TECHNICAL COMMENT

No Consistent Effect of Plant
Diversity on Productivity
Hector et al. (1) reported on BIODEPTH, a

with species number, which our own regression of their data confirmed (Fig. 1). Moreover, two of the five sites at which Hector et
al. identified significant positive regressions
(Germany and Switzerland) included more
species in their highest-diversity treatments
than in the monocultures, so these treatments
cannot be included in the regression without
violating a crucial statistical constraint. The
demonstration that plant productivity increases with species number in a mixture requires
that the mixture’s productivity be greater than
that of any species from the mixture grown
separately, a response known as overyielding
(6 –11). If a mixture includes species whose
growth has not been measured in a monoculture, it is impossible to determine whether the
higher productivity of the mixture results
from the biological processes that potentially
cause overyielding or simply from the addition of a very productive species that was not
evaluated in monoculture. Thus, the maximum number of species in the highest-diversity mixture must be no greater than the
number of species that are grown in monoculture, and all of the highest-diversity mixtures
must be identical in species composition,
since each must contain only species grown
in monoculture.
The species assemblage codes in the
BIODEPTH dataset show that only at the
Portugal, Sweden, and Sheffield sites do all
replicates of the highest-diversity treatment
(species number half the number of monoculture plots) have identical species composition. At the other five sites, multiple species

Fig. 1. Biomass response to species richness treatments at the eight sites of the BIODEPTH
experiment (1). Only treatments with species richness less than or equal to the number of species
used in monoculture treatment are included. Solid line, log-linear regression through all plots with
two or more species (4); dotted line, log-linear regression through plots expected to contain species
that was most productive in monoculture, for evaluation of the effect of species richness on
overyielding (16). Upper r 2 value refers to dotted line; lower value refers to solid line.
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major international experiment on the response
of plant productivity to variation in the number
of plant species. They found “an overall loglinear reduction of average aboveground biomass with loss of species,” leading to what the
accompanying Perspective (2) described as “a
rule of thumb—that each halving of diversity
leads to a 10 to 20% reduction in productivity.”
These conclusions, if true, imply that the continuing high rate of plant extinction threatens
the future productivity of Earth’s natural and
managed ecosystems and could impair their
ability to produce resources essential for human
survival and to regulate the concentration of
atmospheric CO2.
Several problems with the Hector et al.
article, however, lead us to question its major
conclusions. First, the experimental approach
of random species addition or removal in
immature plant assemblages mimics neither
natural nor human-caused processes of species extinction, accumulation, or combination
and, thus, likely has little practical relevance.
Second, the statistical analyses of Hector et
al. made assumptions incompatible with
the experimental design, thereby undermining many of the study’s conclusions. And,
third, the article did not quantify crucial treatment and response variables, which reduces
confidence in any conclusions about treatment effects. Other authors have thoroughly
discussed the nonrandom nature of species
establishment and extinction (3–5); here, we
focus on issues of experimental design and
statistical analysis.
The most important conclusion was that
“a single general relationship” may exist between species richness and productivity (1).
This conclusion rested on two statistical findings: (i) that across all eight sites there were
no statistically significant differences between the patterns observed, and (ii) that
within seven of the eight sites there were
statistically significant differences in productivity between the diversity treatments imposed at the individual site, which led to the
reported within-site regressions and analyses
of variance (ANOVAs). Even if both findings
were technically correct, however, they do
not necessarily imply that increasing species
number causes a predictable increase in plant
productivity.
The data of Hector et al. do not support
the conclusion that all sites showed a similar
positive relationship between diversity and
productivity. For three of the sites (Greece,
Ireland, and Silwood), the authors’ own analysis showed no consistent change in biomass

codes in the high-diversity treatments indicate that these mixtures include species not
evaluated in monoculture. Five of the eight
sites, therefore, cannot legitimately be used in
statistical analyses of overyielding and diversity-productivity relationships, because the
analysis may be biased toward increasing the
productivity of high-diversity mixtures. The
inclusion of unevaluated species in mixtures
may explain the high variability in the biomass responses at these five sites compared
with the three sites with properly designed
experiments. That high variability allowed
the authors to conclude that all sites had
statistically similar responses. However, the
inability to distinguish “no response” from
“positive response” suggests that the real
treatment effects were weak.
The three sites with proper experimental
design (Portugal, Sweden, and Sheffield) all
showed significant positive regressions of
productivity across two or three doublings of
species richness [Fig. 1; (12)]. This is the
pattern expected from random selection from
a set of objects with different properties (13–
15), because the probability of including any
specific member of the set—such as a plant
species that grows rapidly or fixes nitrogen—
increases with the number of objects selected.
Such a pattern, found consistently in randomly assembled experimental plant communities
but only rarely in natural plant communities
(4, 5, 13–15), has been identified as a statistical artifact of experimental design (5, 13,
14). Although one study (15) suggested that
the pattern constitutes a natural mechanism
by which diversity affects productivity, this
requires the biologically unrealistic assumption that plant communities are randomly assembled with respect to productivity (5).
Separation of the effects of random selection from those of biological interactions that
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additive and substitutive planting designs (7,
10) could potentially overcome the confounding factors of inadequate replication and lack
of control for planting density.
Some of the uncertainty that results from
design deficiencies in these experiments could
have been reduced by a more complete reporting and analysis of both the treatments and the
responses. Reporting the individual species biomasses in the mixtures and using statistics that
represent relative abundance would have quantified the actual treatment levels more accurately than the use of “planned species richness,”
which overestimated the number of species that
actually grew in each plot [note 19 of (1)] and
assumed that all species contributed significantly to the measured response (3–5). Similarly,
use of the observed numbers of individuals
alive when the data were collected, rather than
the number of individuals sown in year 1,
would have allowed valid conclusions to be
drawn about both individual plant size [table 4
of (1)] and the mechanisms that produced differences in species responses across the experiment. Information on the species composition
of all mixtures would have permitted identification of mixtures with true overyielding and
facilitated evaluation of the mechanisms that
produced the overyielding.
All of these issues, as well as several
others, have been thoroughly discussed in
published comments on earlier experiments
of this type (4, 5, 7, 13, 14, 17–19). We
agree with Hector et al. that environmental
conditions have a major effect on plant
productivity and that overyielding does occur in some multispecies mixtures, particularly those containing nitrogen-fixing legumes. In light of our analysis of the data
presented in their figure 2, however, we
conclude that species richness per se has no
statistically or biologically significant effect on plant productivity across the eight
sites of the BIODEPTH experiment.
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increase productivity again requires demonstration of the phenomenon of overyielding,
discussed above. The statistical evaluation of
overyielding has been thoroughly discussed
(6 –11), yet Hector et al. used a nonstandard
method that inevitably must overestimate
overyielding, because it does not compare
mixture productivity with the most productive monoculture [note 33 of (1)]. Indeed,
notwithstanding the assertion of Hector et al.
[(1), p. 1126] that the BIODEPTH experiments demonstrated that overyielding increases with increasing species richness, inspection and our reanalysis of the data clearly
show that mixtures with many species are no
more productive than the most productive
monocultures. In our reanalysis, none of the
three sites with an experimental design appropriate for analysis of overyielding showed
overyielding in response to species richness
(16): the near-zero slopes of the overyielding
regressions for Portugal, Sweden, and Sheffield demonstrate that the multispecies mixtures were no more productive than the most
productive monocultures. This is the pattern
of maximum productivity expected when the
increase in average productivity is a statistical artifact of random sampling (5, 13, 14).
Nonetheless, some plots clearly did
show true overyielding. The strongest
overyielding response in the entire set of
experiments resulted from the addition of a
single species of legume (Trifolium pratense), which increased productivity by an
average of 360 g m⫺2—more than the average difference between the highest- and
lowest-diversity treatments at most sites,
and more than four times greater than the
reported result that “each halving of the
number of plant species reduced productivity by approximately 80 g m⫺2 on average”
[(1), p. 1124]. Thus, the primary cause of
overyielding in many of the mixtures was
not the total number of species, but simply
the fertilization effect of nitrogen-fixing
legumes.
Another deficiency of the experimental
design also complicates the overyielding assessment: Hector et al. failed to account for
the eightfold increase in the planting density
of each species from the highest to the lowest
species richness treatments. This flaw, an
inevitable consequence of the “substitutive”
design of the experiments, introduces a hidden treatment into the experiment that results
from intensified intraspecific competition at
higher planting densities (6 –11), which correspond to lower species richness. The gradient in planting densities (from 250 to 2000
seeds m⫺2) of individual species across the
diversity treatments invalidates the attribution of any differences in individual plant size
[table 4 of (1)] or total biomass per species to
the effects of the species richness treatments.
An experimental design that included both
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Response: The goal of BIODEPTH (1) was a
general test of the relationship between biodiversity and ecosystem functioning in a range
of European grasslands. Therefore, we conducted standardized experiments replicated at
multiple locations, using combined analyses
to test directly for differences between sites
[figure 1 of (1)]. Huston et al. question the
lack of statistically significant differences in
species richness effects between sites in our
combined analysis. Had those differences
been strong enough, however, our combined
analysis would have shown a significant

location-by-richness interaction with different regression slopes. The interaction instead
was not significant [p. 1124 of (1)], and the
mean square for the significant species richness effect was 30 times larger, which supported emphasis on the main effect (2). Our
richness tests take remaining compositional
variation between communities with the same
diversity into account (3), because richness is
tested against the assemblage term [table 3
and note 22 of (1)]. Effects of species richness were subdivided into a significant loglinear term and nonsignificant deviation,
which provided objective grounds for consistency (4), despite differences between individual-site analyses.
Huston et al. also note that mixtures could
have been dominated by highly productive species not grown in monoculture. Only 37 of the
308 polycultures were dominated by nonmonoculture species [note 33 of (1)], however.
Excluding plots dominated by nonmonoculture
species does not alter conclusions in Switzerland (5) or across all sites; analyses with only
mixtures composed entirely of monoculture
species likewise produced a significant loglinear species richness effect (F1,74 ⫽ 9.21;
P ⬍ 0.001). More generally, there is no reason
that the requirement to have all possible assemblages should be restricted to monocultures.
Doing so arguably would bias the experiment,
because just as a species with a higher yield
than any planted monocultures could be missed,
so too could mixtures that would be more productive than chosen polycultures. Growing the
myriad combinations of a diverse set of species
is not feasible, so random designs select a representative subset.
Excluding monocultures from analyses as
suggested misses important points (6); still,
after limiting the diversity gradients, individual site biomass regressions reveal positive
productivity– diversity relationships (solid
lines in figure 1 of Huston et al.). Overyielding analyses (broken lines in figure 1 of
Huston et al.), however, sometimes produce
negative regressions, which indicate progressively stronger underyielding. Such underyielding, which could be produced by increasing interference or allelopathy, contradicts the pattern of increasing productivity.
Mismatch of pattern and suggested mechanism arises in this case, however, because the
alternative analysis suggested by Huston et
al. (their note 16) uses several polycultures at
each level of diversity but only the single
highest-yielding monoculture; consequently,
mixtures are often compared with monocultures of highest-yielding species that they do
not include, confounding changes in richness
and composition (7). Although Huston et al.
argue that the pattern of increasing productivity with increasing species number could
stem from the effects of random sampling,
standard relative yield total (8, 9) and related

techniques (10) reject the sampling effect and
are consistent with complementary and positive interactions [sampling effect null prediction: RYT ⫽ 1; mean over all polycultures ⫽
1.5, SEM ⫽ 0.06, t test ⫽ 25.3, P ⬍ 0.001,
n ⫽ 204 (11)].
The proposed mechanisms underlying diversity effects are the functional traits of
individual species and groups. We reported,
as Huston et al. reiterate, that although the
contributions of most individual species to
the effects of biodiversity were small, those
of Trifolium pratense were large (1). We
expected complementary and positive effects
of nitrogen-fixers to play a large role in the
species richness effect; hence, legumes were
an a priori functional group in our design (1,
5). There is no magic effect of “species richness per se.” In principle, all effects can be
attributed to the traits of individual species
and their interactions. There is no reason that
there cannot be effects of both richness and
composition; indeed, if there were no effects
of composition (i.e., if individual species effects on functioning were identical), there
could be no effect of species richness.
Notwithstanding the suggestion to the contrary by Huston et al., our regressions of estimated average plant size (1) did account for
decreasing density of individual species with
increasing species number. Because individuals
of clonal species are hard to quantify, we divided the biomass of a species in a mixture by the
number of seeds sown to gain estimates of
individual performance. Dead individuals entered the calculation of average size as zeros.
Regression slopes show how the size of an
individual plant changes as more of its neighbors belong to other species.
Intense intraspecific competition in monocultures and low-diversity mixtures is not a
“hidden treatment,” as Huston et al. suggest,
but is one potential biodiversity mechanism (1,
12): benefits of biodiversity arise if, because of
complementarity, interspecific competition is
less intense on average than intraspecific competition. Substitutive experimental designs take
monocultures and introduce biodiversity by replacing conspecifics with other species. Both
substitutive and additive designs have their
strengths and limitations (13, 14). Classical additive and substitutive experiments often have
restrictive physical situations (15) and short
time scales that can restrict complementary interactions. Our experiment was conducted under field conditions, with more natural communities, over several years, which allowed plants
to grow and reproduce. Results of substitutive
experiments are most often insensitive to
changes in total density (13), and we doubt that
ours are specific to the initial total sowing density; a companion experiment varying total density of a three-species mixture found no effect
of initial density on community biomass by the
second year after sowing (16).
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18.

level of species richness with the biomass produced
by the most productive monocultures. To estimate
the maximum productivity found in monocultures at
each site, we used both replicates of the species that
produced the maximum biomass of all monoculture
replicates (the experimental design included only two
replicates of each species in monoculture). At five of
the eight sites, the two replicates with highest biomass belonged to a single species; at the remaining
three sites, the other replicate of the species with the
highest biomass ranked lower than second (third,
third, and sixth, respectively). We included all replicates of the mixture with the highest appropriate
species richness [i.e., the species richness treatment
that was half the number of monoculture plots,
based on table 4 of (1)], because all replicates at this
level of richness should have been identical in species
composition. For the species richness treatments between one and the maximum described above, we
used combinatorial probabilities to determine what
proportion of the plots at each level were likely to
include the most productive species from the monocultures (no information on the actual species composition of the mixtures was released with the article). Although only three of the eight sites were
designed properly for analysis of overyielding, we
performed this analysis for the other five sites as
well. At each treatment level of species richness, we
sorted the replicates from highest to lowest biomass,
and selected the number of replicates corresponding
to the combinatorial probability described above,
beginning with the highest biomass. Thus, our approach was designed to use the maximum number of
appropriate replicates at each treatment level, and
was biased toward detecting overyielding by selecting the most productive mixtures. If increasing species richness causes higher productivity through
overyielding, the slope of the regression through
these points should be positive. Alternative statistical
approaches, such as quantile regression [B. S. Cade,
J. W. Terrell, R. L. Schroeder, Ecology 80, 311 (1999)],
can be used to quantify the maximum response of
productivity to increasing species richness. Analysis
of the most productive plots in each treatment at
each site (90th quantile) indicates that the 90%
confidence intervals for regression slope overlap
among all the sites (B. S. Cade, unpublished analysis).
J. P. Grime, Science 277, 1260 (1997).
J. G. Hodgson, K. Thompson, P. J. Wilson, A. Bogaard,
Funct. Ecol. 12, 843 (1998).
D. A. Wardle, O. Zackrisson, G. Hornberg, C. Gallet,
Science 278, 1867 (1997).
We thank A. Hector and the BIODEPTH collaborators
for providing us with the data used in this analysis.
M.A.H. was supported by the STAR Grant Program of
the U.S. Environmental Protection Agency and by the
Program for Ecosystem Research, Environmental Sciences Division, Office of Health and Environmental
Research, U.S. Department of Energy. Oak Ridge National Laboratory is managed by UT-Battelle, LLC, for
the U.S. Department of Energy under contract DEAC05-00OR22725. This is publication number 5005
of the Environmental Sciences Division, Oak Ridge
National Laboratory.

TECHNICAL COMMENT

1255a

and ecological mechanisms that change abundances. Human impacts of harvesting of biotic resources, such as logging, provide real
examples of the removal of dominant species
(29, 30). Traditional farming methods use
mixtures of species as insurance for maintaining yields in unpredictable environments
(31–33). Both theory and experiment (34 –
36) suggest that similar biodiversity effects
may occur in natural communities.
In conclusion, we note that a recent review
of biodiversity manipulation experiments (37)
found that 95% of studies have shown biodiversity effects on ecosystem processes. The
effects have been predominantly saturating,
similar to the log-linear relationship we found.
Differences and interactions among species that
have functional consequences provide the underlying mechanisms. Variation ultimately
forms a continuum, and different categorizations are alternative ways of viewing the same
functional biodiversity. Species richness provides one easily measured axis of differentiation, because, all else being equal, communities
with more species may generally have a greater
range of functional differences than depauperate versions of the same community (38).
In nature, species selection is not made by
scientists, and there is no guarantee that the
species needed to maintain ecosystem processes will remain. Knowing that the combination
of two particular species accounts for most of
the high yield of a diverse mixture is of little use
if one or both have gone extinct. Moreover,
conditions vary and change, as does the performance of species, so that the same mixture may
no longer perform as well. Although many
further experiments are needed, varying species
numbers, differences, frequencies, and densities, we must not forget to seek general patterns
amid the variety of special cases.
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Huston et al. argue that we did not adequately report on relative species abundances, and object to our use of measures such as
sown species richness. However, our tests of
the sampling effect and complementarity
took relative abundances of species into account (9, 10, 11). Experimental responses can
result from processes that integrate over time
and space, with initial and realized abundances over whole plots and entire time courses
often contributing (8). The close match of
sown and realized diversity supports analyses
using sown species levels; using observed
numbers produces similar results [note 19 of
(1)]. Diversity indices likewise yield similar
results: the Shannon index and its exponent,
which gives the effective number of equally
abundant species, both have highly significant positive relationships with productivity.
Finally, we take this opportunity to clarify
an issue raised only in passing by Huston et
al.: whether our experimental approach of
random species addition or removal accurately reflects processes in natural or humaninfluenced systems. Extinction often is not
random, and depends on the process driving
loss (17, 30). Our experiment was not intended to test a particular scenario; it was a
general investigation of the effects of changing biodiversity. The “proper” experimental
design suggested by Huston et al. does not
include orders of assembly or disassembly
other than the nonrandomness requirement,
and is inconsistent with other suggested designs (18, 19). The research they cite (their
references 3 through 5) refers to particular
scenarios only, and we suspect that good
general evidence is currently lacking on orders of loss in relation to a broader set of
extinction drivers. For example, recent studies of fragmented grassland remnants (20, 21)
have found that ability to produce high yields
or to dominate communities did not appear to
influence extinction, whereas life cycle characteristics such as seed dormancy and lifespan did. Species loss could be variable and
unpredictable, given forecasted high levels of
global change and climate alteration, and we
clearly need better ecological predictions.
In view of the current, limited evidence,
random loss scenarios may provide adequate
models in some cases and should be properly
tested, not dismissed on assumptions alone.
Although, as we acknowledged in our report,
our biomass patterns were partly generated
by the effects of random sampling of species
(1, 22, 23), wide reporting of other biodiversity function studies suggests that it is not
appropriate to dismiss sampling effects as
“artifacts” (24 –30). Rather, sampling effects
can be considered results of random assembly
or disassembly arising from the combination
of probabilistic processes inherently associated with numerical components of diversity,
differences in the biological traits of species,
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