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rich plots were more likely to contain some drought-resistant
species. During this two-year drought, the increased growth of
these drought-resistant species partially compensated for the
decreased growth of other species.

A second component of stability is resilience, or the rate of
return to pre-existing conditions after perturbation6

• We calcula­
ted the deviation from pre-drought biomass as the naturalloga­
rithm of the ratio ofplot biomass in 1989, 1990, 1991 and 1992 to
average pre-drought biomass. For each of the four post-drought
years, there were significantly negative intercepts and signifi­
cantly positive slopes for regressions of these deviations on the

Partial correlation of each listed variable with dB/Bdt, controlling
for the other listed variables. Analyses used backwards elimination in
multiple regression analyses to retain only variables that had significant
(P < 0.05) partial correlatIons with dB/Bdt. The final multiple regression
was hIghly significant (F=48.8, n-207, R2 =0.48, P<O.OOOl). Exten­
sive residual anatyses30 were perlormed at each step. candidate vari­
ables included In (SR l986). logarithm of experimental plus atmospheric
nitrogen addition. biomassuMwI> number of species of C3 and C4 plants
In each plot, fraction of biomass comprised of C3 and C4 plants, dummy
variables30 for each field. and the biomass in 1986 of the three most
common species in low species-richness (one to four species) plots (A.
repens, P. pratens;s and S. scoparium). The significant partial correla­
tion for In (SR1 aasl means that the correlation of species richness with
drought resistance does not arise through biomass. species composi­
tion or field effeets31

. Other multiple regressions examined change in
species richness and biomass preceding drought. detrended annual
variation in species richness and biomass preceding drought, and their
interactions with SR llMl2 and biomaSStlM2. No other multiple regression
was significantly better than this one and all showed that partial correla­
tions between species richness and drought resistance were statistically
significant Analyses using other measures of species diversity yielded
similar results.

Factors influencing drought resistance

P

<0.0001
<0.0001
<0.0001
<0.0001

-0.56
-0.39
-0.36

0.29

Partial
correlation
coefficient

TABLE 1

Variable

Field A intercept
8iomass of P. pratens;s (1986)
8iomassl 986

In (SRl986)
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with nine or fewer species. The most species-rich plots produced
about half of their pre-drought biomass during the drought,
whereas the most species·poor plots produced only about one­
eighth (Fig. I).

Other characteristics of plots, such as the rate of nitrogen
addition, total above-ground plant biomass, the proportion of
total plant biomass from species with the C4 photosynthetic
pathway, and differences in these variables among fields, were
also correlated with species richness. Species composition and
abundances also varied with species richness in these plots I6

,I'.

More than 90% of the plots that contained four or fewer plant
species were dominated (>50% of plot biomass) by Poa prat­
ellsis, Agropyron repens or Schizachyrium scopariutn. Poa and
Agropyron are drought-sensitive C3 grasses, and Schizachyrilltn
is a drought-resistant C4 grass. A partial correlation analysis
that controlled for all of these potentially confounding variables
(including the 1986 biomasses of these three species) showed
a significant dependence of drought resistance on the natural
logarithm of pre-drought species richness (rpanial=O.2I, n=207,
P<O.OI). Moreover, when all redundant, nonsignificant vari­
ables were removed using backwards elimination, species rich­
ness was retained, and its partial correlation with drought
resistance was highly significant (Table I).

The dynamics of individual species in our plots suggest that
species richness led to greater drought resistance because species-

FIG. 1 Relationship between drought resistance of grassland plots and
plant species richness (SRM ) preceding a severe drought. Mean, stan­
dard error and number of plots with a given species richness are shown.
Drought resistance was measured as dB/Bdt (Yr- 1

), that is. as 0.5
(In (biomaSStsealbiomasslaae)), where biomassl988 is at the height of
drought and biomassl9M is for the year preceding drought. Biomass
ratio (biomassll~sslbiomassl986; right-hand scale) shows the propor­
tionate decrease in ptant biomass associated with the dB/Bdt values.
Because the correlation between species richness and drOUght resist­
ance in our data was no longer significantly (P::S;;O.05) positive when all
plots with ::S;;8 or :S;;:11 species were ignored, we cannot reject the
hypothesis that the relationship mal reach a plateau. The solid curve
(dB/Bdr=-1.13e-Jl/3,1l-0.44e-Jl/11, where x is SR86 • r=O.22,
P<O.OOOlkwhich was fitted to all 207 data points. is sim~ one of
many that gave a significantly better fit than a straight line. A simpler
equation (dB/Bd!-0.304In ISR..J-1.21; r'~0.21. P<O.OOOl) pro­
vided an equally good fit.
METHODS. These are described in detail in ref. 16. The 207 plots were
located in existing vegetation in four grassland fields In Cedar Creek
Natural History Area. Minnesota. Field A had been abandoned for 20 yr.
field B for 31 yr and field C for 54 yr in 1988. Each contained 54 plots,
each 4 x 4 m. Field D, a prairie opening in native savannah, contained
45 plots. each 2 x 4 m. Nine treatments: no nutrient addition, addition
of macro- and micro-nutrients other than nitrogen, and seven treat·
ments that received these nutrients but with seven different rates of
nitrogen addition. Field D had five replicates per treatment, the others
had six. Vegetation in each plot was sampled by clipping a different
0.3_m2 subsection each year, sorting to species, drying and weighing.
Species richness Is the number of vascular species in a 0.3-m2sample.
Biomass is total above-ground living plant mass (g m 2).
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FIG. 2 Deviation of 1992 biomass from average (1982-1986) pre­
drought biomass was measured as In [(biomaSS1l192)/(average pre­
drought biomass)}. Mean, standard error and number of plots are indi­
cated for each level of species richness. Negative values mean that
1992 biomass was lower than pre.<Jrought average. Biomass ratio is
(biomass1992)/(average pre-<lrought biomass). Student's t-tests showed
that plots containing 1, 2, 4 or 5 species differed significantly
(. P<O.05) from their pre-drought average, but that Riots with greater
richness did not differ significantly from pre-drought averages.
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TABLE 2 Factors influencing drought resistance
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biodiversity, these results lend further urgency to pleas for the
conservalion of biodiversity. 0

Partial correlations of each listed variable with deviation from pre­
drought biomass, holding other listed variables constant. These seven
variables were retained in murt!ple regression analysis of 1992 devia­
tion from pre-drought biomass against the same candidate variables
used in Table 1, but using 1989 values. Backwards elimination, with
residual analysis. was used to retain only significant (P< 0.05) variables.
The overall regression had F=14.0, n=206, R 2 = 0.33. P<O.OOOl.
SRC3 is the number of C3 species and SRC4 is the number of C4 species
in plots in 1989. The significantly positive slope for In (SR1989) and the
significantly negative intercepts for fields A, Band C indicate that
species-poor plots in these fields have not yet attained pre-drought
biomass, whereas more species-rich plots have. Field D, a native grass­
land, recovered most rapidly, followed by field C. then B, then A, in
order of successional age.

natural logarithm of 1989 species richness. These indicate that
species-poor plots were still further from their pre-drought
biomass than were species-rich plots in each of the four post­
drought years.

By 1992, species-rich plots had returned to pre-drought
biomass, but the most depauperate plots still had significantly
less biomass than their pre-drought average (Fig. 2). When
potentially confounding variables were controlled for, there was
a significant partial correlation between drought recovery and
the natural logarithm of 1989 species richness (rpan,al=0.184,
P<O.OI, n =207). Moreover, when all redundant, nonsignificant
variables were removed, species richness was retained, and its
partial correlation was highly significant (Table 2). Thus,
species-poor plots were both more greatly hanned by drought
(Fig. 1 and Table I) and took longer to return to pre-drought
conditions (Fig. 2 and Table 2). The stand of native prairie was
significantly more resilient than the three successional grasslands
(Table 2).

Our results and earlier studies5.12.14.15 support the diversity­
stability hypothesis5, and show that ecosystem functioning is
sensitive to biodiversity. Our results do not support the species­
redundancy hypothesis because we always found a significant
effect of biodiversity on drought resistance and recovery even
when we controlled statistically for the abundances of C3 (often
drought sensitive) and C4 (often drought resistant) plant func­
tional groups (Table I).

Our results show that ecosystem resistance to drought is an
increasing but nonlinear function of species richness. This is
expected from the mechanism underlying the diversity-stability
hypothesis. Functional diversity should be a saturating function
of species richness because, in species-rich ecosystems, additional
species are more likely to be similar to existing species21

• Thus,
the progressive loss of species should have progressively greater
impacts on ecosystem stability.

In addition to drought, grassland ecosystems experience peri­
odic invasions of insect or mammalian herpivores, unusually late
or early frosts, unusually wet or cool years, hail, fire, and other
perturbations. Because different species are likely to perform
best for particular combinations of these disturbances, the lon~­

tenn stability of primary production in these and other 2

grasslands should depend on their biodiversity. Although we
do not know how the stability of other ecosystems depends on

Variable

Field A intercept
Field 8 intercept
Field C intercept
In (SRU~89)

SR"
Biomass of Schizachyrium (1989)
SR"

Partial
correlation
coefficient

-0.39
-0.30
-0.20

0.18
-0.18
-0.16
-0.14

P

<0.0001
<0.0001

0.003
0.009
0.012
0.027
0.042

Received 1 july; <tct:epted 23 November 1993.

1. Etlan, C. S. Tne EcoJogy of Invasions by Animals and Ranis (Chapman & Hall. London,
1958}. .

2. MacArthur, R. H. Ecology 36, 533-536 (1955).
3. May. R. M. Stability and Complexity In MO<Ie/ Ecosystems(Princeton University Pl"ess, 1973).
4. Goodman, D. Q. Rev. Bioi. 50, 237-266 (1915).
5. McNaughton. S. J. Am. /liar. 11.. 515-525 (1977).
6. Pimm. S. L Nature 307, 321-326 (1984).
7. SChulze. E. D. & Mooney, H. A.. BlOOiverslry and Ecosystem Function (Springer. Berlin. 1993).
8. Gardner. M. R. & Ashby, W. R. Nature 228, 784 (1970).
9. Murooctl. W. W. J. appl. EcoJ. 12, 795-807 (1975).

10. YQdzis. P. Nallsfe 284, 544-545 (1980).
11. King. A. W. & Pimm. S. L Am. Nat. 122, 229-239 (1983).
12. McNaughton. S. J. EcoI. t.1oooSr. 55, 259-294 (1985).
13. Walda, H. Am. Nal. lU, 1017-1045 (1978).
14. Ewel, J. J.. Mauarino. M. J. & Berish, C. W. Ecol. AppI. 1., 289-302 (1991).
15. Frank, D. A. & McNaugl'llon. $. J. Qlko$ 62, 360-362 (1991).
16. 11lman. D. Ecol. Mono,gr. 57, 189-214 (1987).
11. TIlman. D. PlanJ $ualegies and the Dynamics and Slft/Cfure of Plant Communities

(Princeton Unly. Press, 1988).
18. EhrliCh. P R. & Ehrlich. A. H. ExlincfiOn. The Causes and Consequences of the Disappear·

ance of Species {Random House. New YOfk. 1981).
19. lawton. J. H. &. Brown. V. K. In BiodiversitY and EcosySlem Function (eels SChulze. E. D. &

Mooney. H. A.) 255-270 (Springei', Berlin. 1993}.
20. Walker, B. H. Conserv. Bioi. 6, 18-23 (1991~

21. Vitousek, P. M. &. Hopper, D. U.ln BiOdi\lersitYan<1 Ecosystem FuncUOtl {eds SChulze. Eo D.
& Mooney. H. A.} 3-14 (Springer. Bef1in, 1993).

22. Wilson, E. 0, Biodiversity (National Academy Press. Washington DC, 1988).
23. EhrliCh. P. R. &. Wilson. E. O. SCience 253, 758-762 (1991).
24. TIlman. D. &. EJ Haddi. A. OecoIogla 89, 257-264 (1992).
25. Vrtousek, P. Am. Nat 119, 553-572 (1982}.
26. PastOl. J.• Aber, J. Do, McClaugherty, C. A. &. Melillo. J. M. Ecology 85, 256-268 (1984}.
27. Woodin. S. &. Farmer. A. Bioi. Conserv. 63, 23-30 (1993}.
28. Hell. G. W., Werger, J. A., DeMol, W.• Vandam. D. &. HelJne. B. Science 239, 764-765

(1988).
29. Berendse, F" Aerts, R. & Bobbink. R. in larn:1scape Ecology of a S1.ressea Environment (eds

Vos. C. C. & Opdam. P.}104-121 (Chapman &. Hall, London, 1993}.
30. Draper. N. R. &. Smith. H. Applied Regression Analysis (Wiley, New Yont, '1981).
31. Sne<tecor, G. W. & Cochran. W. G. Statistical MeUlods (Iowa State University Press, Ames.

19801

ACKNOWLEDGEMENTS. We thank R. Inouye. J. lawton. C. lehman. E. McCauley, M. McGinley,
S. McNaughton, R. Peters, S. Pimm. P. Reich, M. Ritcl'1le and O. Wedin for comments and the
NSF and the Andrew Mellon Foundation for support.

NATURE' VOL 367 . 27 JANUARY 1994 365


