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Humans are modifying both the identities and numbers of species in ecosystems, but 
the impacts of such changes on ecosystem processes are controversial. Plant species 
diversity, functional diversity, and functional composition were experimentally varied in 
grassland plots. Each factor by itself had significant effects on many ecosystem pro- 
cesses, but functional composition and functional diversity were the principal factors 
explaining plant productivity, plant percent nitrogen, plant total nitrogen, and light pen- 
etration. Thus, habitat modifications and management practices that change functional 
diversity and functional composition are likely to have large impacts on ecosystem 
processes. 

Although  the orgatlislns living in an eco- 
system control its f~lnctioning (1-4), it has 
not been clear how much of this control is 
determined by the identities of the species 
present (4,  5 ) ,  by the nunher  of species 
present (2 ,  4 ,  6 ,  7) ,  by the nunher  of 
different functional roles that these snecies 
represent (1 ,  2 ,  8), or by n:hich functional 
roles are represented (4 ,  9). The effects of 
species or functional diversity are expected 
to increase with the magnitude of the dif- 
ferences among species or functional groups 
(12). These differences are also expected to 
influence the magnitude of the effects 
caused by compositiotlal differences. How- 
ever. the relative effects attributable to di- 
versity versus composition are unclear. 

W e  performed a field experiment in 
which plant species diversity (defined as 
number of plant species added to plots), 
functional diversity (defined as nurnber of 
functional groups added to plots), and 
filllctional co~nposition (defined as which 
functional groups were added to plots) 
were directly controlled (1 1 ) .  Our 289 
plots, each 169 m', were planted and 
weeded to have either 0 ,  1, 2,  4, 8, 16, or 
32 perennial savanna-grassland species 
representing 0,  1, 2,  3 ,  4, or 5 plant func- 
tional groups. Grassland-savanna plants 
were classified into functional groups o n  
the basis of intrinsic physiological and 
morphological differences, n~hich  influ- 
ence differences in resource requirements, 
seasonality of growth, and life history. Le- 
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gulnes fix nitrogen, the major limiting nu- 
trient a t  our site (7 ) .  Grasses with the 
three-carbon photosynthetic pathway 
(C,) grow best during the cool seasons and 
have hieher tissue N than do grasses with " " 

the C4 pathway, w111ch grow best during 
the warm season. Woodv nlants have h ~ e h  , " 

allocatiotl to perennial stem and low 
growth rates, and forbs do not fix N and " 

often have high allocation to seed. 
When analyzed in separate univariate 

regressions, species diversity had significant 
effects on  plant productivity (Fig. 1A)  and 
011 three of five other response variables 
measured in the third year of study (1 2. 13, 
14). Functional diversity significantly influ- 
enced plant productivity (Fig. 1B) and all 
other variables (1 3 ,  14). Species diversity 
had a highly significant effect ( P  < 0.001) 
in a one-way multivariate analysis of vari- 
ance (MANOVA) that included all six re- 
sponse variables, as did functional diversity 
in a similar ML4NOVL4. 

In multinle regressions of each of the - 
six response variables on  both species and 
functional diversitv, functional diversitv 
was significant in ail six cases, but specie; 
diversity was not  (Table 1 )  (14) .  Plant . , 

productivity and plant total N significant- 
ly increased, and soil NO,, soil NH,, plant 
percent N (% N ) ,  and light penetration 
significantly decreased as functional diver- 
sity increased. ;4 two-way MANOVA that 
included all six response variables showed 
highly significant effects of fu~lctional di- 
versity (Wilk's lambda F = 7.58; df = 6, 
277; P < C.CCO1) but no significant effects 
of species diversity ('Xiilk's lambda F = 
0.12; df = 6, 277; P = 0.99). Similar 
results were obtained in alternative anal- 
yses (14) ,  including a two-way MANOV'4 
that used observed species and functional 
diversities from 1996 (1 5 ) .  Thus, the func- 

than the species component of diversity. 
The  independent effects of functional 

co~nposition can be tested by ANOVAs in 
which each of the 32 nossible functional 
compositions (1 6) is nested within the 
appropriate level of functional diversity. 
There were highly significant effects of 
both functional diversity (Fig. 1B) and 
functional composition (Fig. 2) on  plant 
productivity, plant % N ,  plant total N ,  
and light penetration (Table 2).  Soil NH, 
and soil NO, depended on  functional di- 
versity but not  on  functional composition. 
Thus, for four of the six variables, both 
functional co~nuosition and functional di- 
versity had significant impacts. '4 two-way 
M A N O V A  that included all six variables 
found highly significant effects of both 
functional diversity and functional com- 
position (14,  17). 

011 average, across the six ,4NOVL4s of - ,  

Table 1, species and functional diversity 
together explained 8% of the variance in 
response variables, whereas functional com- 
position and diversity together explained 
37% (Table 2),  suggesting that composition 
is the greater determinant of ecosystem 
processes. 

T o  determine if narticular functional 
groups were responsible for the effects of 
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Fig. 1. (A) Dependence of 1996 aboveground 
plant biomass (that is, productivity) (mean and SE) 
on the number of plant species seeded into the 
289 plots. (B) Dependence of 1996 aboveground 
plant biomass on the number of functional groups 
seeded into each plot. Curves shown are slmple 
asvm~totic functions fitted to treatment means. , , 
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functional diversity, we repeated the mul- 
tiple regressions of Table l ,  but replaced 
functional diversity with five dummy 
variables, each describing a functional 
group as either absent from a plot or 
represented by at least one species. For 
each of the six ecosystem variables, there 
were significant (P < 0.05) effects of the 
presence of particular functional groups 
and no sienificant effects of s~ecies diver- 

L. 

sity. Only C4 grasses and legumes signifi- 
cantly affected productivity (Fig. 2) and 
light penetration (P < 0.001 for each, 
overall r2 = 0.19 for C4 grasses and 0.27 
for legumes). Plant % N depended on all 
five functional groups (P < 0.05 for all, r2 
= 0.57). The other ecosystem variables 
were significantly dependent only on ei- 
ther legumes (plant total N) or C4 grasses 
(soil NH4, soil NO3). On average, across 
plots containing two, four, or eight spe- 
cies, the presence of one or more C4 grass 
species led to a 40% increase in produc- 
tivity, and the presence of one or more 
legume species led to a 59% increase. The 
greater biomass from legumes is consistent 
with their ability to fix N. The greater 
biomass from C4 grasses is consistent with 
their lower tissue N concentrations. 

Another multiway MANOVA, in which 
the five independent variables were the 
species diversity within each functional 
group (number of plant species within a 
functional group planted in a plot) and the 
dependent variables were the six ecosystem 
responses, showed significant (P < 0.01) 
effects of species diversity within each func- 
tional group except woody plants. Thus, 
both the presence of some functional groups 
and the number of species within most 
functional groups had significant effects on 
ecosystem processes. 

The increase in productivity with di- 
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Fig. 2. Effects of functional composition on 1996 
aboveground plant biomass (productivity) in plots 
containing at least one legume species (Legume), 
at least one C, grass species (C, grass), at least 
one of each (C, grass plus legume), or only spe- 
cies from other functional groups (Other). Mean 
and SE are shown, using all plots containing 1, 2, 
or 3 functional groups. 
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Table 1. Dependence of ecosystem variables on diversity treatments as determined by multiple 
regression. Values shown are regression parameters. A separate regression was performed for each 
ecosystem variable. Regressions have df = 2, 283 to 2, 286. NS, P > 0.05; *, 0.05 r P > 0.01; **, 
0.01 2 P > 0.001 ; and "*, P < 0.001 for tests of significant difference of parameter value from 0. 
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Regression parameters 
Res~onse Overall Overall - .. 
vaiiab~e Intercept Species Functional r2 F value 

diversity diversity 

Productivity 81 .I*" -0.19NS 20.0"' 0.09 14.0+" 
Plant % N 1.24"* -0.0003NS -0.072*" 0.1 1 17.15'" 
Plant total N 104.3- -0.193NS 12.06* 0.02 3.61 * 
Soil NH, 1.07"' 0.003NS -0.082" 0.04 5.60" 
Soil NO, 0.37*** 0.001 NS -0.041*** 0.09 13.4'" 
Light penetration 0.75"' 0.0001 NS -0.040*" 0.1 1 18.3'" 

versity was partially caused by overyield- 
ing of species, especially C4 grasses, in 
high-diversity plots. Specifically, a regres- 
sion for each species of log(percent cover) 
on log(species richness) revealed signifi- 
cant (P < 0.05) overyielding at high spe- 
cies diversity (that is, slopes significantly 
less negative than -1) for 14 of the 34 
species, but significant underyielding at 
high diversity for only four species. All 
eight C, grasses significantly overyielded 
(Andropogon gerardi, Bouteloua curtipen- 
dula, B . gracilis , Buchloe dactyloides , Pani- 
cum uirgatum, Schizachyrium scoparium, 
Sorghastrum nutans, and Sporobolus 
cryptandrus), as did the C3 grass Elymus 
canadensis, the legumes Lespedeza capitata 
and Petalostemum villosum. the forb Aster 
amreus, and the woody plkts Qwrcus ellip- 
soidalis and Q. marocmpa. Thus, many spe- 
cies inhibited themselves in monoculture 
and low-diversity plots more than they were 
inhibited by other species in highdiversity 
~lots. This is consistent with several mech- 
anisms of niche differentiation and coexist- 
ence (18), suggesting that such mechanisms 
may explain the increase in productivity 
with diversity (1 0). 

Other studies have shown that the 
number of species (2, 6, 7, 19), the num- 
ber of functional groups (8), or ecosystem 
species composition (20, 21 ) influence 
various ecosystem processes. Our results 

show that composition and diversity are 
significant determinants of ecosystem pro- 
cesses in our grasslands. Given our classi- 
fication of species into functional groups, 
functional diversity had greater impact on 
ecosystem processes than did species di- 
versity. This suggests that the number of 
functionally different roles represented in 
an ecosystem may be a stronger determi- 
nant of ecosystem processes than the total 
number of species, per se. However, spe- 
cies diversity and functional diversity are 
correlated; each was significant by itself, 
as was species diversity within functional 
groups; and either species or functional 
diversity may provide a useful gauge of 
ecosystem functioning. 

Our results show a large impact of com- 
position on ecosystem processes. This 
means that factors that change ecosystem 
composition, such as invasion by novel or- 
ganisms, nitrogen deposition, disturbance 
frequency, fragmentation, predator decima- 
tion, species extinctions, and alternative 
management practices (20, 21 ), are likely 
to strongly affect ecosystem processes. Our 
results demonstrate that all species are not 
equal. The loss or addition of species with 
certain functional traits may have a great 
impact, and others have little impact, on a 
particular ecosystem process, but different 
processes are likely to be affected by differ- 
ent species and functional groups. 

Table 2. Dependence of response variables on fkctional diversity treatments and functional compo- 
sition based on ANOVAs. Functional composition was nested within each level of functional diversity. A 
separate analysis was performed for each ecosystem response variable. 

F values 

Response 
variable Functional Functional Overall model Overall P 

diversity composition 
(df = 5,254) (df = 26,254) (df = 31,254) 

Prodvctivity 9.36"' 2.87*" 4.02" 0.33 
Plant % N 22.2*" 17.3*" 17.4*" 0.68 
Plant total N 4.23" 3.92*** 4.1 8"' 0.34 
Soil NH, 2.40' 1.40NS 0.14 1.23NS 
Soil NO, 22.3'" 1.17NS 4.57"' 0.36 
Light penetration 12.1*" 3.21"' 4.57*** 0.36 
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depth) per plot], and the proportion of incident light 
(PAR) that penetrated to the soil surface. In 1996, 
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ative abundances of species may still be changing. 
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IVecent experiments have shown increas­
ing net primary productivity (NPP) and 
nutrient retention in ecosystems as the 
number of plant species increases (I, 2). 
Ecosystem response to plant richness could 
occur via complementary resource use if 
plant species differ in the ways they harvest 
nutrients, light, and water (3, 4). Comple­
mentarity could happen in space, for exam­
ple, because of differences in rooting 
depths; in time, for example, because of 
differences in phenology of plant resource 
demand; or in nutrient preference, for ex­
ample, nitrate versus ammonium versus dis­
solved organic N. Greater plant diversity 
would then allow access to a greater propor­
tion of available resources, leading to in-
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creased total resource uptake by plants, 
lower nutrient losses from the ecosystem, 
and increased NPP, if the resources in 
question are limiting growth. However, 
differences in plant composition (the 
identity of the species present) may have 
large effects on ecosystem processes if the 
traits of one or a few species dominate (5). 
For example, if one species or group of 
species reduces soil nutrients to a lower 
level than do other species, then this spe­
cies (or group) may dominate pools of 
available soil nutrients in mixtures (6). 
Such effects of composition could also 
lead to lower soil nutrient pools and great­
er nutrient retention as diversity increases 
because of an increasing probability of 
including the dominant species at higher 
levels of richness. In this case, however, 
increased ecosystem nutrient retention re­
sults from the presence of only one species 
rather than from niche differentiation and 
complementary resource use among many. 

The Effects of Plant Composition and Diversity 
on Ecosystem Processes 

David U. Hooper* and Peter M. Vitousek 

The relative effects of plant richness (the number of plant functional groups) and com­
position (the identity of the plant functional groups) on primary productivity and soil 
nitrogen pools were tested experimentally. Differences in plant composition explained 
more of the variation in production and nitrogen dynamics than did the number of 
functional groups present. Thus, it is possible to identify and differentiate among po­
tential mechanisms underlying patterns of ecosystem response to variation in plant 
diversity, with implications for resource management. 
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