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Introduction
Effects of Diversity on Productivity Are Mixed

Positive Effect

reveal a significant location-by-species rich-
ness interaction when sites are analyzed to-
gether. Much of the individual site deviation
from the overall log-linear model may be due
to lower within-site replication. There may
also be transient effects at this early stage of
the experiment that largely disappear by the
following year (26). For these reasons, and
for parsimony, we favor the more general and
powerful combined analysis, which shows
that differences between locations are not
significant and suggests that there may be a
single general relationship between species
richness and diversity across all sites.

Our results highlight the importance of
considering scale when studying relation-
ships between diversity and productivity
(14), as predicted by theory (23). Despite
large differences in productivity between lo-
cations and no clear relationship between
productivity and maximum within-site spe-
cies richness (Fig. 1A), within a site, produc-
tivity generally declines as species are lost,
reconciling apparent contradictions in the lit-
erature (27).

Multiple influences on productivity.
Our experiment reveals the relative roles of
richness, location, and species composition as
determinants of productivity; these key vari-
ables explained approximately 18, 28, and
39% of the total sums of squares, respectively
(Table 3). Although it accounted for a large
amount of the total variation, species compo-
sition was not statistically significant
[F185,29 ! 1.29, P ! 0.21 (Table 3)] (28).
However, when we tested the presence in an
assemblage of a particular plant species or
functional group (29), of the 71 more com-
monly occurring species, 29 had significant
(P " 0.05) effects on productivity, although
virtually all these effects were small (Fig. 3).
Only one species, the nitrogen-fixing Trifoli-
um pratense, had particularly marked effects.
On average, the omission of this species re-
duced productivity by approximately 360 g
m#2. We also found highly significant effects
from the presence of legumes and herbs when
considered collectively as functional groups.

Evidence for niche complementarity
and positive species interactions. There are
three processes through which the loss of

plant species richness could decrease produc-
tivity: (i) the “sampling effect” (17) or “se-
lection probability effect” (8), in which more

Fig. 1. Productivity de-
clines with the loss of
plant diversity. (A)
Overall log-linear re-
duction of above-
ground biomass with
the simulated loss of
plant species richness.
(B) Linear reduction
with the loss of func-
tional group richness
within species richness
levels. Points in (A) are
total aboveground bio-
mass for individual
plots; lines are slopes
from themultiple regressionmodel using species richness on a log2 scale. Silwood and Sheffield are labeled together as UK. In (B), assemblages with 11 species occurred
only at Silwood, whereas assemblages with 2, 4, and 8 species are represented at all sites, including the more productive, and therefore have a higher average biomass.

Table 4. Summary of regression analyses of the aboveground biomass of individual species across the
species richness gradients. Slopes are from simple regressions analyzing change in estimated biomass per
individual sown of a species with increasing log2 number of species, after adjusting for differences
between blocks and sites. “Plots” gives the sample size for each regression, and “sites” gives the number
of locations from which they were derived.

Species Sites Plots (n) Slope SE

Achillea millefolium 4 35 0.44 0.277
Agrostis capillaris† 3 68 #0.15 0.087
Alopecurus pratensis† 5 63 0.01 0.025
Anthoxanthum odoratum 5 54 0.10 0.079
Arrhenatherum elatius† 3 74 1.17* 0.220
Dactylis glomerata 5 61 0.42* 0.113
Festuca rubra 3 56 #0.12 0.057
Holcus lanatus† 5 86 0.37* 0.134
Lolium perenne 2 37 0.47* 0.135
Lotus corniculatus 5 59 0.49* 0.212
Plantago lanceolata† 6 92 0.56* 0.114
Rumex acetosa 4 43 0.02 0.046
Trifolium pratense† 4 41 0.60* 0.180
Trifolium repens 6 85 0.28* 0.066

*Significant change in aboveground biomass, with species richness P " 0.05. †Significant location-by-species
richness interaction, P " 0.05.

Fig. 2. Biomass patterns at each site (displayed with species richness on a log2 scale for comparison
with Fig. 1A). Best-fit models from individual sites based on adjusted R2 are as follows: log-linear
in Switzerland and Portugal; linear (untransformed species richness) in Germany and Sweden;
quadratic in Sheffield; ANOVA with five species richness levels (significant treatment effects with
no simple trend) in Ireland and Silwood; and no significant effect in Greece.
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by Festuca arundinacea and Festuca rubra rather than
Arrhenatherum and Dactylis. The analyses presented
here are based on all quadrats, but we also analysed (a)
all sections except the unusual control section; (b) con-
trols only; and (c) previously sprayed sections only. In
each case the results were qualitatively identical.

Although the vegetation at Bibury is notably uniform,
local variation in productivity (probably owing to dif-
ferences in soil depth) is of the same order as the effect
of adding legumes to BIODEPTH (mean difference in
biomass between the least and most diverse quadrats
at Bibury = 246 g m−2). The Bibury vegetation is also
very similar in other respects to that at the six northern
BIODEPTH sites (Hector et al. 1999). Mean biomass
at Bibury (553 g m−2) is close to the mean of the six
BIODEPTH sites (656 g m−2), and of the 42 species
recorded in the Bibury quadrats, 23 (including seven of
the 10 most frequent) were also sown in one or more
BIODEPTH communities. The range of species rich-
ness at Bibury, which was free to vary naturally, was
much less than in BIODEPTH (6–16 vs. 1–32 spp.).

From the Bibury quadrat data we examined the rela-
tionship between quadrat biomass and three measures
of diversity: species richness, functional group richness
(FGR) and functional diversity (FD). We also examined
the relationship between biomass and mean plant trait
values for each quadrat.

For each quadrat, FD was calculated according to a
published protocol (Petchey & Gaston 2002; Petchey
et al. 2004). We used nine candidate traits: specific leaf
area; individual leaf area; leaf thickness; leaf dry matter
content; seed weight (continuous variables); canopy
structure; canopy height; lateral spread (ordered cate-
gorical variables, see Grime et al. 1988 for details); and
legume or not (binary variable). Data were derived
largely from an unpublished database (Knevel et al.
2003). We calculated FD for each of the 29 possible
combinations for all quadrats, then tested the predic-
tive power of each candidate measure by linear regres-
sion against biomass. This allowed the data themselves
to arrive at an objective decision about the functional
importance of each trait or combination of traits.
Before analysis, all candidate traits were standardized
to have a mean of 0 and variance of 1. In addition, those
continuous traits that did not meet the assumptions of
the  were previously log or square-root transformed
as necessary, although the results were qualitatively
identical if  this transformation was omitted. The FD
values from all 29 possible combinations of traits were
regressed against biomass, and the highest value of r2

is plotted in Fig. 1(c). The significance of the relationship
in Fig. 1(c) was determined by a bootstrap procedure
in which trait values were randomized among species
and within traits, then the maximum explanatory power

Fig. 1. Relationship between above-ground biomass in 48 0·25 m2 quadrats from the Bibury road verge and (a) species richness;
(b) functional group richness (FGR); (c) functional diversity (FD); (d) mean loge individual leaf area (mm2) of the component
species. FGR used three functional groups (legumes, other forbs and grasses), but there are only two levels of FGR as all
quadrats contained grasses and forbs. FD with highest r2 was derived from four traits: legume, leaf area, leaf dry matter content
and canopy structure.

Observations and a Question

Observation 1: Experiments often show positive effects of
biodiversity on ecosystem functioning.

Observation 2: Natural communities often show negative
effects of biodiversity on ecosystem functioning.

Question: How Does Successional Status Help Explain
Variation?

Views of Plant Succession
Constraints Turnover of Functional Groups

Views of Soil Development
Half the Story Long Term Dynamics

Perhaps Simple General Theory Can Help

Ṅ1 = r1N1 (1− α11N1 − α12N2)

Ṅ2 = r2N2 (1− α21N1 − α22N2)

Lotka-Volterra Parameters
αii Effect of sp. i on itself.
αji Effect of sp. i on sp. j .

1/αii Productivity of sp. i in the presence of itself (1/αii = Ki).
1/αji Productivity of sp. i in the presence of sp. j .

Classic Coexistence
Preliminaries

Invasion Criteria
α22 > α12 , α11 > α21
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(α11 = α22) > (α12 = α21)
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Coexistence with Interference
Preliminaries

What if. . . ?
! Species 2 is more productive (1/α22 > 1/α11),
! Species 1 and 2 coexist (α11α22 > α21α12)
! Species 1 suppresses species 2 (α21 > α22).
! Competitive Effects: α11 > α21 > α22 > α12
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FIG. 2. A conceptual model of how the rel-
ative strength of positive and negative feedback
changes over successional time and over lati-
tudinal gradients. The exact shape of the curves
does not matter. The important point is that there
is a switchover point at some intermediate suc-
cessional time or latitude where the strength of
negative feedback exceeds that of positive feed-
back.

where soil nutrient availability is comparatively higher.

As mutualists and their plant hosts arrive at a site,

positive feedback dynamics cause populations of both

to build (Fig. 2).

The importance of positive feedback dynamics be-

tween plants and N-fixing microbes in primary suc-

cessions is well recognized. In the classic example of

primary succession at Glacier Bay, N-fixers such as

Dryas are among the first vascular plants to colonize

(Crocker and Major 1955). Similar dynamics are ex-

pected between host plants and mycorrhizal fungi. Jan-

os (1980) envisioned a shift from nonmycorrhizal to

obligately mycorrhizal plants from early to late sec-

ondary succession, with low levels of facultatively my-

corrhizal associations throughout. In sand dune and

many other successional communities there is also a

shift later in succession from herbaceous plant species

involved in obligate symbioses with AM fungi to

woody species involved in obligate symbioses with

ecto- or ericoid mycorrhizae (Smith and Read 1997),

coincident with a shift in predominance of inorganic

versus organic N (Read 1993).

In the case of N-fixing species, death and decom-

position of N-fixing species results in soil building over

time. Thus, the benefits of N-fixation are not restricted

to the plant host (Chapin et al. 1994), and a positive

feedback dynamic transitions to facilitation of addi-

tional plant species. N-fixing associations may play a

similar role in secondary successions on infertile soil.

In contrast to N-fixing associations, mycorrhizal as-

sociations are relatively ubiquitous and act to increase

access to rather than add nutrients to soil. The avail-

ability of P and other nutrients often decrease in late

succession (Walker and Syers 1976). The expectation

might therefore be of a strong role for mycorrhizae

throughout much of succession, after an initial recruit-

ment-limited (and total N-limited, for primary succes-

sion) phase.

Negative feedback.—Negative feedback dynamics

are expected to be less important during the initial stage

of succession, which is characterized by harsher con-

ditions and lower host densities than are favorable to

most disease organisms. As plant host densities build

and modify the abiotic environment, conditions should

become more favorable to soil pathogens, leading to

an increasing role for negative feedback in driving spe-

cies replacements in succession (Fig. 2). Van der Putten

et al. (1993) showed that soilborne diseases can drive

successional change in a foredune community; indi-

viduals showed reduced biomass in the soil of their

successors, but not in the soil of their predecessors.

The traits of early successional species themselves may

make them particularly vulnerable to negative feedback

by soil pathogens. Rapid growth is a well-known trait

of ruderal species, and it is also established that rapid

growth trades off with allocation to herbivore defense

(Coley et al. 1985, Poorter 1990). Given the assumption

that belowground patterns of growth and defense mirror

aboveground patterns, ruderal species, by their own

success, increase the likelihood that they will be re-

placed by slower growing species, better defended

against pathogens. Early and late successional species

differ in quality as well as quantity of antiherbivore

defense; defenses of ruderals tend to be against gen-

eralist herbivores while defenses of climax species tend

to be against specialists (Coley et al. 1985). Extrapo-

lating belowground once again, this suggests that spe-

cialization of plant defenses against soil pathogens will

increase over successional time.

Microbially mediated resource differentiation.—Mi-

crobially mediated resource partitioning might play a

role in species replacements if the forms of N or P

change through succession. Gorham et al. (1979) im-

plicated fungal symbionts in such sequential partition-

ing. Indeed, the example given above, of a shift from

arbuscular to ecto- or ericoid mycorrhizal plant species

with a change in inorganic to organic forms of N is an

illustration of this process. Other shifts in forms of

nutrients over succession (e.g., nitrate to ammonium,

or protein to chitin) would provide the opportunity for

© 1993 Nature  Publishing Group

Coevolution

Overall, there has been less theoretical consideration of
the impact of community structure on host–symbiont
coevolution. However, results from a theoretical model
developed by Jokela et al. [39] predict that, as enemy
diversity increases, there should be a corresponding shift
in host strategy from one of defence (resistance) towards
tolerance. In part, this is because increased unpredictabil-
ity of the interaction is linked to lower effectiveness of more
specific defence responses [36], but it could also relate to
the potential advantages of tolerance as a ‘biological
weapon’ in environments with increased interspecific
competition [40]. Recent models have begun to explore
coevolution in multi-species interactions [12,13,41],
although not focusing on complexity per se. Integration
of these ideas suggests a synthetic theory of the evolution
of host–symbiont interactions as a function of environmen-
tal quality and biotic complexity (Figure 2). Although
some components of this synthesis have more theoretical
support (e.g. shifts from mutualism to parasitism with
increasing environmental quality; [21,24]) than others
(e.g. predictions with regard to the evolution of specificity;
[31]), it provides a basis for developing testable hypotheses
regarding the evolution of symbiotic parasites and
mutualists.

Hypotheses, predictions and empirical evidence
In addition to some of the examples cited earlier, there is
good support for the expectation that provider mutualisms
(e.g. rhizobia or mycorrhizae) decline with increasing
environmental quality. Nitrogen fertilization, for example,

leads to the proliferation of rhizobial and mycorrhizal
strains that are less beneficial to plants [14,42,43]. Similar
shifts have been observed in the dependence of hosts on
mutualistic symbionts. When derived from infertile sites,
big bluestem Andropogon gerardii, a dominant grass in
central USA, is highly responsive to mycorrhizal fungi,
whereas its responsiveness when from fertile sites is
reduced [44]. In crop situations, higher rates of fertilizer
application often result in increased disease incidence and
severity [45,46]. Longer term predictions are also possible.
Thus, the observed positive relationships among elevated
CO2, plant growth and yield, and pathogen aggressiveness
[47], and between plant species richness and pathogen host
range [48] suggest that, in the face of global climate
change, more aggressive, host-specific pathogens will be
favoured. Clearly, however, trajectories of pathogen com-
munity change will depend on the nature of tradeoffs
between virulence and transmission [49].

Expectations for patterns of specificity (e.g. the idea that
generalist parasites should be favoured in host species-rich
productive environments) have less support. For example,
microbial mutualisms in species-rich coral reefs appear to
be highly host specific [50], whereas many coral diseases
are generalists and can infect sets of taxonomically distant
hosts [51,52]. Experimental manipulations of plant com-
munity diversity have shown that, not only does decreased
diversity result in greater pathogen abundance, but it also
leads to an increase in the relative prevalence of host-
specific foliar pathogens [48]. Analogous to this, at the
within-species level, agronomic experiments with crop

Figure 2. Coevolutionary predictions for parasitic and mutualistic interactions with respect to environmental quality (productivity), and biotic complexity (diversity and/or
potential for conflict). We assume that both axes also correlate with predictability; in the case of environmental quality, this can refer to resource availability, whereas in the
case of community complexity, this might refer to the likelihood of encounter between particular pairs or subsets of interacting species. The diagonal from upper left to
lower right represents the ecological space in which the tightest pairwise coevolutionary interactions are expected (i.e. coevolutionary hotspots in productivity–complexity
space).
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Asymmetric competition for light in Forests
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FIG. 11. (a) Trajectory of aboveground biomass (kg C/m2) at San Carlos predicted by the ED model compared to the
chronosequence of aboveground biomass measurements made by Uhl (1987) and Saldarriaga et al. (1988). (b) Forest com-
position changes at the San Carlos tropical forest site underlying the trajectory of aboveground biomass shown in (a). Thin
lines show the trajectories of aboveground biomass of C4 grass (red), early successional trees (green), mid-successional trees
(blue), and late successional trees (pink) predicted by the ED model implemented as an individual-based stochastic gap
simulator. Thick lines show the corresponding trajectories from an SAS approximation. (c) Aboveground biomass trajectories
(kg C/m2) for monospecific stands at the San Carlos tropical forest site predicted by the model. Dotted lines show monospecific
stands of the early (ES), mid (MS), and late (LS) functional tree types. The solid line shows the corresponding trajectory
for the heterogeneous stand shown in (a). Points are the chronosequence data collected by Uhl (1987) and Saldarriaga et al.
(1988). (d) The equilibrium composition of aboveground biomass (kg C/m2) at San Carlos as a function of gap age a (yr).
In recently disturbed areas, aboveground biomass is composed mostly of early successional trees (green lines) while in older
areas aboveground biomass is dominated by the late successional tree functional type (pink lines). (e) Sub-grid scale
heterogeneity in aboveground biomass at the San Carlos tropical forest site predicted by the model. Vertical lines show the
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Conclusions
Conclusions and Questions

Simple theory predicts. . .
! High biodiversity is not necessarily a good thing (for yield).
! Yields can decline with time due to interference.
! Specific mechanisms can suggest management strategies

to increase yield in LIHD systems.
! Can plowing or fire reset succession by altering soil

pathogen communities?
! Can species with high interference potential be

suppressed (through seeding, or selective herbicides)?

“And Now For Something Completely Different. . . ”
Trying to close the loop in SW Ohio, USA
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