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ABSTRACT

Transitions to forest management that mitigate negative effects of forest use on biodiversity are required to bend the curve of
biodiversity loss. To facilitate such transitions, it is vital to understand the effects of different forest management practices on
biodiversity. In this study, we analyzed observation data of 182 studies (312,453 abundance values) from three global biodiversity
databases to estimate the effects of seven types of forest management on plant and animal (i.e., insects and vertebrates) biodi-
versity over time, and on threatened animals. We captured biodiversity in four distinct metrics (i.e., quantifiable measures of
community composition): (i) intactness, (ii) relative species richness, (iii) compositional similarity, and (iv) relative total abun-
dance, all calculated as the difference in biodiversity between managed and undisturbed forests. Overall, we find larger effects
of forest management on intactness and similarity compared to richness and abundance. This suggests that forest management
leads to a loss of species that specifically occur in undisturbed forests but that this decline is partially offset by an influx of species
from other areas. We find that extensive forest management, such as selective cutting and agroforestry, supports higher levels of
overall and threatened biodiversity than intensive management, such as forest and perennial tree crop plantations. We also find
significant increases in animal community intactness and similarity in agroforests and forest plantations over 40 and 80years
since establishment, respectively, but do not find this for relative species richness and total abundance. This indicates that ani-
mal communities in these management systems become increasingly similar to those of undisturbed forests. Overall, our results
highlight the potential of selective cutting and agroforests to mitigate biodiversity loss compared to more intensive systems, as
well as the potential of longer rotation periods in forest plantations to increase habitat availability for species specifically adapted
to undisturbed forests.

1 | Introduction (IPBES 2019). To bend the curve of biodiversity loss, it is insuffi-

cient to protect biodiversity in conservation areas alone (Leclére

Global extraction of roundwood and wood fuel, as well as the
conversion of forests into agriculture, results in deforestation
(FAO 2020a) and extensive forest degradation (Matricardi
et al. 2020), with grave consequences for biodiversity

et al. 2020). There is also a need for more sustainable produc-
tion and consumption of natural resources outside of protected
areas (Laurance et al. 2012). That is why the Convention of
Biological Diversity set target 1 of the Kunming-Montreal
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Global Biodiversity Framework to facilitate management transi-
tions that mitigate biodiversity loss on all working land by 2030
(Convention on Biological Diversity (CBD) 2022). In response,
multiple countries and regions initiated transitions to forest
management that mitigate the effects of forest use on biodiver-
sity (MacDicken et al. 2015). For instance, the new EU forest
strategy for 2030 of the European Union (EU) promotes a transi-
tion to more sustainable forest management that benefits biodi-
versity (European Commission 2021). Yet, to effectively enable
such transitions, there is a need to identify management that can
help mitigate forest use-related biodiversity loss.

Previous global studies on the effects of forest management on bio-
diversity revealed that some forest management systems (i.e., sets
of actions to achieve objectives of wood or food production from
forests) are less harmful to biodiversity than others (Chaudhary
et al. 2016). In forests managed for wood production, biodiversity
is often higher in extensively managed areas, where natural for-
ests are selectively cut and allowed to regenerate naturally, than in
intensively managed areas, where forests are clear cut and planted
(Chaudhary et al. 2016; Crouzeilles et al. 2017), in particular when
non-native species are planted (Vu Ho et al. 2023). In forests man-
aged for food production, extensive production in agroforests
(e.g., cocoa agroforests) usually has smaller effects on biodiver-
sity than intensive production in perennial tree crop plantations
(e.g., oil palm plantations) (Bohada-Murillo et al. 2020; Deheuvels
et al. 2012; Yahya et al. 2022). Smaller impacts of extensive than
intensive forest management on biodiversity are related to the
generally higher heterogeneity of vegetation structure (i.e., the
three-dimensional distribution of plants in the forest ecosystem)
and composition under extensive than intensive management
(Atlegrim and Sjoberg 2004). As a result, more food and shelter is
available for species under extensive than intensive forest manage-
ment (Atlegrim and Sjoberg 2004).

Even though extensive forest management generally has smaller
effects on biodiversity than intensive management, the effects
tend tovary between different aspects of biodiversity (e.g., species
richness, abundance, and community composition) (Chaudhary
et al. 2016; Lelli et al. 2019; Paillet et al. 2010). This is related
to the varying effects of forest management on food and shelter
resources that are preferred by different species groups (Paillet
et al. 2010). For instance, species richness is often affected less
than species composition in both clear-cut and selectively cut
forests (Crouzeilles et al. 2016; Dunn 2004; Xu et al. 2015), birds
often respond more negatively to clear cutting than mammals
(Chaudhary et al. 2016), and threatened species are often more
vulnerable to human disturbances than non-threatened species
(Monks and Burrows 2014) and disproportionately affected by
natural forest loss (Betts et al. 2017).

The effects of forest management on biodiversity can also be
time-dependent (Tudge et al. 2023). Some studies show that
small management-related disturbances can continue to affect
biodiversity for decades (Gatti et al. 2015; Langridge et al. 2023),
while other studies show that biodiversity in managed forests
can recover rapidly upon forest regrowth (Tudge et al. 2023). For
instance, while the effect of selective cutting on biodiversity is
often relatively small compared to that of plantations, the recov-
ery of biodiversity is slow under selective cutting due to long-
lasting effects on vegetation structure and composition (Gatti

et al. 2015; Langridge et al. 2023). In contrast, despite the large
initial impact of clear cutting and tree planting, biodiversity can
recover rapidly over time in forest plantations (Hua et al. 2022;
Tudge et al. 2023). This may be related to increases in vegetation
structural complexity and tree diversity over time upon forest
growth in plantations (Tudge et al. 2023).

At present, three important knowledge gaps remain to identify
forest management systems that can help mitigate biodiversity
loss related to forest use. First, no global study has yet compared
the time-dependent responses of biodiversity across different
forest management systems. For instance, changes in biodiver-
sity over time have not yet been compared between extensive
and intensive forest management, nor have they been com-
pared between forest management for food and wood produc-
tion. Time-dependent responses of biodiversity are relevant to
consider when assessing the potential of forest management to
mitigate biodiversity loss, as disregarding these responses may
result in over- or underestimations of the effect of forest man-
agement on biodiversity. For instance, disregarding the potential
of biodiversity recovery in forest plantations could result in an
overestimation of biodiversity loss. Second, global studies often
focus on only a single biodiversity metric (usually species rich-
ness) (Chaudhary et al. 2016; Lelli et al. 2019; Paillet et al. 2010),
while different aspects of biodiversity may respond in varying
ways to forest management. For example, if only the effects of
forest management on species richness are assessed, changes in
the types of species and their abundance over time remain un-
noticed. Third, and finally, no global study has yet shown the
effects of forest management on threatened species composition.
Hence, it remains unclear if transitions in forest management
could mitigate threatened species loss in response to forest use.

In this study, we aimed to determine the effects of different
forest management systems on alpha biodiversity (i.e., insects,
vertebrates, and plants) across the globe. We aimed to capture
biodiversity responses to forest management in different met-
rics, namely biodiversity intactness, relative species richness,
compositional similarity, and relative total abundance. To do
this, we combined three existing datasets on biodiversity re-
sponses to land use and expanded them with information on
forest management. We then estimated the overall and time-
dependent effects of forest management systems on biodiversity
using linear mixed-effect models. The results of this study can
be used to identify forest management systems that are least
harmful to biodiversity, while considering different metrics and
taxonomic groups, as well as the potential for biodiversity re-
covery over time. Further, the results of this study may be used
to parameterize global biodiversity models to run scenarios that
may reveal how forest management systems may be best intro-
duced and combined over space and time to mitigate biodiver-
sity loss (Kok et al. 2018, 2023).

2 | Methodology
2.1 | Databases
We obtained data from three existing global biodiversity da-

tabases (i.e., PREDICTS (Hudson et al. 2014, 2017; Lawrence
et al. 2016), GLOBIO (Alkemade et al. 2009), and a database
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compiled by Kuipers et al. (2023)) that contain data on animal
(i.e., insects, amphibians, reptiles, birds, and mammals) and
plant species populations or assemblages in sites subject to dif-
ferent land use and management types. We chose these three
databases because they are, to our knowledge, the only global
databases that contain paired observations of communities in
disturbed sites or sites subject to land use as compared to ref-
erence sites (e.g., undisturbed natural vegetation) (Alkemade
et al. 2009; Hudson et al. 2014; Kuipers et al. 2023). All databases
were compiled through literature review and subsequent data
extraction (Alkemade et al. 2009; Hudson et al. 2014; Kuipers
et al. 2023).

Each of the three databases includes taxonomic, methodolog-
ical (e.g., describing the data collection approach), and land
use data. Additionally, each database includes species- to
genus-level abundance data from individual empirical scien-
tific field studies across the globe. Each primary study (i.e.,
paper or report) in the databases is a single source. Each
source may contain one or more studies, distinguished from
each other based on their location and/or the year in which
data were gathered. Within each study, data were collected
from at least two sites within a given study area (e.g., in blocks
or across transect lines), including at least one site subject to
land use and one reference site. We defined reference sites as
forests with no clearly visible indications of human activities
for at least 80years. Our definition of reference sites is in line
with the FAO definition of primary forests, that is, “naturally
regenerating forest of native tree species, where there are no
clearly visible indications of human activities, and the ecolog-
ical processes are not significantly disturbed” (FAO 2020b).
We used a threshold of 80years because it corresponds to the
threshold conventionally used to distinguish young from ma-
ture forests (Keith et al. 2009; Liu et al. 2014; Odum 1969).
Combined, the databases include 860 studies with per-species
abundance data of which 602 were from PREDICTS, 146 were
from GLOBIO, and 171 were from Kuipers et al. (2023).

2.1.1 | Database Expansion and Forest Management
Classification

We expanded the three databases with data on forest man-
agement for wood and food production. More specifically, we
returned to the original sources to complement the databases
by adding data for different aspects of management, including
regeneration and tree harvesting strategies. We distinguished
seven forest management systems: reduced-impact logging,
selective cutting, clear cutting and unassisted regrowth, forest
plantations, agroforests, silvopasture plantations, and peren-
nial tree crop plantations (see Table 1 for structured descrip-
tions of all systems). These systems included the most common
forest management systems found globally (Chaudhary
et al. 2016; Crouzeilles et al. 2016). We used the conceptual
framework of Trentanovi et al. (2023), which was developed
to consistently study the effects of forest management on
biodiversity, to define our management systems (Table 1).
We adopted this framework because it standardizes forestry
and forest structure terms and definitions to allow for an im-
proved understanding of research outputs and a better com-
parison across biodiversity studies (Trentanovi et al. 2023).

We distinguished between systems predominantly focusing
on wood production and systems predominantly focusing
on food production. In case both wood and food production
may occur in a given forest management system (e.g., in silvo-
pastures), we categorized the system under food production
systems. Our definition of agroforests applies to the types of
agroforestry that occur in the tropics (e.g., coffee plantations
or subsistence agroforests). Hence, our biodiversity estimates
for this system did not reflect the effect of agricultural systems
that are often considered agroforests in temperate regions,
such as orchards and trees planted in rows between crops.

From the original sources, we also obtained information on
the time since harvesting of trees (in years) for reduced-impact
logging, selective cutting, and clear-cutting systems (previous
rounds of cutting could have occurred), and time since the es-
tablishment (in years) of forest plantation, agroforest, silvopas-
ture, and perennial tree crop plantation systems. In the case of
forest plantations, time since establishment indicated the time
that passed since trees were planted (prior rounds of planting
could have occurred). Data on time since harvesting or estab-
lishment were available for approximately half of the studies on
animal biodiversity.

We completed the species-level entries in the database with the
threat status of species. For this purpose, we downloaded the
IUCN Red List for plants, insects, amphibians, reptiles, birds,
and mammals (https://www.iucnredlist.org/, last accessed
19 July 2024). The ITUCN Red List includes, among others, the
binominal scientific names of threatened species and their
risk of global extinction, ranging from least concern to extinct
(TUCN 2024). We merged the IUCN Red List with our combined
biodiversity database by matching the binominal names of the
species in our database with those of threatened species in the
TUCN Red List.

2.1.2 | Data Availability and Distribution

Of the 860 studies in the three databases, 182 studies, derived
from 123 publications, included data gathered in sites under
one of the forest management systems we distinguished in
this study and corresponding reference sites. From these 182
studies, 157 analyzed animal diversity and 25 analyzed plant
diversity.

In total, the database contained 159,148 abundance values
of 9240 animal species or genera and 153,305 abundance
values of 4917 plant species or genera obtained in sites sub-
ject to one of the management systems and corresponding
reference sites. Most studies originated from South America

(Nanimals =53, Nplanls = 6)’ followed by Asia (Nanimals = ?3’
Nplants =9), Africa (N, ;mas= 3% Nplants =3), North America
(N, nimats = 25 Nolants = 1) (primarily Central America), Europe
(Nanimals =6, Nplants = 5)’ and Oceania (Nanimals =6, Nplants = 1)

(Figure la-e). Studies for all seven management systems were
available for South America. For North America, Asia, and
Africa, studies of six management systems were included,
and for Oceania and Europe, only studies of three and two
systems were available, respectively (Figure 1b,d). In South
America, Asia, Oceania, and Europe, plantation systems were
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best represented in the databases, followed by selective cut-
ting systems in South America and Asia. In North America,
agroforests were best represented, while in Africa, most stud-
ies focused on selective cutting.

Data availability differed among animal taxonomic classes. The
databases included the highest number of studies for insects
(63), followed by mammals (56), birds (38), amphibians (16), and

reptiles (15) (Figure 1). For animals, data were available on at
least five management systems for all taxonomic classes. Less
data were available for plants (30 studies); the databases only
contained plant data gathered in five management systems:
agroforests, clear cutting and regrowth, perennial tree crop
plantations, forest plantations, and selective cutting. The most
abundant plant classes were Liliopsida, Magnoliopsida, and
Polypodiopsida.

(a)
< Sweden (]
Canada Estonia Russian Federation
Belarus
Moldova Kazakhstan Mongolia
United States : .
Syria |ran South Korea
Algeria
Morocco LibyaEgypt X
, . India  Pakistan °®
Myanmar

Liberia

Aruba Barbados Chad
ienezuela Senegal @ .’ ° Cameroon

Y Bolivia

Somalia *
£ Mndonesia

] uriname -
“ Sao Tome and Principt' [ _J
Brazil :

. 4 Angcoolra]go DRC Glorioso Islands
Nr. of animal and ® 2 ’
& Paragua: . eunion
plant studies gy South Africa Eewatini .
25 Uruguay Australia
20 New Zealand
10
5 B Reduced-impact logging (RI) I Agroforestry (AG)
B Selective cutting (SC) Silvopasture (SP)
I Clear cutting (CC) Perennial tree crops (PC)
Plantations (PL)
Animals Plants
(b) (c) (d) (e)
£
[0) £ S £
0 O o- Q )
7] QLo - o
> n © n n
» > P >
— n i 7]
@ N : c =
€ o g g - L -
[T o T2 ER
)] Do o> [}
o z< 2 g
= c @
T HN o g &
c = = £ £ 1
[ [ ) -
o - a Q. o)
& o - © Qo
» o »n =
Q QL o 3
© E] o G I [
S = =
3 : B 2 3 I
z : B ‘m 5
: o = : W - 0 H B e I
s o- =z < o o EApnEinninEmlinEn
z . ! , . ! y , ) ) , ) z . j . . } . Z
T ®© © ®@ ®© ® s o @ ‘= '© " @ © ©®© © @ - I
£ 2 8 g § & s ¢ % 5§ = £ 2 8¢ 5 ¢ SRoRR R R R boboRoRoRoR
j;: E [0] O 7] S < & = % z = (7] O ] DO OB DODOODDDDO D
IS o € c € 4 o £ o £ 000000000000 Q
g o < £ 5 < 0 < 8055000000005 0
£ £ = £ £ SHELEESZoEage D
5 8 & 3 5 2958 885 >dg
= % = @ £ 9 55 S5 8
I =
3
Continent Class Continent Class

FIGURE1 | Spatial distribution and numbers of included studies. (a) The global distribution of empirical biodiversity studies categorized by forest
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2.2 | Biodiversity Metrics and Correlation Analysis

We measured the effects of forest management on alpha animal
and plant biodiversity using four biodiversity metrics: intactness
(IN), relative species richness (SR), compositional similarity (SI),
and relative total abundance (TA). Prior to calculating these met-
rics, we averaged the abundances of each species or genus across
the sites (e.g., plots or transects) of each study per forest manage-
ment system and for corresponding reference sites, respectively.
We note that while the abundance values in our databases include
both species and genus-level measurements, we refer to species
from here on for the ease of reading.

We calculated biodiversity intactness per study and per forest
management type as mean species abundance (MSA), a mea-
sure of local biodiversity intactness based on species-specific
differences in abundances between managed and reference sites
(Alkemade et al. 2009; Kuipers et al. 2023; Schipper et al. 2020).
MSA reflects how similar the species composition of managed
sites is to that of reference sites. We first divided the abundances
of species found under a certain management system by those
of corresponding reference sites, providing us with abundance
ratios (i.e., response ratios) per management system per species.
If a species occurred in the managed sites but not in the reference
sites, we removed this species. If the abundance of a species in
managed sites was higher than that of corresponding reference
sites, the value was set at 1 (maximum intactness). Finally, we
averaged the resulting ratios across each study and divided the
average by the number of species found in reference sites. Thus,
we calculated intactness (IN) for each study and management
system as follows:

N,
Z min (Ai,s,m /Ai,s,r’ 1)
s

m,i = N

r

IN @®

where, A represents the abundance of species (s) in sites subject to
a certain management system (m) or in corresponding reference
sites (r) for study (i), and N is the number of species in the reference
sites. Truncating relative species abundance at 1 (in the numera-
tor of Equation 1) ensured that possible increases in abundance in
response to management did not mask abundance losses of other
species (Alkemade et al. 2009; Schipper et al. 2020).

We assessed compositional similarity between managed and refer-
ence sites using the Serensen Similarity Index (Serensen 1948). Per
study and management system, we determined the number of spe-
cies that occurred in both managed and corresponding reference
sites, as well as the number of species that differed, respectively.
Hereafter, we divided the number of overlapping species times two
by the total number of species that overlapped and differed times
two. Thus, we calculated the Serensen Similarity Index (SI) for
each study and management system as follows:

2xT,

m,r,i

S| = — ™M
" (2% Tyyi + Foi) @

m,r,i m

where, T represents the number of species common to sites sub-
ject to a certain management system (m) and corresponding ref-
erence sites (r), and F is the count of species that differ between

sites subject to a certain management system and corresponding
reference sites in study (i).

We evaluated the effects of forest management on relative spe-
cies richness by computing the log-response ratio between the
species richness observed in management sites and that of refer-
ence sites. To derive relative species richness, we determined the
total number of species found in managed sites for each study, as
well as the total number of species found in corresponding ref-
erence sites, respectively. We then divided the number of species
found for specific forest management sites per study by that of
corresponding reference sites and took the natural log to adjust
for the right-skewed distribution of the response ratios (Hedges
et al. 1999). Thus, we calculated relative species richness (SR) for
each management system in each study as follows:

Smi
SRm,i = 1n< S " > (3)

T,

where, S denotes the number of species in sites subject to a cer-
tain management system (m) or in the corresponding reference
sites (r) for each study (i).

Finally, we evaluated the effect of forest management on relative
total abundance. Per study, we first summed the abundances of
all species in sites subject to a certain management system and
the abundances of all species in the corresponding reference sites.
Then, we divided the summed abundance of managed sites by that
of the corresponding reference sites per study and took the natural
log to adjust for the right-skewed distribution of the response ratios
(Hedges et al. 1999). Thus, we calculated relative total abundance
(TA) for each management system per study as follows:

M
A,
TA,,; = ln< L, A ) @

N
Zs Ai,s,p

where, A is the abundance of species (s) in sites subjected to a
certain management system () or the corresponding reference
sites (r) in each study (i), and M and N represent the total number
of species in the managed and reference sites, respectively.

We chose the four metrics because previous studies show that
a combination of species richness, abundance and intactness-
related biodiversity metrics is needed to capture biodiversity
changes in response to anthropogenic pressures (Kuipers
et al. 2023; Santini et al. 2017; Vackar et al. 2012). Intactness in-
dicates how closely managed sites compare to those of reference
sites in terms of the abundance of species present in reference
sites, while similarity reflects the overlap in species composition
between managed sites and reference sites. Therefore, a com-
parison between intactness and similarity reveals whether a
loss of intactness is mainly due to a loss of species specifically
adapted to undisturbed forests or rather a reduced abundance
of those species. Comparing intactness and similarity with rela-
tive species richness provides an indication of whether a transi-
tion from undisturbed to managed forests results in a shift from
species specifically adapted to undisturbed forests to species
that occur in other areas, or whether an overall loss of species
occurs. Finally, a comparison between intactness and relative
total abundance reveals whether the abundances of species
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specifically adapted to undisturbed forests decline or whether
forest management causes a significant loss in species abun-
dances overall.

After having calculated the metric values per management
system and study, we conducted principal component analyses
(PCA) and produced Spearman correlation matrices to assess
correlations between biodiversity intactness, compositional sim-
ilarity, relative species richness, and relative total abundance for
animals and plants overall, respectively, as well as for insect,
bird, herpetofauna, and mammals separately. The outcome of
these analyses provided an indication of the complementarity
and redundancy of our biodiversity metrics.

2.3 | Hypothesized Effects of Forest Management
on Biodiversity

We hypothesized that biodiversity mainly responds to
management-induced changes in vegetation composition and
structural complexity (i.e., three-dimensional distribution of
plants in the forest ecosystem), because we expected these
changes to affect food and shelter provisioning for species
(Coverdale and Davies 2023) (Table 2). Prior studies show posi-
tive relationships between biodiversity and indices of vegetation
structural complexity, such as the vertical diversity index and
relative height (Coverdale and Davies 2023; Heidrich et al. 2023;
Tews et al. 2004). Additionally, high tree diversity can positively
influence biodiversity (Ampoorter et al. 2020), while the plant-
ing of non-native tree species can negatively affect biodiversity
(Vu Ho et al. 2023). Therefore, we hypothesized smaller effects
of forest management on biodiversity when the vegetation struc-
ture and composition of managed forests are heterogeneous and
more closely resemble that of undisturbed forests. Accordingly,
we expected that biodiversity is less affected by selective cutting
and clear-cutting followed by natural regrowth of native tree
species than by the planting of non-native trees to create tim-
ber or perennial tree crop plantations. Hereby, it is important to
note that there are gradients in vegetation structural heteroge-
neity and composition within managed and undisturbed forests.
For instance, undisturbed forests can range from homogeneous
stands composed of only one or two tree species, such as beech
dominated primary forests (Kozdk et al. 2018), to highly hetero-
geneous stands with high numbers of tree species and a natu-
rally full-storied canopy, such as tropical rain forests (Lowman
and Moffett 1993). Selective cutting may have smaller effects on
the vegetation structural heterogeneity and tree composition in
more homogeneous undisturbed forests than in undisturbed
forests with high numbers of tree species and a naturally full-
storied canopy.

We also expected differences in the effect of forest management
on biodiversity across metrics, species groups, and over time
since harvesting or establishment (Table 2).

« Biodiversity metrics: We expected a smaller effect of man-
agement on species richness and total abundance than on
community intactness and similarity, as influxes of species
that do not inhabit reference sites can occur in response to
forest management (Paillet et al. 2010). Additionally, forest
management has been shown to increase the abundance

of some species, while decreasing the abundance of others
(@kland et al. 2003).

« Species groups: We hypothesized that we would find larger
effects of forest management on threatened species than on
overall biodiversity, because we expected threatened spe-
cies to be more dependent on the vegetation structure and
composition that is specific to undisturbed forests (Betts
et al. 2017).

« Changes over time: We hypothesized to find limited changes
in biodiversity over time in planted forests, such as timber
and perennial tree crop plantations, because we expected
the vegetation structure of these forests to remain homoge-
neous over time. Besides this, we hypothesized a slow bio-
diversity recovery in forests that regenerate naturally after
wood harvesting because prior local studies showed that
the effects of management on vegetation structure can per-
sist for decades (Gatti et al. 2015). Additionally, we expected
limited recovery of biodiversity over time under forest man-
agement that predominantly focuses on food production be-
cause of the frequent recurring disturbances related to the
planting and harvesting of crops.

2.4 | Effects of Forest Management on Biodiversity
2.4.1 | Model Types and Response Variables

We analyzed all data in R4.3.1 (R Core Team 2023). We visual-
ized spatial data in QGIS (QGIS Development Team 2023). We
estimated the effects of forest management on biodiversity and
assessed how these effects change over time and across taxo-
nomic groups and geographical regions through generalized
linear mixed-effect modelling, tailored to the conditional data
distributions of the metrics. We built two types of generalized
linear mixed-effect models: (i) beta-regression models with a
logit-link function for intactness and compositional similar-
ity, using the Temperate Model Builder R-function glmmTMB
(Brooks et al. 2023), and (ii) Gaussian linear mixed-effect mod-
els for relative species richness and total abundance, using the
Imer function of the R-package Ime4 (Bates et al. 2015). We used
beta-regression models to estimate intactness and composi-
tional similarity because these metrics cannot be lower than 0 or
higher than 1. Beta-regression does not allow for values of 0 and
1 (intactness and compositional similarity can be 0 or 1); there-
fore, we transformed intactness and compositional similarity
to values between 0 and 1 using the Smithson-Verkuilen trans-
formation (Smithson and Verkuilen 2006). We used Gaussian
linear mixed-effect models to estimate relative species richness
and total abundance because log-response ratios are normally
distributed (Hedges et al. 1999). We built models for all animal
taxa together and models for all plant taxa together, as well as
separate models for insects, birds, herpetofauna, and mammals.
We grouped amphibians and reptiles together as herpetofauna
because of their small sample sizes. Further, we built separate
models for the relative species richness, compositional similar-
ity and relative total abundance of threatened animals of the cat-
egories “vulnerable” to “critically endangered”.

We weighted the response variables by the square root of the
total number of species per study that occurred in reference
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sites, reasoning that studies based on a larger sample of species
produce more representative estimates of the effects of forest
management on biodiversity than studies based on a smaller
sample. This increased the influence of studies with abundance
data on a large number of species on the biodiversity estimates
and reduced the influence of those studies with abundance data
on a limited number of species. We square root transformed the
number of species to mitigate skewness in the data.

2.4.2 | Fixed Effects

We considered the following fixed effects in our models: (i) for-
est management system, (ii) time since tree harvesting or the
establishment of the management system, (iii) continent, and
(iv) taxonomic group.

2.4.2.1 | Forest Management. We built models with
the forest management systems as fixed effects to estimate over-
all effects of each of the forest management systems on biodi-
versity. For each management system, the database includes
biodiversity observations gathered at different forest develop-
ment stages (e.g., 5, 10, or 20years after wood harvest or estab-
lishment). Hence, the overall biodiversity estimates included
the effects of temporal changes in biodiversity that may occur
upon forest growth and/or continuous management.

2.4.2.2 | Time Since Harvesting or Establishment. We
built models with time since tree harvesting or establishment
as a fixed effect for each forest management system separately,
in order to reveal potential management-specific time depen-
dencies in animal biodiversity responses. We only studied
changes in animal biodiversity over time due to data limita-
tions. We limited ourselves to management systems for which
sufficient data were available (>5 data points). We gathered
sufficient data to assess biodiversity changes over time for selec-
tive cutting, clear cutting and regrowth, forest plantations,
agroforests, and perennial tree crop plantations. For selec-
tive cutting and clear-cutting and regrowth, the time variable
reflected the number of years since tree harvesting (previ-
ous rounds of cutting could have occurred). For the remain-
ing management systems, time reflected the number of years
since establishment (see Section 2.1.1). We visually assessed
the occurrence of non-linear relationships between the biodi-
versity metrics and time since harvesting and establishment.
In case we observed clear signs of non-linearity, we assessed if
a log transformation of time since harvesting or establishment
significantly improved model performance based on the Bayes-
ian Information Criterion (BIC). We considered the models
with the lowest BIC values the best performing ones. Finally,
we tested if adding time since harvesting or establishment as a
fixed effect explains the variation in the biodiversity data sig-
nificantly better than a model with only the intercept by com-
paring the BIC, as well as through ANOVA.

2.4.2.3 | Taxonomic Class and Continent. We built mod-
els with forest management systems and animal taxonomic
classes together as additive fixed effects to test for potential
differences in the responses of different taxonomic classes to
forest management by comparing the BIC, as well as through
ANOVA. We also built models with forest management systems

and continents together as additive fixed effects to test for poten-
tial intercontinental differences in the response of biodiver-
sity to forest management by comparing the BIC, as well as
through ANOVA.

2.4.3 | Random Effects

For the overall animal diversity models, we added nested random
effects of source-study combinations (1ISource/Study) to account
for potential differences among datasets and non-independence of
data. Hereby, the “Source” is the primary source (i.e., paper or re-
port) from which data were included in the database, and “Study”
refers to the respective study that was conducted by the research-
ers for each Source (see Section 2.1). For plant, insect, bird, her-
petofauna, mammal, and threatened species diversity models, we
only added the source (11Source) as a random effect because for
most sources only one study per source was conducted. We did the
same for models that estimated changes in biodiversity over time
since the establishment of perennial tree crops.

2.4.4 | Model Evaluation and Visualization

We conducted Omnibus tests (i.e., a likelihood-ratio chi-square
test that estimates the significance of adding a fixed effect com-
pared to a null model). We conducted Tukey post hoc tests with
Bonferroni correction to estimate differences between forest
management systems for wood production, as well as between
management systems for food production for all animal taxa to-
gether and plants, using the function glht of the R package mult-
comp (Hothorn et al. 2024). We used post hoc tests to assess the
difference between forest management systems in which wood
was extracted from forests that were subsequently allowed to
regenerate naturally (i.e., selective cutting, reduced-impact
logging, and clear cutting and regrowth) and systems in which
wood was extracted from plantations (i.e., forest plantations).
We repeated this to assess the difference between forest man-
agement systems in which food was produced under the canopy
(i.e., agroforests and silvopasture) and those in which food was
produced in plantations (i.e., perennial tree crop plantations).
We did not compare management systems for wood production
with those for food production because these systems do not
fulfill the same function and, hence, are not interchangeable.
To present our results, we back-transformed the log-response
ratios of species richness and total abundance. We also back-
transformed intactness and similarity estimates based on logit-
link distributions.

3 | Results
3.1 | Correlations Between Biodiversity Metrics

The Spearman correlation assessment revealed that all biodiver-
sity metrics were positively related to each other, with Spearman
rank correlations (rho) between 0.1 and 0.7 for animals (all tax-
onomic groups combined) and between 0.2 and 0.9 for plants
(Figures S1 and S2). The PCAs showed orthogonal orientations
of the principal components for relative species richness and
total abundance.
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3.2 | Effects of Forest Management on Biodiversity
3.2.1 | Intactness

Across all forest management systems, we found significantly re-
duced intactness of both animals (on average 23%-80% lower) and
plants (34%-84% lower) (Figures 2a and 3a; Table S1). Intactness
was lowest in perennial tree crops, with reductions of 80% (95%
CI=68%-88%) and 84% (70%-92%) in animal and plant intact-
ness, respectively. We also found intactness to be considerably
reduced in forest plantations, with reductions of 58% (48%-68%)
and 72% (55%-85%) in animal and plant intactness, respectively.
Intactness was least impaired in reduced-impact logging systems,
with reductions of 23% (7%-56%) in animal intactness. Of all an-
imal classes, we observed the lowest intactness for herpetofauna
and insects, while intactness was generally highest for mammals
(Figures S3-S6; Table S1). We found a significantly higher animal
intactness in agroforests than in perennial tree crop plantation
systems (p=0.014) (Table S2).
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3.2.2 | Compositional Similarity

For the compositional similarity metric, we found similar re-
sponses for animal and plant biodiversity across most forest
management systems, with significant reductions in relative com-
positional similarity for both animals (on average 3%-51% lower)
and plants (13%-79% lower), respectively. We found the biggest
reduction in compositional similarity in perennial tree crop plan-
tations, where compositional similarity of animals and plants
was reduced by 51% (32%-69%) and 79% (58%-91%), respectively
(Figures 2b and 3b; Table S1). We also observed this pattern for
mammals and birds separately (Figures S3-S6; Table S1). We
found a significantly reduced compositional similarity between
managed and reference sites for threatened animals, ranging from
27% (10%-55%) to 68% (39%-87%) for selective cutting and peren-
nial tree crop plantations, respectively (Figure 4a; Table S3). For
wood production systems, we found a significantly lower animal
compositional similarity in forest plantations than in selective cut-
ting systems (p=0.009) (Table S2). For food production systems,
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FIGURE 2 | Effects of forest management on animal communities, expressed as four metrics: intactness (IN) (a), similarity (SI) (b), relative spe-
cies richness (SR) (c), and relative total abundance (TA) (d). Each colored dot shows the back-transformed mean estimate we derived from our mixed
models, and the bars indicate the corresponding 95% confidence interval. The dotted line indicates the reference level (i.e., the biodiversity of the

reference sites). n =number of studies per management type, rr = number of response values used to compute intactness, o =number of overlapping

species between managed and reference sites, s=number of species occurring across the managed and reference sites, and a =number of abundance

values used to compute relative total abundance.
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FIGURE3 | Effects of forest management on plant communities, expressed as four metrics: intactness (IN) (a), similarity (SI) (b), relative species

richness (SR) (c), and relative total abundance (TA) (d). Each colored dot shows the back-transformed mean estimate we derived from our mixed

models, and the bars indicate the corresponding 95% confidence interval. The dotted line indicates the reference level (i.e., the biodiversity of the

reference sites). n =number of studies per management type, rr =number of response values used to compute intactness, o =number of overlapping
species between managed and reference sites, s=number of species occurring across the managed and reference sites, and a =number of abundance

values used to compute relative total abundance.

we found significantly higher animal compositional similarity in
agroforests than in perennial tree crop plantations (p=0.002).

3.2.3 | Relative Species Richness

We did not find significant reductions in animal relative species
richness in reduced-impact logging, selective cutting, clear cut-
ting, and regrowth, agroforests, and silvopasture systems. For
plants, we did not find significant reductions in relative species
richness for selective cutting, clear cutting, and regrowth, for-
est plantations, and agroforest systems. For perennial tree crop
and forest plantation systems, we found a reduction in animal
relative species richness of 46% (34%-55%) and 25% (15%-35%),
respectively (Figure 2c, Table S1). Additionally, we found an
88% (66%-96%) reduction in plant relative species richness
in perennial tree crop plantations (Figure 3c; Table S1). We
found a reduction in relative species richness in perennial tree

crop plantations of 57% (42%-68%) for birds, 49% (1%-73%) for
herpetofauna, and 41% (20%-57%) for insects (Figure S3-S6;
Table S1). For forest plantations, we found a reduction in relative
species richness of 39% (23%-52%) for insects and 26% (6%—41%)
for mammals (Figure S3-S6; Table S1). For wood production
systems, we found a significantly lower relative animal species
richness in forest plantations than in selective cutting systems
(p<0.001) (Table S2). For food production systems, we found
significantly higher relative animal species richness in agrofor-
ests than in perennial tree crop plantations (p = <0.001).

3.2.4 | Relative Total Abundance

We did not find significant reductions in animal relative total
abundance for all management systems, except for forest plan-
tations, for which we observed a 35% (19%-47%) decline. For
plants, we did not find any significant reductions in relative total

13 of 21

858017 SUOWILLOD 3A 18810 3(dedl|dde ayy Aq peusenoh ae Sspie YO ‘8sN JO S9InJ 10§ Akeid18U1UO A8]1M UO (SUO1IPUOD-pUe-SWLSI W00 A8 |imArelq Ut |uo//Sdny) SUORIPUOD PUe SWLB | 8L 88S *[6202/90/52] Uo AriqiTauliuo (1M eLebingsueiyood Ad 6,20, 0oB/TTTT OT/I0p/wod A8 | 1M Aiq1ul|uoy/sdny Wwouy papeojumod ‘9 ‘520 ‘9872S9ET



Wood Food T
A A 20
I'e N7 N\
1070 " TTog T
A1.5'
= h'e
2 7} !
> 0.61 *
. B1.0-----f------
F05 £
E™ S = =
2 0.45 0.44 [v2 0.7
0.5-
0.13 08
o0 n=9 n=9 n=8 n=6
0=66 0=57 0=39 s=93
- 25 2E
33 8 8 33
3 5 3 3

Management system

Management system

(C)z,s-

2.29
2.0-
L 15
)
e
............... S ®
T 10---=—fmmmmmmmm oo
5
0.62 2
< 0.56
0.43 05 05 0.32
0.22
0.15
n=7 n=5 0.0- 0.08
n=6 n=7 n=5
s=113 s=109 $=100 s=119 s=116
) — o ' ) —
8 $£ & 28
5 50 §5 & 50
] 2o =2 z 2o
© o0 [ o0
& oas (%] = os

Management system

FIGURE 4 | Effects of forest management on threatened animal biodiversity (i.e., insects and vertebrates), represented by species of the [UCN
red list categories vulnerable to critically endangered, expressed as three metrics: similarity (SI) (a), relative species richness (SR) (b), and relative

total abundance (TA) (c). Each colored dot shows the back-transformed mean estimate we derived from our mixed models, and the bars indicate the

corresponding 95% confidence interval. The dotted line indicates the reference level (i.e., the biodiversity of the reference sites). n =number of studies

per management type, o =number of overlapping species between managed and reference sites, s=number of species occurring across the managed

and reference sites, and a = number of abundance values used to compute relative total abundance.

abundance. We found a reduction in relative total abundance of
42% (16%-60%) for insects in forest plantations (Figures 2d and
3d; Table S1). For birds, we found a 45% (12%-66%) reduction
in relative total abundance in perennial tree crop plantations
(Figures S3-S6; Table S1). We also found an 84% (68%-92%) and
61% (44%-85%) reduction in relative total abundance of threat-
ened animals in perennial tree crops and forest plantations, re-
spectively (Figure 4c; Table S3).

3.3 | Effects of Forest Management on Biodiversity
Over Time

We found that models including time since harvesting or establish-
ment as fixed effects explained variation in intactness significantly
better than models with only the intercept for all management sys-
tems (Table S5). For compositional similarity, we found the same,
except for selective cutting, for which adding time since harvest-
ing as a fixed effect did not explain variations in similarity better
than an intercept-only model. Models with time since harvesting
or establishment as a fixed effect did not explain relative species
richness better than models with only the intercept. The same ac-
counted for relative total abundance, except for perennial tree crop
plantations, for which a model adding time since establishment
explained variations in total abundance better than a model with
only the intercept.

We found varying effects of forest management on animal bio-
diversity over time across forest management systems (Figure 5;
Table S6). We found small changes in biodiversity over time in
selective cutting systems; only intactness increased slightly but
significantly over 50years since tree harvesting (Figure 5a). In

clear cutting systems, we observed a significant decline of +50%
in both intactness and compositional similarity over a period
of 70years (Figure 5b). In forest plantation systems, we found
a logarithmic increase in intactness and compositional simi-
larity of +70% and +80%, respectively, over a period of 80years
after establishment (Figure 5c). We found a significant +30% in-
crease in both intactness and compositional similarity in agro-
forestry systems over a period of 40years after establishment
(Figure 5d). For perennial tree crops, we found both positive
and negative changes in biodiversity over time; we observed
slight but significant increases of £5% in intactness and +10%
in relative total abundance, and slight but significant declines of
+10% in compositional similarity over a period of 40years since
establishment (Figure 5e).

3.4 | Effects of Taxonomic Class and Continent

We found that models with taxonomic class as an additional
fixed effect besides management systems outperformed those
with only management systems for intactness and composi-
tional similarity but not for relative species richness and total
abundance (Table S7). We observed no significant improvement
in the predictive power of animal biodiversity models when add-
ing continent as an additional fixed effect besides the manage-
ment systems (Table S7).

4 | Discussion

We conducted a global assessment of the effects of seven for-
est management systems on biodiversity over time, captured
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for which enough data (>5 data points) were available to build generalized linear mixed-effect models (see Table 1 for definitions of all systems).

Management systems for which enough data were available included selective cutting (a), clear cutting and natural regrowth (b), forest plantations

(), agroforests (d), and perennial tree crop plantations (e). Time since harvesting or establishment only concerns managed forests, not the reference

forests. N.sp. =the number of species that are included to calculate biodiversity metrics/response ratios per time since management.

in four distinct biodiversity metrics (see Table 2 and Table S8
for a summary of the results). We found overall larger effects of
forest management on intactness and compositional similarity
than on relative species richness and total abundance. For wood
production systems, we found smaller negative effects of selec-
tive and clear cutting and natural regrowth than of forest plan-
tations on biodiversity, relative to undisturbed forest reference
sites. For food production systems, we showed smaller negative
effects of agroforests and silvopasture than of perennial tree
crop plantations on biodiversity, relative to undisturbed forests.
We observed substantial increases in intactness and similarity
in agroforest and forest plantations over time since establish-
ment, but observed limited significant changes in richness and
abundance.

4.1 | Effects of Forest Management on Biodiversity

For both wood and food production systems, we showed
that the magnitude of the effects of forest management on

biodiversity depends on the metric in which biodiversity is
captured. We found that the magnitude of effects was largest
for intactness, followed by compositional similarity, species
richness, and total abundance. Similar relative species rich-
ness and total abundance, in combination with a reduction of
intactness and compositional similarity across management
systems, indicates that a loss of species in the managed sites is
often compensated for by an influx of species that do not occur
in the reference sites. This finding highlights the need to use a
combination of intactness, similarity, and richness metrics to
identify the potential of managed forests to host species spe-
cifically adapted to undisturbed forests, as well as the poten-
tial of managed forests to host species from other areas. For
instance, if only relative species richness is considered, the
effects of management on specialist species or changes in the
types and abundances of species may go unnoticed. In con-
trast, if only intactness is considered, an influx of species that
do not occur in reference sites may remain unobserved. Using
a combination of intactness, similarity, and richness metrics is
particularly relevant when the effects of forest management on
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biodiversity are assessed for taxonomic groups that are overall
least affected by management, such as mammals (Chaudhary
et al. 2016). Using only relative species richness may suffice
when specifically studying taxonomic groups that strongly re-
spond to forest management and for which strong declines in
species richness in response to forest management have con-
sistently been observed in prior studies, such as for saproxylic
beetles (Miiller et al. 2008) and bryophytes (Kiraly et al. 2013).

Besides differences in the magnitude of the effects of forest
management on biodiversity across biodiversity metrics, our
findings suggest that some taxonomic groups respond more
strongly to forest management than others. For example, we
showed a generally larger impact of management on intact-
ness for herpetofauna and insects than for bird and mammal
classes, in line with previous studies (Chaudhary et al. 2016;
Loépez-Bedoya et al. 2022). This may be explained by stronger
responses of herpetofauna and insect species than bird and
mammal species to changes in forest structure and composi-
tion. The stronger response of herpetofauna to forest manage-
ment might also be explained by a loss of aquatic habitat when
forests are harvested or plantations established (Warrington
et al. 2017). Despite differences found in the effects of forest
management on biodiversity across taxonomic groups, the
impacts of management on species richness across taxonomic
classes were generally smaller than those found in other stud-
ies (Chaudhary et al. 2016; Paillet et al. 2010). This may be
explained by differences in the taxonomic groups studied by
others and herein. Other studies often assess other types of
taxonomic groups, such as fungi and lichens, that were not
considered in this study. Additionally, effects of forest man-
agement on specific vulnerable species within taxonomic
groups, such as saproxylic beetles and bryophytes, may have
been overshadowed by grouping animal species into broader
taxonomic groups in our study (Paillet et al. 2010).

Despite differences in responses to forest management between
biodiversity metrics and taxonomic groups, we observed various
generalities. We found mostly larger effects of intensive than of
extensive management on biodiversity. Within wood production
systems, we found that extensively managed forests (e.g., selec-
tive cutting systems) have a higher biodiversity than intensively
managed forests (e.g., forest plantations). This difference is likely
related to the more modest effect that selective harvesting of
trees tends to have on forest vegetation structure and heteroge-
neity (Addo-fordjour et al. 2022; Robinson and Robinson 1999;
Von Oheimb and Hirdtle 2009), compared to forest plantations,
in which the planting of a single or very few, often non-native,
tree species results in a homogeneous vegetation structure
(Chazdon and Guariguata 2016). The homogeneous vegetation
structure and diversity of forest plantations may also explain the
significantly lower total abundance of threatened animal spe-
cies found in forest plantations than in reference sites, indicat-
ing that forest plantation expansion on natural forest land could
further endanger species.

Similarly, we found generally larger effects of intensive (e.g.,
perennial tree crops) than of extensive food production (e.g.,
agroforests) on biodiversity, relative to reference sites. Relatively
small differences in biodiversity between reference sites and
agroforests are likely related to the presence of multiple layers in

the canopy and multiple tree and shrub/crop species that often
characterize agroforests and which may provide habitat for
a range of different species, including those adapted to undis-
turbed forests (Bohada-Murillo et al. 2020; Schroth et al. 2004;
Torralba et al. 2016). In contrast, we found significantly lower
biodiversity in perennial tree crop plantations than in reference
sites across taxonomic groups and biodiversity metrics. We also
found significantly lower intactness, compositional similar-
ity, and relative species richness in perennial tree crop plan-
tations than in agroforests, which corroborates prior findings
(Savilaakso et al. 2014; Yahya et al. 2022). Finally, we showed
a significantly lower species richness and total abundance of
threatened animal species in perennial tree crop plantations
than in reference sites. Altogether these findings reveal that the
introduction of perennial tree crop plantations has a profoundly
negative effect on many different aspects of biodiversity, which is
likely related to the introduction of, often, non-native tree spe-
cies in monoculture, which results in a homogeneous vegeta-
tion structure, including a single-storied canopy (Fitzherbert
et al. 2008).

4.2 | Effects of Forest Management on Biodiversity
Over Time

Our results suggest that the effects of forest management on
biodiversity may change over time after tree harvesting or since
the establishment of management. In forest plantations, we ob-
served substantial and rapid increases in intactness and similar-
ity over time since establishment, while we found no significant
change in relative species richness and total abundance. This
indicates that animal compositions of forest plantations become
increasingly similar to those of undisturbed forests over time.
Temporal increases in intactness and similarity may be related
to an increasingly more similar vegetation structure and com-
position to that of undisturbed forests over time, which provides
suitable habitats for an increasing number of species that occur
in undisturbed forests (Hua et al. 2022; Tudge et al. 2023). The
results suggest a benefit of introducing longer rotation periods
in forest plantations, so as to increase habitats for species specif-
ically adapted to undisturbed forests. Additionally, our results
suggest that changes in alpha diversity over time in forest planta-
tions could influence the heterogeneity of species compositions
and assemblages across the landscape in areas with a heteroge-
neous mix of patches of plantation forests that are established at
different moments in time.

In contrast to forest plantations, we showed only small in-
creases in intactness over 50years after selective cutting. This
indicates that, although selective cutting has a relatively small
effect on biodiversity compared to other management systems,
effects remain persistent for decades. This corroborates previ-
ous findings (Crouzeilles et al. 2016) and may relate to persistent
changes in forest structure (Gatti et al. 2015). The same may
hold for clear cutting and natural regrowth systems, for which,
in contrast to our expectations, we found a decline in intact-
ness and compositional similarity over a period of 70years after
tree harvesting. This contrasts with prior studies that show in-
creases in biodiversity over time after clear cutting as a result of
increased heterogeneity in forest structure (Taki et al. 2013; Xu
et al. 2015). Our results may be explained by studies that find
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that the number of species across taxonomic groups is high in
early successional stages, after which it first declines through-
out mid-successional stages and then rises again during late-
successional stages (Hilmers et al. 2018; Swanson et al. 2011).
As the database included limited biodiversity data obtained
longer than 20years after clear-cut harvesting, our results may
only reflect the expected decline in biodiversity upon a transi-
tion from early-successional to mid-successional stages and not
the expected rise in biodiversity during late-successional stages.
Additionally, we may have observed an extinction debt, under
which species may still be present in the first years following
clear cutting, after which they gradually disappear over time
(Wearn et al. 2012).

In agroforests, we found strong increases in intactness and com-
positional similarity in the years following establishment. In
combination with limited changes in relative species richness
and total abundance over time, the increases in intactness and
compositional similarity indicate that animal communities of
agroforests become more similar to those of undisturbed for-
ests. This could indicate that the vegetation structure and com-
position of agroforests becomes more complex over time and
more alike that of undisturbed forests as a result of tree and
shrub growth and changes in their composition (De Leijster
et al. 2021), despite the continued production of crops under-
neath the canopy and potential occasional cutting and planting
of trees. This finding highlights the potential of agroforests to
mitigate biodiversity loss in agricultural areas and may explain
why previous studies capture such variable effects of agrofor-
ests on biodiversity. Prior studies may have measured biodiver-
sity at different times since agroforest establishment (Torralba
et al. 2016) or may have used different metrics to capture biodi-
versity changes over time, which, as we observed in this study,
capture varying responses of different aspects of biodiversity to
forest management. In contrast to agroforests, we showed lim-
ited and contrasting changes in biodiversity in perennial tree
crop plantations over 40years since establishment. This finding
may reflect a lack of vegetation succession and frequent distur-
bances as a result of crop harvesting in perennial tree crop plan-
tations and corroborates studies that show limited recovery of
biodiversity in perennial tree crop plantations (e.g., in oil palm
plantations) (Ashton-Butt et al. 2019).

4.3 | The Robustness of Our Findings

Although we compiled a large database, biases in the data and
data limitations could have affected our biodiversity estimates
and the biodiversity responses to forest management over time
we observed. For instance, more data were available on animals
than on plants, and less data were available on reduced-impact
logging and silvopasture systems than on selective cutting and
forest plantation systems. This makes the estimates of plants
less robust than those of animals, and the estimates for reduced-
impact logging and silvopasture systems less robust than those
for selective cutting and forest plantation systems. Additionally,
data availability was skewed toward years close to harvesting
or establishment. For instance, most studies on forest planta-
tions were conducted within the first two decades since plan-
tation establishment. This may have resulted in relatively low
overall biodiversity estimates for plantations, indicating the

importance of considering the potential for biodiversity recov-
ery in this system. Skewness in data availability toward years
close to harvesting or establishment may explain unexpected
responses of biodiversity over time across management systems,
such as reductions of intactness and compositional similarity
over time following clear cutting and regrowth. Additionally,
we may have failed to capture the effects of important ecolog-
ical processes on biodiversity changes, such as the decline and
subsequent recovery of biodiversity along successional stages
(Hilmers et al. 2018). Extinction debt processes, during which
species slowly disappear over time due to a lagged response
to disturbances, may have further influenced the trajectory of
change in biodiversity over time we observed after harvesting
or establishment.

Our results were likely influenced by variations in management
intensity and management approaches adopted within each indi-
vidual management system. There can be substantial variations
in wood harvesting intensity (e.g., the number of trees cut per
unit area) and food production intensity (e.g., use of pesticides
and herbicides) within individual management systems around
the world (Hari Poudyal et al. 2018). For example, high-intensity
selective cutting may affect biodiversity more than low-intensity
selective cutting (Franca et al. 2024). Additionally, variations
in management practices, such as the planting of native ver-
sus non-native tree species in forest plantations, could produce
varying biodiversity responses. Biases in data availability to-
ward the tropics could have prevented us from capturing the
complete range of wood and food production intensities across
the world. For instance, caution should be taken when inter-
preting our results for agroforests, as most data in these systems
were sampled in tropical regions, where agroforests are known
to have a relatively heterogeneous vegetation structure and com-
position (Schroth et al. 2004). Additionally, fewer pesticides and
herbicides may be used in agroforests in tropical regions than
those common in temperate regions (Tang et al. 2021). Finally,
the effects of other drivers of biodiversity loss that have not been
considered in this study, such as pollution and climate change,
may have added further variability in our data that we have not
accounted for in this study.

Adding continents as additional fixed effects in models besides
management and restoration systems did not improve our ani-
mal biodiversity models, indicating that our results are general-
izable across space for animal biodiversity. Yet, it is important
to note that we did not assess the effects of forest management
on all taxonomic classes (e.g., fungi and non-insect arthropods
were omitted). These unaddressed taxonomic classes may
respond differently to forest management than the classes in-
cluded in this study. Additionally, our data may have been biased
toward species groups that are generally less affected by forest
management, such as mammals, hereby omitting more sensitive
species groups, such as saproxylic beetles and fungi (Chaudhary
et al. 2016; Paillet et al. 2010). Such biases in the data potentially
explain the proportionally smaller effects of forest management
on relative species richness we found compared to prior studies
(Chaudhary et al. 2016; Paillet et al. 2010). Besides this, the ef-
fects of forest management on biodiversity over time may vary
across taxonomic classes (Romanelli et al. 2022). We were un-
able to test the interaction between time since harvesting or es-
tablishment and taxonomic class due to data limitations. Future
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studies may explore such interactions to unravel differences
across taxonomic groups in the effects of forest management on
biodiversity over time. Finally, it is important to recognize that
we assessed the effects of forest management on alpha diver-
sity without considering the configuration of the surrounding
landscape (e.g., heterogeneity of land uses), even though this
can have profound modulating effects on local biodiversity re-
sponses (Batary et al. 2011; Uhl et al. 2024).

5 | Conclusion

We provide a global assessment of the effects of forest manage-
ment on alpha animal and plant biodiversity, relative to the bio-
diversity of reference sites (i.e., undisturbed forests). We used
mixed-effects modeling to estimate the impacts of seven forest
management systems on four biodiversity metrics based on data
from three global biodiversity databases. Overall, we found
larger differences in intactness and compositional similarity
than in species richness and total abundance between managed
and undisturbed forests. This indicates that a decline in species
specifically adapted to undisturbed forests occurs upon a tran-
sition to forest management, but that this loss is partially offset
by an influx of species from elsewhere. This finding highlights
the need to use a combination of intactness, compositional sim-
ilarity, and relative species richness metrics to identify the po-
tential of managed forests to host species specifically adapted to
undisturbed forests, as well as the potential of managed forests
to host species from elsewhere. When considering differences
in biodiversity effects across systems, we found that extensive
forest management (e.g., selective cutting and agroforests) gen-
erally has lower impacts on biodiversity than intensive forest
management (e.g., forest and perennial tree crop plantations).
Additionally, we found that both intactness and similarity in-
crease significantly over time in forest plantations and agrofor-
ests, while relative species richness and total abundance remain
stable. This indicates that animal species compositions of forest
plantations and agroforests can become increasingly similar to
those of undisturbed forests over time. Therefore, our results
highlight the potential of transitions from intensive to extensive
forest management to mitigate biodiversity loss related to wood
and food production. At the same time, our results highlight the
benefit of introducing longer rotation periods in forest planta-
tions and fostering long-term transitions to agroforests on non-
forest land to increase habitats for species specifically adapted
to undisturbed forests. In the future, our findings could be in-
tegrated in global biodiversity models to run scenarios aimed at
better understanding how different forest management systems
may be combined and applied over space and time to bend the
curve of biodiversity loss.

Author Contributions

Hanneke van 't Veen: conceptualization, data curation, formal anal-
ysis, investigation, methodology, validation, visualization, writing
- original draft, writing - review and editing. Koen Kuipers: data
curation, investigation, methodology, validation, writing — review and
editing. Aafke Schipper: investigation, methodology, validation, writ-
ing - review and editing. Alexandra Marques: investigation, method-
ology, supervision, validation, writing — review and editing. Mart-Jan
Schelhaas: investigation, methodology, validation, writing - review

and editing. Rob Alkemade: conceptualization, funding acquisition,
investigation, methodology, resources, supervision, writing - review
and editing.

Acknowledgements

This paper received funding from the EU projects ForestPaths
(101056755) and Superb (101036849). ForestPaths receives funding
from the European Union’s Horizon Europe Research and Innovation
Programme (ID No 101056755), as well as from the United Kingdom
Research and Innovation Council (UKRI). Superb receives funding
from the European Union’s Horizon Europe Research and Innovation
Programme (ID No 101036849).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data and code that support the findings of this study are openly
available in Zenodo at https://doi.org/10.5281/zenodo.15276783.
Biodiversity data were obtained from the PREDICTS 2016 database
via the Natural History Museum at https://doi.org/10.5519/0066354,
from the database of Kuipers et al. (2023) available on Zenodo
at http://doi.org/10.5281/zenodo.8199982, from the GLOBIO database
available on Zenodo at https://doi.org/10.5281/zenodo.15528625, and
from the TUCN Red List of Threatened Species available at https://
www.iucnredlist.org.

References

Addo-fordjour, P., I. Sarfo, and J. Oppong. 2022. “Selective and Clear-
Cut Logging Have Varied Imprints on Tree Community Structure in a
Moist Semi-Deciduous Forest in Ghana.” Heliyon 8: €11393. https://doi.
0rg/10.1016/j.heliyon.2022.e11393.

Alkemade, R., M. Van Oorschot, L. Miles, C. Nellemann, M. Bakkenes,
and B. Ten Brink. 2009. “GLOBIO3: A Framework to Investigate
Options for Reducing Global Terrestrial Biodiversity Loss.” Ecosystems
12, no. 3: 374-390. https://doi.org/10.1007/s10021-009-9229-5.

Ampoorter, E., L. Barbaro, H. Jactel, et al. 2020. “Tree Diversity Is Key
for Promoting the Diversity and Abundance of Forest-Associated Taxa
in Europe.” Oikos 129, no. 2: 133-146. https://doi.org/10.1111/0ik.06290.

Ashton-Butt, A., S. Willcock, D. Purnomo, et al. 2019. “Replanting of
First-Cycle Oil Palm Results in a Second Wave of Biodiversity Loss.”
Ecology and Evolution 9, no. 11: 6433-6443. https://doi.org/10.1002/
ece3.5218.

Atlegrim, O., and K. Sjoberg. 2004. “Selective Felling as a Potential
Tool for Maintaining Biodiversity in Managed Forests.” Biodiversity
and Conservation 13, no. 6: 1123-1133. https://doi.org/10.1023/B:BIOC.
0000018148.84640.d.

Batary, P., A. Baldi, D. Kleijn, and T. Tscharntke. 2011. “Landscape-
Moderated Biodiversity Effects of Agri-Environmental Management: A
Meta-Analysis.” Proceedings of the Royal Society B: Biological Sciences
278, no. 1713: 1894-1902. https://doi.org/10.1098/rspb.2010.1923.

Bates, D., M. Michler, B. M. Bolker, and S. C. Walker. 2015. “Fitting
Linear Mixed-Effects Models Using lme4.” Journal of Statistical
Software 67, no. 1: 1-48. https://doi.org/10.18637/jss.v067.i01.

Betts, M. G., C. Wolf, W. J. Ripple, et al. 2017. “Global Forest Loss
Disproportionately Erodes Biodiversity in Intact Landscapes.” Nature
547, no. 7664: 441-444. https://doi.org/10.1038/nature23285.

Bicknell, J. E., M. J. Struebig, and Z. G. Davies. 2015. “Reconciling
Timber Extraction With Biodiversity Conservation in Tropical Forests
Using Reduced-Impact Logging.” Journal of Applied Ecology 52, no. 2:
379-388. https://doi.org/10.1111/1365-2664.12391.

18 of 21

Global Change Biology, 2025

858017 SUOWILLOD 3A 18810 3(dedl|dde ayy Aq peusenoh ae Sspie YO ‘8sN JO S9InJ 10§ Akeid18U1UO A8]1M UO (SUO1IPUOD-pUe-SWLSI W00 A8 |imArelq Ut |uo//Sdny) SUORIPUOD PUe SWLB | 8L 88S *[6202/90/52] Uo AriqiTauliuo (1M eLebingsueiyood Ad 6,20, 0oB/TTTT OT/I0p/wod A8 | 1M Aiq1ul|uoy/sdny Wwouy papeojumod ‘9 ‘520 ‘9872S9ET


https://doi.org/10.5281/zenodo.15276783
https://doi.org/10.5519/0066354
http://doi.org/10.5281/zenodo.8199982
https://doi.org/10.5281/zenodo.15528625
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.1016/j.heliyon.2022.e11393
https://doi.org/10.1016/j.heliyon.2022.e11393
https://doi.org/10.1007/s10021-009-9229-5
https://doi.org/10.1111/oik.06290
https://doi.org/10.1002/ece3.5218
https://doi.org/10.1002/ece3.5218
https://doi.org/10.1023/B:BIOC.0000018148.84640.fd
https://doi.org/10.1023/B:BIOC.0000018148.84640.fd
https://doi.org/10.1098/rspb.2010.1923
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/nature23285
https://doi.org/10.1111/1365-2664.12391

Bohada-Murillo, M., G. J. Castafio-Villa, and F. E. Fontarbel. 2020.
“The Effects of Forestry and Agroforestry Plantations on Bird Diversity:
A Global Synthesis.” Land Degradation and Development 31: 646-654.
https://doi.org/10.1002/1dr.3478.

Brooks, M., B. Bolker, K. Kristensen, et al. 2023. “Package ‘glmmTMB’.”

Chaudhary, A., Z. Burivalova, L. P. Koh, and S. Hellweg. 2016. “Impact
of Forest Management on Species Richness: Global Meta-Analysis and
Economic Trade-Offs.” Scientific Reports 6: 1-10. https://doi.org/10.
1038/srep23954.

Chazdon, R. L., and M. R. Guariguata. 2016. “Natural Regeneration as
a Tool for Large-Scale Forest Restoration in the Tropics: Prospects and
Challenges.” Biotropica 48, no. 6: 716-730. https://doi.org/10.1111/btp.
12381.

Convention on Biological Diversity (CBD). 2022. “Post-2020 Global
Biodiversity Framework (Issue December).”

Coverdale, T. C., and A. B. Davies. 2023. “Unravelling the Relationship
Between Plant Diversity and Vegetation Structural Complexity: A
Review and Theoretical Framework.” Journal of Ecology 111, no. 7:
1378-1395. https://doi.org/10.1111/1365-2745.14068.

Crouzeilles, R., M. Curran, M. S. Ferreira, D. B. Lindenmayer, C.
E. V. Grelle, and J. M. Rey Benayas. 2016. “A Global Meta-Analysis
on the Ecological Drivers of Forest Restoration Success.” Nature
Communications 7, no. 1: 1-8. https://doi.org/10.1038/ncomms11666.

Crouzeilles, R., M. S. Ferreira, R. L. Chazdon, et al. 2017. “Ecological
Restoration Success Is Higher for Natural Regeneration Than for Active
Restoration in Tropical Forests.” Science Advances 3, no. 11: 1-8. https://
doi.org/10.1126/sciadv.1701345.

De Leijster, V., M. J. Santos, M. W. Wassen, et al. 2021. “Ecosystem
Services Trajectories in Coffee Agroforestry in Colombia Over 40 Years.”
Ecosystem Services 48: 101246. https://doi.org/10.1016/j.ecoser.2021.
101246.

Deheuvels, O., J. Avelino, E. Somarriba, and E. Malezieux. 2012.
“Vegetation Structure and Productivity in Cocoa-Based Agroforestry
Systems in Talamanca, Costa Rica.” Agriculture, Ecosystems and
Environment 149: 181-188. https://doi.org/10.1016/j.agee.2011.03.003.

Dunn, R. R. 2004. “Recovery of Faunal Communities During Tropical
Forest Regeneration.” Conservation Biology 18, no. 2: 302-309. https://
doi.org/10.1111/j.1523-1739.2004.00151.x.

European Commission. 2021. “New EU Forest Strategy for 2030.”

Eycott, A. E., A. R. Watkinson, and P. M. Dolman. 2006. “Ecological
Patterns of Plant Diversity in a Plantation Forest Managed by
Clearfelling.” Journal of Applied Ecology 43, no. 6: 1160-1171. https://
doi.org/10.1111/j.1365-2664.2006.01235.X.

FAO. 2020a. “Global Forest Resources Assessment 2020: Terms and
Definitions.” In Forest Resources Assessment Working Paper.

FAO. 2020b. “Global Forest Resources Assessment 2020—Key
Findings.” In Global Forest Resources Assessment 2020. https://doi.
org/10.4060/ca8753en.

Fitzherbert, E. B., M. J. Struebig, A. Morel, et al. 2008. “How Will Oil
Palm Expansion Affect Biodiversity?” Trends in Ecology & Evolution 23,
no. 10: 538-545. https://doi.org/10.1016/j.tree.2008.06.012.

Franca, F. M., W. Beiroz, C. B. Andretti, et al. 2024. “Selective Logging
Intensity and Time Since Logging Drive Tropical Bird and Dung Beetle
Diversity: A Case Study From Amazonia.” Environmental Conservation
51: 112-121. https://doi.org/10.1017/S0376892923000334.

Gatti, R. C., S. Castaldi, J. A. Lindsell, et al. 2015. “The Impact of
Selective Logging and Clearcutting on Forest Structure, Tree Diversity
and Above-Ground Biomass of African Tropical Forests.” Ecological
Research 30, no. 1: 119-132. https://doi.org/10.1007/s11284-014-1217-3.

Hari Poudyal, B., T. Maraseni, and G. Cockfield. 2018. “Evolutionary
Dynamics of Selective Logging in the Tropics: A Systematic Review

of Impact Studies and Their Effectiveness in Sustainable Forest
Management.” Forest Ecology and Management 430: 166-175. https://
doi.org/10.1016/j.foreco.2018.08.006.

Harvey, C. A.,, and J. A. Gonzdilez Villalobos. 2007. “Agroforestry
Systems Conserve Species-Rich but Modified Assemblages of Tropical
Birds and Bats.” Biodiversity and Conservation 16, no. 8: 2257-2292.
https://doi.org/10.1007/s10531-007-9194-2.

Hedges, L. V., J. Gurevitch, and P. S. Curtis. 1999. “The Meta-Analysis
of Response Ratios in Experimental Ecology.” Ecology 80, no. 4: 1150-
1156. https://doi.org/10.1890/0012-9658(1999)080[1150: TM AORR]
2.0.CO;2.

Heidrich, L., R. Brandl, C. Ammer, et al. 2023. “Effects of Heterogeneity
on the Ecological Diversity and Redundancy of Forest Fauna.” Basic and
Applied Ecology 73: 72-79. https://doi.org/10.1016/j.baae.2023.10.005.

Hilmers, T., N. Friess, C. Bissler, et al. 2018. “Biodiversity Along
Temperate Forest Succession.” Journal of Applied Ecology 55, no. 6:
2756-2766. https://doi.org/10.1111/1365-2664.13238.

Hothorn, T., F. Bretz, P. Westfall, R. M. Heiberger, A. Schuetzenmeister,

59

and S. Scheibe. 2024. “Package ‘multcomp’.

Hua, F., L. Adrian Bruijnzeel, P. Meli, et al. 2022. “The Biodiversity and
Ecosystem Service Contributions and Trade-Offs of Forest Restoration
Approaches.” Science 376, no. 6595: 839-844. https://doi.org/10.1126/
science.abl4649.

Hudson, L. N., T. Newbold, S. Contu, et al. 2017. “The Database of the
PREDICTS (Projecting Responses of Ecological Diversity in Changing
Terrestrial Systems) Project.” Ecology and Evolution 7, no. 1: 145-188.
https://doi.org/10.1002/ece3.2579.

Hudson, L. N., T. Newbold, S. Contu, et al. 2014. “The PREDICTS
Database: A Global Database of How Local Terrestrial Biodiversity
Responds to Human Impacts.” Ecology and Evolution 4, no. 24: 4701-
4735. https://doi.org/10.1002/ece3.1303.

Imai, N., T. Seino, S. Aiba, M. Takyu, J. Titin, and K. Kitayama.
2012. “Effects of Selective Logging on Tree Species Diversity and
Composition of Bornean Tropical Rain Forests at Different Spatial
Scales.” Plant Ecology 213, no. 9: 1413-1424. https://doi.org/10.1007/
$11258-012-0100-y.

IPBES. 2019. Global Assessment Report on the Interngovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services, 1-1029.
IPBES.

IUCN. 2024. “The IUCN Red List of Threatened Species.” Version 2024-
1. Accessed July 19, 2024.

Jose, S.2012. “Agroforestry for Conserving and Enhancing Biodiversity.”
Agroforestry Systems 85, no. 1: 1-8. https://doi.org/10.1007/s1045
7-012-9517-5.

Keith, H., B. G. Mackey, and D. B. Lindenmayer. 2009. “Re-Evaluation
of Forest Biomass Carbon Stocks and Lessons From the World's Most
Carbon-Dense Forests.” Proceedings of the National Academy of Sciences
of the United States of America 106, no. 28: 11635-11640. https://doi.org/
10.1073/pnas.0901970106.

Kiraly, I, J. Nascimbene, F. Tinya, and P. Odor. 2013. “Factors
Influencing Epiphytic Bryophyte and Lichen Species Richness at
Different Spatial Scales in Managed Temperate Forests.” Biodiversity
and Conservation 22, no. 1: 209-223. https://doi.org/10.1007/s1053
1-012-0415-y.

Kok, M. T. J., R. Alkemade, M. Bakkenes, et al. 2018. “Pathways for
Agriculture and Forestry to Contribute to Terrestrial Biodiversity
Conservation: A Global Scenario-Study.” Biological Conservation 221:
137-150. https://doi.org/10.1016/j.biocon.2018.03.003.

Kok, M. T. I, J. R. Meijer, W. J. van Zeist, et al. 2023. “Assessing
Ambitious Nature Conservation Strategies in a Below 2-Degree and
Food-Secure World.” Biological Conservation 284: 110068. https://doi.
org/10.1016/j.biocon.2023.110068.

19 of 21

858017 SUOWILLOD 3A 18810 3(dedl|dde ayy Aq peusenoh ae Sspie YO ‘8sN JO S9InJ 10§ Akeid18U1UO A8]1M UO (SUO1IPUOD-pUe-SWLSI W00 A8 |imArelq Ut |uo//Sdny) SUORIPUOD PUe SWLB | 8L 88S *[6202/90/52] Uo AriqiTauliuo (1M eLebingsueiyood Ad 6,20, 0oB/TTTT OT/I0p/wod A8 | 1M Aiq1ul|uoy/sdny Wwouy papeojumod ‘9 ‘520 ‘9872S9ET


https://doi.org/10.1002/ldr.3478
https://doi.org/10.1038/srep23954
https://doi.org/10.1038/srep23954
https://doi.org/10.1111/btp.12381
https://doi.org/10.1111/btp.12381
https://doi.org/10.1111/1365-2745.14068
https://doi.org/10.1038/ncomms11666
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1016/j.ecoser.2021.101246
https://doi.org/10.1016/j.ecoser.2021.101246
https://doi.org/10.1016/j.agee.2011.03.003
https://doi.org/10.1111/j.1523-1739.2004.00151.x
https://doi.org/10.1111/j.1523-1739.2004.00151.x
https://doi.org/10.1111/j.1365-2664.2006.01235.x
https://doi.org/10.1111/j.1365-2664.2006.01235.x
https://doi.org/10.4060/ca8753en
https://doi.org/10.4060/ca8753en
https://doi.org/10.1016/j.tree.2008.06.012
https://doi.org/10.1017/S0376892923000334
https://doi.org/10.1007/s11284-014-1217-3
https://doi.org/10.1016/j.foreco.2018.08.006
https://doi.org/10.1016/j.foreco.2018.08.006
https://doi.org/10.1007/s10531-007-9194-2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1016/j.baae.2023.10.005
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1126/science.abl4649
https://doi.org/10.1126/science.abl4649
https://doi.org/10.1002/ece3.2579
https://doi.org/10.1002/ece3.1303
https://doi.org/10.1007/s11258-012-0100-y
https://doi.org/10.1007/s11258-012-0100-y
https://doi.org/10.1007/s10457-012-9517-5
https://doi.org/10.1007/s10457-012-9517-5
https://doi.org/10.1073/pnas.0901970106
https://doi.org/10.1073/pnas.0901970106
https://doi.org/10.1007/s10531-012-0415-y
https://doi.org/10.1007/s10531-012-0415-y
https://doi.org/10.1016/j.biocon.2018.03.003
https://doi.org/10.1016/j.biocon.2023.110068
https://doi.org/10.1016/j.biocon.2023.110068

Kozak, D., M. Mikolas, M. Svitok, et al. 2018. “Profile of Tree-Related
Microhabitats in European Primary Beech-Dominated Forests.” Forest
Ecology and Management 429: 363-374. https://doi.org/10.1016/j.foreco.
2018.07.021.

Kuipers, K.J.J.,S.Sim, J. P. Hilbers, et al. 2023. “Land Use Diversification
May Mitigate On-Site Land Use Impacts On Mammal Populations and
Assemblages.” Global Change Biology 29, no. 22: 6234-6247.

Langridge, J., S. Delabye, O. Gilg, et al. 2023. “Biodiversity Responses
to Forest Management Abandonment in Boreal and Temperate Forest
Ecosystems: A Meta-Analysis Reveals an Interactive Effect of Time
Since Abandonment and Climate.” Biological Conservation 287: 110296.
https://doi.org/10.1016/j.biocon.2023.110296.

Laurance, W. F., C. D. Useche, J. Rendeiro, et al. 2012. “Averting
Biodiversity Collapse in Tropical Forest Protected Areas.” Nature 489,
no. 7415: 290-293. https://doi.org/10.1038/nature11318.

Lawrence, H., T. Newbold, S. Contu, and S. L. L. Hill. 2016. “The
2016 Release of the PREDICTS Database [SUPERSEDED] [Data set].”
Natural History Museum. https://doi.org/10.5519/0066354.

Leclere, D., M. Obersteiner, M. Barrett, et al. 2020. “Bending the Curve
of Terrestrial Biodiversity Needs an Integrated Strategy.” Nature 585,
no. 7826: 551-556. https://doi.org/10.1038/s41586-020-2705-y.

Lelli, C., H. Henrik, A. Chiarucci, et al. 2019. “Forest Ecology
and Management Biodiversity Response to Forest Structure and
Management: Comparing Species Richness, Conservation Relevant
Species and Functional Diversity as Metrics in Forest Conservation.”
Forest Ecology and Management 432: 707-717. https://doi.org/10.1016/j.
foreco.2018.09.057.

Liu, Y., G. Yu, Q. Wang, and Y. Zhang. 2014. “How Temperature,
Precipitation and Stand Age Control the Biomass Carbon Density of
Global Mature Forests.” Global Ecology and Biogeography 23, no. 3:
323-333. https://doi.org/10.1111/geb.12113.

Lopez-Bedoya, P. A., E. A. Cardona-Galvis, J. N. Urbina-Cardona, F. A.
Edwards, and D. P. Edwards. 2022. “Impacts of Pastures and Forestry
Plantations on Herpetofauna: A Global Meta-Analysis.” Journal of
Applied Ecology 59, no. 12: 3038-3048. https://doi.org/10.1111/1365-
2664.14299.

Lowman, M. D., and M. Moffett. 1993. “The Ecology of Tropical Rain
Forest Canopies.” Trends in Ecology & Evolution 8, no. 3: 104-107.
https://doi.org/10.1016/0169-5347(93)90061-S.

Lundqvist, L. 2017. “Tamm Review: Selection System Reduces Long-
Term Volume Growth in Fennoscandic Uneven-Aged Norway Spruce
Forests.” Forest Ecology and Management 391: 362-375. https://doi.org/
10.1016/j.foreco.2017.02.011.

MacDicken, K. G., P. Sola, J. E. Hall, C. Sabogal, M. Tadoum, and
C. de Wasseige. 2015. “Global Progress Toward Sustainable Forest
Management.” Forest Ecology and Management 352: 47-56. https://doi.
org/10.1016/j.foreco.2015.02.005.

Matricardi, E. A. T., D. L. Skole, O. B. Costa, M. A. Pedlowski, J. H.
Samek, and E. P. Miguel. 2020. “Long-Term Forest Degradation
Surpasses Deforestation in the Brazilian Amazon.” Science 369, no.
6509: 1378-1382. https://doi.org/10.1126/SCIENCE.ABB3021.

Monks, A., and L. Burrows. 2014. “Are Threatened Plant Species
Specialists, or Just More Vulnerable to Disturbance?” Journal of Applied
Ecology 51, no. 5:1228-1235. https://doi.org/10.1111/1365-2664.12318.

Miiller, J., H. Bufiler, and T. Kneib. 2008. “Saproxylic Beetle Assemblages
Related to Silvicultural Management Intensity and Stand Structures in
a Beech Forest in Southern Germany.” Journal of Insect Conservation
12, no. 2: 107-124. https://doi.org/10.1007/s10841-006-9065-2.

Odum, E. P. 1969. “The Strategy of Ecosystem Development: An
Understanding of Ecological Succession Provides a Basis for Resolving
Man's Conflict With Nature.” Science 164, no. 3877: 262-270.

©Okland, T., K. Rydgren, R. H. @kland, K. O. Storaunet, and J. Rolstad.
2003. “Variation in Environmental Conditions, Understorey Species
Number, Abundance and Composition Among Natural and Managed
Picea abies Forest Stands.” Forest Ecology and Management 177, no. 1-3:
17-37. https://doi.org/10.1016/S0378-1127(02)00331-6.

Okunda, T., M. Suzuki, N. Adachi, E. S. Quah, N. A. Hussein, and N.
Manokaran. 2003. “Effect of Selective Logging on Canopy and Stand
Structure and Tree Species Composition in a Lowland Dipterocarp
Forest in Peninsular Malaysia.” Forest Ecology and Management 175:
297-320. https://doi.org/10.1016/S0378-1127(02)00137-8.

Orefice, J., R. G. Smith, J. Carroll, H. Asbjornsen, and D. Kelting. 2017.
“Soil and Understory Plant Dynamics During Conversion of Forest to
Silvopasture, Open Pasture, and Woodlot.” Agroforestry Systems 91, no.
4:729-739. https://doi.org/10.1007/s10457-016-0040-y.

Paillet, Y., L. Berges, J. HjAltén, et al. 2010. “Biodiversity Differences
Between Managed and Unmanaged Forests: Meta-Analysis of Species
Richness in Europe.” Conservation Biology 24, no. 1: 101-112. https://
doi.org/10.1111/j.1523-1739.2009.01399.x.

Pereira, R., J. Zweede, G. P. Asner, and M. Keller. 2002. “Forest Canopy
Damage and Recovery in Reduced-Impact and Conventional Selective
Logging in Eastern Para, Brazil.” Forest Ecology and Management 168,
no. 1-3: 77-89. https://doi.org/10.1016/S0378-1127(01)00732-0.

Perez-Alvarez, R., J. Chard, L. D. Snyder, M. Bonatti, S. Sieber, and
E. A. Martin. 2023. “Global Meta-Analysis Reveals Overall Benefits
of Silvopastoral Systems for Biodiversity.” BioRxiv 2023, no. 12:
2023.07.30.551160. https://doi.org/10.1101/2023.07.30.551160v1.

Perry, J., B. Lojka, L. G. Q. Ruiz, P. Van Damme, J. Houska, and E. F.
Cusimamani. 2016. “How Natural Forest Conversion Affects Insect
Biodiversity in the Peruvian Amazon: Can Agroforestry Help?” Forests
7, no. 4: 1-13. https://doi.org/10.3390/£7040082.

QGIS Development Team. 2023. “QGIS Geographic Information
System.” Open Source Geospatial Foundation Project. http://qgis.
0Sgeo.org.

R Core Team. 2023. “R: A Language and Environment for Statistical
Computing.” R Foundation for Statistical Computing, Vienna. https://
WWW.r-project.org/.

Robinson, W. D., and S. K. Robinson. 1999. “Effects of Selective Logging
on Forest Bird Populations in a Fragmented Landscape.” Conservation
Biology 13, no. 1: 58-66. https://doi.org/10.1046/j.1523-1739.1999.
97226.X.

Romanelli, J. P., P. Meli, J. P. B. Santos, et al. 2022. “Biodiversity
Responses to Restoration Across the Brazilian Atlantic Forest.” Science
of the Total Environment 821: 153403. https://doi.org/10.1016/j.scito
tenv.2022.153403.

Santini, L., J. Belmaker, M. J. Costello, et al. 2017. “Assessing the
Suitability of Diversity Metrics to Detect Biodiversity Change.”
Biological Conservation 213: 341-350. https://doi.org/10.1016/j.biocon.
2016.08.024.

Savilaakso, S., C. Garcia, J. Garcia-Ulloa, et al. 2014. “Systematic Review
of Effects on Biodiversity From Oil Palm Production.” Environmental
Evidence 3, no. 1: 4. https://doi.org/10.1186/2047-2382-3-4.

Schipper, A. M., J. P. Hilbers, J. R. Meijer, et al. 2020. “Projecting
Terrestrial Biodiversity Intactness With GLOBIO 4.” Global Change
Biology 26, no. 2: 760-771. https://doi.org/10.1111/gcb.14843.

Schroth, G., C. A. Harvey, and G. Vincent. 2004. “Complex
Agroforests: Their Structure, Diversity and Potential Role in Landscape
Conservation.” Agroforestry and Biodiversity Conservation in Tropical
Landscapes 10: 537.

Schwartz, G., M. Pefia-Claros, J. C. A. Lopes, G. M. J. Mohren, and M.
Kanashiro. 2012. “Mid-Term Effects of Reduced-Impact Logging on
the Regeneration of Seven Tree Commercial Species in the Eastern

20 of 21

Global Change Biology, 2025

858017 SUOWILLOD 3A 18810 3(dedl|dde ayy Aq peusenoh ae Sspie YO ‘8sN JO S9InJ 10§ Akeid18U1UO A8]1M UO (SUO1IPUOD-pUe-SWLSI W00 A8 |imArelq Ut |uo//Sdny) SUORIPUOD PUe SWLB | 8L 88S *[6202/90/52] Uo AriqiTauliuo (1M eLebingsueiyood Ad 6,20, 0oB/TTTT OT/I0p/wod A8 | 1M Aiq1ul|uoy/sdny Wwouy papeojumod ‘9 ‘520 ‘9872S9ET


https://doi.org/10.1016/j.foreco.2018.07.021
https://doi.org/10.1016/j.foreco.2018.07.021
https://doi.org/10.1016/j.biocon.2023.110296
https://doi.org/10.1038/nature11318
https://doi.org/10.5519/0066354
https://doi.org/10.1038/s41586-020-2705-y
https://doi.org/10.1016/j.foreco.2018.09.057
https://doi.org/10.1016/j.foreco.2018.09.057
https://doi.org/10.1111/geb.12113
https://doi.org/10.1111/1365-2664.14299
https://doi.org/10.1111/1365-2664.14299
https://doi.org/10.1016/0169-5347(93)90061-S
https://doi.org/10.1016/j.foreco.2017.02.011
https://doi.org/10.1016/j.foreco.2017.02.011
https://doi.org/10.1016/j.foreco.2015.02.005
https://doi.org/10.1016/j.foreco.2015.02.005
https://doi.org/10.1126/SCIENCE.ABB3021
https://doi.org/10.1111/1365-2664.12318
https://doi.org/10.1007/s10841-006-9065-2
https://doi.org/10.1016/S0378-1127(02)00331-6
https://doi.org/10.1016/S0378-1127(02)00137-8
https://doi.org/10.1007/s10457-016-0040-y
https://doi.org/10.1111/j.1523-1739.2009.01399.x
https://doi.org/10.1111/j.1523-1739.2009.01399.x
https://doi.org/10.1016/S0378-1127(01)00732-0
https://doi.org/10.1101/2023.07.30.551160v1
https://doi.org/10.3390/f7040082
http://qgis.osgeo.org
http://qgis.osgeo.org
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1046/j.1523-1739.1999.97226.x
https://doi.org/10.1046/j.1523-1739.1999.97226.x
https://doi.org/10.1016/j.scitotenv.2022.153403
https://doi.org/10.1016/j.scitotenv.2022.153403
https://doi.org/10.1016/j.biocon.2016.08.024
https://doi.org/10.1016/j.biocon.2016.08.024
https://doi.org/10.1186/2047-2382-3-4
https://doi.org/10.1111/gcb.14848

Amazon.” Forest Ecology and Management 274: 116-125. https://doi.
org/10.1016/j.foreco.2012.02.028.

Smithson, M., and J. Verkuilen. 2006. “A Better Lemon Squeezer?
Maximum-Likelihood Regression With Beta-Distributed Dependent
Variables.” Psychological Methods 11, no. 1: 54-71. https://doi.org/10.
1037/1082-989X.11.1.54.

Serensen, T. 1948. “A Method of Establishing Groups of Equal
Amplitude in Plant Sociology Based on Similarity of Species Content
and Its Application to Analyses of the Vegetation on Danish Commons.”
Biologiske Skrifter 5: 1-34.

Swanson, M. E., J. F. Franklin, R. L. Beschta, et al. 2011. “The Forgotten
Stage of Forest Succession: Early-Successional Ecosystems on Forest
Sites.” Frontiers in Ecology and the Environment 9, no. 2: 117-125.
https://doi.org/10.1890/090157.

Taki, H., I. Okochi, K. Okabe, et al. 2013. “Succession Influences Wild
Bees in a Temperate Forest Landscape: The Value of Early Successional
Stages in Naturally Regenerated and Planted Forests.” PLoS One 8, no.
2:e56678. https://doi.org/10.1371/journal.pone.0056678.

Tang, F. H. M., M. Lenzen, A. McBratney, and F. Maggi. 2021. “Risk
of Pesticide Pollution at the Global Scale.” Nature Geoscience 14, no. 4:
206-210. https://doi.org/10.1038/s41561-021-00712-5.

Tews, J., U. Brose, V. Grimm, et al. 2004. “Animal Species Diversity
Driven by Habitat Heterogeneity/Diversity: The Importance of Keystone
Structures.” Journal of Biogeography 31, no. 1: 79-92. https://doi.org/10.
1046/.0305-0270.2003.00994.x.

Torralba, M., N. Fagerholm, P. J. Burgess, G. Moreno, and T. Plieninger.
2016. “Do European Agroforestry Systems Enhance Biodiversity and
Ecosystem Services? A Meta-Analysis.” Agriculture, Ecosystems and
Environment 230: 150-161. https://doi.org/10.1016/j.agee.2016.06.002.

Trentanovi, G., T. Campagnaro, T. Sitzia, et al. 2023. “Words Apart:
Standardizing Forestry Terms and Definitions across European
Biodiversity Studies.” Forest Ecosystems 10: 100128. https://doi.org/10.
1016/j.fecs.2023.100128.

Tudge, S. J., Z. M. Harris, R. J. Murphy, A. Purvis, and A. De Palma.
2023. “Global Trends in Biodiversity With Tree Plantation Age.” Global
Ecology and Conservation 48: e02751. https://doi.org/10.1016/j.gecco.
2023.e02751.

Uhl, B., P. Schall, and C. Bissler. 2024. “Achieving Structural
Heterogeneity and High Multi-Taxon Biodiversity in Managed Forest
Ecosystems: A European Review.” Biodiversity and Conservation: 1-32.
https://doi.org/10.1007/s10531-024-02878-x.

Vagkart, D., B. Ten Brink, J. Loh, J. E. M. Baillie, and B. Reyers. 2012.
“Review of Multispecies Indices for Monitoring Human Impacts on
Biodiversity.” Ecological Indicators 17: 58-67. https://doi.org/10.1016/j.
ecolind.2011.04.024.

Von Oheimb, G., and W. Hiérdtle. 2009. “Selection Harvest in Temperate
Deciduous Forests: Impact on Herb Layer Richness and Composition.”
Biodiversity and Conservation 18, no. 2: 271-287. https://doi.org/10.
1007/810531-008-9475-4.

Vu Ho, K., G. Kréel-Dulay, C. Tolgyesi, et al. 2023. “Non-Native Tree
Plantations Are Weak Substitutes for Near-Natural Forests Regarding
Plant Diversity and Ecological Value.” Forest Ecology and Management
531:120789. https://doi.org/10.1016/j.foreco.2023.120789.

Wang, C., W. Zhang, X. Li, and J. Wu. 2022. “A Global Meta-Analysis
of the Impacts of Tree Plantations on Biodiversity.” Global Ecology and
Biogeography 31, no. 3: 576-587. https://doi.org/10.1111/geb.13440.

Warrington, B. M., W. M. Aust, S. M. Barrett, et al. 2017. “Forestry Best
Management Practices Relationships With Aquatic and Riparian Fauna:
A Review.” Forests 8, no. 9: 1-16. https://doi.org/10.3390/f8090331.

Wearn, O. R., D. C. Rueman, and R. M. Ewers. 2012. “Extinction Debt
and Windows of Conservation Opportunity in the Brazilian Amazon.”
Science 337: 228-232. https://doi.org/10.1126/science.1219013.

Xu, H., Y. Li, S. Liu, R. Zang, F. He, and J. R. Spence. 2015. “Partial
Recovery of a Tropical Rain Forest a Half-Century After Clear-Cut and
Selective Logging.” Journal of Applied Ecology 52, no. 4: 1044-1052.
https://doi.org/10.1111/1365-2664.12448.

Yahya, M. S., S. N. Atikah, I. Mukri, R. Sanusi, A. R. Norhisham,
and B. Azhar. 2022. “Agroforestry Orchards Support Greater Avian
Biodiversity Than Monoculture Oil Palm and Rubber Tree Plantations.”
Forest Ecology and Management 513: 120177. https://doi.org/10.1016/j.
foreco.2022.120177.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

21 of 21

858017 SUOWILLOD 3A 18810 3(dedl|dde ayy Aq peusenoh ae Sspie YO ‘8sN JO S9InJ 10§ Akeid18U1UO A8]1M UO (SUO1IPUOD-pUe-SWLSI W00 A8 |imArelq Ut |uo//Sdny) SUORIPUOD PUe SWLB | 8L 88S *[6202/90/52] Uo AriqiTauliuo (1M eLebingsueiyood Ad 6,20, 0oB/TTTT OT/I0p/wod A8 | 1M Aiq1ul|uoy/sdny Wwouy papeojumod ‘9 ‘520 ‘9872S9ET


https://doi.org/10.1016/j.foreco.2012.02.028
https://doi.org/10.1016/j.foreco.2012.02.028
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1890/090157
https://doi.org/10.1371/journal.pone.0056678
https://doi.org/10.1038/s41561-021-00712-5
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1016/j.agee.2016.06.002
https://doi.org/10.1016/j.fecs.2023.100128
https://doi.org/10.1016/j.fecs.2023.100128
https://doi.org/10.1016/j.gecco.2023.e02751
https://doi.org/10.1016/j.gecco.2023.e02751
https://doi.org/10.1007/s10531-024-02878-x
https://doi.org/10.1016/j.ecolind.2011.04.024
https://doi.org/10.1016/j.ecolind.2011.04.024
https://doi.org/10.1007/s10531-008-9475-4
https://doi.org/10.1007/s10531-008-9475-4
https://doi.org/10.1016/j.foreco.2023.120789
https://doi.org/10.1111/geb.13440
https://doi.org/10.3390/f8090331
https://doi.org/10.1126/science.1219013
https://doi.org/10.1111/1365-2664.12448
https://doi.org/10.1016/j.foreco.2022.120177
https://doi.org/10.1016/j.foreco.2022.120177

	A Global Assessment of Plant and Animal Community Responses to Forest Management Over Time
	ABSTRACT
	1   |   Introduction
	2   |   Methodology
	2.1   |   Databases
	2.1.1   |   Database Expansion and Forest Management Classification
	2.1.2   |   Data Availability and Distribution

	2.2   |   Biodiversity Metrics and Correlation Analysis
	2.3   |   Hypothesized Effects of Forest Management on Biodiversity
	2.4   |   Effects of Forest Management on Biodiversity
	2.4.1   |   Model Types and Response Variables
	2.4.2   |   Fixed Effects
	2.4.2.1   |   Forest Management.  
	2.4.2.2   |   Time Since Harvesting or Establishment.  
	2.4.2.3   |   Taxonomic Class and Continent.  

	2.4.3   |   Random Effects
	2.4.4   |   Model Evaluation and Visualization


	3   |   Results
	3.1   |   Correlations Between Biodiversity Metrics
	3.2   |   Effects of Forest Management on Biodiversity
	3.2.1   |   Intactness
	3.2.2   |   Compositional Similarity
	3.2.3   |   Relative Species Richness
	3.2.4   |   Relative Total Abundance

	3.3   |   Effects of Forest Management on Biodiversity Over Time
	3.4   |   Effects of Taxonomic Class and Continent

	4   |   Discussion
	4.1   |   Effects of Forest Management on Biodiversity
	4.2   |   Effects of Forest Management on Biodiversity Over Time
	4.3   |   The Robustness of Our Findings

	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


