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Recent demonstrations that greater plant di-
versity can lead to greater productivity (1-5) 
have generated considerable debate (6-14). This 
has been fueled by uncertainty about which of 
many alternative hypotheses (6, 9, 15-20) is op-
erating in nature and about the number of spe-
cies required to maintain ecosystem functioning 
(6, 7, 12, 14). We report results of a long-term 
experiment that allows tests of these alternative 
hypotheses. 

It has been hypothesized that productiv-
ity may be greater at higher diversity because of 
“niche complementarity” among particular com-
binations of species and the greater chance of oc-
currence of such combinations at higher diversity 
(15-20). Niche complementarity, which results 
from interspecific differences in resource re-
quirements and in spatial and temporal resource 

and habitat use, or from positive interactions 
(21), is predicted to allow stable multispecies co-
existence and sustainably greater productivity 
at higher diversity (17, 18). Alternatively, it has 
been hypothesized that reported diversity effects 
might be short-lived transients caused solely by 
the presence of some species with high growth 
rates (6); be experimental artifacts resulting 
solely from species pools containing some low-
viability species (6); or result from the most pro-
ductive species being the best competitor (6, 9, 
17). These “sampling effects” all result from the 
greater chance of any given species being present 
at higher diversity and from dynamics that cause 
a single species to dominate and determine eco-
system functioning (6, 9, 17, 19). 

Sampling and complementarity have differ-
ent signatures (6, 9, 12, 17-20). Sampling ef 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fects limit the maximal productivity of higher- 
diversity plots to that of the best monoculture, 
giving an upper bound of variation in commu-
nity performance that is independent of di-
versity. With niche complementarity, the up-
per bound increases with diversity because no 
monoculture is as productive as some combi-
nations of two species and no combination of N 
species is as productive as some combinations of 
N + 1 species. 

In a 7-year experiment [(4), supplement A 
(22)], we controlled one component of diver-
sity, the number of plant species, in 168 plots, 
each 9 m by 9 m. We seeded the plots, in May 
1994, to have 1, 2, 4, 8, or 16 species, with 
39, 35, 29, 30, and 35 replicates, respectively. 
The species composition of each plot was cho-
sen by random draw from a pool of 18 grassland 

perennials that included four C4 (warm-season) 
grasses, four C3 (cool-season) grasses, four le-
gumes, four nonlegume forbs, and two woody 
species. All species occurred in monoculture, 
and all but three were in at least two monocul-
ture plots, allowing comparison of responses of 
each species in monoculture to higher-diversity 

combinations of these same species. We do not 
use 76 additional plots that had functional group 
compositions drawn from an augmented species 
pool or 46 plots planted to 32 species (4) be-
cause the additional species were not grown in 
monoculture, and combining results from dif-
ferent species pools could introduce bias. We fo-
cus analyses on species number, because it was 
directly controlled, and functional group com-
position (23), because of its hypothesized im-
portance. Other measures of diversity, includ-

ing number of species per functional group and 
the presence or absence of species or functional 
groups, are highly correlated with species num-
ber and show similar responses. 

In our grasslands, plant aboveground liv-
ing biomass, because it is all produced within 
a growing season, is an index of primary pro-
ductivity. In contrast, total biomass (aboveg-
round plus belowground plant biomass) mea-
sures carbon accumulated in living tissues. 

Both aboveground and total biomass increased 
highly significantly with species number each 
year (Figure 1, A and B, and Table 1), and func-
tional group composition explained a highly sig-
nificant amount of the residual variation (Table 
1). Moreover, when the effect of each variable 
was determined after controlling for effects of 
the other (type III regressions), effects of func-
tional group composition predominated in the 
early years [as for (24, 25)], but species number 
had highly significant positive effects on both 
aboveground and total biomass by 1999 and 
2000, showing the simultaneous importance of 
species number and functional group composi-
tion in the long-term (Table 1). 

The initial saturating dependence of aboveg-
round and total biomass on species number (Fig-
ure 1, A and B) became, by 2000, a linear increase 
for species number ≥ 2. In 2000, 16-species 

plots had 22% greater aboveground biomass to-
tal and 27% greater total biomass than 8-spe-
cies plots (both differences significant; t tests: 
P = 0.018, P = 0.002, respectively). The depen-
dence of biomass on species number and func-
tional group composition became progressively 
stronger, explaining about one-third of variance 

in 1997 and two-thirds in 2000 (Table 1). This 
strengthening of the effect of diversity and the 
increasingly steep and linear trends (Figure 1, A 
and B) fail to support the hypothesis (6) that di-
versity effects were short-lived transients. Com-
parable and significant (P < 0.01) dependences 
of total and aboveground biomass on diversity 
and composition were observed when analyses 
used the actual number of planted species ob-
served in each plot (Figure 1C) or the Shannon 
diversity index [supplement B (22)].

We tested the low-viability sampling hy-
pothesis by identifying the five species that at-
tained least total biomass in monoculture in 
2000 and excluding from analysis plots contain-
ing any combinations of just these species. To-
tal biomass was still significantly dependent on 
species number and functional group compo-
sition in the remaining 131 plots [general lin-
ear model (GLM) type III regression: FOVERALL 
= 8.39, P < 0.001; FDIV = 11.6, FCOMP = 4.36
, P < 0.001 for each]. Similar results occurred 
when we excluded from analysis of aboveground 

biomass plots containing any combinations of 
the five species with least aboveground biomass 
in monoculture (GLM type III regression: FOVER-

ALL = 7.08, P < 0.001; FDIV = 10.6, P = 0.0014; 
FCOMP = 3.84, P < 0.001). In another analysis, 
we excluded the 30 plots with the lowest total 
biomass in 2000 (total biomass < 400 g m–2). 
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Abstract
Plant diversity and niche complementarity had progressively stronger effects on eco-
system functioning during a 7-year experiment, with 16-species plots attaining 2.7 times 
greater biomass than monocultures. Diversity effects were neither transients nor ex-
plained solely by a few productive or unviable species. Rather, many higher-diversity 

plots outperformed the best monoculture. These results help resolve debate over biodi-
versity and ecosystem functioning, show effects at higher than expected diversity levels, 
and demonstrate, for these ecosystems, that even the best-chosen monocultures can-
not achieve greater productivity or carbon stores than higher-diversity sites. 
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Species number and composition still had highly 
significant effects on total biomass in the re-
maining plots (GLM type III regression: FOVER-

ALL = 5.05, P < 0.001; FDIV = 12.3, P < 0.001; 

FCOMP = 2.82, P < 0.001). Similarly, when we 
excluded the 31 plots with lowest aboveground 
biomass (<100 g m–2) in 2000, effects of com-
position and species number remained highly 
significant (GLM type III regression: FOVER-

ALL = 3.77, P < 0.001; FDIV = 10.5, P < 0.0016; 
FCOMP = 2.28, P = 0.0015). Similar results oc-
curred with lower and higher cutoffs (including 

50% higher) for aboveground and total biomass. 
In total, the dependence of biomass on species 
number and composition was not explained 

solely by sampling effects for a species pool con-
taining some poorly performing species.

We tested the sampling hypothesis that the 
most productive species determined the ef-
fects of diversity (6, 9, 17) by retaining in anal-
yses of year 2000 results only plots containing 
at least one of the nine species with the highest 

monoculture total biomass in 2000. Total bio-
mass remained significantly dependent on spe-
cies number and functional group composition 
in these 145 plots, and in the subset of 95 plots 
that contained at least two of these nine species 
[type III regressions; supplement C (22)]. Simi-
lar results occurred for aboveground biomass in 
2000 [supplement C (22)]. These analyses fail to 

support the sampling hypothesis. Another test 
comes from examining performance of higher-
diversity plots relative to the best monoculture 

(Figure 2). In 1999 and 2000, many higher-di-
versity plots had greater aboveground and total 
biomass than the single best-performing mono-
culture (Figure 2). The percentage of such plots 
was an increasing function of diversity, on aver-
age for 1999 and 2000, with about half of the 
16-species plots having greater aboveground or 
total biomass than the best monocultures (Fig-
ure 1D). The strength and repeatability of this in-
creasing upper bound in both aboveground and 
total biomass support the importance of niche ef-
fects and refute the hypothesis that sampling ef-
fects were the sole explanation for the long-term 
effects of diversity. The coexistence of most spe-
cies, with about 12 planted species per 2 m2 per-
sisting in each 16-species plot (Figure 1C), fur-
ther supports niche complementarity. However, 
in earlier years, such as 1997, few high-diversity 
plots had greater biomass than top monocultures, 
and the percentage was independent of species 
number (Figure 1D), which is consistent with the 
sampling hypothesis (6, 7, 12). 

The increasing importance of complemen-
tarity and the increasingly linear effects of spe-
cies number raise another question. Did com-
plementarity occur among most species—i.e., 
did most species contribute to increasing com-
munity biomass—or is there a smaller set of 
species with complementary interactions, with 
this set being increasingly likely to co-occur at 
higher diversity (19)? 

We used analysis of variance (ANOVA) 
to determine the simultaneous effects of the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
presence or absence of each species (entered as 
main effects) on aboveground or total biomass 
(one test per year, with 4 years for total bio-
mass, 5 years for aboveground biomass). Three 
or four species had significant (P < 0.05) pos-
itive effects on aboveground or total biomass  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
in most years. Among legumes, Lupinus peren-
nis had significant effects in all nine tests, Les-
pedeza capitata in six tests, and Petalostemum pur-
pureum in two tests. Schizachyrium scoparium and 
Sorghastrum nutans, both C4 grasses, were sig-
nificant in five tests each. These are five of the 

Figure 1. The dependence of (A) plant aboveground biomass and (B) total biomass (aboveg-
round plus belowground living plant mass) on the number of planted species. Data are shown as the 
mean ± SE. (C) The relation between the number of species planted in a plot and the actual number 
(mean ± SE) of planted species visually observed in a 2 m2 area of each plot. (D) The percentage of 
all plots of a given planted diversity level, on average for 1999 and 2000 combined, or on average for 
1997, that had greater biomass than the single monoculture plot with the greatest biomass.

Figure 2. The dependence of aboveground (A and B) and of total (C and D) biomass of each plot 
on planted species number for 1999 and 2000. The broken line shows the biomass of the top mono-
culture for a given year. The solid line is a regression of biomass on the logarithm of species number. 
Logarithm of species number was used in the figure because it gave slightly better fits, but was not 
used in Table 1 because it often gave slightly lower R2 values than species number. 
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six most abundant species in mixtures. A rarer 
forb also had a significant effect. Similarly, 
when plots were characterized by the pres-
ence or absence of functional groups in ANO-
VAs, in 2000 there were significant positive ef-
fects of legumes (P < 0.001), forbs (P < 0.05), 
and C4 grasses (P < 0.01) on aboveground bio-
mass, and significant positive effects of legumes 
(P < 0.001) and C4 grasses (P < 0.001) on to-
tal biomass. For aboveground biomass, only the 

legume × C4 grass interaction was significant 
(P < 0.05), and it was positive. For total bio-
mass, the legume × C4 grass interaction was 
marginally significant (P = 0.068) and biased 
toward positive (26), suggesting complementar-
ity or facilitation among legumes and C4 grasses 
(4). However, even after controlling for the 
presence or absence of all functional groups, 
there were positive (P < 0.02) effects of species 
number on both aboveground and total biomass 
in 2000, indicating that biomass also depended 

on species number rather than on just the pres-
ence of functional groups.

Although these analyses suggest that the 
presence of about five dominant species might 
explain much of the effects of diversity, there 
may be small but additive effects of rarer spe-
cies. To test this possibility, we ranked all spe-
cies on the basis of their abundance (percent-
age cover) in 16-species plots in 2000, and 

created 17 new diversity indices. Each index 
states how many of the N most abundant species 
(N = 2, 3,...18) had been planted in each plot. 
We then determined which diversity index (log 
transformed) explained the most variance in 
aboveground or total biomass in 2000. Aboveg-
round biomass was most dependent on how 
many of the 9 to 13 most abundant species were 
planted in each plot [supplement D (22)], show-
ing that many rarer species contributed detect-
ably to aboveground biomass. However, total 
biomass in 2000 was most dependent on how 
many of the four most abundant species were 
planted [supplement D (22)], likely because 
three of these four are C4 grasses, the species 
that accumulate the greatest root mass.

In summary, diversity effects were neither 
transients, nor explained in the long-term solely 

by other sampling-effect hypotheses, nor solely 
by the presence of legumes on a low-N soil. 
Rather, niche complementarity contributed sig-
nificantly. Plant species number [as in (1-5, 20, 
21)] and functional group composition [as in (4, 
5, 24, 25)] became simultaneously and approx-
imately equally important in our long-term ex-
periment. Compared with the average of the 
single best species in monoculture, our 16-spe-
cies plots had 39% greater aboveground bio-
mass and 42% greater total biomass on average 
for 1999 and 2000. Moreover, 16-species plots 

in 1999 and 2000 had 2.7 to 2.9 times greater 
aboveground and total biomass than the average 
for all species in monoculture (Figure 1A). The 
nonsaturating increase in aboveground biomass 
with diversity likely reflects niche effects among 
about 9 to 13 species and their greater chance of 
co-occurrence at higher diversity (19), whereas 
such effects among about four species seem to 
account for total biomass responses. 

The demonstration that diversity effects 
strengthened through time and were not the re-
sult solely of sampling effects or functional group 
composition should resolve aspects of the biodi-
versity debate (6-14). Moreover, our results sug-
gest, for ecosystems in which niche complemen-
tarity occurs, that even with the wisest choices, 
monocultures may be less productive and accu-
mulate less living carbon than many higher-di-
versity species combinations. Our results show 
that ecosystem processes are simultaneously in-
fluenced by diversity and composition, but long-
term work in additional ecosystems is needed to 
determine the generality of our results, to better 
understand the effects of nonrandom community 
assembly and disassembly, and to better deter-
mine the implications of biodiversity for ecosys-
tem management. 
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Table 1. Analyses, using general linear models, of the effects of number of planted species (continuous variable; entered first using type I SS) and of func-
tional group composition (categorical variable; entered second) on total biomass and on aboveground biomass, showing results for each year when mea-
sured. N = 168. Overall model df = 28 and error df = 139. Species number df = 1, composition df = 27. The last columns show type III effects of species 
number (entered second, after functional group composition). 
  
                    Species number     Functional group comp.  Species number  
          Overall                (entered first)     (entered second)                 (entered second) 

Variable analyzed  Year R2  F value  P  F value  P  F value  P  F value  P 

Total biomass  1997  0.32  2.26  0.001  9.80  0.002  2.06  0.004  3.88 0.051 
Total biomass  1998  0.47  4.37  <0.001  43.8  <0.001  2.91  <0.001  2.38  0.13 
Total biomass  1999  0.60  7.31 <0.001  94.2  <0.001  4.09  <0.001  7.11  0.009 
Total biomass  2000  0.68  10.5  <0.001  152.  <0.001  5.27  <0.001  12.3  <0.001 
Aboveground biomass  1996  0.41  3.28  <0.001  15.5  <0.001  2.83  <0.001  3.80  0.053 
Aboveground biomass  1997  0.39  3.02 <0.001  12.3  <0.001  2.60  <0.001  0.52  0.47 
Aboveground biomass  1998  0.49  4.80  <0.001  31.8  <0.001  3.81  <0.001  2.56  0.11 
Aboveground biomass  1999  0.56  6.27  <0.001  90.7  <0.001  3.15  <0.001  14.9  <0.001 
Aboveground biomass 2000 0.61  7.80  <0.001  111.  <0.001  3.97  <0.001  10.7  <0.001
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      Plant         Functional Group      Plant 
       Diversity        Comp.           Diversity 
 Overall      (entered 1st)         (entered 2nd)            (entered 2nd) 

Variable Analyzed Year R2 F value              P      F value       P        F value         P           F value    P

Observed Species Number:

Total Biomass 2000 0.68 10.6  157.  5.20  13.3 
Aboveground Biomass 2000 0.63 8.40 <_0.001 td=”td”>133.   3.78  17.7  

Effective Species Richness (eH’):

Total Biomass 2000 0.66 9.53  136.  4.84  7.82 0.006
Aboveground Biomass 2000 0.61 7.73 <_0.001 td=”td”>132.   3.11  14.0

Supplementary Material

Supplement A. 

Experimental Protocol. 

A field at Cedar Creek Natural History Area, Minnesota, was herbicided and burned in August, 1993, had 6-8 cm of soil removed to re-
duce the seed bank, was plowed and harrowed, then divided into plots of which 168 form this experiment. All plots received, in total, 10 
g m-2 of seed in May 1994 and 5 g m-2 in May 1995, with seed mass divided equally among species. Two species that did not germinate in 
1994 were replaced with different species in the same functional groups in the 1995, with their seeding proportionate to 10 g m-2. Three 
species (Elymus canadensis, Poa pratensis, Panicum virgatum) did not establish in one of their two original monocultures, even after reseeding, 
and these three plots were abandoned after 1996. Plots were initially 13 m × 13 m, and reduced to 9 m x 9 m in 1998 by mown walk-
ways. Treatments were maintained by weeding 3 or 4 times/year. Selective herbicides were also used through 1997. Plots were burned 
annually in the spring before growth began. Plots were sampled in mid-August for aboveground living plant biomass by clipping, drying, 
and weighing four 0.1 x 3.0 m vegetation strips per plot from 1996 through 1999, and eight strips per plot in 2000. Only non-mown ar-
eas were sampled. Different areas were sampled each year. Beginning in 1997, root biomass was sampled immediately after clipping by 
collecting three 5 cm diameter x 30 cm deep cores per clipped strip. Roots were washed free of soil, sorted from other organic material, 
dried and weighed. The sum of root mass and aboveground mass, on an aerial basis, is called total plant biomass, a measure of total living 
carbon. 

Supplement B. 

Effects of observed plant diversity on total and aboveground biomass in 2000. 

Two indices of plant diversity are used. The first index, “observed species number,” is the number of planted species observed in one or 
more of four 0.5 m2 quadrats within each plot. The second, “effective species richness,” is eH’, where H’ is the Shannon diversity index 
based on abundances (percent cover) of planted species. Analyses, using general linear models, determined effects of plant diversity (con-
tinuous variable; entered first using Type I SS) and of functional group composition (categorical variable; entered second) on total biomass 
and on aboveground biomass. N=168. Overall model d.f.=28 and error d.f.=139, with plant diversity d.f.=1 and composition d.f.=27. 
The last columns show similar analyses, but with plant diversity entered second, after composition (i.e., Type III regressions). 
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 Overall             Plant Diversity                        Functional Group

Variable Analyzed N F-Value P F-Value P F-Value P

At Least 1 of 9 Top Species:

Total Biomass 145 6.08  10.5 0.002 3.33 
Aboveground Biomass 140 4.43  8.85 0.004 2.72 

At Least 2 of 9 Top Species:

Total Biomass 95 3.47  11.9  2.67 0.002
Aboveground Biomass 88 2.34 0.005 5.04 0.028 1.87 0.030

Supplement C. 

GLM Type III regressions (each variable considered after controlling for the other variable) for effects of species number and functional 
group composition on total biomass and on aboveground biomass in 2000, for two different subsets of plots. The first subset consists of all 
plots containing at least 1 of the 9 species with highest total or aboveground biomass in monoculture in 2000. The second subset consists 
of plots containing at least 2 of these top 9 species. 

Supplement D. 

Goodness of fit, as estimated by R2 values, for regressions of total biomass in 2000 on the log of the number of the N top species that were 
present in each plot. For instance, when N=4, the four species with the greatest percent cover in 2000 in the 16-species plots were con-
sidered. These four species were Schizachyrium scoparium, Lupinus perennis, Sorghastrum nutans and Andropogon gerardi. For each plot, we de-
termined how many of these four species had been planted in the plot, and used this as a diversity index. Log [Diversity Index +1] was 
then used as the independent variable in a regression in which total biomass in 2000 was the dependent variable. Such regressions were 
repeated for the other diversity indices (values of N, number of top species considered, ranging from 2 to 18). Web fig. 1 shows that N=4 
gave the best fit for total biomass. 

Similar analyses were performed, but using aboveground biomass in 2000 as the dependent variable in a series of regressions. Web fig. 
2 shows that the highest R2 value occurred for N=9, i.e., when the number of the 9 most abundant species that were present in each plot 
was the independent variable. The next highest R2 value occurred for N=13. The fitted curve had its peak at N=11. Each value of N from 
7 to 15 had a higher R2 value than any N≤6. 

Supplemental Figure 1. Dependence of R2 in Total Biomass on Num-
ber of Top Species Considered 

Supplemental Figure 2. Dependence of R2 in Aboveground Biomass on 
Number of Top Species Considered 
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