast,
F1,22 = 3.04, P = 0.09).
The observed polyculture change in shoot density was less
than expected based on performance of clones in monoculture
at zero disturbance (paired t-test, P = 0.06) but did not differ
from expected at intermediate disturbance (paired t-test,
P = 0.14). In contrast, polycultures had greater increases in
shoot density than expected at the highest level of disturbance
(Fig. 2b, paired t-test, P = 0.01). The difference in the rate of
re-growth between monocultures and polycultures at high disturbance caused the recovery time to pre-disturbance densities
to vary by diversity and disturbance (anova: diversity · disturbance F2.22 = 3.23, P = 0.05); polycultures recovered faster
than monocultures at high disturbance (independent contrast,
F1,22 = 4.94, P = 0.04; Fig. 2c).

25
20
15

NATURAL DISTURBANCE EVENT

10
5
0

0

33
Disturbance (% of shoots clipped)

66

Fig. 2. Clonal diversity and disturbance interact to inﬂuence seagrass
shoot density. Open bars are monocultures; black bars are polycultures; hatched bars are expected values for polycultures. Error bars
represent 1 SE. (a) Seagrass response 2 weeks after an experimental
disturbance. Disturbance response is shown as the difference in the
number of shoots 2 weeks after the disturbance as compared to
immediately prior to the disturbance. As expected, no disturbance
plots gained shoots over this period, whereas high disturbance plots
lost shoots, regardless of genotypic diversity. (b) Seagrass response
6 weeks after an experimental disturbance. Disturbance response is
shown as the difference in the number of shoots at 6 weeks and
2 weeks post-disturbance. Monoculture response did not differ
across the disturbance gradient, but polycultures experienced net
shoot loss under no disturbance and net shoot gain at the highest level
of disturbance. The expected average polyculture performance based
on the mean performance of component monocultures differed from
observed polyculture performance at both zero and high disturbance.
(c) Time to recovery to pre-disturbance shoot density. Differences in
shoot re-growth following disturbance (panel b) led to variation in
the number of weeks until recovery to pre-disturbance density in the
high disturbance treatment: monocultures took almost twice as long
to recover as polycultures.

Diversity affected shoot density in the presence of the macroalgae Ulva sp. Prior to and during the early stages of the bloom
(April–July 2006) there was no difference in shoot density
between monoculture and polyculture for any disturbance
treatments (Fig. 1; diversity F1,22 £ 1.81, P ‡ 0.19). Differences in shoot density were not signiﬁcant until the end of the
bloom in late summer (diversity F1,30 = 4.82, P = 0.04), after
a period of shoot loss during a time of year when expansion
would normally occur (Fig. 1). All plots lost shoots during this
period, yet polycultures lost a smaller percentage of shoots
than monocultures (Fig. 3). There was no effect of clipping
treatment or diversity on the biomass of Ulva during the bloom
(F £ 1.54, P ‡ 0.22), so we attribute the differences in shoot
density after the bloom to effects of genotypic diversity on
response to the bloom. However, it is also possible that diversity effects in the absence of disturbance simply take time to
manifest themselves, and the timing of the bloom coincided
with sufﬁcient time elapsing to reach shoot densities characteristic of natural beds (Fig. 1). Regardless, the percentage of
shoots remaining in polycultures following the bloom was signiﬁcantly higher than that expected based on component
monocultures (paired t-test P = 0.006).
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Percentage shoots remaining

100

together in polycultures. This result was largely due to the
extremely low shoot spacing of one dominant genotype
(mean(SE) distance between shoots = 40.0 ± 2.1 mm) relative to the other genotypes (means ranging from 52.3 to
77.2 mm between shoots). Observed polyculture values were
consistently different than expected for all responses except
below-ground biomass (paired t-tests P £ 0.01; Fig. 3).
Because we destructively sampled the experimental plots at
this time and were able to estimate the relative contributions of
different genotypes to ﬁnal density and biomass, we could
assess the degree to which dominance of particular genotypes
vs. complementarity among genotypes were responsible for the
observed diversity effects. Partitioning the effects of diversity
shows that both mechanisms play a role, but their relative
importance differs for density and biomass. The positive net
diversity effect on density was due to positive TIC, positive
dominance and positive TDC (Fig. 5c). Although the strength
of these mechanisms did not vary overall (F2,14 = 2.42,
P = 0.12), examining the different polyculture combinations
separately reveals that both dominance and TIC can be quite
strong (Fig. 5d). The strong dominance, when it occurred, was
driven by the high shoot production of a single genotype, 8
(Fig 5b; labelled ‘white’ in Hughes et al. 2009) that also performed well in monoculture (Fig. 5a). However, genotype 8
was not able to dominate all polyculture combinations, as illustrated by the varying strength of dominance (dominance = 0
in three out of eight polycultures that had this genotype;
Fig. 5d). Furthermore, dominance did not play an important
role in the diversity effect on above-ground biomass (Fig. 5g);
rather, strong and consistently positive TIC created this positive diversity effect (Fig. 5g,h).
The number of genotypes in polycultures remained signiﬁcantly higher than monocultures at the end of the 2-year
experiment (polyculture mean(SE) genotypes = 7.3(0.4),
monoculture mean(SE) genotypes = 2.5(0.4); F1,39 = 12.32,
P = 0.001). Relatively few new clones were identiﬁed in our
ﬁnal genetic sampling (mean(SE) new clones per plot =
2.7(0.4); max = 7.0) and, more importantly, these were never

b
a

a
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Monoculture Polyculture
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Fig. 3. Seagrass genotypic diversity increases the response to natural
disturbance. Open bars are monocultures; black bars are polycultures; hatched bars are expected values for polycultures. Error bars
represent 1 SE. The percentage of shoots remaining after a period of
shoot loss in summer 2006. Signiﬁcantly more shoots survived this
natural disturbance event in polycultures than in monocultures. In
addition, observed polyculture performance exceeded that expected
based on component monocultures.

Unlike the transient diversity effect in response to the controlled shoot removal, the positive effect of genotypic diversity
following the Ulva bloom persisted until the end of the experiment in June 2007, nearly 1 year after the end of the bloom
(monoculture mean(SE) shoots 0.25 m)2 = 161.9(16.3);
polyculture mean(SE) shoots 0.25 m)2 = 243.6(16.7);
F1,39 = 12.31, P = 0.001; Fig. 1). Additionally, there was a
corresponding difference in above-ground biomass between
polycultures and monocultures (F1,39 = 8.00, P = 0.007;
Fig. 4a). In contrast, below-ground biomass did not differ
between monocultures and polycultures (F1,39 = 2.93,
P = 0.09; Fig. 4b). Despite the similarity in overall belowground biomass, the allocation to root or rhizome tissue
differed, with polycultures having a greater proportion of root
tissue (F1,39 = 4.85, P = 0.03; Fig. 4c). Also, the average distance between shoots along a rhizome segment was lower for
polycultures than monocultures (F1,39 = 6.46, P = 0.01;
Fig. 4d), indicating that shoots were packed more closely
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Fig. 4. Positive effects of seagrass genotypic
diversity after two years. Open bars are monocultures; black bars are polycultures; hatched bars are expected values for
polycultures. Error bars represent 1 SE. (a)
Average plot above-ground biomass. (b)
Average plot below-ground biomass. (c) Ratio of root biomass to rhizome biomass. (d)
Average distance between 1 and 5 shoots on
24 (monoculture) or 48 (polyculture) rhizome
segments per plot.
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Fig. 5. Genotypic composition of monocultures and polycultures after 2 years. Seagrass (a) shoot density and (e) above-ground biomass in June
2007 in monoculture treatments. Seagrass (b) shoot density and (f) above-ground biomass in June 2007 in polyculture treatments. Shading indicates the relative abundance of component genotypes to ﬁnal density. Genotypes correspond to the following colours in Hughes et al. (2009):
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very abundant (Fig. 5b,f; mean(SE) percentage of total =
6.0(1.6)%). This result is consistent with our observation of
very low seedling recruitment into our control plots over the
course of the experiment (mean(SE) ﬁnal shoot density =
16.1(5.3), data not shown). Though genotypic diversity differed from that initially planted at the end of the experiment,
we continue to refer to the initial ‘monoculture’ and ‘polyculture’ treatments for consistency.

Discussion
Seagrass genotypic diversity enhanced recovery from an experimental disturbance in our study, although these effects were
only evident at the highest disturbance intensity. The interac-

tion between diversity and disturbance intensity in this study
had not been demonstrated previously, illustrating the importance of controlled, experimental manipulations in order to
completely understand the relationship between diversity and
disturbance. In particular, the loss of shoots with high diversity
in the absence of disturbance is puzzling and hard to explain.
The effect was small in magnitude, relatively short-lived
(<12 weeks), and could be a consequence of measurement
during a time of year when growth is slow and seasonal
declines in density are common (Fig. 1). We did not observe a
comparable effect in polycultures during the rest of the
experiment or in any other experiment we conducted (e.g.
Hughes & Stachowicz 2004). If veriﬁed, underyielding by polycultures in the absence of disturbance could have important
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conservation and management implications and deserves further attention. The positive diversity effect at high disturbance,
combined with the observed increase in disturbance response
by polycultures to another high-intensity disturbance (a natural bloom of the macroalgae Ulva), corroborates the positive
effects of diversity suggested by previous natural (i.e. unmanipulated) disturbances in this system (Hughes & Stachowicz
2004; Reusch et al. 2005). In addition, statistical partitioning
of the diversity effect indicates that both positive TIC and positive dominance (rather than negative as in Reusch et al. 2005)
can be important for these effects. However, these statistical
methods cannot specify the biological mechanisms underlying
diversity effects.
One caveat to the results of our experimental disturbance
manipulation is that shoot density was below ambient (albeit
not increasing) when we imposed the disturbance, potentially
inﬂuencing the results. However, the broadly consistent effects
of genetic diversity on disturbance response between the experimental disturbance and natural disturbance (which occurred
when shoot density was near ambient) – even though they may
arise by different mechanisms – increase our conﬁdence that
these effects are not dependent on initial shoot density. It is
interesting to note that the effects of diversity persisted for
much longer, i.e. until the end of the experiment (1 year,
Fig. 4), when disturbance occurred at a time when shoot density was near ambient (Fig. 1). There are two potential explanations for this pattern. First, genotypic diversity could have a
much stronger and more prolonged impact on shoot density in
response to Ulva than in response to our experimental disturbance, due either to differences in the intensity or the mechanisms of disturbance. Alternatively, stronger interactions
among genotypes once natural densities were reached during
year 2 could have resulted in stronger diversity effects, consistent with previous studies suggesting that diversity effects due
to complementarity strengthen over time (Cardinale et al.
2007, Stachowicz et al. 2008). We cannot currently rule out
either of these explanations.
Because the experimental clipping process overrode any
inherent differences among shoots in their ability to withstand
disturbance, the positive impact of diversity in response to our
manipulation must have been due to increased shoot production following disturbance. This increase in shoot production
in polyculture is consistent with previous studies of seagrass
genetic diversity (Reusch et al. 2005), as well as manipulations
of species diversity (Stachowicz, Bruno & Duffy 2007). In contrast, the positive diversity effect in response to Ulva was at
least in part due to polycultures losing a smaller percentage of
shoots than monocultures (Fig. 3). This observed decrease in
the number of shoots came during a seasonal period of shoot
gain, so the effects of Ulva on Zostera were likely greater than
indicated by the decline in Fig. 1. In fact, an experimental Ulva
removal study conducted less than 1 km from our study site at
the same time found that ambient Ulva biomass of
4.39 kg m)2 caused a 50–85% reduction in shoot density in
summer 2006 (Olyarnik 2008, Fig. 1). Thus, the Ulva biomass
of 6.52 kg m)2 found in our plots can reasonably be considered a ‘high-intensity’ disturbance.

When monoculture and polyculture responses differed over
the course of the experiment, the observed polyculture
response was consistently greater than that expected by the
average performance of each of the genotypes in monoculture,
indicating that overyielding occurred. At the end of the experiment, all three diversity mechanisms contributed positively to
the overall effect on shoot density (Fig. 5c), whereas TIC alone
caused diversity effects on above-ground biomass (Fig. 5g).
When it occurred, the strong positive dominance effect on
shoot density was correlated with a high-relative abundance of
a single genotype (genotype 8). This genotype exhibited the
highest shoot density in monoculture in this experiment, and
also had the highest rate of shoot production in a separate laboratory experiment (Hughes et al. 2009). Not only is its shoot
production rate high, but its relative allocation to belowground biomass, and speciﬁcally root biomass, is also high
(Hughes 2006; Hughes et al. 2009); this higher allocation to
below-ground reserves may allow it to withstand disturbances
and compensate for more susceptible genotypes (i.e. the insurance hypothesis; Tilman 1996; Yachi & Loreau 1999). In contrast to its high density, the total above-ground biomass of
genotype 8 is equivalent to that of the other genotypes (Fig. 5e;
Hughes et al. 2009), perhaps explaining the lack of positive
dominance for above-ground biomass in this experiment.
Strong, positive TIC in shoot density is not as easily
explained by the traits of individual genotypes, but it does
appear to be correlated with the persistence of genotype 4 in
polyculture (e.g. polyculture (P) 4, P5, P6, P7; Fig. 5b,c).
Genotype 4 differs considerably from the other genotypes in
its relative rates of nutrient uptake: it has the highest rate of
root ammonium uptake and the lowest rate of leaf nitrate
uptake of all of the genotypes used in the experiment (Hughes
et al. 2009). The association of genotype 4 with positive TIC
suggests that variation in resource utilization could drive these
density effects. Differences among genotypes in resource use
(Hughes et al. 2009) could also contribute to complementarity
effects on polyculture biomass. However, it is difﬁcult to
ascribe complementarity in biomass to the traits of any one
genotype because of its consistent strength across replicates of
different genotypic composition.
The potential generality of strong, positive dominance and
complementarity among genotypes is unclear, as few studies of
the ecological consequences of genetic diversity have examined
ﬁnal genotypic composition to differentiate among potential
mechanisms of diversity effects (Hughes et al. 2008). Even
within this single experiment we found that the relative importance of particular mechanisms varied considerably depending
on the combination of genotypes in polyculture (also see
Hughes, Best & Stachowicz 2010) and the response variable
considered. Nonetheless, the apparent contrast between the
positive dominance found here and the negative selection
effects documented in a similar system (Reusch et al. 2005)
could be due to the longer experimental duration of our study
allowing time for interactions among genotypes to alter
relative abundances. Regardless of mechanism, our ﬁnding
that seagrass genotypic diversity increases the response of this
system to controlled and natural disturbance adds to the grow-
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ing consensus of the importance of diversity for ecosystem stability (Hughes et al. 2007, Stachowicz, Bruno & Duffy 2007). It
also highlights that these effects may take time to materialize
and are likely to come from a mix of dominance and complementarity effects that depend on the traits of the speciﬁc taxa
involved.
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