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Mounting concern over the loss of marine biodiversity has in-
creased the urgency of understanding its consequences. This ur-
gency spurred the publication of many short-term studies, which
often report weak effects of diversity (species richness) driven by
the presence of key species (the sampling effect). Longer-term field
experiments are slowly accumulating, and they more often report
strong diversity effects driven by species complementarity, calling
into question the generality of earlier findings. However, differ-
ences among study systems in which short- and long-term studies
are conducted currently limit our ability to assess whether these
differences are simply due to biological or environmental differ-
ences among systems. In this paper, we compared the effect of
intertidal seaweed species richness on biomass accumulation in
mesocosms and field experiments using the same pool of species.
We found that seaweed species richness increased biomass accu-
mulation in field experiments in both short (2-month) and long
(3-year) experiments, although effects were stronger in the long-
term experiment. In contrast, richness had no effect in mesocosm
experiments, where biomass accumulation was completely a func-
tion of species identity. We argue that the short-term experiments,
like many published experiments on the topic, detect only a subset
of possible mechanisms that operate in the field over the longer
term because they lack sufficient environmental heterogeneity to
allow expression of niche differences, and they are of insufficient
length to capture population-level responses, such as recruitment.
Many published experiments, therefore, likely underestimate the
strength of diversity on ecosystem processes in natural ecosystems.

diversity–ecosystem function � seaweed � species identity �
intertidal � algae

A growing body of research addresses the functional conse-
quences of diversity for ecosystem processes. Although

reviews and metaanalysis of this literature do suggest an effect
of diversity (usually manipulated as species richness) that is
consistent across ecosystems and taxa when averaged over many
studies (1–3), there is considerable variation in the strength of
this effect, even among experiments conducted within similar
ecological systems. Although it should not be surprising that
diversity, like most ecological drivers, will vary in importance in
space and time, understanding the causes of this variation is
important because it would allow us to better predict the
conditions and ecosystems in which the consequences of diver-
sity loss will be the greatest.

However, our ability to use existing data to rigorously assess
the biological or environmental determinants of variation in the
strength of diversity effects (we use this term interchangeably
with effects of species richness) is currently limited by important
differences in approaches and methodologies specific to partic-
ular study systems. For example, consider the effects of producer
species richness on biomass production, probably the most
commonly investigated type of diversity effect (2, 4). Many
studies of terrestrial plant species richness have found diversity
effects, but this pattern has been less general in marine systems,

where many studies find weak or no effects (reviewed in ref. 3).
Although it is tempting to conclude that diversity’s importance
varies with differences in life form (algae vs. vascular plants) or
physical medium (water vs. soil and air), differences in the details
of experiments conducted in marine vs. terrestrial systems could
also drive this pattern. First, most marine manipulations of
producer species richness are of short duration relative to
analogous terrestrial experiments. The mean duration of marine
producer species richness experiments listed in Stachowicz et al.
(3) is 2.5 months (median � 3 weeks), whereas the mean
duration of terrestrial experiments in Cardinale et al. (1) is 2.5
years (median � 2 years). Within terrestrial experiments, the
strength of diversity effects increases over time (5, 6), and
metaanalysis has suggested that many studies that find weak
diversity effects are of insufficient duration for the mechanisms
that underlie such effects to be manifested (1). Second, for
important logistical reasons, marine algal species richness ma-
nipulations are often conducted in mesocosms (e.g., see refs.
7–10). However, theory suggests that the reduced heterogeneity
and limited duration characteristic of many mesocosm experi-
ments might reduce opportunities for the expression of comple-
mentarity among species (11, 12). Third, even when experiments
are conducted in the field, in many cases these involve trans-
planting adults onto artificial substrates that may also lack
heterogeneity (e.g., see refs. 7, 8, and 13), limiting them to
examining mechanisms that involve growth of individual ramets
rather than population phenomena that include recruitment or
clonal spread.

In marine algal experiments that adopt methods analogous to
terrestrial ones (field experiments, long duration, allowing pop-
ulation processes and not just individual growth; e.g., refs. 14 and
15), strong diversity effects are more common. Still, even among
marine studies, confounded variation in systems and methodol-
ogies hampers efforts to explain differences in outcome. Al-
though longer-term studies do tend to find strong effects, these
studies are also from colder temperate regions, are conducted
intertidally, and are in the field (14–16). In contrast, studies that
find weak or no effects often involve subtidal taxa and are shorter
term and/or conducted in mesocosms (7, 8, 17). This severely
limits our ability to use existing data to ascertain when diversity
really is and is not an important driver of ecosystem processes.

Application of multiple experimental approaches within the
same biological system could help resolve the extent to which
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existing results are the result of methodological differences vs.
specific characteristics of different systems. Such studies might
also help assess the relative importance of different types of
mechanisms that might underlie a positive diversity–productivity
relationship. For example, previous work has identified a range
of potential mechanisms that might underlie the effects of
seaweed species richness on biomass accumulation (10, 14, 15).
Some of these mechanisms should operate in short-term ‘‘as-
sembly’’ experiments where response variables largely reflect
growth or photosynthetic rate of existing adult thalli. For
experiments with intertidal algae, these might include comple-
mentarity of photosynthesis in air vs. water (18, 19) or comple-
mentary affinities for different forms of limiting nutrients (10).
If these mechanisms are the primary drivers of diversity effects,
then short-term mesocosms and long-term field experiments
should show similar results, assuming field experiments are not
overwhelmed by other factors. Other mechanisms, such as
microhabitat differentiation, temporal complementarity, and
facilitation, might be more likely to operate in longer-term
experiments that follow populations over time and allow external
recruitment, or experiments that are conducted on naturally
heterogeneous substrata (14, 15). If these mechanisms predom-
inate, long-term field experiments should show diversity effects,
whereas mesocosm or short-term field experiments should pro-
duce weak or no effects.

In this paper we examine the effect of seaweed species richness
(as a measure of diversity) on biomass production (as a measure
of ecosystem functioning) using 3 approaches: first, a short-term
mesocosm experiment using transplanted adult thalli; second, a
short-term field experiment measuring the production of indi-
vidual thalli that naturally recruited to experimentally estab-
lished high- and low-richness assemblages; and third, a long-term
(3-year) field experiment in which production was measured in
plots in which species richness was manipulated. Adding a
short-term field experiment under naturally heterogeneous con-
ditions allowed us to separate duration and heterogeneity to
some extent, unlike most current experiments in which hetero-
geneity and experimental duration positively covary. All exper-
iments were conducted at Bodega Marine Reserve, Bodega Bay,
CA (38°19.2�N, 123°04.4�W), in mid-high intertidal portions of
rocky reefs, where 4 common perennial taxa (the turf-forming
red alga Endocladia muricata, the foliose red alga Mastocarpus
papillatus, the canopy-forming brown alga Pelvetiopsis limitata,
and the turf-forming green alga Cladophora columbiana) com-
prise �85% of seaweed cover and are typically organized in a
patchwork mosaic that appears to be maintained by a combina-
tion of disturbance, competition, and herbivory (refs. 20–22, but
see ref. 23). We compared and contrasted findings from each of
these experiments in an effort to both resolve whether differ-
ences in the strength of diversity effects in the literature are due
to experimental procedure vs. study system and address more
generally which types of potential mechanisms underlie signif-
icant diversity–productivity relationships.

Results
The effect of seaweed species richness on seaweed biomass
differed dramatically between short-term field, mesocosm, and
long-term field experiments. After 1 month in intertidal meso-
cosms, there was no effect of species richness on the change in
total seaweed mass, as biomass change in polyculture was exactly
the average of the component species monocultures (Fig. 1A).
However, there were strong differences among monocultures in
biomass accumulation, with Cladophora and Pelvetiopsis increas-
ing in biomass much faster than Mastocarpus and Endocladia.
Thus, in the mesocosm experiment, partitioning treatment ef-
fects into richness and identity (24) found a strong effect of
species identity on biomass (F3,90 � 37.3, P � 0.001, �2 � 0.53;
see refs. 24 and 25 and Methods for details on statistical analysis),

whereas there was no effect of richness (F1,90 � 0.18, P � 0.66,
�2 � 0). Growth differed slightly between the 2 time periods over
which the mesocosm experiment was run (block F1,90 � 7.02, P �
0.01, �2 � 0.03), but there was no block � treatment interaction
(F4,90 � 2.27, P � 0.07). In contrast, the change in seaweed cover
over 3 years in the field experiment was strongly influenced by
seaweed species richness (F1,42 � 19.1, P � 0.0001, �2 � 0.18) but
not by identity (F3,42 � 1.05, P � 0.38, �2 � 0.001; Fig. 1C).
Monocultures increased negligibly in cover on average over 3
years (although they did change seasonally in cover; see ref. 15),
whereas polyculture cover increased 40% over the same time
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Fig. 1. Effect of seaweed richness and composition on proportional biomass
change in outdoor mesocosms (A) and change in cover in the field after 2 and
3 years (B and C, respectively). Analysis by ANOVA. Partitioning treatment
effects into a richness (monocultures vs. polyculture) and identity (among
monoculture) component reveals a strong effect of diversity and weak effects
of identity in the field experiment, and no effect of diversity and a strong
effect of identity in the mesocosm experiment.
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period. After 2 years, the effect sizes were similar, although
overall cover in both monoculture and polyculture was higher
(Fig. 1B). The magnitude of these changes in each treatment
differed among seasons and years, but the effect of species
richness was always greater than that of identity (for more
details, see ref. 15). There were no differences in average hourly
desiccation rates between field and mesocosm experiments as
measured by water loss of agar blocks. The rate of mass loss per
hour was 0.86% � 0.27% in the mesocosm vs. 0.64% � 0.08%
in the field for foggy conditions (t � 0.495, P � 0.25) and 4.83%
� 0.53% in the mesocosm vs. 4.34% � 0.29% in the field for
sunny conditions (t � 0.38, P � 0.25).

When we compared integrated measures of performance of
individuals in the short-term (2-month) field experiment (e.g.,
growth � survival; see Methods) with biomass change of indi-
vidual species in the mesocosms by using ANOVA, species
richness increased biomass accumulation in the field but not in
mesocosm (Fig. 2). Comparisons of individual morphological
measures for each species are included in the online supporting
information (SI) Text and in Fig. S1. In the field, total standard-
ized growth of individual thalli was affected by plot-level species
richness (F1,61 � 8.23, P � 0.005) and the identity of the species
being measured (F2,61 � 7.39, P � 0.001), but not by the
interaction between the two (F2,61 � 0.088, P � 0.92). There was
no significant effect of block (F11,52 � 1.10, P � 0.31), so it was
removed from the model. The magnitude of the effect of species
identity (�2 � 0.15) was greater than that of richness (�2 � 0.09).
Results of the short-term field experiment were qualitatively
similar after 1 vs. 2 months. In contrast, in the mesocosm, algal
growth was affected strongly by species identity (F3,141 � 57.4,
P � 0.0001) but not richness (F1,141 � 0.001, P � 0.87). There was
a weak interaction between species identity and richness in the

mesocosm (F3,141 � 3.84, P � 0.024), reflecting the fact that
seaweeds with a turf morphology (Endocladia and Cladophora)
performed better in monoculture than in polyculture, whereas
algae with larger, upright thalli (Mastocarpus and Pelvetiopsis)
performed better in polyculture than in monoculture. Still, the
magnitude of differences in growth among species (�2 � 0.47)
was much greater than the effect size of the interaction (�2 �
0.02), suggesting that the effect of species richness in mesocosms
was negligible. There were significant effects of block (F1,141 �
11.2) and block � species identity interaction (F3,141 � 5.95) in
the mesocosm experiment, but these were an order of magnitude
smaller than the main effect of species identity (�2 � 0.03 and
0.04, respectively). Thus, change in biomass of marked thalli was
affected by both the species richness of the plot and the species
identity of the tagged individual in the field, but only by species
identity in mesocosms.

Discussion
We found that seaweed species richness increased biomass
accumulation in both short- and long-term field experiments,
whereas in mesocosms the richness effect was negligible and
biomass accumulation was largely a function of species identity.
This occurred in part because in the field, individuals of each
species performed better in polyculture than monoculture (Fig.
2B), whereas in mesocosms the marginally greater performance
of 2 species in polyculture came at the expense of reduced
performance by 2 other species (Fig. 2 A), leading to no net
difference between the average monoculture and the polyculture
(Fig. 1 A). Across experiments, 3 main factors correlated posi-
tively with strong diversity effects: experimental duration, envi-
ronmental heterogeneity, and the ability of the experiment to
measure population responses (e.g., recruitment) in addition to
individual growth and survival. Each of these likely contributed
to the observed differences among our experiments. Below, we
discuss each of these factors in more depth and examine how our
results might help explain apparently contradictory outcomes
among previous manipulations of marine algal species richness
that might otherwise be attributed to idiosyncratic differences
among study systems.

Our results support the idea that experimental duration
influences the strength of the diversity effect. More detailed
analysis of the time series of the field experiment (15) shows that
effects of algal richness on total cover first emerged after 9
months (�2 � 0.10 to 0.20), then strengthened until reaching
their full strength after 18–24 months (�2 � 0.25 to 0.35). In
contrast, the mesocosm experiment, in which species richness
had no effect, measured growth over only 5 weeks. Further,
among field experiments, the diversity effect on change in cover
was stronger in the long-term than in the short-term experiment
(�2 � 0.18 vs. 0.09; Figs. 1 and 2). That the importance of
diversity and species complementarity increases over longer time
scales is also supported by metaanalysis of multiple experiments
of varying experimental duration (1). This can occur because
longer experiments encounter greater temporal variation in
conditions, which facilitates the expression of differences among
species in response to seasonal or other climatic change (e.g.,
temporal complementarity; ref. 26). Increasing biomass in di-
verse plots could also be a function of greater resistance to, or
resilience from, extreme events (16, 27, 28), which happen
infrequently but with greater probability in longer experiments.
The strength of complementarity among species can also in-
crease with experimental duration simply because it takes time
for sufficient interactions among species to occur to allow the
expression of niche differences and overcome initial effects of
rapid growth (1, 12). Finally, longer experiments are more likely
to measure population processes, such as recruitment of new
individuals, opening up additional mechanisms by which diver-
sity can act, such as facilitation of early life history stages (29, 30).
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Fig. 2. Fractional change in biomass for each species of alga grown in
mesocosms (A) or the field plots (B) in monoculture and polyculture. Biomass
increments in mesocosm are from direct weighing; field data are estimates
using the product of survival and growth. Analysis is by 2-way ANOVA (sep-
arate analyses for A and B) with species richness and identity as fixed factors.
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That time (directly or indirectly) is not the only factor generating
differences between field and mesocosm results is supported by the
contrast between short-term field and mesocosm experiments.
These experiments were of similar duration, but biomass accumu-
lation was greater in polyculture for all measured species in the
field, whereas in mesocosms, upright species tended to perform
better in polyculture and turf species did better in monoculture,
likely because of asymmetric competition for light. What mecha-
nisms underlie the effect of species richness on biomass change in
the field in the short-term measurement of individual growth that
do not operate in the mesocosms? There was significant mortality
in the field for Mastocarpus and Pelvetiopsis (Fig. S1), suggesting
that there were some agents of stress or mortality in the field that
were not present in the mesocosms, despite no difference in
desiccation rates as measured by agar blocks. In the field, desicca-
tion was reduced in the polycultures compared with the monocul-
ture (15), which could have contributed to enhanced growth and
survival, particularly of the small individuals we marked in the
short-term experiment, which can be more susceptible to desicca-
tion than adult plants (29). Whether this was a direct effect of
diversity or an indirect effect of the higher biomass in diverse field
plots is unknown. Other stressors absent from mesocosms, such as
grazers and waves, also could have contributed to mortality in the
field. Previous studies at our location found that limpets decreased
the abundance of the species that we observed to have high
mortality rates (Mastocarpus and Pelvetiopsis) while increasing the
abundance of the species that we observed to have low mortality
(Endocladia) (20). Further, the abundance of some grazing limpets
and littorine snails is greater in monoculture plots of some species
than in polyculture (J.J.S., unpublished data); thus, increased
grazing intensity could have contributed to lower growth and
survival of individual algae in field monocultures (Fig. 2).

Because of the generality of the likely mechanisms involved in
the differences between field and mesocosm experiments, we
suspect our results are robust to our choice of particular species
to include in the manipulation. For example, Ulva and Porphyra
comprise most of the rest of the cover in our plots not attrib-
utable to the 4 target species. Had we included these in our
experiments, short-term mesocosm experiments would likely
find that monocultures of these have greater biomass accumu-
lation than the polyculture because of their rapid growth rates
and the lack of herbivores and other agents of mortality in the
mesocosms. In our field plots, the abundance of Ulva and
Porphrya is highly seasonal, with Ulva reaching peak biomass in
July and Porphyra in October, and is reduced to low levels where
grazers are active (20). In our long-term field experiments,
monocultures of each could have achieved high cover seasonally,
but there would also have been long periods of the year with low
cover. In contrast, over the course of an entire year, polycultures
would have maintained high cover due to temporal complemen-
tarity in seasonal abundance among ephemeral species and
because perennials would have helped maintain some cover
during times of year when ephemerals are rare. In other words,
just as we found using only the 4 perennials, effects of species
richness in longer-term field experiments would be strong,
whereas in mesocosms, algal production would be mostly a
function of species identity.

Indeed, our results are likely generalizable beyond intertidal
algae, because the differences we found between field vs. mesocosm
and short- vs. long-term experiments are predicted by theoretical
arguments (11, 12) and parallel differences between separate field
and mesocosm studies of the effects of algal species richness on
ecosystem functioning by other authors. For example, Bruno et al.
(7) found that algal species richness had little, if any, effect on
biomass production in 2.5- to 5-week mesocosm experiments,
whereas 2 longer-term field manipulations (�1 year) found strong
effects (14, 15). However Bruno et al. (7, 8) also performed field
experiments with the same species pool and still found weak or no

effect of species richness, so the distinction is not simply due to the
field setting. Two major differences between the field experiments
that found effects of species richness and those that did not are (i)
the duration of the experiment and (ii) whether treatments were
produced by assembling transplanted individuals vs. deleting spe-
cies in situ on natural substrates. This second difference is also
illustrated by the comparison of 2 experiments examining the effect
of functional group diversity on invasion success. When Arenas et
al. (31) manipulated functional group richness by assembling small
monocultures of each functional group growing on natural rock
pieces into various combinations, the species largely remained as
separate monocultures, interacting weakly and failing to exhibit
niche differentiation via canopy layering (31). No effect of richness
on invasion by other seaweeds was observed in this experiment.
Given additional time to interact, it is possible that understory
species (which depleted bare space but not light) and canopy species
(which depleted light but not bare space) might have acted to
complementarily reduce overall resource levels and invasion suc-
cess. Such ‘‘multivariate complementarity’’ (in the sense of ref. 10)
was found in an experiment of similar duration in which high-
diversity communities were created by using deletion experiments
(32). These studies corroborate the conclusion that experiments
finding strong effects of diversity are often those in which treat-
ments develop by weeding communities on natural substrate,
whereas assembly experiments often find stronger ‘‘identity’’ effects
unless they are of long duration.

This is not to say that short-term assembly experiments cannot
find strong diversity effects. Rather, the mechanisms underlying
these effects likely include a more restricted set of possibilities
than longer-term deletion experiments. Short-term assembly
experiments usually measure growth or photosynthetic rate of
transplanted individuals (individually or in aggregate), whereas
longer-term and field experiments will also incorporate popu-
lation-level phenomena, such as mortality rates, sexual recruit-
ment, and clonal spread across a heterogeneous environment.
Based on our lack of finding a diversity effect in short-term
mesocosms, we conclude that mechanisms that should be ex-
pressed under these conditions, such as nutrient complementa-
rity (10) or tradeoffs between photosynthetic rate in air and
water (18, 19), are unlikely to be primary drivers of the species
richness effect we observed in the field. The weak effects of
diversity in short-term experiments in general suggest that
mechanisms that cause enhanced per capita growth or photo-
synthetic rates may be relatively unimportant. Instead, the fact
that the greatest effect of richness is found in longer-term field
experiments suggests a stronger effect of diversity on population-
level processes, including recruitment, survival, and growth of
new individuals. Because of the time required for such processes
to affect total algal cover, the effect of diversity on total cover
may be weak at first and strengthen over time (5, 15).

Our results highlight the importance of recognizing the
strengths and weaknesses of different approaches to understand-
ing diversity–function relationships and explicitly considering
what different experiments can and cannot tell us about the way
diversity affects ecosystem function. Short-term mesocosm-
based experiments can detect only a subset of potential mech-
anisms, and thus conclusions from these experiments that di-
versity has small or negligible effects must be treated with
caution, despite the consistent results. We agree with Cardinale
et al. (1) and suggest that this may have led to an underestimation
of the strength of diversity effects in experiments performed to
date on algal assemblages, most of which are short and have
treatments produced by assembly of adult thalli (3). However,
when mesocosm experiments are combined with longer-term,
field-based studies, there is a synergism such that the mecha-
nisms underlying diversity effects in field experiments become
clearer. Rather than advocate exclusively for one design over
another, we suggest that short-term assembly experiments and
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longer-term experiments on natural substrate in combination
might allow one to better elucidate the mechanisms that do and
do not operate to link diversity and function.

Methods
Long-Term Field Experiment. We manipulated the number and identity of
species in 72 1.5-m-diameter plots in the field for 3 years. We summarize our
approach here and refer the reader to Stachowicz et al. (15) for more detail.
Plots were blocked based on spatial proximity, then randomly assigned within
each block to 1 of 6 treatments: a Pelvetiopsis monoculture, a Mastocarpus
monoculture, an Endocladia monoculture, a Cladophora monoculture, a
4-species polyculture consisting of only the 4 target seaweed species, and an
unmanipulated control. We created monocultures by removing all seaweeds
except 1 target species and polycultures by removing all seaweeds except the
4 target species. To avoid confounding species richness and composition with
disturbance or biomass removal, we removed additional biomass of target
species from plots in which less initial weeding was required. In polycultures,
this meant removing an amount of all 4 seaweed species to achieve a similar
biomass removal to monocultures; extra biomass removal in polycultures was
distributed among the 4 species in proportion to their abundance in the plot.
As a result, neither biomass removed nor postweeding percent cover differed
among treatments when algal cover was assessed immediately after the
establishment of the treatments. Because of seaweed regrowth from hold-
fasts and recruitment of new individuals, we continued to weed plots
throughout the experiment by removing nontarget species to maintain the
treatments. Percent cover of all algae in plots was measured quarterly by using
a 1-m-diameter hoop marked with 102 points distributed in a stratified-
random manner. This left a 25-cm radial buffer on the boundary of each plot
to minimize edge effects. In our analysis of the data we focused on the change
in total seaweed cover (all species in a plot combined) from the beginning to
the end of the 3-year experiment, although results are qualitatively similar if
data from year 2 are used (15).

To compare the effect of species richness and composition on the change
in algal cover we performed a 1-factor ANOVA (with blocking), with algal
assemblage as the independent variable with 5 levels (4 monocultures and 1
polyculture). We partitioned the treatment sums of squares into an a priori
contrast between the polyculture and the monoculture treatments (richness
effect, df � 1) (24). The residual treatment effect is then due to variation
among monocultures, and thus consists of a test of variation in cover due to
species identity (df � 3). Significance of richness and identity effects was
assessed by using the mean-square error as the denominator in the F test. To
compare the relative effect size of richness and identity we calculated omega-
squared (�2) for each (25).

Short-Term Field Experiment. We conducted short-term field experiments
examining the effect of species richness (monoculture vs. polyculture) on the
growth and survival of marked individual plants of 3 species: Endocladia,
Mastocarpus, and Pelvetiopsis. We marked 5 individuals from each species
present in each plot (monoculture and polyculture) by placing a small dab of
epoxy on the substrate near the base of each individual and using die tools to
embed a number into the epoxy. Initial distance from marked thalli to their
nearest neighbor did not differ between monoculture and polyculture (P �
0.5, t test). For all species, we selected small individuals because many of these
species have maximum sizes set by environmental constraints and because
larger individuals sometimes coalesce and can be more difficult to track
reliably. We were unable to measure the growth of individual plants of
Cladophora because there were few small individuals that were sufficiently
distinct to track, and it was impossible to reliably distinguish individuals in
larger clumps.

Because we wanted individuals to experience natural substrate and envi-
ronmental conditions, we could not remove plants for weighing during the
experiment. Instead, we tracked survival and took several measures of size of
each plant initially, after 1 month, and after 2 months. It was impossible to
obtain estimates over longer time scales because of mounting mortality, loss
of markers, and coalescence with other individuals. We measured survival by
recording the number of plants that disappeared from one sampling period to
the next; only individuals for which their marker could be relocated and the
plant was clearly missing were considered ‘‘dead.’’ Measures of growth
tracked changes in area or volume of the thallus, although specific methods
differed among species, depending on their morphology and growth habit
(see SI Text for more detail). We used growth and survival data to estimate
plot-level biomass change of each species in each individual plot in the field by
calculating an integrated measure of plant performance. For Pelvetiopsis, we
did this by multiplying the change in the number of apical tips of each

surviving individual by the individual survival rate. For Mastocarpus, we
multiplied change in individual biomass (length � number of fronds) by
survival probability. Finally, for Endocladia, we multiplied change in turf area
by survival probability. We examined whether standardized biomass produc-
tion (% change) varied both among species and between monoculture and
polyculture by using a 2-way ANOVA with plot species richness (monoculture
vs. polyculture), species identity (Endocladia, Pelvetiopsis, Mastocarpus), and
their interaction as factors and calculated metrics of effect size (�2) for each.

Mesocosm Experiment. We examined the effect of the same species from the
long-term field experiment in monoculture and polyculture on the growth of
individual species and total biomass change in an outdoor intertidal meso-
cosm. Assemblages were created by attaching each of the 4 intertidal seaweed
species to 15 � 15 cm squares of 1-cm plastic mesh with transparent fishing
line, as has been done in other experiments (7). Each square was attached to
the top of a concrete block that elevated it 20 cm above of the bottom of a
3.75-m-diameter outdoor pool. The pool was located �200 m inland from our
field plots and less than 100 m from the nearest shoreline. Filtered seawater
flowed into the pool through a central high-pressure sprinkler that ensured
adequate water movement and provided some mist during low tide to mimic
the sea spray that plots typically encounter in the field. We performed 10
replicates of each monoculture and polyculture, and we repeated the entire
experiment a second time and analyzed the experiment using the 2 trials as
blocks in time. The initial biomass of algae in each assemblage was �48 g wet
weight, chosen to mimic the biomass per unit area found in our polyculture
and control plots in the field. Polycultures started with 12 g wet weight of each
species, interspersed within the square.

We collected the algae for this experiment from the shore near our field
plots, using juvenile individuals to allow scope for vegetative growth during
the experiment. P. limitata individuals and clumps of C. columbiana were
scraped directly off the rocks, with minimal damage to holdfasts. To avoid
damaging the less robust and horizontally spreading E. muricata and M.
papillatus, respectively, we collected individuals of these 2 species found
growing on the shells of mussels (Mytilus californianus). We chipped away
most of the shell, leaving only the portion of shell holding the algae, and
fastened it to the mesh square. Experimental duration (5 weeks) was chosen
to be similar to that in published mesocosm studies (see review in ref. 3) to
facilitate comparisons. At the end of the experiment, we subtracted the mass
of the shell from both initial and final measurements. Wet weight for each
species in each plot was recorded at the beginning, middle, and end of each
1-month experiment. Each individual seaweed was immersed in seawater for
1 h to ensure that it was fully hydrated, then weighed after excess water was
removed by using a salad spinner.

We established an artificial tidal cycle in the pool that produced alternating
periods of about 6.25 h of exposure and submersion to produce similar levels of
desiccationinfieldandmesocosmexperiments. ‘‘Tides’’werecausedbyattaching
a timer-controlled irrigation valve to a drain in the pool (see ref. 33 for details).
We set the time of morning low tide in the pool to coincide with that in the field,
advancing by �1 h each day. More precise matching of the mixed-semidiurnal
tidal cycle in the field was not feasible given the variation in the flow rate of the
seawater systemduetochangingdemandinother sectionsof themarine lab.We
assessed how desiccation rates during ‘‘low tides’’ in our mesocosms compared
with rates in field plots by measuring the change in mass of 2 � 2 � 1 cm blocks
of agar gel mixed in a ratio of 1 L of hot water to 14 g of agar powder. We
deployed cooled agar blocks on 10 bare concrete blocks and on bare spots within
our field plots during 1 foggy/overcast day and 1 sunny day while the experiment
was running. We weighed each block before and after exposure during low tide.
To minimize the effects of spatial variation in horizontal flow rate and/or shading
throughout the pool, all concrete blocks were placed in a new randomly gener-
ated configuration every 5 days.

Data on total biomass change of algae were analyzed as for the long-term
field experiment, with treatment partitioned into 2 orthogonal contrasts
representing tests of the effects of species richness and identity. We con-
ducted a separate analysis of biomass change of individual species in polycul-
ture and monocultures and analyzed these by using 2-way ANOVA as for the
short-term field experiment. In both cases, we used �2 as a measure of effect
size to compare the magnitude of the effect of species identity vs. species
richness in the field vs. mesocosms.
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