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may remain relatively stable for several decades in second- 
ary forests due to dominance by a small group of long-lived 
pioneer species that are scarce in mature forests. As Ewe1 
warned, therefore, species richness may recover, but the ar- 
ray of species is different: on the criterion of their species 
composition, mature tropical rain forests may, therefore, be 
among the most fragile ecosystems in the world6. Decision 
making in relation to land-use and biodiversity conservation 
must take this conclusion into account, while monitoring of 
the effects of disturbance on tropical rain forest ecosystems 
must consider changes in composition as well as those in 
species richness. 

The behaviour of dominant tree species: natural 
history and population dynamics 

The suite of characteristics possessed by short-lived pio- 
neer tree species and associated with the rapid occupation 
of large open areas is relatively well defined5JJ2-26. Frequent 
or continuous production of large numbers of small, widely 
dispersed seeds is typical. By far the majority of tree seeds 
in tropical forest soil seed banks belong to short-lived pio- 
neer species. The dynamics of soil seed banks vary between 
persistent populations of long-lived seeds and high-turn- 
over populations of shorter-lived but continuously replaced 
seedsz3. Germination is often enhanced by variation in light 
quality or temperature associated with open areas and takes 
place quickly after disturbance. Relatively high photosyn- 
thetic capacities and low investment of resources in stems 
and branches confer very fast subsequent growth in diameter 
and height, but contribute to short lifespans25J6. 

Detailed information on the long-lived species that suc- 
ceed the short-lived pioneers is required for understand- 
ing of long-term trends in secondary succession, but such 
information is still scarce. General expectations are that, 
in contrast to short-lived species, long-lived pioneers will 
have larger seeds of shorter viability, have lower photosyn- 
thetic capacity and show greater allocation of resources to 
permanent structures (which together confer both relatively 
slower growth and longer lifespans), and reach larger sizes 
at maturity4JJ6. Throughout the neotropics, regeneration 
of long-lived pioneers is often abundant in the first years of 
succession4. Some common species of the group have been 
shown to be present in the soil seed bank (Apeiba spp., 
Coethalsia meiantha, Goupia glabra and Laetia procera27s28), 
which, as for short-lived pioneers, must contribute to the 
rapid colonization of recently disturbed sites often observed. 
For long-lived pioneers there is, as yet, no indication of the 
microclimatically mediated dormancy that occurs in some 
short-lived species. The longevity in the soil of seeds of long- 
lived pioneers -reaching perhaps one to two years23129 - may 
thus be conferred simply by a hard seed coat (a syndrome 
typified by the legume Sryphnodendron excelsum30). Other 
long-lived pioneers have short-lived, fast-germinating seeds 
(e.g. Vochysiu spp.31). Thus, at the seed and seedling level 
there is probably a diversity of regeneration strategies within 
the long-lived pioneers that is not found among short-lived 
pioneers. 

Interactions with seed predators are an important com- 
ponent of the regeneration ecology of tropical tree species. 
Limited evidence indicates that predation of seeds of long- 
lived tree species may be greater in early successional en- 
vironments than within forest14. A more detailed study in 
secondary tropical dry forest yielded similar overall con- 
clusions32, and such work is badly needed for secondary 
rain forest. 

In forest environments, the growth and survival of 
seedlings and saplings is strongly affected by microclimatic 
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Fig. 1. Species richness (total number of species) in 0.09 ha in secondary forests of 
different ages in the Upper Rio Negro region of Colombia and Venezuela. (a) Individuals 
2 1.0 cm diameter at breast height (1.3 m). (b) Individuals 210.0 cm diameter at breast 
height. Data from comparable mature forests are shown as points of reference. The 
sampling method used in this study was that of the chronosequence. Several dif- 
ferent forests covering as wide an age range as possible were sampled once; the 
results were analysed as if they represent the general trends to be expected from 
repeated sampling of a single forest over the same age range. Data from Ref. 16, 
Table 1. 

variation, particularly that of intensity of solar radiation. 
In mature neotropical rain forests, the microclimatic 
requirements for regeneration of long-lived pioneers may 
appear similar to those of short-lived species: seedlings 

Table 1. Comparison of secondary and primary forests in 
the Upper Rio Negro reglon of Colombia and Venezuela, 

based on dominant tree species” 

Dominants Dominants Dominants 
Total only in only in in both 

Forest age dominant Unique secondary primary forest 
(years) speciesb species forest forest types 

9-14 5 2 5 _ 0 
20 13 8 13 0 
30-40 8 4 7 _ 1 
60 10 7 7 3 
80 15 5 11 _ 3 
Mature 20 18 16 4 

aTaken from Ref. 16, Appendix 1. Data are for individuals Z 1.0 cm diameter at 
breast height (1.3 m) for a sample area of 0.09 ha in each of four forest stands in 
each age class (there were only three stands at 60 years). 
bDominant species are defined as those species whose summed importance values, 
when ranked from the highest downwards, reached 50% of the total for a given stand. 
Wnique species occurred in only one sample plot within a given age class. 
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Fig. 1. Species richness (total number of species) in 0.09 ha in secondary forests of 
different ages in the Upper Rio Negro region of Colombia and Venezuela. (a) Individuals 
2 1.0 cm diameter at breast height (1.3 m). (b) Individuals 210.0 cm diameter at breast 
height. Data from comparable mature forests are shown as points of reference. The 
sampling method used in this study was that of the chronosequence. Several dif- 
ferent forests covering as wide an age range as possible were sampled once; the 
results were analysed as if they represent the general trends to be expected from 
repeated sampling of a single forest over the same age range. Data from Ref. 16, 
Table 1. 
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each age class (there were only three stands at 60 years). 
bDominant species are defined as those species whose summed importance values, 
when ranked from the highest downwards, reached 50% of the total for a given stand. 
Wnique species occurred in only one sample plot within a given age class. 

R E V I E W S 

may remain relatively stable for several decades in second- 
ary forests due to dominance by a small group of long-lived 
pioneer species that are scarce in mature forests. As Ewe1 
warned, therefore, species richness may recover, but the ar- 
ray of species is different: on the criterion of their species 
composition, mature tropical rain forests may, therefore, be 
among the most fragile ecosystems in the world6. Decision 
making in relation to land-use and biodiversity conservation 
must take this conclusion into account, while monitoring of 
the effects of disturbance on tropical rain forest ecosystems 
must consider changes in composition as well as those in 
species richness. 

The behaviour of dominant tree species: natural 
history and population dynamics 

The suite of characteristics possessed by short-lived pio- 
neer tree species and associated with the rapid occupation 
of large open areas is relatively well defined5JJ2-26. Frequent 
or continuous production of large numbers of small, widely 
dispersed seeds is typical. By far the majority of tree seeds 
in tropical forest soil seed banks belong to short-lived pio- 
neer species. The dynamics of soil seed banks vary between 
persistent populations of long-lived seeds and high-turn- 
over populations of shorter-lived but continuously replaced 
seedsz3. Germination is often enhanced by variation in light 
quality or temperature associated with open areas and takes 
place quickly after disturbance. Relatively high photosyn- 
thetic capacities and low investment of resources in stems 
and branches confer very fast subsequent growth in diameter 
and height, but contribute to short lifespans25J6. 

Detailed information on the long-lived species that suc- 
ceed the short-lived pioneers is required for understand- 
ing of long-term trends in secondary succession, but such 
information is still scarce. General expectations are that, 
in contrast to short-lived species, long-lived pioneers will 
have larger seeds of shorter viability, have lower photosyn- 
thetic capacity and show greater allocation of resources to 
permanent structures (which together confer both relatively 
slower growth and longer lifespans), and reach larger sizes 
at maturity4JJ6. Throughout the neotropics, regeneration 
of long-lived pioneers is often abundant in the first years of 
succession4. Some common species of the group have been 
shown to be present in the soil seed bank (Apeiba spp., 
Coethalsia meiantha, Goupia glabra and Laetia procera27s28), 
which, as for short-lived pioneers, must contribute to the 
rapid colonization of recently disturbed sites often observed. 
For long-lived pioneers there is, as yet, no indication of the 
microclimatically mediated dormancy that occurs in some 
short-lived species. The longevity in the soil of seeds of long- 
lived pioneers -reaching perhaps one to two years23129 - may 
thus be conferred simply by a hard seed coat (a syndrome 
typified by the legume Sryphnodendron excelsum30). Other 
long-lived pioneers have short-lived, fast-germinating seeds 
(e.g. Vochysiu spp.31). Thus, at the seed and seedling level 
there is probably a diversity of regeneration strategies within 
the long-lived pioneers that is not found among short-lived 
pioneers. 

Interactions with seed predators are an important com- 
ponent of the regeneration ecology of tropical tree species. 
Limited evidence indicates that predation of seeds of long- 
lived tree species may be greater in early successional en- 
vironments than within forest14. A more detailed study in 
secondary tropical dry forest yielded similar overall con- 
clusions32, and such work is badly needed for secondary 
rain forest. 

In forest environments, the growth and survival of 
seedlings and saplings is strongly affected by microclimatic 

TREE vol. II, no. 3 March 1996 

(4 

?? ?? ? ?

I 
I : . 

. 
. . 

. 
. 

. 
I 

. 

. 

. 

: 

(b) 

50 
8 .- 
2 
% 
ij 

z” 

1 . 
. I : 

. I ’ . . 
_ ?? . 

I 
. 
. 

_=I - 

0 , I 

0 40 80 mature 

Forest age (yr) 

Fig. 1. Species richness (total number of species) in 0.09 ha in secondary forests of 
different ages in the Upper Rio Negro region of Colombia and Venezuela. (a) Individuals 
2 1.0 cm diameter at breast height (1.3 m). (b) Individuals 210.0 cm diameter at breast 
height. Data from comparable mature forests are shown as points of reference. The 
sampling method used in this study was that of the chronosequence. Several dif- 
ferent forests covering as wide an age range as possible were sampled once; the 
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variation, particularly that of intensity of solar radiation. 
In mature neotropical rain forests, the microclimatic 
requirements for regeneration of long-lived pioneers may 
appear similar to those of short-lived species: seedlings 
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aTaken from Ref. 16, Appendix 1. Data are for individuals Z 1.0 cm diameter at 
breast height (1.3 m) for a sample area of 0.09 ha in each of four forest stands in 
each age class (there were only three stands at 60 years). 
bDominant species are defined as those species whose summed importance values, 
when ranked from the highest downwards, reached 50% of the total for a given stand. 
Wnique species occurred in only one sample plot within a given age class. 

Nombre d’espèces d’arbres dans la région du Haut 
Rio Negro, Colombie et Vénézuela, en fonction de 

l’âge de la forêt

Diamètre de moins de 1 cm
Diamètre de plus de 1 cm

Finegan B. 1996. Tends in Ecology and Evolution 11:  119-124
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optimum précoce ; optimum intermédiaire; optimum 

tardif; P: mature; T: dépérissant; D: terminal

Hilmers T. 2018. Journal of Applied
Ecology 55: 2756-2766
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there were exceptions to this general trend (Extended Data Fig. 5).
Productivity overshot normal levels when recovering during the year
after extreme (but not moderate) dry and wet events (Extended Data
Fig. 4), which is consistent with damped oscillations, rather than mono-
tonic recovery, of productivity after climate extremes (Extended Data
Fig. 1). Consistent with previous studies9,14–23, biodiversity increased
ecosystem stability (Fig. 1a; F1,37.4 5 28.74, P , 0.001).

We quantified resistance and resilience, using proportional changes
in productivity from one year to the next, within each experimental
unit (plot) for each observed climate event (Methods). Linear mixed-
effects models were used to test whether resistance and resilience
depend on biodiversity, and how these biodiversity effects depend
on climate event properties, such as the direction (wet or dry), intensity
(moderate or extreme), or duration (3–24 months) of climate events,
while accounting for repeated measurements (Methods).

Biodiversity increased the resistance of ecosystem productivity to a
broad range of climate events (biodiversity main effect in Table 1 and
Fig. 1b). That is, more diverse communities exhibited smaller propor-
tional changes in productivity during climate events. On average,
across all studies and climate events, the productivity of low-diversity

communities with one or two species changed by approximately 50%
(V < 2; Fig. 1b), whereas that of high-diversity communities with 16–
32 species changed by approximately 25% (V < 4; Fig. 1b), during
climate events. Biodiversity increased resistance irrespective of the
direction (wet or dry) or intensity (moderate or extreme) of climate
events (all interactions were non-significant, P . 0.05; Table 1). There
was, however, one marginally significant interaction: biodiversity may
have increased resistance more during moderate climate events than
during extreme ones (biodiversity 3 intensity interaction in Table 1
and Extended Data Fig. 6). There was substantial variability in the
effect of biodiversity on resistance among studies and among years
within studies (see variance components in Table 1, Fig. 1b and
Extended Data Fig. 7); however, biodiversity increased resistance simi-
larly in long-term studies that were conducted for at least 9 years, and
in short-term studies (Methods).

Examination of the dynamics of recovery shows that, at both low
and high diversity, productivity had often returned to, or overshot, its
normal level during the year after a climate event (Extended Data
Fig. 4). Given this rapidity of recovery both for low- and for high-
diversity communities, biodiversity may not have a major impact
on the recovery of ecosystem productivity after climate events, at
least over the timescales and climate-event intensities considered.
Indeed, we were unable to detect strong and consistent effects of
biodiversity on our measure of ecosystem resilience (Table 1 and
Fig. 1c). Biodiversity decreased resilience after wet events, and
increased, although non-significantly (see confidence intervals
for 12-month events shown in Fig. 2), resilience after dry events
(biodiversity 3 direction interaction in Table 1 and Fig. 1c). That is,
less diverse communities recovered closer to normal levels of produc-
tivity during the year after wet events. On average, across all studies,
climate events, and levels of biodiversity, productivity moved approxi-
mately 10% closer to normal levels (D < 1.1; Fig. 1c) during the
year after climate events; however, this was often due to greatly over-
shooting, rather than failing to reach, normal levels of productivity
(Extended Data Fig. 4). The effect of biodiversity on resilience did
not vary substantially among studies or among years within studies
(see relatively small point estimates with large standard errors for
biodiversity variance components in Table 1 and Extended Data Fig. 8).

Next, we tested how our results depended on the duration over
which climate events were defined. To do so, we considered multiple

Table 1 | Fixed effect tests and variance component estimates
(standard error) for linear mixed-effects models

Resistance Resilience

Fixed effects
Biodiversity F1,27.8 5 20.68*** F1,8.5 5 0.67
Direction F1,81.7 5 0.53 F1,56.9 5 0.15
Intensity F1,85.6 5 1.40 F1,57.7 5 2.36
Biodiversity 3 intensity F1,82.3 5 3.02*
Biodiversity 3 direction F1,46.1 5 6.52**

Variance components
Study 0.37 (0.15) 1.4 3 1026 (3.5 3 1028)
Study 3 biodiversity 0.041 (0.022) 0.0067 (0.0096)
Study 3 year 0.32 (0.074) 0.68 (0.15)
Study 3 biodiversity 3 year 0.033 (0.011) 0.018 (0.012)
Plot 0.25 (0.038) 9.6 3 1027 (2.3 3 1028)
Plot 3 year 2.1 (0.051) 4.1 (0.099)

Temporal autocorrelation
rAR1 0.12 (0.025) 20.41 (0.020)

*P , 0.1; **P , 0.05; ***P , 0.001. Direction: 0, dry; 1, wet. Intensity: 0, moderate; 1, extreme.
Biodiversity: log2(number of species). Study 5 factor. Year 5 factor. Plot is defined within studies. Both
response variables were log2-transformed. Non-significant (P . 0.1) interactions were excluded from
the model. Kenward–Roger approximation is given for denominator degrees of freedom.
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Figure 1 | Biodiversity effects on ecosystem stability, and its resistance
and resilience components. Biodiversity consistently increases ecosystem
stability (a) and resistance (b), but not resilience (c). Lines are mixed-effects
model fits for each study (a), or each climate event within each study (b, c) (thin
lines), or across climate events and studies (thick lines with bands indicating

95% confidence intervals). Thick lines and bands in c indicate trends averaged
across both moderate and extreme events for either dry (dashed red lines)
or wet (solid blue lines) events. Stability measures are unitless. Axes are
logarithmic. See Table 1 for test statistics and Extended Data Table 1 for
sample sizes.
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versions of the drought index, which aggregated water balances over
different timescales, ranging from seasonal (3 months) to multi-year
(24 months) events30 (Methods). We found that biodiversity consis-
tently increased the resistance of ecosystem productivity during cli-
mate events, irrespective of the duration (3–24 months) of the climate
event (Fig. 2). Biodiversity had no significant effect on the resilience of
ecosystem productivity after brief, intra-annual wet or dry climate
events (Fig. 2). Biodiversity decreased resilience only after prolonged,
wet climate events that lasted 1 year or more (Fig. 2). The magnitudes
of biodiversity effects on resistance were substantially larger than those
on resilience for all but the longest durations (Fig. 2).

It is difficult, or perhaps impossible, to fully disentangle the resist-
ance and resilience components of empirical time series, especially
when there are frequent perturbations. For example, resilience to the
first of two consecutive climate events could bias estimates of resist-
ance to the second event. Similarly, resistance to the second of two
consecutive climate events could bias estimates of resilience to the first
event. To explore how this might have affected our results, we tested
whether biodiversity effects on resistance differed between climate
events that were preceded either by normal or by other climate event
years, and whether biodiversity effects on resilience differed between
climate events that were succeeded either by normal or by climate event
years (Methods). We found that biodiversity increased resistance,
especially during climate events that were preceded by climate event
years (biodiversity 3 consecutive interaction: F1,64.8 5 7.21, P , 0.01)
(Extended Data Fig. 9), and that biodiversity did not significantly
impact resilience, regardless of whether a climate event was succeeded

by a normal year or another climate event (biodiversity 3 consecutive
interaction: F1,39.6 5 2.42, P 5 0.13). We also tested whether biodiver-
sity significantly influenced resilience when considering only climate
events that were succeeded by multiple normal years in long-term
studies that were conducted for at least 9 years, and with resilience
quantified 2, rather than 1, years after climate events (Methods). We
again found no detectable effect of biodiversity on resilience
(F1,10.6 5 0.20, P 5 0.66). Thus, biodiversity did not influence resili-
ence after 1 or 2 years of unperturbed recovery.

Our results suggest that greater biodiversity generally provides
greater resistance. We focused on dimensionless, proportional
measures of resistance and resilience to allow comparisons of com-
munities with different levels of productivity. However, absolute mea-
sures of resistance and resilience might be of interest for some
applications within particular communities, and do not necessarily
depend on biodiversity in the same manner (Fig. 3 and Extended
Data Figs 4 and 5). Given that biodiversity increases productivity,
more productivity could be lost during dry events, and gained back
after dry events, in diverse than in depauperate communities3,10. In this
case, it is also important to note that our analyses show that biodiver-
sity increased productivity not only during normal years, but also
during climate events (Fig. 3).

Our results suggest that biodiversity stabilizes ecosystem productiv-
ity, and probably productivity-dependent ecosystem services, during
climate events that are moderate or extreme. Anthropogenic envir-
onmental changes that drive biodiversity loss will probably decrease
ecosystem stability14 by decreasing the resistance of ecosystem produc-
tivity to climate events. Restoring biodiversity will probably increase
ecosystem resistance to climate extremes, which are forecast to become
increasingly frequent as the global climate continues to change.
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Figure 2 | Effects of biodiversity on stability measures with climate events
defined over shorter or longer durations. Biodiversity consistently increases
resistance; however, biodiversity effects on resilience depend on the direction
(wet or dry) and duration of climate events. Values shown are parameter
estimates and 95% confidence intervals for biodiversity effects from mixed-
effects models, with the 12-month values corresponding to the results shown in
Table 1 and Fig. 1. Values in the upper panel are averaged across both intensities
and both directions. For clarity, values in the lower panel are slightly offset
on the x axis. See Extended Data Table 1 for sample sizes.
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within studies. There was a significant effect of biodiversity on productivity
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P , 0.001), and a significant biodiversity 3 event interaction (F4,124.3 5 3.23,
P 5 0.015). Axes are logarithmic. See Extended Data Table 1 for
sample sizes.
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all the ground-measured plots into 15 forest types, and
analyzed the diversity-productivity relationship specific
to each forest type. The number of ground-measured
plots, as well as the magnitude of geographic scale, ren-
dered overwhelming evidence in support of a positive
tree species diversity-timber productivity relationship.
The negative diversity productivity relationship for the

coastal Douglas-fir subtype that was found (Fig. 6b) con-
tradicts with the positive net basal area change in associ-
ation with tree species diversity reported by Liang et al.
(2007) for the same subtype. The main reason for this
discrepancy may be in the measure of site productivity.
While Liang et al. (2007) measured site productivity by net
annual basal area change, which represents actual forest

growth, this study quantified site productivity as potential
timber growth that a site could sustain. Our results indi-
cate that intensively managed coastal Douglas-fir forests
feature a negative effect of diversity on potential timber
growth presumably because these stands are artificially
maintained in an early stage of stand development (stem
exclusion) where current annual increment is nearly opti-
mized at a low diversity. The inland Douglas-fir forests
conformed to the positive biodiversity-forest productivity
relationship as they are less intensively managed. It should
be noted, however, that this implication was only applicable
to Douglas-fir forests, which are in general low in tree spe-
cies diversity. Southern pine forests, in spite of high man-
agement intensity, still show a positive tree species
diversity-timber productivity relationship (Fig. 6j). A

Fig. 6 Sensitivity of stand productivity (m3 · ha−1 · yr−1) to species richness for 15 forest types (each panel represents one type of forest) across the
48 contiguous U.S. states and Alaska. Solid lines represent predicted means of different forest types and broken lines the 95 % confidence interval
of the predicted means, with stand basal area being kept constant at its sample mean
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Positive biodiversity-productivity
relationship predominant
in global forests
Jingjing Liang,* Thomas W. Crowther, Nicolas Picard, Susan Wiser, Mo Zhou,
Giorgio Alberti, Ernst-Detlef Schulze, A. David McGuire, Fabio Bozzato, Hans Pretzsch,
Sergio de-Miguel, Alain Paquette, Bruno Hérault, Michael Scherer-Lorenzen,
Christopher B. Barrett, Henry B. Glick, Geerten M. Hengeveld, Gert-Jan Nabuurs,
Sebastian Pfautsch, Helder Viana, Alexander C. Vibrans, Christian Ammer, Peter Schall,
David Verbyla, Nadja Tchebakova, Markus Fischer, James V. Watson, Han Y. H. Chen,
Xiangdong Lei, Mart-Jan Schelhaas, Huicui Lu, Damiano Gianelle, Elena I. Parfenova,
Christian Salas, Eungul Lee, Boknam Lee, Hyun Seok Kim, Helge Bruelheide,
David A. Coomes, Daniel Piotto, Terry Sunderland, Bernhard Schmid,
Sylvie Gourlet-Fleury, Bonaventure Sonké, Rebecca Tavani, Jun Zhu, Susanne Brandl,
Jordi Vayreda, Fumiaki Kitahara, Eric B. Searle, Victor J. Neldner, Michael R. Ngugi,
Christopher Baraloto, Lorenzo Frizzera, Radomir Bałazy, Jacek Oleksyn,
Tomasz Zawiła-Niedźwiecki, Olivier Bouriaud, Filippo Bussotti, Leena Finér,
Bogdan Jaroszewicz, Tommaso Jucker, Fernando Valladares, Andrzej M. Jagodzinski,
Pablo L. Peri, Christelle Gonmadje, William Marthy, Timothy O’Brien,
Emanuel H. Martin, Andrew R. Marshall, Francesco Rovero, Robert Bitariho,
Pascal A. Niklaus, Patricia Alvarez-Loayza, Nurdin Chamuya, Renato Valencia,
Frédéric Mortier, Verginia Wortel, Nestor L. Engone-Obiang, Leandro V. Ferreira,
David E. Odeke, Rodolfo M. Vasquez, Simon L. Lewis, Peter B. Reich

INTRODUCTION: Thebiodiversity-productivity
relationship (BPR; the effect of biodiversity on
ecosystem productivity) is foundational to our
understanding of the global extinction crisis
and its impacts on the functioning of natural
ecosystems. The BPR has been a prominent
research topicwithin ecology in recent decades,
but it is only recently that we have begun to
develop a global perspective.

RATIONALE: Forests are the most important
global repositories of terrestrial biodiversity,
but deforestation, forest degradation, climate
change, and other factors are threatening

approximately one half of tree species world-
wide. Although there have been substantial
efforts to strengthen the preservation and
sustainable use of forest biodiversity through-
out the globe, the consequences of this di-
versity loss pose amajor uncertainty for ongoing
international forest management and conser-
vation efforts. The forest BPR represents a
critical missing link for accurate valuation of
global biodiversity and successful integration
of biological conservation and socioeconomic
development. Until now, there have been limited
tree-based diversity experiments, and the forest
BPR has only been explored within regional-

scale observational studies. Thus, the strength
and spatial variability of this relationship re-
mains unexplored at a global scale.

RESULTS: We explored the effect of tree
species richness on tree volume productivity at
the global scale using repeated forest invento-

ries from 777,126 perma-
nent sample plots in 44
countries containingmore
than 30million trees from
8737 species spanningmost
of the global terrestrial bi-
omes. Our findings reveal a

consistent positive concave-down effect of bio-
diversity on forest productivity across the world,
showing that a continued biodiversity losswould
result in an accelerating decline in forest
productivity worldwide.
The BPR shows considerable geospatial var-

iation across theworld. The same percentage of
biodiversity loss would lead to a greater relative
(that is, percentage) productivity decline in the
boreal forests of North America, Northeastern
Europe, Central Siberia, East Asia, and scattered
regions of South-central Africa and South-central
Asia. In the Amazon, West and Southeastern
Africa, Southern China, Myanmar, Nepal, and
the Malay Archipelago, however, the same per-
centage of biodiversity losswould lead to greater
absolute productivity decline.

CONCLUSION: Our findings highlight the
negative effect of biodiversity loss on forest
productivity and the potential benefits from
the transition of monocultures to mixed-species
stands in forestry practices. The BPR we dis-
cover across forest ecosystems worldwide
corresponds well with recent theoretical ad-
vances, as well as with experimental and ob-
servational studies on forest and nonforest
ecosystems. On the basis of this relationship,
the ongoing species loss in forest ecosystems
worldwide could substantially reduce forest pro-
ductivity and thereby forest carbon absorption
rate to compromise the global forest carbon
sink. We further estimate that the economic
value of biodiversity in maintaining commer-
cial forest productivity alone is $166 billion to
$490 billion per year. Although representing
only a small percentage of the total value of
biodiversity, this value is two to six times as
much as it would cost to effectively implement
conservation globally. These results highlight
the necessity to reassess biodiversity valuation
and the potential benefits of integrating and
promoting biological conservation in forest
resource management and forestry practices
worldwide.▪
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Global effect of tree species diversity on forest productivity. Ground-sourced data from 777,126
global forest biodiversity permanent sample plots (dark blue dots, left),which cover a substantial portion
of the global forest extent (white), reveal a consistent positive and concave-down biodiversity-
productivity relationship across forests worldwide (red line with pink bands representing 95% con-
fidence interval, right).
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(Fig. 3a). Their relative AGB were, however, comparatively
higher in the mixture than in the monoculture (Fig. 3a).
This explains the increasing complementarity effect
through time (Fig. 2a).
Two-way ANOVA and Tukey’s tests revealed that

Betula maximowicziana and Q. crispula in the mixture
grew taller than those in the monocultures 3 years after
planting (Fig. 3b; Table S5). After 15 years, tree heights
in the mixture varied significantly among species, with
B. maximowicziana being heigher and A. sachalinensis
being shorter in the mixture than in the monocultures
(Fig. 3b). Such vertical stratifications in the mixture were
also observed 31 years after planting, where B. maximo-
wicziana, Q. crispula, and A. sachalinensis occupied the
height layers of ca. 20, 10, and 2m, respectively (Fig. 3b).

Discussion
I found that the net diversity effect on stand biomass in-
creased over time (Fig. 2a). Despite recent social concerns on
mixture stands (Verheyen et al. 2016; Paquette et al. 2018),
there has yet been a limited number of experimental investi-
gations regarding the benefits of species mixing in time
scales relevant to actual forestry and afforestation operations.
Experimental studies using young tree stands have often
found overyielding in species mixtures (Williams et al. 2017;
Van de Peer et al. 2018; but see Grossiord et al. 2013;
reviewed in Grossman et al. 2018). One of such studies also
showed that the tree diversity effect increased over the first 8
years of experiment (Huang et al. 2018). Adding on to these
earlier findings, the Furano experiment showed that the spe-
cies mixture achieved 64% greater biomass than the mono-
cultures 31 years after planting (Fig. 3a). It also revealed that
the complementarity effect increased more largely than has
the selection effect decreased in negative direction with time
(Fig. 2a). These results indicate that the impacts of species
mixing can accumulate over time at least in some forest eco-
systems, encouraging multispecies afforestation strategies to
enhance long-term biomass production and carbon
sequestration.
During the first 3 years of the experiment, early- and

mid-successional species (B. maximowicziana and Q. cris-
pula) grew significantly larger in the mixture than in the
monocultures (Fig. 3b), a result which was attributable to
increased availability of canopy space (Williams et al. 2017).
The survival rates, on the other hand, did not differ signifi-
cantly between the mixture and monocultures (Fig. 2b).
These results coincide with previous findings in young tree
stands that enhanced growth, but not survival rate, often
contribute to overyielding (Huang et al. 2018; reviewed in
Grossman et al. 2018). Later on the experiment (≥ 15
years), the cause of overyielding shifted from tree growth
to survival. Trees in the mixture showed higher survival
rates than those of the same species in the monocultures
(Fig. 2b). This can be potentially explained by the

Fig. 2 a Changes over time in net diversity effect, and its additive
components, complementarity and selection effects, on
aboveground stand biomass (t·ha− 1). The crosses indicate observed
values. The lines indicate fitted models, where linear model was
selected for the net diversity effect and exponential models for the
complementarity and selection effects. The shaded areas show the
95% confidence intervals of the fitted models. b Survival rates of
three tree species in the monoculture and mixture plots. The circles
and crosses indicate the observed values, calculated as L/(L + D),
where L and D are the numbers of live and dead trees, respectively.
Asterisks indicate significant differences in survival rates among
treatments (monoculture vs. mixture) in each measurement year, as
tested by generalized linear models with ‘treatment’ and ‘species
identity’ as explanatory variables (see Table S4 for the results on
species identity): ***, P < 0.001; n.s., P≥ 0.05

Tatsumi Forest Ecosystems            (2020) 7:24 Page 4 of 7

Forêt expérimentale (3 espèces) au nord du Japon

Après 31 ans, la biomasse dans la forêt mélangée (2 espèces 
de feuillus et une espèce de conifère) est supérieure de 64 % 
à la biomasse moyenne des monocultures (environ 100 t/ha 
supplémentaires)

L’effet positif de la diversité sur la productivité 
s’explique par la complémentarité entre les 
espèces (partage des ressources, en particulier de 
l’espace aérien) et par un effet de sélection 
(changements d’équilibres compétitifs).

Richesse spécifique et productivité

Tatsumi S. 2020. Forest Ecosystems
https://doi.org/10.1186/s40663-020-00238-z 
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Biodiversité et pathogènes

diversity always had low pest diversity, but plots with moderate
tree diversity ranged from high to low pest diversity.
On further testing of the robustness of the above result,

quantile regressions also revealed hump-shaped relationships
between native tree species diversity and nonnative pest diversity
(Fig. 1A). The relationships transitioned from positive to nega-
tive at intermediate levels of tree diversity. The hump-shaped
curves were observed for all the quantiles analyzed (SI Appen-
dix, Table S1). Similarly, randomly drawn subsets of samples
(counties) (n = 50, 100, 500, and 1,000) from the 2,098 total
counties included in the analysis yielded similar results as pat-
terns using data from all counties (SI Appendix, Fig. S1).
The diversity of nonnative invasive pests increased signifi-

cantly with host tree diversity but decreased with nonhost tree
diversity across the conterminous United States (Fig. 1B). The
specialist and generalist nonnative invasive pests showed both
similarities and differences in their relationships with host and
nonhost tree diversity, respectively (Fig. 2). The diversity of both
specialist and generalist invasive pests increased with host tree
diversity, indicating the occurrence of facilitation, but this ef-
fect was stronger for specialists than for generalists (Fig. 2A). In
contrast to their relationships with host tree diversity, both
generalists and specialists exhibited a hump-shaped relation-
ship with nonhost tree diversity; that is, pest diversity first in-
creases when nonhost diversity is low and then decreases when
nonhost diversity becomes very high (Fig. 2B).
The structural equation model (SEM) that included selected

physical and human factors explained 40% of the variation in
pest diversity. We found a significant positive correlation be-
tween pest diversity and human population density, a proxy for
pest propagule pressure (23–26) and host tree diversity (Fig. 3).

Annual mean temperature was negatively related to pest di-
versity, while precipitation had a positive effect. However, forest
area and spatial autocorrelation had little effect on the general
patterns, as shown by randomly drawn county subsamples with
smaller sample sizes and thus with greater physical isolation
among themselves (SI Appendix, Fig. S1). Spatial autoregression
(SAR) and ordinary least squares (OLS) regression analyses also
showed similar associations between pest diversity and various
biological, environmental, and human factors (SI Appendix, Ta-
ble S2). Despite the influence of this broad spectrum of external
factors (detected either separately from tree diversity by GLM
regression or OLS/SAR or jointly by SEM with native tree di-
versity also considered), tree diversity imposes significant effects
on pest invasions.

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
related to human disturbances (27–29).
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Fig. 1. The relationships between native tree species diversity (host plus nonhost) and pest diversity across the conterminous United States (n = 2,098
counties; symbol size reflects the relative forest area in each county). (A) Results based on second-order quantile regression for each quantile and polynomial
regression for all data (i.e., data in all quantiles combined). The thinner hump-shaped regression curves were based on quantile thresholds of 0.1, 0.25, 0.5,
0.75, 0.85, 0.9, 0.95, and 0.99 from bottom to top, respectively. The corresponding equations and significance for each quantile are given in SI Appendix, Table
S1. The thicker black curve represents the second-order polynomial regression with all data (counties) considered (R2 = 0.17; P < 0.001). In all cases, the pattern
switched from positive to negative. (B) The opposite relationships between host tree species diversity and pest diversity, and between nonhost tree diversity
and pest diversity, across the conterminous United States.
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tive at intermediate levels of tree diversity. The hump-shaped
curves were observed for all the quantiles analyzed (SI Appen-
dix, Table S1). Similarly, randomly drawn subsets of samples
(counties) (n = 50, 100, 500, and 1,000) from the 2,098 total
counties included in the analysis yielded similar results as pat-
terns using data from all counties (SI Appendix, Fig. S1).
The diversity of nonnative invasive pests increased signifi-

cantly with host tree diversity but decreased with nonhost tree
diversity across the conterminous United States (Fig. 1B). The
specialist and generalist nonnative invasive pests showed both
similarities and differences in their relationships with host and
nonhost tree diversity, respectively (Fig. 2). The diversity of both
specialist and generalist invasive pests increased with host tree
diversity, indicating the occurrence of facilitation, but this ef-
fect was stronger for specialists than for generalists (Fig. 2A). In
contrast to their relationships with host tree diversity, both
generalists and specialists exhibited a hump-shaped relation-
ship with nonhost tree diversity; that is, pest diversity first in-
creases when nonhost diversity is low and then decreases when
nonhost diversity becomes very high (Fig. 2B).
The structural equation model (SEM) that included selected

physical and human factors explained 40% of the variation in
pest diversity. We found a significant positive correlation be-
tween pest diversity and human population density, a proxy for
pest propagule pressure (23–26) and host tree diversity (Fig. 3).

Annual mean temperature was negatively related to pest di-
versity, while precipitation had a positive effect. However, forest
area and spatial autocorrelation had little effect on the general
patterns, as shown by randomly drawn county subsamples with
smaller sample sizes and thus with greater physical isolation
among themselves (SI Appendix, Fig. S1). Spatial autoregression
(SAR) and ordinary least squares (OLS) regression analyses also
showed similar associations between pest diversity and various
biological, environmental, and human factors (SI Appendix, Ta-
ble S2). Despite the influence of this broad spectrum of external
factors (detected either separately from tree diversity by GLM
regression or OLS/SAR or jointly by SEM with native tree di-
versity also considered), tree diversity imposes significant effects
on pest invasions.

Discussion
Our results, especially the hump-shaped patterns, suggest that
facilitation and dilution can simultaneously influence pest in-
vasion in the same forest ecosystems (27) (Fig. 1). Both the di-
versity and biomass of the host trees showed significant positive
correlation with pest diversity, indicating the facilitation effect;
in contrast, pest diversity was negatively related to the diversity
and biomass of nonhost trees, suggesting a dilution effect in all
these models (Figs. 1B, 2, and 3 and SI Appendix, Table S2).
Although in general the relative strengths vary with the overall
host community diversity (and the relative proportion of host vs.
nonhost species), the threshold (the peak of the hump-shaped
cloud in Fig. 1) could change with other factors, such as climate,
resource availability, spatial scale, and habitat fragmentation
related to human disturbances (27–29).
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-77u;vv�t�;v|bomv�-|�|_;�bm|;u=-1;�0;|�;;m�0bo];o]u-r_�ķ�1oll�mb|��;1oѴo]��-m7�
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Pour un accroissement de la température moyenne de 1,5-1,7 °C, la productivité 
augmente en raison d’un changement de taux de croissance des arbres. Pour un 
accroissement de 3,6-4,0 °C, le changement de production est du à un changement de 
taux de croissance dans les climats tempérés et à un changement de composition 
spécifique du peuplement d’arbres dans les climats chauds et froids.

Biodiversité et changement climatique
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Conclusion

Ø La biodiversité (= nombre d’espèces) varie au cours de la succession des 
végétations dans le temps. Le maximum peut être atteint dans des stades 
intermédiaires ou dans des stades matures.

Ø Elle dépend aussi de l’hétérogénéité spatiale de la forêt (gestion).
Ø Dans les couverts de plantes herbacées, plus la biodiversité (= nombre d’espèces) 

est élevée, plus le couvert est productif, plus il est résistant aux perturbations 
climatiques (résilience ?).

Ø Dans les couverts forestiers, la biodiversité (= nombre d’espèces) est fréquemment 
positivement liée à la productivité, via des mécanismes « classiques » (effets de 
complémentarité et de sélection).

Ø La biodiversité (= nombre d’espèces), et probablement la diversité génétique, 
confère aux forêts une résistance à la propagation des pathogènes et une capacité 
à se renouveler en réponse au changement climatique.


