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positive effects of tree species diversity are mainly driven by 
an increase in functional diversity and a modulation of traits 
related to recolonization and resource usage. The results of 
our study suggest that increasing tree species diversity could 
mitigate the effects of intensifying disturbance regimes on 
ecosystem functioning and improve the robustness of for-
est carbon storage and the role of forests in climate change 
mitigation.
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Introduction

Anthropogenic changes, both recent and historical, have 
resulted in strong alterations in European landscapes and 
dramatic loss and decline of biodiversity (FAO 2007). This 
decline of biodiversity may impair forest ecosystem func-
tioning and the provision of ecosystem services (Bengtsson 
et al. 2000; Klenner et al. 2009) that are crucial to support 
human well-being and quality of life [e.g., carbon (C) and 
nutrient cycling, climate regulation, water retention, and 
provision of timber, fiber, food, and freshwater]. Over the 
past two decades, a major focus of research has been to 
quantify how changes in diversity may affect ecosystem 
services provisioning and to increase our understanding of 
the causal relationships between diversity and ecosystem 
functioning (see Thompson et al. 2009; Zhang et al. 2012; 
Scherer-Lorenzen 2014 for reviews). Most studies have 
found a positive effect of plant species diversity on ecosys-
tem functioning, and complementarity (i.e., with diversity 
resulting in improved utilization of limited resources) and 
positive selection (i.e., an increased likelihood of includ-
ing a high productive species which will dominate the 

Abstract Biodiversity fosters the functioning and stabil-
ity of forest ecosystems and, consequently, the provision of 
crucial ecosystem services that support human well-being 
and quality of life. In particular, it has been suggested that 
tree species diversity buffers ecosystems against the impacts 
of disturbances, a relationship known as the “insurance 
hypothesis”. Natural disturbances have increased across 
Europe in recent decades and climate change is expected to 
amplify the frequency and severity of disturbance events. 
In this context, mitigating disturbance impacts and increas-
ing the resilience of forest ecosystems is of growing impor-
tance. We have tested how tree species diversity modulates 
the impact of disturbance on net primary production and the 
total carbon stored in living biomass for a temperate forest 
landscape in Central Europe. Using the simulation model 
iLand to study the effect of different disturbance regimes 
on landscapes with varying levels of tree species richness, 
we found that increasing diversity generally reduces the dis-
turbance impact on carbon storage and uptake, but that this 
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their trajectories of ecosystem functioning. We found that 
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community’s response) effects have been identified as the 
main underlying mechanisms (Loreau and Hector 2001; 
Morin et al. 2011).

However, many of these insights are based on studies 
conducted over relatively short temporal scales. Also, while 
the majority of studies have demonstrated a positive effect 
of diversity on forest productivity (Zhang et al. 2012), some 
have also revealed non-significant (Vilà et al. 2005) or neg-
ative (e.g., Moser and Hansen 2006; Nguyen et al. 2012; 
Potter and Woodall 2014) relationships between species 
diversity and forest ecosystem functioning. These diver-
gent findings may arise from differences in study design 
(manipulative experiments vs. natural communities), but 
could also relate to differences in the successional stages 
investigated (e.g., Paquette and Messier 2011; Zhang et al. 
2012; Lasky et al. 2014). Results from a number of empiri-
cal studies have suggested that the positive diversity effect 
on productivity found in short-term experiments might 
only be a transient effect, as niche complementarity may be 
overwhelmed by competitive exclusion and the saturation 
of niche space in later seral stages of successional develop-
ment (e.g., Paquette and Messier 2011; Zhang et al. 2012; 
Lasky et al. 2014). This possibility emphasizes how essen-
tial it is to consider long-term successional dynamics for an 
understanding of the diversity–ecosystem functioning rela-
tionships in forests.

In addition to negatively affecting the level of ecosys-
tem functioning and service provisioning, biodiversity loss 
may also reduce ecological stability, such as, for example, 
through a lowered resistance to perturbations and a lowered 
resilience to disturbances of less diverse ecosystems (e.g., 
Bengtsson et al. 2000; Hooper et al. 2005; Thompson et al. 
2009). In the context of the recently observed increases 
in disturbance frequency and severity in Europe’s forests 
(Schelhaas et al. 2003; Seidl et al. 2011), the contribution 
of biodiversity to the resistance and resilience of ecosys-
tems is of growing importance. However, to date, most 
studies on biodiversity effects have focused on the central 
tendency in ecosystem functioning or provision of services, 
while the diversity effect on stability to perturbations and 
disturbances of these variables remains less well under-
stood (Thompson et al. 2009; Cardinale et al. 2013).

Based on theoretical considerations, Yachi and Loreau 
(1999) showed that diversity buffers ecosystems from the 
effects of perturbation and decreases temporal variability 
in ecosystem functioning (i.e., “insurance hypothesis”). 
This dampening effect can be explained by the capacity of 
diverse ecosystem constituents to respond in different ways 
to disturbance and perturbation, thereby conferring stability 
at the ecosystem level (Thompson et al. 2009). The insur-
ance hypothesis has been confirmed for grasslands (see Til-
man 1996; Cardinale et al. 2013b; Gross et al. 2014b for 
reviews), but an in-depth quantitative analysis of forest 

ecosystems has to our knowledge not yet been conducted. 
Here, we test the insurance hypothesis for a temperate for-
est landscape in Central Europe and investigate how tree 
species diversity modulates the effect of disturbance on for-
est C cycling. The question of diversity effects is of particu-
lar importance in temperate forest ecosystems of Central 
Europe, as a century-long management history has widely 
reduced tree species richness by favoring only a small num-
ber of commercially viable and fast-growing species. The 
C cycle is not only a powerful indicator of ecosystem func-
tioning (Waring and Running 2007) but constitutes also 
an increasingly important and highly policy-relevant eco-
system service in the context of mitigating anthropogenic 
climate change (Canadell and Raupach 2008). We have 
investigated the effects of tree species diversity on both 
fluxes and stocks of C, using net primary production (i.e., 
C uptake in the forest landscape) and total C in living bio-
mass (i.e., live C stored in the system) as response varia-
bles. As a main source of perturbation in forest ecosystems 
we studied natural disturbances (White and Jentsch 2001) 
and their impact on the forest C cycle. Our overall objec-
tive was to investigate how tree species diversity modulates 
the effect of disturbance on the forest C cycle. In particular, 
we addressed (1) whether tree diversity can mitigate dis-
turbance impacts on C uptake and storage, and (2) whether 
tree diversity dampens the disturbance-induced variability 
in C uptake and storage. Based on the insurance hypoth-
esis we expected that more diverse forests are less impacted 
by disturbance and that diversity enhances the resilience of 
forest C cycling to disturbances.

Materials and methods

iLand

In this study we used iLand, the individual-based forest 
landscape and disturbance model, to study how tree diver-
sity modulates the impact of natural disturbances on eco-
system functioning over extended spatio-temporal scales 
(Seidl et al. 2012). iLand is a spatially explicit, process-
based model which has been specifically developed to 
simulate the complex interactions of ecosystem processes 
dynamically at the landscape scale. iLand simulates eco-
system dynamics as an emergent property of the interac-
tions between environmental drivers (e.g., climate, nutrient, 
and water availability), forest vegetation processes (e.g., 
growth, mortality, and regeneration), and disturbances 
regimes (e.g., wind storms, wildfires) (Seidl et al. 2012). 
The model is characterized by excellent scale efficiency—
from individual trees to large forest landscapes in a hierar-
chical multi-scale approach. Trees are simulated as adap-
tive agents that compete for resources (predominantly light, 
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but also water and nutrients) and which dynamically adapt 
to their environment (Seidl et al. 2012).

iLand uses a light-use efficiency approach to model pri-
mary production (see Landsberg and Waring 1997). Scalar 
modifiers are applied to account for the effects of tem-
perature, soil water availability, vapor pressure deficit, as 
well as the effects of nutrient availability and atmospheric 
carbon dioxide (CO2) concentration on primary produc-
tivity. Allocation to tree compartments is modeled based 
on empirical allometric ratios (Duursma et al. 2007). The 
probability of stress-related mortality is calculated from 
an individual’s C balance (Güneralp and Gertner 2007). 
Regeneration is modeled spatially explicit in the landscape, 
taking into account the availability and distribution of seeds 
(via a two-part exponential dispersal kernel; Lischke and 
Löffler 2006) and the spatial distribution of resources such 
as light, water, and nutrients. Species-specific thermal limi-
tations to tree establishment (e.g., chilling requirements, 
frost damage) are modeled based on a phenology approach 
(Nitschke and Innes 2008).

iLand was developed to simulate a variety of disturbance 
agents and their interactions explicitly in space and time. 
The model incorporates detailed process-based disturbance 
modules for wind disturbances (Seidl et al. 2014a) and 
wildfire (Seidl et al. 2014b). In addition, iLand contains 
a generic interface that allows the implementation of dif-
ferent disturbance regimes based on impact type, distur-
bance frequency, disturbed area, and spatial spread. iLand 
has been successfully evaluated for simulations in diverse, 
multi-species forest ecosystems over extensive environ-
mental gradients in western North America and Central 
Europe (Seidl et al. 2012a, b). It was also successfully 
applied to investigate the relative contributions of structural 
and species diversity to ecosystem productivity and C stor-
age, while controlling for the influence of environmental 
heterogeneity at the landscape scale (Seidl et al. 2012b).

Study area

Hainich National Park (referred to further in text as “Hain-
ich”) is a forest-dominated national park located in the 
temperate broad-leaved forest ecoregion of Europe in 
Thuringia, Central Germany (N51.1°, E10.5°). The natu-
ral vegetation in the area is mainly characterized by beech 
forest types [Galio odorati (Asperulo)-Fagion] as well as 
oak-hornbeam forest types (Carpinion betuli) (Bohn et al. 
2004). Hainich contains approximately 5,000 ha of old-
growth and uneven aged forests (i.e., 67 % of the total park 
area). The forest management practice from the middle of 
the 19th century until the early twentieth century was cop-
pice with standards (i.e., an overstorey of sparsely distrib-
uted and mostly generatively regenerated trees managed 
over long rotation cycles combined with an understorey 

of frequently cut trees regenerated via sprouting), later 
followed by high forest and continuous cover systems 
(Schmidt et al. 2009). Management of the park area was 
ceased completely in the 1960s, and for the past five dec-
ades natural dynamics have governed the development of 
Hainich (Mölder et al. 2008).

Quantitative information on the Hainich ecosystem for 
this study was available from 38 study plots contained 
within the FunDivEUROPE Exploratory Platform (Baeten 
et al. 2013). These data were used to evaluate the simula-
tion model iLand [see Electronic Supplemental Material 
(ESM)] and subsequently served as drivers of the simula-
tion (see below). For a subset of the available plots, detailed 
soil data on effective soil depth, soil physical properties 
(e.g., depth, texture, and stone fraction), and soil fertility 
[nitrogen (N) content] were available (Baeten et al. 2013). 
Daily climate data for the parameters temperature, precipi-
tation, radiation, and vapor pressure deficit were extracted 
from a database of gridded climate for Europe (horizon-
tal resolution 25 km), representing the period 1961–1990 
(Déqué et al. 2011). As a prerequisite for using iLand in 
our analyses, we evaluated the model against expected pat-
terns of forest ecosystem dynamics at Hainich (see ESM 
for details). In particular, we tested the model’s ability to 
reproduce observed tree dimensions, productivity, and mor-
tality (ESM Fig. S1, Table S1), as well as the expected suc-
cessional trajectories and equilibrium landscape composi-
tion and structure (ESM Figs. S2, S3).

Study design

Beyond tree species composition and diversity a variety of 
other factors potentially modulate the effect of disturbances 
on ecosystem functioning (e.g., landscape-level hetero-
geneity in soil types, topography, among others). Since in 
our study we were interested in determining the first-order 
effects of diversity and knowing that the insurance hypoth-
esis was formulated for homogeneous environments (Yachi 
and Loreau 1999), we controlled environmental heteroge-
neity in our study by setting up a hypothetical 2,500-ha 
landscape with a homogeneous environment. We selected 
the site characteristics of a moderately productive site at 
Hainich as reference conditions, with an effective soil 
depth of 100 cm, a clay-loamy soil texture (water holding 
capacity 180 mm), and 70 kg ha−1 year−1 of plant-available 
N. The average climatic conditions are characterized by a 
mean annual precipitation of 627 mm and a mean annual 
temperature of 7.5 °C.

For this idealized landscape we studied how differ-
ent levels of tree species diversity modulate the effects 
of different disturbance scenarios. Tree species diversity 
was studied in a factorial design, simulating all possible 
combinations of seven different species. Species from all 
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seral stages of natural forest development at Hainich were 
included in our analysis (Bohn et al. 2004) in order to rep-
resent a wide gradient of responses towards disturbance 
impacts in our simulations. We selected five mid- to late 
seral species [Fagus sylvatica L., Fraxinus excelsior L., 
Acer pseudoplatanus L., Quercus petraea (Mattuschka) 
Liebl., Picea abies L., (Karst.)] and two early-seral species 
(Betula pendula Roth and Populus tremula L.), resulting in 
127 unique combinations of species in seven richness lev-
els. The selected mid- to late seral species not only relate 
to the dominant species currently observed in the area, but 
also correspond to the empirically studied species mix-
tures at Hainich within the frame of a large-scale European 
diversity study (Baeten et al. 2013). In addition to study-
ing these 127 unique combinations of tree species, we also 
conducted model runs where we allowed all major species 
of the potential natural vegetation to occur in the simula-
tion (n = 13), adding Acer platanoides L., Acer campestre 
L., Carpinus betulus L., Quercus robur L., Tilia cordata 
Mill., and Tilia platyphyllos Scop. to the abovementioned 
seven focal species (Bohn et al. 2004).

Simulations for all 128 combinations of species were 
started from bare ground and run for 500 years. Only the 
species of the respective combination were allowed in each 
simulation, with seeds provided uniformly distributed over 
the simulated landscape at a background probability of 
Pseed = 0.01 (Seidl et al. 2012b). Sensitivity tests for this 
parameter indicated that our results were robust to differ-
ent levels of background probabilities of seed availability 
(data not shown). It has to be noted that while the boundary 
conditions (available species pool, background seed avail-
ability) for each run were experimentally restricted by the 
factorial simulation design, forest dynamics and succession 
are emergent properties of the iLand simulations and the 
simulated species composition reflects the relative competi-
tive strengths of the respective species (see also ESM Fig. 
S2).

For each of 128 unique species combinations we ana-
lyzed the effect of three different types of disturbance. 
Under the complete disturbance scenario (“Complete”), we 
assumed that all trees within the perimeter of a disturbance 
event are killed. This disturbance scenario thus assumes 
a generic disturbance severity of 100 % and represents 
the maximum level of disturbance for a given disturbance 
frequency. Such complete disturbances are, however, rare 
under real-world conditions (and most closely resemble 
management-related disturbance). We thus also studied 
two additional disturbance scenarios in which severity 
varied with tree size. Under the top–down scenario (“Top-
down”) only large trees [diameter at breast height (dbh) 
≥30 cm diameter] were completely eliminated within the 
disturbance perimeter, whereas saplings (≤10 cm dbh) 
were assumed to survive the disturbance event. Between 

these two threshold diameters the mortality probability 
was assumed to increase linearly with dbh (see also ESM 
Fig. S4). The top–down disturbance scenario thus repre-
sents disturbance agents such as wind or many important 
bark beetle species, which predominately affect large trees 
while leaving younger cohorts widely unaffected (Schmidt 
et al. 2010; Pasztor et al. 2014). The third disturbance type 
investigated was the inverse of the top–down scenario, i.e., 
a scenario where all trees ≤10 cm dbh within the distur-
bance perimeter are killed and the mortality probability 
decreases linearly with diameter at breast height to zero 
for trees ≥30 cm dbh (“Bottom–up” disturbance scenario). 
This latter scenario corresponds loosely to the pattern fre-
quently caused by wildfire disturbance, as fire predomi-
nately kills individuals with canopies close to the ground 
and fire resistance generally increases with tree size (as, for 
example, bark thickness is closely related to tree diameter) 
(Fernandes et al. 2008).

Each of these three disturbance types was studied for a 
disturbance rotation period (DRP) of 300 years (i.e., the 
average time needed to disturb an area of the size of the 
study landscape), which roughly corresponds to historic 
disturbance frequencies in Central Europe (Thom et al. 
2013). In order to test if the effect of tree species diver-
sity on disturbance impacts is conditional on disturbance 
frequency, we also simulated an intensified disturbance 
regime with a DRP of 150 years for the complete distur-
bance scenario. This assumed doubling of disturbance fre-
quency corresponds to expectations of disturbance changes 
under the predicted climate change conditions for Europe 
in the coming decades (e.g., Seidl et al. 2014c).

The same disturbance size distribution was assumed 
for all scenarios of disturbance type and rotation period. 
We used a negative exponential function to model distur-
bance size (see, for example, Wimberly et al. 2000), param-
eterized for a mean disturbed area of 25 ha (i.e., 1/100th 
of the simulated landscape extent). For every disturbance 
event, its size was drawn randomly from this distribution, 
and its position randomly determined in the landscape. 
A circular disturbance footprint was assumed, and the 
5,000 × 5,000-m hypothetical landscape was implemented 
as a toroid to control for edge effects with regard to distur-
bance impact. As a reference for assessing the disturbance 
effect on forest ecosystem functioning, we also ran our 
simulations for the 128 species combinations without any 
disturbance event (undisturbed scenario).

All simulations were run for 500 years, enabling us to 
assess the diversity effect in different successional stages. 
The focus on extended spatio-temporal scales also lim-
ited the effect of single, stochastic disturbance events 
on landscape-scale C stocks and fluxes. Furthermore, to 
account for the stochasticity in the simulations and inves-
tigate the divergence within scenarios, ten replicates were 
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run for each species combination and disturbance scenario. 
In total, we conducted 5,120 simulations (ESM Table S2; 
128 tree species combinations × 6 disturbance scenarios 
including the undisturbed scenarios × 10 replicates) for 
500 years and 2,500 ha, resulting in a data pool for analysis 
of 6.4 × 109 hectare-years.

Analysis

We chose the forest C cycle as the response variable for our 
analysis of how tree species diversity (richness and Shan-
non index) mediates the impact of disturbance regimes. 
In particular, we focused on two crucial indicators of 
forest C cycling, namely, total net primary production 
(NPP; kg C ha−1 year−1), which quantifies the C uptake 
in the forest, and total C in living biomass [aboveground 
compartments and roots (TLC; kg C ha−1)], as a measure 
of important C pools in the forest. Our analysis thus inves-
tigated effects on both C uptake and storage in forest land-
scapes. NPP and TLC were spatially aggregated to land-
scape-scale averages, and mean values over 100 simulation 
years were used in the analysis. To test whether the effect 
of diversity on disturbance impact differs between succes-
sional stages of forest development, we separately analyzed 
the two 100-year periods at the beginning and end of our 
500-year simulation period (henceforward referred to as 
early and late seral stage, respectively).

In order to test the two predictions made by the insur-
ance hypothesis, i.e., that diversity (1) reduces the impact 
of perturbations and (2) increases the stability of ecosys-
tem functioning, we studied separate indicators for impact 
and stability. To quantify disturbance impact, we calculated 
the percentage difference of a disturbed simulation to the 
respective undisturbed simulation with the same spe-
cies combination for both TLC and NPP (TLCimpact and  
NPPimpact). Negative values represent a disturbance-induced 
reduction of TLC or NPP, while positive values correspond 
to simulations where disturbance increases C cycle indica-
tors. To test the second prediction of the insurance hypothe-
sis we focused on the resilience of the landscape in the face 
of disturbance. As an indicator for resilience we selected 
the variation between the replicated simulations for any 
given diversity and disturbance scenario, quantified by the 
mean annual coefficient of variance (CV) of TLC and NPP 
(TLCcv and NPPcv). A higher value implies a higher varia-
tion in ecosystem functioning between the otherwise iden-
tical realizations of a scenario (see also Seidl et al. 2014b). 
Since the main element inducing variation between reali-
zations within any given scenario is the stochastic timing 
and realization of disturbance events, TLCcv and NPPcv 
describe to which degree the simulations re-converge after 
disturbance. Furthermore, since we also report centennial 
averages and since swift recovery from disturbance will 

decrease the variation between individual realizations, a 
second component indirectly assessed by this indicator 
is recovery speed. TLCcv and NPPcv are thus combined 
indicators for engineering and ecological resilience (i.e., 
recovery rate and convergence of trajectories) sensu Hol-
ling (1996), describing the strength of the attractor of the 
system for different levels of species richness (see also 
ESM Fig S5). It has to be noted that TLCcv and NPPcv are 
inversely related to resilience, with low values indicating 
high resilience of the system and vice versa.

The main variable used to describe tree species diversity 
was tree species richness, i.e., the number of tree species 
present in the landscape. However, species richness alone 
is an insufficient measure of diversity as it does not account 
for the abundances of species in a system (Zhang et al. 
2012). As an additional indicator of diversity we there-
fore used the Shannon index (Shannon and Weaver 1949), 
which incorporates both richness and relative species abun-
dance. The Shannon index was calculated using the mean 
proportion of basal area of the species present in the land-
scape. While we report here results relative to the maxi-
mum richness level that was prescribed for the respective 
scenario (i.e., the main design variable of our simulation 
experiment), the realized diversity (richness and Shannon 
index) in the landscape at any given point in time is also 
influenced by the processes of competition and succession. 
However, since we simulated a large landscape (rather than 
a small number of patches or stands; compare Morin et al. 
2011), the diversity of the initial design was relatively well 
preserved in the simulation over time, i.e., initially species-
rich landscapes were always more diverse also after several 
centuries of forest dynamics (cf. ESM Figs. S6 and S7).

To statistically analyze the effect of diversity (i.e., tree 
species richness and Shannon index) on the response vari-
ables of disturbance-mediated ecosystem functioning  
(i.e., TLCimpact, NPPimpact, TLCcv and NPPcv), we used ordi-
nary least squares regression and analysis of variance, con-
ducted with the R language and environment for statistical 
computing (R Core Team 2013). We conducted our analy-
ses separately for tree species richness and Shannon index, 
as these two diversity indicators are highly correlated. Spe-
cies richness was log-transformed to meet the assumptions 
of normality and homoscedasticity required for regression 
analysis. Since exploratory analyses suggested functionally 
different behavior between successional stages, all analy-
ses were also conducted separately for early and late seral 
stages.

To further elucidate the functional drivers of diversity 
effects we subsequently analyzed how species identity and 
traits contributed to the emergent patterns of our simula-
tions, using the unsupervised machine learning algorithm 
Random Forest (Breiman 2001; Liaw and Wiener 2002). 
Random Forest is a powerful nonparametric method for 
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identifying key variables influencing complex ecologi-
cal processes such as disturbance (e.g., Thompson and 
Spies 2010). It is applicable to high-dimensional and hier-
archically structured datasets and is robust to non-linear 
relationships among predictors as well as predictors and 
response variables (Sandri and Zuccolotto 2006; Cutler 
et al. 2007). In particular, we were interested in attributing 
diversity effects to three mechanisms: (1) an influence on 
the mean traits at the system level (e.g., an additional early-
seral species on the landscape will increase the overall abil-
ity to disperse and recolonize disturbed areas); (2) an effect 
on system level variation in traits (e.g., a high variation in 
shade tolerance traits on the landscape will allow the sys-
tem to optimally utilize light resources, as both open con-
ditions and sub-canopy light will be used efficiently); (3) 
a species identity effect (testing whether it is not so much 
the increased number of species but the particular ecologi-
cal role of the added species that improves ecosystem func-
tioning under disturbance). We selected nine species traits 
of relevance for disturbance response and recovery and 
directly used the parameter values for these traits as applied 
in the simulation for the analysis (see ESM Table S4 for 
details). Mean trait values were calculated using basal-area 
weighted averages for each simulation run and time step, 
while trait variation was described by the trait range of the 
present species. For testing an identity effect, we included 
the seven main species of our analysis as individual fac-
torial explanatory variables in the analysis. TLCimpact and 
TLCcv were used as response variables, and the analysis 
was again conducted separately for early- and late-seral 
stages. After conducting a sensitivity analysis on crucial 
parameter settings, we settled on growing 1,000 trees for 
every random forest with a minimum terminal node size 
of five. The increase in mean square error (MSE) when 
observed values of the respective variable are randomly 
permuted while all others are left unchanged was used as a 
measure of variable importance.

Results

Tree diversity effects on disturbance impacts

On average, over all disturbance types and species lev-
els, a disturbance regime with a 300-year rotation period 
reduced the live C stored in the landscape by −3.8 % and 
−8.7 % for early- and late-seral stages, respectively. For 
both C stocks and fluxes, the disturbance impact was great-
est for the complete disturbance scenario, followed by the 
top–down and bottom–up disturbance types (see ESM 
Fig. S9). Furthermore, the C uptake was lowered by −2.2 
and −1.0 % in the early- and late-seral stages, respec-
tively (ESM Fig. S9). For the early-seral landscape, tree 

diversity significantly mitigated the disturbance impact on 
both NPP and TLC; this effect was evident over all distur-
bance types and was strongest in the complete disturbance 
scenario (ESM Fig. S13). TLCimpact was more strongly 
buffered than NPPimpact by increasing the levels of diver-
sity, with the effect differing only moderately between the 
two investigated indicators of diversity, i.e., species rich-
ness (log-transformed) (Table 1) and Shannon index (ESM 
Table S3). For the complete disturbance scenario, the dis-
turbance impact on TLC and NPP was reduced by an aver-
age of 0.4 and 0.3 % points, respectively, for every addi-
tional species on the landscape (Fig. 1). While TLCimpact in 
a monospecific landscape was on average 11.3 %, the same 
disturbance regime reduced live C stocks by only −6.7 % 
in a landscape with all seven main study species present. 
However, our results also suggest a decreasing benefit of 
increasing species richness, i.e., adding more species to an 
already diverse system does not result in the same reduc-
tion in disturbance impact as it would for a species-poor 
system (compare the asymptotic relationship in Fig. 1).

The late-successional landscape showed a more complex 
pattern of diversity effects on disturbance impacts. While 
NPPimpact was reduced by increasing species richness, par-
ticularly in systems with low richness levels, higher rich-
ness was found to increase TLCimpact for all three distur-
bance types in the last 100 years of the 500-year simulation 
period (Table 1; Fig. 1). In other words, the TLC of spe-
cies-rich, late-seral landscapes responded more negatively 
to disturbance than their species-poor counterparts.

Tree diversity effects on the resilience of ecosystem 
functioning

Similarly to the results for disturbance impact, the effects 
of diversity on resilience varied between different distur-
bances types, with the strongest diversity effects observed 
in the complete disturbance scenario (ESM Fig. S14). 
Generally, C uptake was less variable and more resilient 
to disturbances than C stocks, with the CV being, on aver-
age, 40 % higher for TLCcv than for NPPcv under a DRP of 
300 years (ESM Fig. S10). Overall, tree species diversity 
significantly dampened the disturbance-induced variability 
in NPP and TLC. Under the latter scenario, adding an addi-
tional species to the landscape reduced TLCcv and NPPcv 
by 12 and 13 %, respectively, in the first 100 years of the 
simulation (Fig. 2). Furthermore, the average TLCcv was 
almost twofold higher for a monospecific system than for 
a seven-species landscape in the early successional stages 
(ESM Fig. S5). As with disturbance impact, the diversity 
signal did not differ substantially between the indica-
tors tree species richness and Shannon index (ESM Fig. 
S14). However, conversely to disturbance impact, the dif-
ferent successional trajectories between species-rich and 
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Table 1  Tree species richness effects on disturbance impact and disturbance induced-variability of net primary productivity and total live car-
bon in two seral stages of forest succession

Shown are the coefficients of separate linear regression models using tree species richness (log-transformed) as the independent variable. All 
coefficients are significant at α = 0.05, except when indicated with ns (not significant)

For a detailed description of the crucial indicators of forest C cycling, see “Analysis”. NPPimpact, TLCimpact, disturbance impact on NPP and TLC, 
respectively; NPPcv, TLCcv, disturbance induced-variability in NPP and TLC, respectively 

TLC, total live carbon stocks (kg C ha−1); NPP, net primary production (kg C ha-1 year -1); CV, coefficient of variance; dim, dimensionless
a Disturbance type refers to different disturbance severity levels and size-specific vulnerabilities (see ESM Fig. S4) and “Study design” for a 
detailed description
b Disturbance rotation period (years); indicates different disturbance frequencies of 300 and 150 years, respectively

Seral stage Disturbance 
typea

DRPb TLCimpact NPPimpact TLCcv NPPcv

Intercept 
(%)

Slope (%) Intercept 
(%)

Slope (%) Intercept 
(dim)

Slope (dim) Intercept 
(dim)

Slope (dim)

Early Complete 300 −11.30 2.37 −7.37 1.94 0.030 −0.0060 0.020 −0.0052

Complete 150 −20.79 4.04 −14.06 3.57 0.046 −0.010 0.030 −0.0089

Top-down 300 −5.32 1.09 −0.79 0.21 0.015 −0.0039 0.0029 −0.00095

Bottom-up 300 −2.45 1.56 −2.38 1.08 0.008 −0.0020 0.0072 −0.0023

Late Complete 300 −10.62 −4.24 −5.33 2.09 0.035 −0.0043 0.024 −0.0090

Complete 150 −23.50 −2.84 −14.16 6.02 0.046 −0.0072 0.031 −0.011

Top-down 300 −6.24 −2.37 4.70 −0.62 0.016 0.0020 0.0077 −0.0017

Bottom-up 300 1.01 −2.04 −4.4 1.87 0.0049 −3.2E−05 ns 0.0083 −0.0034

Fig. 1  Disturbance impact on net primary productivity (NPPimpact) 
and total live carbon stocks (TLCimpact) as a function of tree species 
richness for early and late successional stages [disturbance rotation 
period (DRP) of 300 years, complete disturbance scenario]. Points 
mean impact per each richness level, bold lines interquartile range 
(IQR), whiskers 5th–95th percentile interval

Fig. 2  Disturbance-induced variation in NPP and TLC (NPPcv, 
TLCcv; cv coefficient of variance) as a function of tree species rich-
ness for early and late successional stages (DRP = 300 years, com-
plete disturbance scenario). A decreasing indicator value signifies 
increasing resilience. Points mean value for each richness level, bold 
lines IQR, whiskers 5th–95th percentile interval



 Oecologia

1 3

species-poor systems did not lead to a general reversal of 
the diversity effect on resilience for the late-seral system 
(Fig. 2).

The effect of increasing disturbance frequency

In order to investigate if and how an increase in disturbance 
frequency changes the role of diversity, we also conducted 
all simulations of the complete disturbance scenario with 
a DRP of 150 years. This doubling of the disturbance fre-
quency also doubled the average disturbance percentage on 
the landscape (0.67 % year−1 for the complete disturbance 
scenario), as well as the TLCimpact and NPPimpact (see also 
ESM Figs. S11, S12). Our results indicate that the positive 
effect of diversity was amplified under higher disturbance 
frequency (Table 1; ESM Table S3). Over all scenarios, the 
changes in disturbance effect with species richness (i.e., the 
slopes of the regression analysis) were between 1.7- and 
2.9-fold greater under a DRP of 150 years, thereby dem-
onstrating that diversity buffers the effects from increases 
in disturbance frequency. For early-seral systems, for 
instance, the increased TLCimpact caused by the elevated 
disturbance frequency (from −11.3 % under a DRP of 
300 years to −20.8 % under a DRP of 150 years in a mon-
ospecific system) was almost fully buffered by increasing 
the richness on the landscape from one to seven tree spe-
cies (to a TLCimpact of −12.9 % under a DRP of 150 years).

Underlying mechanisms of diversity effects

For all analyzed aspects (disturbance impact and resil-
ience) and seral stages (early and late) the diversity-related 
changes in system-level mean trait values had a stronger 
influence on TLC than trait variation or species identity 
effects (Fig. 3). The patterns and individual traits identified 
as most influential, however, differed strongly with seral 
stage: a lower maturity age (i.e., minimum tree age for 
reproduction) was found to dampen disturbance impacts 
in the early-seral system, as it increased the recolonization 
speed after disturbance events (see also ESM Figs. S15, 
S16). With regard to resilience, shade tolerance was the 
most influential trait in the early-seral system, indicating 
that increasing shade tolerance first stabilizes the system, 
but that systems comprised of only shade-tolerant species 
again experience increased variation (see also ESM Figs. 
S17, S18). Trait variation within the system affected both 
TLCimpact and TLCcv positively in the early-seral system, 
decreasing disturbance impact and increasing disturbance 
resilience, thus underlining the contribution of functional 
diversity to our findings (Hooper et al. 2005; Thompson 
et al. 2009). Species identity effects were overall the least 
influential, underlining that the diversity effects reported 
here are more strongly linked to diversity-related changes 

in individual traits rather than the presence or absence of 
particular species (and their specific trait combinations). 
For the early-seral system, the strongest identity effect 
was found for species that fill a mid-successional niche in 
our system, i.e., Fraxinus excelsior, Picea abies, and Acer 
pseudoplatanus (compare ESM Fig. S2).

The diversity–disturbance relationship in late-seral 
system, on the other hand, was more strongly driven by 
resource- and size-related traits, indicating that the late-
seral systems are more strongly connected and driven by 
competitive exclusion. Traits related to competitive abili-
ties with regard to light and water resources (i.e., maxi-
mum attainable tree height, minimum soil water potential 
for which water can be extracted from the soil) were found 
among the most influential indicators (Fig. 3). Generally, 
however, the influence patterns of mean traits and trait 
variation were less pronounced in old-growth systems com-
pared to the early-seral stage. Interestingly, however, the 
strongest species identity effects were found for early- and 
mid-successional species, indicating that their presence 
in the landscape—despite having low abundance (com-
pare ESM Fig. S2)—can help to buffer the system from 
disturbances.

Discussion

In the study reported here we have quantitatively assessed 
how different levels of tree species diversity modulate the 
impact of disturbances on forest ecosystem functioning. We 
found that increasing diversity generally reduces the dis-
turbance impact on C uptake and storage. In addition, our 
simulations indicate a clear positive relationship between 
diversity and resilience, with more diverse systems show-
ing lower disturbance-induced variability in their trajec-
tories and a faster recovery from disturbance events. Our 
results are thus in accordance with those observed in her-
baceous communities (Tilman 1996; Cardinale et al. 2013; 
Gross et al. 2014) and overall provide support for the two 
predictions made by the insurance hypothesis (Yachi and 
Loreau 1999). However, an in-depth analysis of the diver-
sity–disturbance relationship also revealed that the com-
plexities of forest dynamics can strongly modulate—and 
even reverse—the patterns predicted from theories devel-
oped for simpler systems such as grasslands. We found that 
the successional dynamics of forest landscapes––which 
are contingent on the available species pool and thus spe-
cies diversity––can reverse the positive effect of diversity 
on moderating disturbance impacts. While species-poor 
systems (by definition) did not show strong successional 
changes in species composition over time, species-rich sys-
tems featured a pronounced change in dominant species in 
the 500-year simulation period (ESM Fig. S2).
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Generally, the species that dominated forest compo-
sition at the end of this successional trajectory were also 
those that stored the most C, as they exceeded the others in 
height and diameter and are generally long-lived in nature 
(i.e., long C residence times). In species-rich systems, dis-
turbance sets back this successional trajectory in the dis-
turbed parts of the landscape, which means that the devel-
opment towards a (C-rich) late-seral state is delayed in 
these systems. In species-poor systems, on the other hand, 
the species recolonizing disturbed areas are––due to the 
lack of competitors––in many instances already those that 
will ultimately dominate the system (ESM Fig. S8). Under 

the influence of disturbance, species-poor landscapes thus 
short-cut the successional development compared to spe-
cies-rich landscapes, which leads to a higher TLCimpact in 
the latter systems.

This reverse pattern was also indicated in previous stud-
ies focusing on the diversity effect on forest ecosystem 
functioning, (e.g., Jiang et al. 2009; Potter and Woodall 
2014). This finding highlights the importance of taking 
into account the full complexity of forest dynamics over 
the extended time scales of forest succession in order to 
comprehensively understand the links between disturbance, 
diversity, and ecosystem functioning (Thompson et al. 

Fig. 3  Relative importance 
of factors influencing diver-
sity–disturbance relationships 
for TLC impact (a,  b) and 
resilience (c, d) in early- (a, c) 
and late- (b, d) seral stages. The 
two most important variables 
for the effects of (1) mean 
traits, (2) trait variation, and (3) 
species identity are displayed 
over all disturbance types, 
rotation periods, and replicates 
(mean ± standard deviation). 
The relative importance of 
predictors was determined by 
means of Random Forests and is 
expressed as the % increase in 
mean square error (MSE) when 
values of the respective variable 
are randomly permuted. High 
values indicate that the variable 
is highly relevant for the simu-
lation results. SWP Soil water 
potential 
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2009). The fact that we also did not find a reversal of the 
diversity effect with successional development for resil-
ience points towards multiple pathways of how diversity 
influences disturbed ecosystems calls for further research 
on the dynamic interplay between diversity and disturbance 
(Franklin et al. 2002).

Our results also suggest a decreasing benefit of increas-
ing species richness on disturbance impact and, to a lesser 
degree, on resilience. This finding is in accordance with 
results of previous studies demonstrating a saturation 
effect of diversity on ecosystem functioning also in the 
absence of disturbance (e.g., Hooper et al. 2005; Morin 
et al. 2011). Our study thus predicts that species-poor for-
est landscapes will benefit more strongly from increased 
diversity levels than landscapes that are already rich in 
species. This is an important insight for ecosystem man-
agement, particularly in areas like Central Europe where 
century-long management practice has favored a small 
number of species at the expense of tree species richness 
(Spiecker et al. 2004). Even a small increase in species 
richness in such systems has the potential to considerably 
mitigate disturbance impacts and increase their stability.

A further interesting finding in the context of forest 
management is that the effects reported here are “true” 
diversity effects rather than responses related to particu-
lar species (identity effect). For early-seral systems, the 
traits crucially influencing our findings point towards 
recolonization and niche complementarity as the main 
processes driving the diversity effect (Morin et al. 2011; 
Lasky et al. 2014). Late-seral systems, in contrast, are 
more strongly driven by competitive exclusion (Zhang 
et al. 2012; Lasky et al. 2014). Yet, the presence of mid-
successional species was found to have a positive influ-
ence in both early- and late-seral systems, a finding that 
could be further explored in the context of forest ecosys-
tem management.

However, it has to be noted that several important 
pathways of how diversity influences disturbance impact 
and resilience were not considered in our analysis. We, 
for instance, did not consider the effects of differential 
disturbance sensitivity of species and only accounted for 
size-related differences in sensitivity to disturbance in 
our top–down and bottom–up scenarios. Yet, it is well 
documented that individual tree species differ in their 
ability to withstand disturbances, such as wind and fire 
(Fernandes et al. 2008; Mitchell 2013). Furthermore, 
many important disturbance agents, such as insects, are 
host-specific and thus only affect selected species within 
a landscape (Pasztor et al. 2014). These mechanisms 
decrease the disturbance severity in diverse landscapes 
and further contribute to the mitigating effect of diversity 
on disturbance impacts. Moreover, spatial heterogene-
ity in biophysical conditions (e.g., climate, soil) across 

the landscape not only influence disturbance processes 
but also induce variation in local ecosystem function-
ing (Turner et al. 2012; Seidl et al. 2012b) and contrib-
ute to the resilience of forest ecosystems. Our analysis 
only considers first-order effects of tree species diversity 
(related to the response diversity to disturbance) and is 
therefore likely to be a conservative estimate of the over-
all diversity effect.

We also found that diversity effects varied in magnitude 
with disturbance severity and frequency. Our simulations 
indicate that the positive effects of diversity also increase 
with increasing disturbance severity (i.e., an increas-
ing level of mortality within the disturbed patches on the 
landscape), being most pronounced in the complete dis-
turbance scenario of our analysis. Furthermore, our results 
suggest that the positive effect of tree species diversity 
on ecosystem functioning increases with an increasing 
frequency of disturbance (represented here by a reduced 
disturbance rotation period). In other words, the more dis-
turbed a system was in our simulations, the stronger it ben-
efitted from higher levels of species richness. This finding 
could be of high relevance for future ecosystem manage-
ment, considering that disturbance levels are predicted to 
increase in the future as a result of climate change (Seidl 
et al. 2014c).

We have shown that it is possible to buffer the negative 
impact of intensifying disturbance regimes by increasing 
the diversity of forest landscapes. Such an increase in tree 
species diversity would thus not only have positive effects 
on habitat quality and plant species diversity (Vockenhu-
ber et al. 2011), but it would also make the climate change 
mitigation function of forest ecosystems (i.e., their ability 
to sequester carbon from the atmosphere and sustain high C 
densities over time) more robust to potential future changes 
in the disturbance regime.
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