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Abstract

Aim: The sweeping transformation of the biosphere by humans over the last millennia
leaves only limited windows into its natural state. Much of the forests that dominated
temperate and southern boreal regions have been lost and those that remain typi-
cally bear a strong imprint of forestry activities and past land-use change, which have
changed forest age structure and composition. Here, we ask how would the dynam-
ics, structure and function of temperate and boreal forests differ in the absence of
forestry and the legacies of land-use change?

Location: Global.

Time Period: 2001-2014, integrating over the legacy of disturbance events from 1875
to 2014.

Major Taxa Studied: Trees.

Methods: We constructed an empirical model of natural disturbance probability
as a function of community traits and climate, based on observed disturbance rate
and form across 77 protected forest landscapes distributed across three continents.
Coupling this within a dynamic vegetation model simulating forest composition and
structure, we generated estimates of stand-replacing disturbance return intervals in
the absence of forestry for northern hemisphere temperate and boreal forests. We
then applied this model to calculate forest stand age structure and carbon turnover
rates.

Results: Comparison with observed disturbance rates revealed human activities to
have almost halved the median return interval of stand-replacing disturbances across
temperate forest, with more moderate changes in the boreal region. The resulting
forests are typically much younger, especially in northern Europe and south-east-
ern North America, resulting in a 32% reduction in vegetation carbon turnover time
across temperate forests and a 7% reduction for boreal forests.

Conclusions: The current northern hemisphere temperate forest age structure is dra-
matically out of equilibrium with its natural disturbance regimes. Shifts towards more

nature-based approaches to forest policy and management should more explicitly
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consider the current disturbance surplus, as it substantially impacts carbon dynamics

and litter (including deadwood) stocks.
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carbon cycle, forest demography, forest disturbance, forest dynamics, harvest, land use

1 | INTRODUCTION

The vast majority of temperate forests and much of the boreal forest
have been heavily transformed by human activities. Of the remain-
ing forested areas, only 10% of northern hemisphere temperate and
southern boreal forests and 64% of northern boreal forests are con-
sidered to be intact (Potapov et al., 2017). Much of the human im-
pact is driven by harvest, which is the dominant form of disturbance
across temperate and southern boreal forests (Curtis et al., 2018).
Demand for wood products, alongside efforts to increase produc-
tivity, has also transformed the species composition of large areas of
forest. These activities have resulted in forests which are relatively
young (McDowell et al., 2020), often composed of non-native spe-
cies mixtures, and contain an unnaturally high level of monocultures
in many regions (Forest Europe, 2020). Such changes in age struc-
ture have been compounded by legacies of past land use, resulting
in some regions in a disproportionate amount of relatively young
forest, regrowing on former agricultural land (Hurtt et al., 2020;
Winkler et al., 2021). These changes in forest composition and age
structure in turn affect the form, severity and frequency of natural
disturbances to which these forests are subjected (Rich et al., 2007;
Seidl et al., 2016, 2017). Natural disturbances, by agents such as
windthrow, wildfire, insects or pathogens, further feedback on for-
est composition and age structure and influence how those forests
are managed (e.g. salvage and sanitation logging).

The widespread human transformation of temperate and boreal
forests alters the services provided by forests. It is the large trees
that are found in older forest stands that disproportionately store
more carbon (Enquist et al., 2020), provide keystone habitats for
other species (Lindenmayer et al., 2014) and typically have high cul-
tural and amenity value (Blicharska & Mikusinski, 2014). Conversely,
younger forest stands are often highly productive and current imbal-
ances between forest age structure and disturbance rate are acting
to substantially increase the terrestrial carbon sink (Pugh, Lindeskog,
et al., 2019). Similarly, relatively young, productive plantations are
the mainstay of the global wood products industry. Both young
and old forest stands can have high deadwood stocks, supporting
biodiversity, but the rate of disturbance and whether dead wood
is harvested will influence these stocks. In the context of a major
discourse relating to a targeted increase in the global forest area
(Doelman et al., 2020; Trillion Trees, 2021; United Nations, 2017)
and the restoration and conservation of ‘natural’ conditions (Blischer
etal., 2017; Wild et al., 2020; Wilson, 2016), understanding the form
and function of forests that would naturally grow in any given loca-
tion can provide important input to decisions around where and if

such policies may be particularly valuable. Furthermore, the ability
to quantify the dynamics of natural forests is key to calculations of
historical changes in the Earth system, including accurate estimates
of land-use change emissions (Li et al., 2017) and carbon storage
potentials (Erb et al.,, 2018). These historical changes provide the
baseline for Earth system model simulations exploring future climate
(Lawrence et al., 2016).

Our capability to observe the current, transformed, state of our
forests has improved dramatically in recent years, in terms of both
size and age structure (Los et al., 2012; Potapov et al., 2021; Sexton
etal.,, 2013; Simard et al., 2011) and rates of change therein (Hansen
et al., 2013; Senf & Seidl, 2021a). However, we have precious little
information on the large-scale age structure and function of tem-
perate and boreal forests in the absence of forestry and the legacies
of past land use; the imprint of these anthropogenic activities at the
biome scale is largely unknown. In principle, the latest large-scale
demographic vegetation models, which explicitly represent forest
structure, should be well-placed to provide such quantifications
(Fisher et al., 2018; Pugh, Lindeskog, et al., 2019). However, assess-
ing the age structure and carbon cycling without the current anthro-
pogenic imprint requires inferring the natural disturbance regime
(Bengtsson et al., 2000; Lorimer, 1989; Pflugmacher et al., 2012)
and these large-scale models currently lack appropriate modules to
simulate natural disturbances (Pugh et al., 2020). Here, we develop a
lightweight empirical model of forest disturbances for northern tem-
perate and boreal forests and couple it within a demographic vege-
tation model. We then use this new tool to answer the questions: (1)
To what extent do forests currently suffer from a surplus or a deficit
of disturbance (from both human and natural causes) relative to their
state in the absence of forestry and past land-use legacies? (2) How
has this changed forest age structure and what are the implications

for forest carbon stocks and turnover?

2 | METHODS

We used a novel fusion of satellite observations of stand-replac-
ing disturbances in 77 protected areas (i.e. landscapes of forest
development without human intervention; Figure 1a), statistical
analysis and dynamic vegetation modelling, to generate wall-to-
wall estimates of natural disturbance frequency across northern
hemisphere temperate and boreal forests. We first developed an
empirical model of natural disturbance rates from agents including
fire, windthrow and insects/pathogens, but excluding management,
for temperate and boreal forests. We then assessed how average
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FIGURE 1 (a)Location of the 77 temperate and boreal forest landscapes used as reference for natural disturbance dynamics in this
study, with colour and shape indicating the disturbance activity cluster type (low, moderate and high disturbance activity). (b-d) Examples
of landscapes within each disturbance activity cluster, with a landscape dominated by low-severity windthrow and gap-type dynamics (b;
Photo by R. Seidl), a landscape affected by moderate-severity windthrow (c; Photo by C. Senf) and a landscape affected by high-severity fire
(d; Photo by R. Seidl). (e) Likelihood of a landscape originating from one of the three disturbance activity clusters as a function of community
mean wood density and of 30-year mean annual temperature range. (f) Characteristic mean disturbance rates as a function of community
mean wood density and of 30-year mean annual temperature range. The disturbance rates are estimated based on the likelihood that a
forest, in its current state, is subject to low, moderate or high disturbance activity (see e) and based on the average disturbance rates of each
disturbance activity cluster (see Table 2). Disturbance rates thus form a continuum between asymptotic rates for the low and high activity

clusters. Note that disturbance rates in (f) are on log,-scale.

disturbance rates were related to community mean functional traits
and climate variability, linking empirical disturbance relationships to
the vegetation projected by a dynamic global vegetation model. We
based this on a recent finding that natural disturbances of temperate
and boreal forests can be consistently categorized into three dis-
tinct clusters of disturbance activity (Seidl et al., 2020; Sommerfeld
et al., 2018), parsimoniously describing the prevailing disturbance
regime (Figure 1a). We used the LPJ-GUESS dynamic vegetation
model (Smith et al., 2014), which explicitly simulates plant functional
types covering different successional stages, to simulate forest
functional composition in the absence of human management. We
interactively coupled this simulation to the empirical disturbance
models described above to generate estimates of natural distur-
bance rates across all northern hemisphere temperate and boreal
forests. Comparing this result to a recent estimate of actual distur-
bance rates over 2000-2014 (including both natural and anthropo-
genic disturbances) allowed to identify which areas of forest are in
disturbance surplus or deficit in relation to their natural disturbance
regime. Finally, we combine our natural disturbance rate estimates
with reconstructions of human impact on forests (Hurtt et al., 2020)

to test how anthropogenic changes to disturbance rate have altered
the age structure of temperate and boreal forests and their carbon
turnover time. The methodological flow is summarized in Figure 2.

2.1 | Empirical model of disturbance rates

We built an empirical model of disturbance rates based on a set of
103 strictly protected landscapes (Seidl et al., 2020) and globally
available forest canopy disturbance maps for the period 2001 to
2014 (Hansen et al., 2013). The forest disturbance maps of Hansen
et al. were derived from satellite time series of the Landsat ar-
chive and depict stand-replacing changes in the top tree canopy
at a spatial grain of 30m. As southern hemisphere forests follow
very different functional strategies to those in the northern hemi-
sphere, resulting in different mean disturbance rates, we excluded
all landscapes in the global south (total of 22 landscapes). We
further excluded four landscapes that were primarily dominated
by ephemeral defoliation, all of which were located in northern
Norway (Seidl et al., 2020). Our final sample thus consisted of
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FIGURE 2 Flow chart of the methodology used in this study. External data sources are denoted with dotted arrows (see text for detail
of sources). The cluster probability model is implemented directly inside LPJ-GUESS, based on the model simulated vegetation composition,
and the resultant disturbance rate feeds back on the simulated vegetation composition.

77 landscapes (Figure 1a), from which we built our empirical dis-
turbance rates model. Whilst the time series length of 14years
is very short to characterize disturbance regimes, we here rely
on a space-for-time substitution effect. That is, as all our land-
scapes are independent, the total length of observation sums to
1078 years. Across all landscapes, there was a total forest area of
15,440,181 ha, and all landscapes were unmanaged during the ref-
erence period (e.g. core zones of national parks).

For each landscape, we extracted disturbance and forest cover
maps from Hansen et al. (2013) and calculated the annual num-
ber of pixels flagged as disturbed and the total number of pixels
flagged as forest (using a cut-off of >10% forest cover per pixel
for both). We used a binomial model with logit link function and
random variation in the intercept among landscapes and years to
estimate the average annual disturbance rate. We further split

the calculation of disturbance rates into three distinct clusters of
disturbance activity (termed low, moderate and high disturbance
activity) following previous research on global disturbance pat-
terns (Seidl et al., 2020; Sommerfeld et al., 2018). Membership in
a disturbance activity cluster was based on the shape and config-
uration of the disturbance patches and is primarily related to the
prevailing disturbance agent within a landscape: The low distur-
bance activity cluster is dominated by small-scale windthrow and
pathogens, whereas the moderate disturbance activity cluster is
dominated by large-scale windthrow and bark beetle outbreaks,
and the high disturbance activity cluster is dominated by wildfire
(Seidl et al., 2020; Sommerfeld et al., 2018). From the model, we
derived random draws, including parameter uncertainty (fixed and
random) and model uncertainty, from which we finally calculated
average disturbance rates for each disturbance activity cluster.
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The calculation of disturbance rates is hence not based on the raw
data, but on random draws from the model (of which the observed
data might be one realization). Our approach consequently allows
for some surprise of large disturbances not observed in the raw
data.

We also calculated disturbance rates based on a definition of
closed-canopy forest as used in Pugh, Arneth, et al. (2019), instead
of using a 10% canopy cover cut-off per Landsat pixel, in order to
facilitate a comparison with results from their analysis. In this defi-
nition, forest area was designated as all 0.01° grid cells with at least
50% canopy cover, whilst disturbed forest was the sum of all loss
pixels within those forest area grid cells. This more conservative
definition of forest results in a much smaller overall forest area.

To provide a link between the average disturbance rates per
disturbance activity cluster and global dynamic vegetation models,
we built empirical models predicting the probability of a simulated
forest to belong to a certain disturbance activity cluster based on
temperature and precipitation averages and ranges, communi-
ty-weighted mean wood density, community-weighted maximum
tree height and the share of conifer species (Table S1). Predictors
of cluster membership were based on previous studies showing
their importance for discriminating between different disturbance
regimes (Sommerfeld et al., 2018). We used a parametric multino-
mial classification model (Venables & Ripley, 2002) for modelling
the disturbance activity cluster membership, instead of a more
complex machine learning model, as a parametric model allows
for easy implementation in dynamic global vegetation models. We
trained the model based on the 77 landscapes, for which climatic
data for average annual temperature and total annual precipitation
were extracted from the global WorldClim 2 bioclimatic variables
database covering the climate normal period 1980 to 2010 (Fick &
Hijmans, 2017). Trait values were derived from the TRY database
(Kattge et al., 2020), with genus averages used to gap-fill values for
the 23 species (17%) for which trait information was not available.
Community-weighted traits were calculated by the share of each
species in terms of landscape coverage, which was estimated from
local experts for each landscape (Sommerfeld et al., 2018). We fi-
nally identified the most parsimonious subsets of predictor values
using the Akaike Information Criterion; that is, we identified the
model that yielded best predictive performance with fewest pre-
dictors. We then predicted the probability of belonging to any of
the three clusters using the final model, from which we could de-
rive a weighted average disturbance rate (using the probabilities as
weights), providing a simple and continuous empirical link of stand
type and climate to disturbance probability.

We did not consider any sensitivities of disturbances to climate
variability in our model, despite recent findings of a consistent cli-
mate response of natural disturbances across temperate and boreal
forests (Seidl et al., 2020; Senf & Seidl, 2018). We decided not to
do so because we were mainly interested in the long-term average
disturbance rates, instead of the annual variability; and because it is
challenging to extrapolate locally fitted regression-based response
curves outside their known data space.

and Biogeography Macoecaogy

2.2 | Vegetation model simulations

Simulations were based on the LPJ-GUESS dynamic global veg-
etation model v4.0 subversion revision 8139 (Smith et al., 2014).
LPJ-GUESS was designed to explicitly simulate the demography of
forests, including both spatial variation across the landscape due
to stand-replacing disturbance events and vertical structure and
competition of trees of different ages and plant functional types
(PFT; Smith et al., 2001, 2014). LPJ-GUESS simulates spatial varia-
tion in forests in each grid cell through a series of replica 1000 m?
patches (here 20 as standard). All patches in a grid cell are forced
by the same environmental boundary conditions but are subject to
stochastic disturbances with a characteristic return interval, which
kill all trees in the patch. In previous studies, this return interval has
typically been defined as a fixed value across all grid cells of 100 or
200years (Hickler et al., 2012; Smith et al., 2014), although more
recently, satellite observations have been used to specify grid-cell-
specific intervals (Pugh, Arneth, et al., 2019). Trees within a patch
are simulated based on age cohorts. This combination of horizontal
structure of disturbance patches across the landscape and vertical
structure within the canopy of a single stand allows LPJ-GUESS to
simulate tree size distributions characteristic of real forests (Smith
etal., 2014).

LPJ-GUESS was modified to replace the default fixed disturbance
return interval with a dynamic calculation of return interval using the
empirical model described in Section 2.1, allowing direct feedback
between forest composition and disturbance rates (Figure 2). The
probability of a particular patch belonging to a low, moderate or high
disturbance activity cluster was based upon annual temperature
range and simulated patch-mean wood density across all PFTs and
age cohorts in the patch. Wood density was set at the PFT level,
and patch means were weighted according to the woody biomass
of each individual. For maximum height, means were weighted ac-
cording to the crown-projection area of each individual. The annual
temperature range was taken from the driving climate data as a
mean over the 30 preceding years. Disturbance was not permitted
to occur twice within a 10-year period. Disturbance return intervals
in LPJ-GUESS were capped at 1000years as uncertainty increases as
events become very rare and because beyond 1000vyears the influ-
ence on forest biomass is minimal (Pugh, Arneth, et al., 2019). All car-
bon from vegetation which was naturally disturbed was transferred
to the litter, from whence it could be respired to the atmosphere or
broken down into soil.

Wood density and maximum height values at the PFT level were
assigned based on the composition of the protected landscapes.
Tree species occurring in any of the landscapes were assigned to an
LPJ-GUESS PFT based on leaf type, deciduousness and shade-tol-
erance (Table S5). Mean values of each trait for each PFT were then
calculated based on the relative abundance of each species across
the different landscapes (Figure S2), using information compiled by
Sommerfeld et al. (2018) and Seidl et al. (2020). These trait values
were only used for the calculation of disturbance rate. In addition
to the new disturbance module, we also updated the maximum age
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parameters for boreal PFTs based on the literature. The shade-in-
tolerant broadleaf PFT was assigned a maximum age of 150years,
representing a compromise between the ca. 100years reported for
North America and ca. 200years reported for Siberia (Kneeshaw &
Gauthier, 2003; Shorohova et al., 2011). The maximum age for boreal
evergreen needleleaf PFTs was set to 300years based on Shorohova
et al. (2009). The modified LPJ-GUESS is archived as Subversion re-
vision 12,260.

Two sets of simulations were made using the new dynamic dis-
turbance module (Table 1), those simulating natural vegetation ev-
erywhere and those including human land-use change and forest
harvest. For the natural vegetation everywhere case, LPJ-GUESS
was allowed to select the mix of vegetation that was most successful
at that location through its usual process of competition (NatPmid).
Two sensitivity simulations explored the effect of using disturbance
rates 2 standard errors below (NatPlow) or above (NatPhigh) the
mean disturbance rate for each cluster. In addition, one further
sensitivity simulation explored the effect of calculating disturbance
rates using the closed-canopy forest definition (NatCmid).

To include past human land-use legacies and forest harvest
from past to present, we forced LPJ-GUESS with the LUH2 land-
use change and management dataset (Hurtt et al., 2020). We used
the gross land-use transitions dataset from LUH2, which specifies
every land-use transition between forest, cropland and pasture-
land, as well as rates of forest harvest, as previously applied in Pugh,
Lindeskog, et al. (2019). In order to account for legacy effects of
land-use change and harvest prior to 1901 on soil and litter carbon
stocks, land-use change and harvest was applied during the spin-up
period from the year 1700 onwards. LUH2 specifies land use, includ-
ing whether a forest is primary (i.e. not harvested, cut or converted
since the year 850CE) or secondary, but does not provide informa-
tion on forest species composition.

In order to capture the change in forest composition that has
resulted from human management, we constrained the type of
tree species that was allowed to establish within forested lands in
the LUH2-forced simulations (LUH2 primary and secondary forest
categories) according to the dominant forest type recorded in ESA
CClI land cover for the year 2015 (ESA, 2017). For LPJ-GUESS grid
cells defined as broadleaf dominated in ESA CCl (>80% of all forest
pixels classified as broadleaf), only broadleaf PFTs were allowed to

Forest definition used for

disturbance rate

established and vice versa for grid cells defined as needleleaf (>80%
classified as needleleaf). In mixed pixels (all other forested areas),
all PFTs were allowed to establish. In land-use change events, rules
were adopted to govern which ages of forest should be preferen-
tially subjected to transitions. When converting forest to cropland or
pasture, the oldest forest stands were preferentially cut when con-
verting the LUH2 category ‘primary’ forest. When converting the
LUH2 category ‘secondary’ forest, young forest stands were prefer-
entially cut. In wood harvest events, we preferentially cut old stands
(LUH2 category ‘primary’), then old secondary stands (‘secondary
old’) and finally young stands (‘secondary young’).

Natural disturbances were allowed to affect all forests in the
LUH2-forced simulations, just as in the natural vegetation simula-
tions. In addition to the standard LUH2-forced simulation (LUHPmid),
we ran two extra sensitivity simulations to assess uncertainty using
low (LUHPlow) and high (LUHPhigh) land-use change estimates from
the same database (Hurtt et al., 2020).

All LPJ-GUESS simulations were forced by CRU-NCEP climate
and observed atmospheric CO, mixing ratios for the period 1901-
2015 (Le Quéré et al., 2016). Atmospheric nitrogen deposition rate
was taken from Lamarque et al. (2013). Prior to 1901, the model
was spun up from bare ground for a period of 1500years in order to
allow vegetation and soil pools to come into equilibrium. The spatial
resolution of the simulations was 0.5° x0.5°. LPJ-GUESS contains
a process-based fire model, which was turned off to avoid double
counting with the simple disturbance model used here.

Calculations for carbon cycle variables are presented as averages
over 2001-2014. Carbon turnover time was calculated as carbon
mass (CM) divided by net primary productivity (NPP) summed across
all n grid cells in a biome, as follows,

T M, A,

== ; (1)
i1 NPP;A;

where A is the area of forest and i is a reference for a specific grid

cell. Ecosystem carbon turnover time was based on total carbon

mass across vegetation, litter (which includes all recently dead

plant material, whether deadwood, leaves or roots) and soil, whilst

vegetation carbon turnover time only used carbon mass in vege-

tation. In addition, we also calculated grid-cell-level statistics in

TABLE 1 LPJ-GUESS simulations made
as part of this study.

Human
Code Disturbance rate Pixel Closed-canopy land use
NatPmid Mean X
NatPlow Mean - 2S.E. X
NatPhigh Mean+2S.E. X
NatCmid Mean X
LUHPmid Mean X Standard
LUHPlow Mean X Lowest
LUHPhigh Mean X Highest
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which © = CM /NPP was calculated for each grid cell and forest-ar-
ea-weighted statistics were then calculated at the biome level. LPJ-
GUESS does not directly simulate biomes, but rather simulates PFTs;
therefore, to enable to comparison of biome distribution in LPJ-
GUESS with observation-based sources (Haxeltine & Prentice, 1996;
Hengl et al., 2018), a set of rules based on the leaf area index of the
different PFTs were used (Table S3), based on those in Smith et al.
(Smith et al., 2014).

In addition to outputting disturbance rate and carbon variables,
LPJ-GUESS also tracked changes in forest age structure result-
ing from both natural and anthropogenic disturbances and from
land-use change. Age structure presented is that simulated for the
year 2014. The age structure was output in 10-year age bins up to
140years, using the same 140year cut-off point between young and

old forest stands as employed in Pugh, Lindeskog, et al. (2019).

2.3 | Masking

All results were masked such that each grid cell lay within the tem-
perate or boreal forest biomes in the northern hemisphere, as de-
fined by the biomes dataset of Olson et al. (2001). For maps, only
grid cells with a simulated biomass density in the LPJ-GUESS base-
line simulation (NatPmid, Table 1) of at least 1kg C m™ and a mini-
mum of 10% canopy cover based on Hansen et al. (2013) are shown.
For closed-canopy forest calculations, this threshold was set to 5%
closed-canopy forest cover, following Pugh, Arneth, et al. (2019).
Calculations for forest age and carbon cycle are based on the full
forest area, as defined by the LUH2 primary and secondary forest
cover fractions averaged over 2001-2014.

2.4 | Evaluation

We carried out an evaluation of the ability of LPJ-GUESS to simulate
vegetation biomass in the protected landscapes. We used above-
ground biomass data from ESA Biomass CCl v3.0 for the year 2010
(Santoro & Cartus, 2021). We selected all 100m resolution pixels
which lay within the boundaries of each landscape and calculated the
mean biomass value across the landscape, excluding any pixels with
zero biomass values, which were assumed to be non-forest areas
such as lakes. We converted biomass to carbon using a conversion
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factor of 0.5kg C kg™ DM and converted aboveground biomass to
total biomass (as simulated by LPJ-GUESS) by dividing by a factor of
0.78 (Ma et al., 2021). We extracted the LPJ-GUESS grid cells that
covered the landscapes, averaging biomass values over multiple grid
cells in the event that the landscape was covered by more than one.

We also carried out an assessment of the ability of LPJ-GUESS
to represent succession in the boreal region, where our simulations
are most sensitive to the interaction between succession and dis-
turbance frequency. We compiled information on the typical time of
transition of species dominance from field observations in nine dif-
ferent regions located across North America and Eurasia (Bergeron
& Fenton, 2012; Heinselman, 1981; Lecomte & Bergeron, 2005;
Shorohova et al., 2009; Taylor et al., 2020; van Cleve & Viereck,
1981). We then ran LPJ-GUESS simulations at these locations with a
length of 300vyears, with all patches subject to a stand-replacing dis-
turbance at the end of the spin-up period and the vegetation allowed
to recover from bare ground, without further stand-replacing distur-
bances. All environmental forcings were kept as during the spin-up
period throughout in order to not confound succession processes
with environmental trends. Details of the locations are provided in

the Supplementary Information, Section S1.

3 | RESULTS AND DISCUSSION

3.1 | Modelling disturbance rates and clusters
across 77 landscapes

Our results provide a consistent empirical model of natural distur-
bance rates across the temperate and boreal forests of the Northern
Hemisphere. The rate of stand-replacing disturbances in the 77 pro-
tected areas, defined as near total loss of canopy cover for an area of
ca. 0.1ha or larger (Frolking et al., 2009; Hansen et al., 2013), varied
substantially between landscapes (Figure 1). For landscapes of low
disturbance activity, resulting mainly from small-scale windthrow
and pathogens, the average rate was 0.03+0.07% of forest area
disturbed per year (average and standard deviation calculated from
10,000 random draws from the model; Table 2). For landscapes of
moderate disturbance activity, resulting mainly from windthrow
and bark beetle outbreaks, the average disturbance rate was
0.08+0.19% yr ! (Table 2). For landscapes of high disturbance activ-
ity, which was mostly related to fire, the average disturbance rate

TABLE 2 Summary of the annual rates of natural stand-replacing disturbances derived from remote sensing data (Hansen et al., 2013) in

77 strictly-protected landscapes.

Disturbance rate (% yr %)

Cluster Mean Median Standard deviation
Low 0.03 0.01 0.07
Moderate 0.08 0.03 0.19
High 0.84 0.32 1.78

Minimum Maximum Number of landscapes
0.00 3.58 18
0.00 6.93 34
0.00 42.52 25

Note: Disturbance rates were calculated for three clusters of disturbance activity following definitions given in Seidl et al. (2020) and Sommerfeld

et al. (2018).
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was 0.86+1.80% yr™* (Table 2). The disturbance activity clusters
alone explained 25% of the variability in observed disturbance rates
across the 77 landscapes, showing that the prevailing disturbance
regime and disturbance agents are of considerable importance for
the local manifestation of disturbances at the landscape scale. An
additional 32% of the variability was explained by the random vari-
ation in disturbance rates among landscapes and years, highlighting
that despite their dependence on the prevailing disturbance agents,
disturbance events can be highly stochastic both in space and time.
In total, our model explained 57% of the variability in observed dis-
turbance rates across the temperate and boreal biome.

The disturbance activity clusters, and thus the large-scale varia-
tion in disturbance rates, could be successfully modelled as a func-
tion of the community mean wood density and the 30-year mean
annual temperature range of each landscape (Figure 1; Table S1).
The disturbance activity clusters thus provide a parsimonious link
between our empirical disturbance model (Table 2) and the output
of dynamic vegetation models (i.e. simulated forest type combined
with climate). The model could attribute the correct disturbance
activity cluster (and thus the corresponding disturbance rate) with
an average accuracy of 55% and was significantly better than a
null-model with random cluster assignment (likelihood ratio test:
143)=34.75, p<0.01). The model was very good at distinguishing
between high and low activity clusters, with no misattributions be-
tween these two classes (Table S2). Overall, the high disturbance
activity cluster was attributed with high confidence (only 24% of
high disturbance activity landscapes were attributed as moderate),
but there was lower confidence in distinguishing between the low
and moderate disturbance activity clusters (Table S2). In general, we
found that the probability of belonging to the high disturbance ac-
tivity cluster increased with decreasing wood density and greater
annual temperature ranges (Figure 1e), whereas areas of low tem-
perature range and high wood density have a higher probability
of being characterized by low disturbance activity (Figure 1e). The
moderate disturbance activity cluster lies in between the two end
members; that is, it is characterized by average wood density and
temperature range. Calculating weighted average disturbance rates
based on the probability of belonging to a disturbance cluster then
allowed to link temperature and wood density directly to distur-
bance rate. This process introduced no notable bias in the overall
disturbance rate, with the mean disturbance rate across the 77 land-
scapes being 0.29% yr’t whether calculated directly from the obser-
vations or via our cluster-based model.

These results are consistent with our understanding of the major
disturbance agents and tree traits in global temperate and boreal for-
ests. For instance, it is well established that dense wood tends to be
an indicator of an ecological strategy that favours persistence (e.g.
defence against biotic agents and fire) over maximizing productivity
(Stephenson et al., 2011). Moreover, the trees that are susceptible
to mortality during large bark beetle outbreaks are conifers, which
have relatively low wood density (Hicke et al., 2012); and large an-
nual temperature ranges are characteristic of a continental climate

with hot summers, which may predispose ecosystems towards large

fires. The predictors of conifer share and maximum tree height were
also tested based on mechanistic reasoning, as they have previously
been found to be correlated with disturbance activity in temperate
forests (Sommerfeld et al., 2018), but they did not improve the dis-
criminating power between disturbance activity clusters (Table S1)
and were thus not included in the final model.

3.2 | Disturbance return intervals across the
temperate and boreal biomes

Scaling the results from the 77 landscapes across the temperate and
boreal forest biomes, using LPJ-GUESS, identified a clear gradient
in typical disturbance return interval in unmanaged forests, where
return interval is here approximated by disturbance rotation time,
that is the reciprocal of the disturbance rate. Disturbance return in-
terval had a median of 204 years in boreal forest and greater than
1000years in temperate forests (Figure 3a). The frequency distribu-
tion of return interval showed a strong left-skew, representing areas
typically experiencing stand-replacing disturbance at least once
every 400years, that is boreal needleleaf and mixed forests, with a
long tail towards rare disturbances across temperate broadleaf for-
ests (Figure 3b).

Much of the range of temperate and boreal forests falls within
the trait space (as calculated based on LPJ-GUESS vegetation com-
position) and climate space of the 77 landscapes; however, some
parts of particularly western Europe and far-eastern Siberia do not,
leading to reduced confidence in the simulated disturbance rates in
these regions (Figure S3). Standard error estimates of disturbance
rate were generally low, but reached up to 30% in southern boreal
forests (Figure S4), where a relatively small difference in disturbance
rate could substantially alter the abundance of early versus late suc-
cessional PFTs. There are limited direct observations of disturbance
rates in unmanaged forest; however, our results are qualitatively
consistent with evidence of current fire regimes in boreal forests (De
Groot et al., 2013; Pugh, Arneth, et al., 2019; White et al., 2017) and
an apparent rarity of major stand-replacing disturbance events in
many temperate forests (Frelich & Lorimer, 1991; Janda et al., 2017;
Lorimer, 1989; Pickett & White, 1985; Thom et al., 2013).

In regions where the disturbance regime is dominated by fire and
in which fires tend towards being stand-replacing, fire return inter-
vals derived from charcoal records in lake sediments or dendrological
fire scars can provide a cross-check on our results. Such observa-
tions do not provide a like-for-like comparison with our estimates for
several reasons. First, they relate to periods which generally had a
different mean climate and, in the case of charcoal records, a differ-
ent lag relative to the last ice age (which has consequent impacts on
the extent to which northward species migration has occurred, e.g.
Higuera et al., 2009). Second, they may include the impacts of mega-
fauna, whose effects we cannot assess with our method, given that
in the modern world these have been lost or their abundance greatly
reduced. Nonetheless, these comparisons are useful for assessing
the general magnitude of disturbance intervals simulated here. We
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FIGURE 3 Stand-replacing disturbance return intervals in natural forest and compared with current forest. (a) Natural forest disturbance
return interval (years) as calculated using LPJ-GUESS employing the empirical disturbance modelling approach developed here. Return
intervals were capped at 1000years. (b) Frequency distribution of disturbance return interval. Each count represents one 0.5° x0.5° grid
cell. (c) Difference between stand-replacing disturbance return intervals in natural forest and in current forest (Pugh, Arneth, et al., 2019).
Positive values indicate a disturbance surplus in current forests compared with natural conditions, whilst negative values suggest a current
disturbance deficit. Results are calculated and shown based on closed-canopy forest for consistency with Pugh, Arneth, et al. (2019).

(d) Difference in frequency distribution between natural and current forests. For areas outside the observed trait or climate space, see

Figure S3.

compared against eight such sites in the boreal zone (Table S4). In
four cases, our stand-replacing disturbance return intervals were
within the confidence limits of the fire return intervals, and in four
cases, they were 1.6 to 2.4 times longer (i.e. simulating fewer distur-
bances than observed). Given that not all observed fires may have
been stand replacing, whilst we here only simulate stand-replacing
disturbances, a bias of this order is within reasonable expectations.
Overall, we conclude that the various lines of evidence in the liter-
ature are consistent with the pattern of disturbances generated by
our simulations.

The distribution of simulated disturbance return intervals for
unmanaged forests differs markedly in many regions from that of
recent disturbance rates observed in closed-canopy forests (Pugh,
Arneth, et al,, 2019). The vast majority of temperate forests in
Europe, Japan, U.S.A. and western Canada show a substantial dis-
turbance surplus, with return intervals reduced by several hundred
years or more through anthropogenic influence (Figure 3c; unman-
aged rates adjusted for closed-canopy forests for consistency, see
Methods). Exceptions are central Europe, where clear-cut forestry is
increasingly rare (Duncker et al., 2012), and the north-eastern U.S.A.,

where many forests are recovering from historical land-use change
(Pan et al., 2011). The disturbance surplus is particularly marked in
the south-eastern U.S.A., which would naturally be expected to in-
clude a mixture of broadleaf and conifer species (Figure S5; Hengl
et al., 2018), but is today an area of intensive plantation forestry,
concentrating on needleleaf species (Figure S6). The surplus in
this latter area may be slightly overstated, as LPJ-GUESS tends to
simulate this region as pure broadleaf under natural disturbances
only, which decreases disturbance rates based on the higher aver-
age wood density (Figure 1f). In contrast, return intervals in much
of the boreal are similar for both present-day and unmanaged for-
ests (Figure 3c). This may reflect the lack of compositional change in
these forests combined with the primacy of large fire disturbances.
However, some of the areas where return intervals are similar are
also heavily managed, for example southern Canadian forests (Curtis
et al., 2018), perhaps indicating that harvesting successfully emu-
lates natural disturbance regimes in these areas.

Boreal forests also include large regions of disturbance defi-
cit, which are particularly marked in Southern Siberia and North-
Eastern China. These are areas that are currently dominated by
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broadleaved birch and aspen forests (Schepaschenko et al., 2011;
Figure S6) and where the primary form of disturbance is forestry
(Curtis et al., 2018). Our simulations suggest that these areas would
be mixed broadleaf-needleleaf forests without the influence of for-
estry or land-use legacies (Figure S6). Maps of potential natural veg-
etation derived from historical and palaeo-observations (Haxeltine
& Prentice, 1996; Hengl et al., 2018; Figure S5) tend to suggest an
even stronger component of needleleaf trees, which would even
further accelerate disturbance rates in our model, exacerbating the
deficit. A plausible explanation of the apparent disturbance deficit
in these forests is that past fire activity accelerated by human influ-
ence (Mollicone et al., 2006) has pushed them towards their early
successional states, which are less prone to stand-replacing fire
events (Johnstone et al., 2011). For the other areas of disturbance
deficit scattered across the northern boreal forest, the drivers are
less clear and it is of course possible that limitations in our approach
play a role (see Section 3.4).

3.3 | Impacts on forest structure and
carbon turnover

What does the human-induced shift in disturbance rates mean
for forest age structure and function? The anthropogenic influ-
ence on forest age structure is pervasive in all biomes, resulting
in a younger forest (Figure 4). This shift is more limited in boreal
forests, reflecting the similarities in disturbance return interval
(Figure 4). However, the large anthropogenic changes in distur-
bance rate lead to very different age structures across temperate
forests (Figure 4). Overall, current temperate and boreal forests are
estimated to have 44% (5.00 million km?) less old forest (stands
more than 140years old) compared with their state subject to only
natural disturbances, with the losses concentrated in the eastern
USA and Europe (Figure S7).

These estimates of changes in age structure should not be in-
terpreted as precise reconstructions, but rather to be indicative
of the level and character of change. This caveat arises because,
although we account for the important role of land-use history in
realized age structure (Caspersen et al., 2000; Hurtt et al., 2020;
Pan et al,, 2011), the age structures calculated here are based on
the assumption of homogeneity at a scale of 0.5° x0.5°. In reality,
the complexity of landscapes that are found at subgrid-cell scale
may result in more diverse age structures than those reconstructed
here, although it is also plausible that any differences may can-
cel with upscaling. Similarly, tree age structure at sub-stand level
driven by non-stand-replacing disturbances is also not accounted
for here. Nonetheless, the calculations herein demonstrate major
demographic shifts in temperate forests due to human land use,
consistent with theoretical expectations (McDowell et al., 2020).
The present-day age structure estimates show consistency with an
independent forest inventory-based estimate for several regions
(Figure S8). Using this inventory-based estimate instead as the pres-
ent-day basis for comparison would give a reduction in old forest

stands of 56% (6.43 million km?), yielding the same conclusion as
using the LUH2 dataset.

Younger, more regularly disturbed forests imply lower carbon
stocks and a shorter vegetation carbon turnover time. Total vege-
tation carbon stocks on existing forest area were reduced by 30.0%
in the temperate and 6.8% in the boreal zone (Table 3). The total
vegetation carbon turnover time for temperate forests was reduced
by 32.1% (10th and 90th percentiles of change at grid-cell level,
-71.6% and 1.9%) in our simulations due to anthropogenic distur-
bances. For boreal forests, the corresponding reduction was 7.1%
(-21.3%, 11.1%). Much of this enhanced turnover will be directly re-
moved from the ecosystem in the form of harvest, reducing carbon
turnover time in the forest ecosystem overall, although how quickly
harvested carbon is returned to the atmosphere is dependent on
the fate of the wood products produced (Mason Earles et al., 2012).
The removal of material from the ecosystem, combined with smaller
live carbon stocks, means that more frequent disturbance does not
equate to more litter (here defined as the sum of deadwood and
dead soft tissues) in the forest. In our simulations, litter stocks in
temperate zone forests were reduced by 17.5% (-61.6%, 9.8%;
Table 3), equating to a substantial reduction in habitats for insects

and microorganisms (Sandstrom et al., 2019).

3.4 | Limitations of the approach

Despite efforts to use state-of-the-art disturbance products and
modelling tools available at this scale and to evaluate and cross-
check with complementary sources of information, quantifying the
impact of forestry and land-use change legacies on temperate and
boreal forests remains an underconstrained problem. Protected for-
ests are, of course, not entirely without human influence, some of
these forests were originally planted or have a history of fire sup-
pression. There may also be biases in their designation as protected,
with historically less disturbed landscapes perhaps more likely to be
designated as worthy of protection, analogous to the hypothesized
majestic forest bias (Malhi et al., 2002). These effects have the po-
tential to bias disturbance rates in either direction relative to the
true natural values. But despite these limitations, these protected
forests offer the best available window into natural forest dynamics
under recent climate conditions.

Possible further sources of bias include that (a) disturbance re-
turn intervals are overestimated due to missing infrequent large
disturbance events, or conversely (b) that disturbance rates are over-
estimated because several landscapes are impacted simultaneously
by the same large weather anomaly, that (c) our disturbance algo-
rithm may overestimate the influence of climate in these marginal re-
gions, or (d) the vegetation simulated by LPJ-GUESS (Figure S5) may
differ from that which would occur in reality. None of these can be
ruled out because of the lack of clear past analogues for 20th-21st
century climate conditions and because of human influences beside
forestry (e.g. megafauna extinction and fire suppression). Indeed, a,
c and d are all potential explanations for the areas of disturbance
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account the historical evolution of anthropogenic land-use change and forest harvest (red lines) for eight regions across northern
hemisphere temperate and boreal forests, as calculated by the LPJ-GUESS vegetation model. Total forest area for stand age classes less than
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disturbance rate estimates applied in the LPJ-GUESS model. The red shaded region shows the effect of using the upper or lower estimates
of land-use change and forest harvest supplied with the LUH2 dataset. In the case of old forest (symbols), the uncertainties are indicated by

error bars.
TABLE 3 Impact of disturbance changes on forest carbon cycling.
With forestry and land-use
Natural disturbance legacies Change (%)
Temperate Vegetation C stock (Pg) 74.5 52.1 -30
Litter C stock (Pg) 61.2 50.5 -17
Soil C stock (Pg) 135.8 133.0 -2
Vegetation C turnover time (yr) 16.6 11.3 -32
Ecosystem C turnover time (yr) 60.6 51.0 -16
Boreal Vegetation C stock (Pg) 60.5 56.4 -7
Litter C stock (Pg) 108.6 103.9 -4
Soil C stock (Pg) 364.1 361.7 -1
Vegetation C turnover time (yr) 8.9 8.3 -7
Ecosystem C turnover time (yr) 78.7 76.8 -2

deficit identified in Figure 3c. Nonetheless, the wide geographic boreal zone, which is the key building block for an appropriate re-
spread of the protected landscapes (Seidl et al., 2020), along with
their large total forest area of 15,440,181 ha, both act to mitigate

against eventualities a and b. Furthermore, LPJ-GUESS performs

construction of vegetation composition (Supplementary Information
Section S1, Figure S1), thus mitigating against eventuality d.
We used here a 14-year observational period, as this is the lon-

well in reproducing the key features of forest succession across the gest consistently calculated time series currently available across all
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landscapes (Palahi et al., 2021), but as more of the Landsat archive
is utilized in large-scale disturbance products, such as now available
for Europe (Senf & Seidl, 2021a), time series of 40years or more may
become possible in the future. Furthermore, the emerging ability to
attribute disturbance agents in such products (Kennedy et al., 2015;
Senf & Seidl, 2021b) will open up the possibility of generating sim-
ple agent-specific models for stand-replacing disturbance events,
such as already exist for burnt area (Knorr et al., 2016), allowing to
more accurately assess the fate of carbon following tree death (i.e.
whether carbon is burnt, falls to the ground, or remains standing
in snags), and thus improve the fidelity of carbon residence time
estimates.

When it comes to converting age structures and disturbance
rates into estimates of biomass and carbon turnover, LPJ-GUESS
has a strong pedigree, having been extensively evaluated for these
aspects (Lindeskog et al., 2021; Pugh, Arneth, et al., 2019; Pugh,
Lindeskog, et al., 2019; Smith et al., 2014) Furthermore, our eval-
uation of biomass stocks in the protected areas revealed strong
consistency between model and observations (Figure S9), with an
R? of 0.42 and a mean bias of -0.26 kg C m™ (compared with a mean
observed biomass across all landscapes of 7.26kg C m~2). Our over-
all estimates of vegetation biomass including forestry and land-use
legacies are consistent with independent estimates for the temper-
ate forest of 25-53.2 Pg C (Thurner et al., 2014) and 32-64 Pg C
(Erb et al., 2018) and for the boreal forest of 30-56.4 Pg C (Thurner
et al., 2014) and 35-64 Pg C (Erb et al., 2018).

Total ecosystem carbon turnover time has previously been es-
timated using gross primary productivity (GPP) instead of NPP by
Carvalhais et al. (2014)), who estimated 95% confidence intervals
of 18.9-30.8years for the temperate biome and 45.4-73.4years
for the boreal biome. Replacing NPP with GPP in Equation 1 and
taking simulation LUHPmid (Table 1) for maximum consistency, our
independent estimates of 19.9 years for the temperate biome and
40.8years for the boreal biome sit on the low end of their ranges. For
vegetation carbon turnover time, our estimates for temperate forest
are very close to those reported by Erb et al., 2016), who estimated
11.0years for current vegetation and 16.7 years in the absence of
human actions. For boreal forests, the equivalent estimates were
15.3 and 19.5years, respectively, which is approximately double
the values in our simulations. Erb et al. do not report uncertainties
on these values, but given the underlying NPP and biomass values
used differ by a factor of more than two for the boreal forest (Erb
et al., 2016, table S16), our estimates do not appear to be inconsis-
tent. Overall, whilst absolute turnover time estimates remain quite
uncertain, the conclusions based on the relative changes in turnover
time which we report are likely to be robust to any possible biases
in our estimates.

Our objectives in this study were to determine the effects of
human land use on the forest disturbance regime; however, human
activity also alters disturbance regimes through changes in the cli-
mate system. We did not address such climate-driven changes in

disturbance rates here, although they may be becoming increasingly

important drivers of forest dynamics (McDowell et al., 2020).
Relationships of interannual climate variability with disturbance
rates have previously been identified (Sommerfeld et al., 2018), but
these relationships have limited power in long-term extrapolation
across changing climate normals because they are based on the
anomaly of weather in a given year to the climate normal. That is,
given one year of anomalous weather, anomalous disturbance rates
might be expected, but given many years of such conditions, the
coupled vegetation-disturbance system will shift to a new state and
dynamic, invalidating links between weather and disturbance rates
that were based on the old state and dynamic. Despite the uncer-
tainties, process-based models remain the best tools to extrapolate
to novel conditions (Seidl et al., 2011).

4 | CONCLUSIONS

The semiempirical natural disturbance modelling approach for es-
timating disturbance rates in the absence of human influence,
working from emergent outcomes, but grounded in process-based
knowledge, offers a middle way between subsuming natural distur-
bances within a generic mortality rate and applying complex dis-
turbance models that are difficult to constrain across large scales
(e.g. Jonsson et al., 2012; Thonicke et al., 2010). It thus provides a
lightweight and data-driven modelling approach for the inclusion of
natural disturbances in large-scale demographic vegetation models
and Earth system models, particularly for the historical period. This
algorithm provides the complement to existing information for land-
use change and wood harvest (Hurtt et al., 2020), making it possible
to realistically simulate forest age structure and thus its implications
for ecosystem function, from carbon uptake to biodiversity (Fisher
et al, 2018).

That humans, through forestry and land-use legacies, have in-
creased forest disturbance rates relative to their natural state,
thereby reducing forest age and increasing carbon turnover, has long
been assumed, but has eluded quantification at the scale of biomes.
We have provided here a quantitative northern-hemisphere-scale
assessment of human impact on forest disturbance regimes and the
downstream effect of these changes on forest age structure and
carbon turnover. The consistency of the results herein with obser-
vations in relatively undeveloped parts of the boreal (Pugh, Arneth,
et al., 2019) supports the credibility of the simulations, although re-
sults for eastern Siberia must be taken with considerable caution
due to a lack of reference landscapes underlying the disturbance
model in this region (Figures 1a and S3). Our results provide a con-
text against which to assess the extent to which human actions have
changed the dynamics, state and function of boreal and temperate
forests. They likewise illustrate the potential change that might
result from a shift towards unmanaged forest as part of a Nature-
based solutions approach (Wild et al., 2020). Considering the impact
of management on disturbance regimes should be a core aspect of

any such policies.



PUGH ET AL. 13
Global Ecolo A dournal of
£ Biogeogrgrzhy s Wl LEY
ACKNOWLEDGEMENTS Caspersen, J. P, Pacala, S. W., Jenkins, J. C., Hurtt, G. C., Moorcroft, P.R.,

T.A.M.P, D.L. and M.L. acknowledge funding from the European
Research Council (ERC) under the European Union's Horizon 2020
research and innovation programme (grant agreement no. 758873,
TreeMort). D.L. was also funded by the FWF Austria science Fund
(Lise Meitner Programme M2714-B29). R.S. acknowledges fund-
ing from the European Research Council (ERC) under the European
Union's Horizon 2020 research and innovation programme (grant
agreement No 101001905, FORWARD). L.C acknowledges fund-
ing from NASA-CMS grant 80NSSC21K1059. This study is a con-
tribution to the strategic research areas BECC and MERGE and
the Nature-based Future Solutions profile area. We thank the TRY
database (request number: 8814) for providing the traits of wood
density and maximum plant height. Peter Anthoni is thanked for
providing LUH2 based land cover input data for LPJ-GUESS, as are
Ernst-Detlef Schulze, Ekaterina Shorokhova and George Hurtt for
discussions helping to understand the results.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

Model simulation results are archived on Zenodo under 10.5281/
zenodo.5590735, as are the underlying LPJ-GUESS model code and
simulation settings under 10.5281/zenodo.8419062. All code un-
derlying the analyses is available from https://github.com/pughtam/
NatDist, 10.5281/zen0do0.8419183. New users of the LPJ-GUESS
model are recommended to access the latest release and support via
http://web.nateko.lu.se/Ipj-guess/.

ORCID

Thomas A. M. Pugh ") https://orcid.org/0000-0002-6242-7371

REFERENCES

Buscher, B., Fletcher, R., Brockington, D., Sandbrook, C., Adams, W. M.,
Campbell, L., Corson, C., Dressler, W., Duffy, R., Gray, N., Holmes,
G., Kelly, A., Lunstrum, E., Ramutsindela, M., & Shanker, K. (2017).
Half-earth or whole earth? Radical ideas for conservation, and their
implications. Oryx, 51(3), 407-410. https://doi.org/10.1017/S0030
605316001228

Bengtsson, J., Nilsson, S. G., Franc, A., & Menozzi, P. (2000). Biodiversity,
disturbances, ecosystem function and management of European
forests. Forest Ecology and Management, 132(1), 39-50. https://doi.
org/10.1016/50378-1127(00)00378-9

Bergeron, Y., & Fenton, N. J. (2012). Boreal forests of eastern Canada
revisited: Old growth, nonfire disturbances, forest succession,
and biodiversity. Botany, 90(6), 509-523. https://doi.org/10.1139/
B2012-034

Blicharska, M., & Mikusinski, G. (2014). Incorporating social and cultural
significance of large old trees in conservation policy. Conservation
Biology, 28(6), 1558-1567. https://doi.org/10.1111/cobi.12341

Carvalhais, N., Forkel, M., Khomik, M., Bellarby, J., Jung, M., Migliavacca,
M., Mu, M., Saatchi, S., Santoro, M., Thurner, M., Weber, U., Ahrens,
B., Beer, C., Cescatti, A., Randerson, J. T., & Reichstein, M. (2014).
Global covariation of carbon turnover times with climate in terres-
trial ecosystems. Nature, 514(7521), 213-217. https://doi.org/10.
1038/nature13731

& Birdsey, R. A. (2000). Contributions of land-use history to carbon
accumulation in U.S. Forest Science, 290(5494), 1148-1151. https://
doi.org/10.1126/science.290.5494.1148

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., & Hansen, M. C.
(2018). Classifying drivers of global forest loss. Science, 361(6407),
1108-1111. https://doi.org/10.1126/science.aau3445

De Groot, W. J,, Cantin, A. S., Flannigan, M. D., Soja, A. J., Gowman, L.
M., & Newbery, A. (2013). A comparison of Canadian and Russian
boreal forest fire regimes. Forest Ecology and Management, 294,
23-34. https://doi.org/10.1016/j.foreco.2012.07.033

Doelman, J. C., Stehfest, E., van Vuuren, D. P, Tabeau, A., Hof, A. F,,
Braakhekke, M. C., Gernaat, D. E. H. J.,, van den Berg, M., van Zeist,
W. J.,, Daioglou, V., van Meijl, H., & Lucas, P. L. (2020). Afforestation
for climate change mitigation: Potentials, risks and trade-offs. Global
Change Biology, 26(3), 1576-1591. https://doi.org/10.1111/gcb.14887

Duncker, P. S., Barreiro, S. M., Hengeveld, G. M,, Lind, T., Mason, W. L.,
Ambrozy, S., & Spiecker, H. (2012). Classification of forest manage-
ment approaches: A new conceptual framework and its applicabil-
ity to European forestry. Ecology and Society, 17(4), 51. https://doi.
org/10.5751/ES-05262-170451

Enquist, B. J., Abraham, A. J., Harfoot, M. B. J., Malhi, Y., & Doughty,
C. E. (2020). The megabiota are disproporetionately important for
biosphere functioning. Nature Communications, 11, 699. https://doi.
org/10.1038/s41467-020-14369-y

Erb, K. H., Fetzel, T., Plutzar, C., Kastner, T., Lauk, C., Mayer, A.,
Niedertscheider, M., Kdérner, C., & Haberl, H. (2016). Biomass
turnover time in terrestrial ecosystems halved by land use. Nature
Geoscience, 9(9), 674-678. https://doi.org/10.1038/ngeo02782

Erb, K. H., Kastner, T., Plutzar, C., Bais, A. L. S., Carvalhais, N., Fetzel,
T., Gingrich, S., Haberl, H., Lauk, C., Niedertscheider, M., Pongratz,
J., Thurner, M., & Luyssaert, S. (2018). Unexpectedly large impact
of forest management and grazing on global vegetation biomass.
Nature, 553(7686), 73-76. https://doi.org/10.1038/nature25138

ESA. (2017). ESA CClI Land Cover dataset (v 2.0.7).

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of
Climatology, 37(12), 4302-4315. https://doi.org/10.1002/joc.5086

Fisher, R. A., Koven, C. D., Anderegg, W. R. L., Christoffersen, B. O.,
Dietze, M. C., Farrior, C. E., Holm, J. A., Hurtt, G. C., Knox, R. G.,
Lawrence, P. J., Lichstein, J. W., Longo, M., Matheny, A. M., Medvigy,
D., Muller-Landau, H. C., Powell, T. L., Serbin, S. P., Sato, H., Shuman,
J. K., ... Moorcroft, P. R. (2018). Vegetation demographics in earth
system models: A review of progress and priorities. Global Change
Biology, 24(1), 35-54. https://doi.org/10.1111/gcb.13910

Forest Europe. (2020). State of Europe's forests 2020. Ministerial
Conference on the Protection of Forests in Europe.

Frelich, L. E. E. E., & Lorimer, C. G. (1991). Natural disturbance regimes
in hemlock-hardwood forests of the upper Great Lakes region.
Ecological Monographs, 61(2), 145-164.

Frolking, S., Palace, M. W., Clark, D. B., Chambers, J. Q., Shugart, H. H.,
& Hurtt, G. C. (2009). Forest disturbance and recovery: A general
review in the context of spaceborne remote sensing of impacts on
aboveground biomass and canopy structure. Journal of Geophysical
Research, 114, GOOEO2. https://doi.org/10.1029/2008JG000911

Hansen, M. C,, Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A.,
Tyukavina, A., Thau, D., Stehman, S. V., Goetz, S. J., Loveland, T. R.,
Kommareddy, A., Egorov, A., Chini, L., Justice, C. O., & Townshend,
J. R. G. (2013). High-resolution global maps of 21st-century forest
cover change. Science, 342(6160), 850-853. https://doi.org/10.
1126/science. 1244693

Haxeltine, A., & Prentice, |. C. (1996). BIOME3: An equilibrium terrestrial
biosphere model based on ecophysiological constraints, resource
availability, and competition among plant function types. Global
Biogeochemical Cycles, 10(5), 551-561.


https://doi.org/10.5281/zenodo.5590735
https://doi.org/10.5281/zenodo.5590735
https://doi.org/10.5281/zenodo.8419062
https://github.com/pughtam/NatDist
https://github.com/pughtam/NatDist
https://doi.org/10.5281/zenodo.8419183
http://web.nateko.lu.se/lpj-guess/
https://orcid.org/0000-0002-6242-7371
https://orcid.org/0000-0002-6242-7371
https://doi.org/10.1017/S0030605316001228
https://doi.org/10.1017/S0030605316001228
https://doi.org/10.1016/S0378-1127(00)00378-9
https://doi.org/10.1016/S0378-1127(00)00378-9
https://doi.org/10.1139/B2012-034
https://doi.org/10.1139/B2012-034
https://doi.org/10.1111/cobi.12341
https://doi.org/10.1038/nature13731
https://doi.org/10.1038/nature13731
https://doi.org/10.1126/science.290.5494.1148
https://doi.org/10.1126/science.290.5494.1148
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1016/j.foreco.2012.07.033
https://doi.org/10.1111/gcb.14887
https://doi.org/10.5751/ES-05262-170451
https://doi.org/10.5751/ES-05262-170451
https://doi.org/10.1038/s41467-020-14369-y
https://doi.org/10.1038/s41467-020-14369-y
https://doi.org/10.1038/ngeo2782
https://doi.org/10.1038/nature25138
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1029/2008JG000911
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693

PUGH ET AL.

14 Wl LEY- Global Ecology A dounalof

and Biogeography B

Heinselman, M. L. (1981). Fire and succession in the Conifer forests of
Northern North America. In D. C. West, H. H. Shugart, & D. B.
Botkin (Eds.), Forest succession: Concepts and application (pp. 374~
405). Springer.

Hengl, T., Walsh, M. G., Sanderman, J., Wheeler, |., Harrison, S. P., &
Prentice, I. C. (2018). Global mapping of potential natural vegeta-
tion: An assessment of machine learning algorithms for estimating
land potential. PeerJ, 2018(8), 1-36. https://doi.org/10.7717/peer;j.
5457

Hicke, J. A., Allen, C. D., Desai, A. R., Dietze, M. C., Hall, R. J., Hogg,
E. H. T., Kashian, D. M., Moore, D., Raffa, K. F., Sturrock, R. N., &
Vogelmann, J. (2012). Effects of biotic disturbances on forest car-
bon cycling in the United States and Canada. Global Change Biology,
18(1), 7-34. https://doi.org/10.1111/j.1365-2486.2011.02543.x

Hickler, T., Vohland, K., Feehan, J., Miller, P. A., Smith, B., Costa, L.,
Giesecke, T., Fronzek, S., Carter, T. R., Cramer, W., Kiihn, |., & Sykes,
M. T. (2012). Projecting the future distribution of European poten-
tial natural vegetation zones with a generalized, tree species-based
dynamic vegetation model. Global Ecology and Biogeography, 21(1),
50-63. https://doi.org/10.1111/j.1466-8238.2010.00613.x

Higuera, P. E., Brubaker, L. B., Anderson, P. M., Hu, F. S., & Brown, T.
A. (2009). Vegetation mediated the impacts of postglacial climate
change on fire regimes in the south-Central Brooks Range, Alaska.
Ecological Monographs, 79(2), 201-219. https://doi.org/10.1890/07-
2019.1

Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky, B. L., Calvin,
K., Doelman, J. C,, Fisk, J., Fujimori, S., Goldewijk, K. K., Hasegawa,
T., Havlik, P, Heinimann, A., Humpend&der, F., Jungclaus, J.,
Kaplan, J. O., Kennedy, J., Krisztin, T., Lawrence, D., ... Zhang, X.
(2020). Harmonization of global land use change and manage-
ment for the period 850-2100 (LUH2) for CMIPé6. Geoscientific
Model Development, 13(11), 5425-5464. https://doi.org/10.5194/
gmd-13-5425-2020

Jonsson, A. M., Schroeder, L. M., Lagergren, F., Anderbrant, O., & Smith,
B. (2012). Guess the impact of Ips typographus—An ecosystem
modelling approach for simulating spruce bark beetle outbreaks.
Agricultural and Forest Meteorology, 166-167, 188-200. https://doi.
org/10.1016/j.agrformet.2012.07.012

Janda, P, Trotsiuk, V., Mikolas, M., Bace, R., Nagel, T. A,, Seidl, R., Seedre,
M., Morrissey, R. C., Kucbel, S., Jaloviar, P., Jasik, M., Vysoky, J.,
Samonil, P, Cada, V., Mrhalova, H., Labusova, J., Novakova, M. H.,
Rydval, M., Matéjq, L., & Svoboda, M. (2017). The historical distur-
bance regime of mountain Norway spruce forests in the Western
Carpathians and its influence on current forest structure and com-
position. Forest Ecology and Management, 388, 67-78. https://doi.
org/10.1016/j.foreco.2016.08.014

Johnstone, J. F., Rupp, T. S., Olson, M., & Verbyla, D. (2011). Modeling im-
pacts of fire severity on successional trajectories and future fire be-
havior in Alaskan boreal forests. Landscape Ecology, 26(4), 487-500.
https://doi.org/10.1007/s10980-011-9574-6

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, I. C., Leadley, P.,
Tautenhahn, S., Werner, G. D. A., Aakala, T., Abedi, M., Acosta,
A. T. R., Adamidis, G. C., Adamson, K., Aiba, M., Albert, C. H.,
Alcantara, J. M., Alcazar, C. C., Aleixo, I., Ali, H., ... Wirth, C.
(2020). TRY plant trait database—Enhanced coverage and open
access. Global Change Biology, 26(1), 119-188. https://doi.org/10.
1111/gch.14904

Kennedy, R. E., Yang, Z., Braaten, J., Copass, C., Antonova, N., Jordan, C.,
& Nelson, P. (2015). Attribution of disturbance change agent from
Landsat time-series in support of habitat monitoring in the Puget
Sound region, USA. Remote Sensing of Environment, 166, 271-285.
https://doi.org/10.1016/j.rse.2015.05.005

Kneeshaw, D., & Gauthier, S. (2003). Old growth in the boreal for-
est: A dynamic perspective at the stand and landscape level.
Environmental Reviews, 11(1 SUPPL), S99-S114. https://doi.org/
10.1139/a03-010

Knorr, W., Jiang, L., & Arneth, A. (2016). Climate, CO, and human pop-
ulation impacts on global wildfire emissions. Biogeosciences, 13,
267-282. https://doi.org/10.5194/bg-13-267-2016

Lamarque, J. F., Dentener, F., McConnell, J,, Ro, C. U., Shaw, M., Vet,
R., Bergmann, D., Cameron-Smith, P., Dalsoren, S., Doherty, R.,
Faluvegi, G., Ghan, S. J., Josse, B., Lee, Y. H., Mackenzie, I. A.,
Plummer, D., Shindell, D. T., Skeie, R. B., Stevenson, D. S., ... Nolan,
M. (2013). Multi-model mean nitrogen and sulfur deposition from
the atmospheric chemistry and climate model intercomparison
project (ACCMIP): Evaluation of historical and projected future
changes. Atmospheric Chemistry and Physics, 13(16), 7997-8018.
https://doi.org/10.5194/acp-13-7997-2013

Lawrence, D. M., Hurtt, G. C., Arneth, A., Brovkin, V., Calvin, K. V.,
Jones, A. D., Jones, C. D., Lawrence, P. J., De Noblet-Ducoudré,
N., Pongratz, J., Seneviratne, S. I., & Shevliakova, E. (2016). The
land use model Intercomparison project (LUMIP) contribution
to CMIP6: Rationale and experimental design. Geoscientific
Model Development, 9(9), 2973-2998. https://doi.org/10.5194/
gmd-9-2973-2016

Le Quéré, C., Andrew, R. M., Canadell, J. G,, Sitch, S., Ivar Korsbakken,
J., Peters, G. P., Manning, A. C., Boden, T. A, Tans, P. P., Houghton,
R. A., Keeling, R. F., Alin, S., Andrews, O. D., Anthoni, P., Barbero,
L., Bopp, L., Chevallier, F., Chini, L. P, Ciais, P, ... Zaehle, S. (2016).
Global carbon budget 2016. Earth System Science Data, 8(2), 605-
649. https://doi.org/10.5194/essd-8-605-2016

Lecomte, N., & Bergeron, Y. (2005). Successional pathways on different
surficial deposits in the coniferous boreal forest of the Quebec Clay
Belt. Canadian Journal of Forest Research, 35(8), 1984-1995. https://
doi.org/10.1139/x05-114

Li, W., Ciais, P, Peng, S., Yue, C., Wang, Y., Thurner, M., Saatchi, S. S.,
Arneth, A., Avitabile, V., Carvalhais, N., Harper, A. B., Kato, E.,
Koven, C,, Liu, Y. Y., Nabel, J. E. M. S, Pan, Y., Pongratz, J., Poulter,
B., Pugh, T. A. M., ... Zaehle, S. (2017). Land-use and land-cover
change carbon emissions between 1901 and 2012 constrained by
biomass observations. Biogeosciences, 14(22), 5053-5067. https://
doi.org/10.5194/bg-14-5053-2017

Lindenmayer, D. B., Laurance, W. F., Franklin, J. F,, Likens, G. E., Banks,
S. C., Blanchard, W., Gibbons, P., Ikin, K., Blair, D., Mcburney,
L., Manning, A. D., & Stein, J. A. R. (2014). New policies for old
trees: Averting a global crisis in a keystone ecological structure.
Conservation Letters, 7(1), 61-69. https://doi.org/10.1111/conl.
12013

Lindeskog, M., Lagergren, F., Smith, B., & Rammig, A. (2021). Accounting
for forest management in the estimation of forest carbon bal-
ance using the dynamic vegetation model LPJ-GUESS (v4.0,
r9710): Implementation and evaluation of simulations for Europe.
Geoscientific Model Development, 14, 6071-6112. https://doi.org/
10.5194/gmd-2020-440

Lorimer, C. G. (1989). Relative effects of small and large disturbances on
temperate hardwood Forest. Ecology, 70(3), 565-567.

Los, S. O., Rosette, J. A. B., Kljun, N., North, P. R. J., Chasmer, L.,
Suarez, J. C., Hopkinson, C., Hill, R. A., Van Gorsel, E., Mahoney,
C., & Berni, J. A. J. (2012). Vegetation height and cover fraction
between 60° S and 60° N from ICESat GLAS data. Geoscientific
Model Development, 5(2), 413-432. https://doi.org/10.5194/
gmd-5-413-2012

Ma, H., Mo, L., Crowther, T. W., Maynard, D. S., van den Hoogen, J.,
Stocker, B. D., Terrer, C., & Zohner, C. M. (2021). The global distri-
bution and environmental drivers of aboveground versus below-
ground plant biomass. Nature Ecology & Evolution, 5, 1110-1122.
https://doi.org/10.1038/s41559-021-01485-1

Malhi, Y., Phillips, O. L., Lloyd, J., Baker, T., Wright, J., Almeida, S.,
Arroyo, L., Frederiksen, T., Grace, J., Higuchi, N., Killeen, T,
Laurance, W. F., Leano, C., Lewis, S., Meir, P., Monteagudo, A.,
Neill, D., NUfez Vargas, P., Panfil, S. N, ... Vinceti, B. (2002). An
international network to monitor the structure, composition and


https://doi.org/10.7717/peerj.5457
https://doi.org/10.7717/peerj.5457
https://doi.org/10.1111/j.1365-2486.2011.02543.x
https://doi.org/10.1111/j.1466-8238.2010.00613.x
https://doi.org/10.1890/07-2019.1
https://doi.org/10.1890/07-2019.1
https://doi.org/10.5194/gmd-13-5425-2020
https://doi.org/10.5194/gmd-13-5425-2020
https://doi.org/10.1016/j.agrformet.2012.07.012
https://doi.org/10.1016/j.agrformet.2012.07.012
https://doi.org/10.1016/j.foreco.2016.08.014
https://doi.org/10.1016/j.foreco.2016.08.014
https://doi.org/10.1007/s10980-011-9574-6
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1016/j.rse.2015.05.005
https://doi.org/10.1139/a03-010
https://doi.org/10.1139/a03-010
https://doi.org/10.5194/bg-13-267-2016
https://doi.org/10.5194/acp-13-7997-2013
https://doi.org/10.5194/gmd-9-2973-2016
https://doi.org/10.5194/gmd-9-2973-2016
https://doi.org/10.5194/essd-8-605-2016
https://doi.org/10.1139/x05-114
https://doi.org/10.1139/x05-114
https://doi.org/10.5194/bg-14-5053-2017
https://doi.org/10.5194/bg-14-5053-2017
https://doi.org/10.1111/conl.12013
https://doi.org/10.1111/conl.12013
https://doi.org/10.5194/gmd-2020-440
https://doi.org/10.5194/gmd-2020-440
https://doi.org/10.5194/gmd-5-413-2012
https://doi.org/10.5194/gmd-5-413-2012
https://doi.org/10.1038/s41559-021-01485-1

PUGH ET AL.

Global Ecology Adournal of

dynamics of Amazonian forests (RAINFOR). Journal of Vegetation
Science, 13(3), 439-450. https://doi.org/10.1111/j.1654-1103.
2002.tb02068.x

Mason Earles, J., Yeh, S., & Skog, K. E. (2012). Timing of carbon emissions
from global forest clearance. Nature Climate Change, 2(9), 682-685.
https://doi.org/10.1038/nclimate1535

McDowell, N. G., Allen, C. D., Anderson-Teixeira, K., Aukema, B. H.,
Bond-Lamberty, B., Chini, L., Clark, J. S., Dietze, M., Grossiord, C.,
Hanbury-Brown, A., Hurtt, G. C., Jackson, R. B., Johnson, D. J.,
Kueppers, L., Lichstein, J. W., Ogle, K., Poulter, B., Pugh, T. A. M.,
Seidl, R., ... Xu, C. (2020). Pervasive shifts in forest dynamics in a
changing world. Science, 368(6494), 964. https://doi.org/10.1126/
science.aaz9463

Mollicone, D., Eva, H. D., & Achard, F. (2006). Human role in Russian wild
fires. Nature, 440, 436-437.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D.,
Powell, G. V. N., Underwood, E. C., D'Amico, J. A, Itoua, |, Strand,
H. E., Morrison, J. C., Loucks, C. J., Allnutt, T. F,, Ricketts, T. H.,
Kura, Y., Lamoreux, J. F., Wettengel, W. W., Hedao, P., & Kassem, K.
R. (2001). Terrestrial ecoregions of the world: A new map of life on
earth. Bioscience, 51(11), 933-938. https://doi.org/10.1641/0006-
3568(2001)051[0933: TEOTWA]2.0.CO;2

Palahi, M., Valbuena, R., Senf, C., Acil, N., Pugh, T. A. M., Sadler, J., Seidl, R.,
Potapov, P., Gardiner, B., Hetemaki, L., Chirici, G., Francini, S., Hlasny,
T., Lerink, B. J. W,, Olsson, H., Gonzalez Olabarria, J. R., Ascoli, D.,
Asikainen, A., Bauhus, J., ... Nabuurs, G.-J. (2021). Concerns about
reported harvests in European forests. Nature, 592(7856), E15-E17.
https://doi.org/10.1038/541586-021-03292-x

Pan, Y., Chen, J. M., Birdsey, R., McCullough, K., He, L., & Deng, F.
(2011). Age structure and disturbance legacy of North American
forests. Biogeosciences, 8(3), 715-732. https://doi.org/10.5194/
bg-8-715-2011

Pflugmacher, D., Cohen, W. B., & Kennedy, R. E. (2012). Using Landsat-
derived disturbance history (1972-2010) to predict current forest
structure. Remote Sensing of Environment, 122, 146-165. https://
doi.org/10.1016/j.rse.2011.09.025

Pickett, S. T. A., & White, P. S. (1985). The ecology of natural disturbances
and patch dynamics. Academic Press Inc.

Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A.,
Thies, C., Smith, W,, Zhuravleva, |., Komarova, A., Minnemeyer, S., &
Esipova, E. (2017). The last frontiers of wilderness: Tracking loss of
intact forest landscapes from 2000 to 2013. Science Advances, 3(1),
1-14. https://doi.org/10.1126/sciadv.1600821

Potapov, P, Li, X., Hernandez-Serna, A., Tyukavina, A., Hansen, M. C.,
Kommareddy, A., Pickens, A., Turubanova, S., Tang, H., Silva, C. E.,
Armston, J., Dubayah, R., Blair, J. B., & Hofton, M. (2021). Mapping
global forest canopy height through integration of GEDI and
Landsat data. Remote Sensing of Environment, 253, 112165. https://
doi.org/10.1016/j.rse.2020.112165

Pugh, T. A. M., Arneth, A., Kautz, M., Poulter, B., & Smith, B. (2019).
Important role of forest disturbances in the global biomass turn-
over and carbon sinks. Nature Geoscience, 12, 730-735. https://doi.
org/10.1038/s41561-019-0427-2

Pugh, T. A. M., Lindeskog, M., Smith, B., Poulter, B., Arneth, A., Haverd,
V., & Calle, L. (2019). Role of forest regrowth in global carbon sink
dynamics. Proceedings of the National Academy of Sciences of the
United States of America, 116(10), 4382-4387. https://doi.org/10.
1073/pnas.1810512116

Pugh, T. A. M., Rademacher, T., Shafer, S. L., Steinkamp, J., Barichivich, J.,
Beckage, B., Haverd, V., Harper, A., Heinke, J., Nishina, K., Rammig,
A., Sato, H., Arneth, A., Hantson, S., Hickler, T., Kautz, M., Quesada,
B., Smith, B., & Thonicke, K. (2020). Understanding the uncertainty
in global forest carbon turnover. Biogeosciences, 17(15), 3961-3989.
https://doi.org/10.5194/bg-17-3961-2020

Rich, R. L., Frelich, L. E., & Reich, P. B. (2007). Wind-throw mortality in
the southern boreal forest: Effects of species, diameter and stand

15
and Biogeography Masstelo Wl LEYJ_

age. Journal of Ecology, 95(6), 1261-1273. https://doi.org/10.1111/j.
1365-2745.2007.01301.x

Sandstrém, J., Bernes, C., Junninen, K., Léhmus, A., Macdonald, E.,
Miuiller, J., & Jonsson, B. G. (2019). Impacts of dead wood manipula-
tion on the biodiversity of temperate and boreal forests. A system-
atic review. Journal of Applied Ecology, 56(7), 1770-1781. https://
doi.org/10.1111/1365-2664.13395

Santoro, M., & Cartus, O. (2021, November 26). ESA Biomass Climate
Change Initiative (Biomass_cci): Global datasets of forest above-ground
biomass for the years 2010, 2017 and 2018, v3. NERC EDS Centre for
Environmental Data Analysis. https://doi.org/10.5285/5f331c418e
9f4935b8eb1b836f8a91b8

Schepaschenko, D., McCallum, I., Shvidenko, A., Fritz, S., Kraxner, F., &
Obersteiner, M. (2011). A new hybrid land cover dataset for Russia:
A methodology for integrating statistics, remote sensing and in situ
information. Journal of Land Use Science, 6(4), 245-259. https://doi.
org/10.1080/1747423X.2010.511681

Seidl, R., Fernandes, P. M., Fonseca, T. F, Gillet, F., Jonsson, A. M.,
Merganicova, K., Netherer, S., Arpaci, A., Bontemps, J. D., Bugmann,
H., Gonzalez-Olabarria, J. R., Lasch, P., Meredieu, C., Moreira, F.,
Schelhaas, M. J., & Mohren, F. (2011). Modelling natural distur-
bances in forest ecosystems: A review. Ecological Modelling, 222(4),
903-924. https://doi.org/10.1016/j.ecolmodel.2010.09.040

Seidl, R.,Honkaniemi, J., Aakala, T., Aleinikov, A., Angelstam, P., Bouchard,
M., Boulanger, Y., Burton, P. J., De Grandpré, L., Gauthier, S., Hansen,
W. D., Jepsen, J. U., Jogiste, K., Kneeshaw, D. D., Kuuluvainen, T.,
Lisitsyna, O., Makoto, K., Mori, A. S., Pureswaran, D. S., ... Senf, C.
(2020). Globally consistent climate sensitivity of natural distur-
bances across boreal and temperate forest ecosystems. Ecography,
43(7), 967-978. https://doi.org/10.1111/ecog.04995

Seidl, R., Miiller, J., Hothorn, T., Béssler, C., Heurich, M., & Kautz, M.
(2016). Small beetle, large-scale drivers: How regional and land-
scape factors affect outbreaks of the European spruce bark beetle.
Journal of Applied Ecology, 53(2), 530-540. https://doi.org/10.1111/
1365-2664.12540

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M.,
Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi, J., Lexer,
M. J,, Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A.,
& Reyer, C. P. 0. (2017). Forest disturbances under climate change.
Nature Climate Change, 7(6), 395-402. https://doi.org/10.1038/
nclimate3303

Senf, C., & Seidl, R. (2018). Natural disturbances are spatially diverse but
temporally synchronized across temperate forest landscapes in
Europe. Global Change Biology, 24(3), 1201-1211. https://doi.org/
10.1111/gcb.13897

Senf, C., & Seidl, R. (2021a). Mapping the forest disturbance regimes of
Europe. Nature Sustainability, 4(1), 63-70. https://doi.org/10.1038/
s41893-020-00609-y

Senf, C., & Seidl, R. (2021b). Storm and fire disturbances in Europe:
Distribution and trends. Global Change Biology, 27(15), 3605-3619.
https://doi.org/10.1111/gcb.15679

Sexton, J. O., Song, X. P, Feng, M., Noojipady, P., Anand, A., Huang, C.,
Kim, D. H., Collins, K. M., Channan, S., DiMiceli, C., & Townshend, J.
R. (2013). Global, 30-m resolution continuous fields of tree cover:
Landsat-based rescaling of MODIS vegetation continuous fields
with lidar-based estimates of error. International Journal of Digital
Earth, 6(5), 427-448. https://doi.org/10.1080/17538947.2013.
786146

Shorohova, E., Kneeshaw, D., Kuuluvainen, T., Shorohova, S. G., &
Kneeshaw, E. (2011). Variability and dynamics of old-growth for-
ests in the circumboreal zone: Implications for conservation, resto-
ration and management. Silva Fennica, 45(5), 785-806. www.metla.
fi/silvafennica

Shorohova, E., Kuuluvainen, T., Kangur, A., & Jogiste, K. (2009). Natural
stand structures, disturbance regimes and successional dynamics
in the Eurasian boreal forests: A review with special reference to


https://doi.org/10.1111/j.1654-1103.2002.tb02068.x
https://doi.org/10.1111/j.1654-1103.2002.tb02068.x
https://doi.org/10.1038/nclimate1535
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1038/s41586-021-03292-x
https://doi.org/10.5194/bg-8-715-2011
https://doi.org/10.5194/bg-8-715-2011
https://doi.org/10.1016/j.rse.2011.09.025
https://doi.org/10.1016/j.rse.2011.09.025
https://doi.org/10.1126/sciadv.1600821
https://doi.org/10.1016/j.rse.2020.112165
https://doi.org/10.1016/j.rse.2020.112165
https://doi.org/10.1038/s41561-019-0427-2
https://doi.org/10.1038/s41561-019-0427-2
https://doi.org/10.1073/pnas.1810512116
https://doi.org/10.1073/pnas.1810512116
https://doi.org/10.5194/bg-17-3961-2020
https://doi.org/10.1111/j.1365-2745.2007.01301.x
https://doi.org/10.1111/j.1365-2745.2007.01301.x
https://doi.org/10.1111/1365-2664.13395
https://doi.org/10.1111/1365-2664.13395
https://doi.org/10.5285/5f331c418e9f4935b8eb1b836f8a91b8
https://doi.org/10.5285/5f331c418e9f4935b8eb1b836f8a91b8
https://doi.org/10.1080/1747423X.2010.511681
https://doi.org/10.1080/1747423X.2010.511681
https://doi.org/10.1016/j.ecolmodel.2010.09.040
https://doi.org/10.1111/ecog.04995
https://doi.org/10.1111/1365-2664.12540
https://doi.org/10.1111/1365-2664.12540
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1111/gcb.13897
https://doi.org/10.1111/gcb.13897
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1038/s41893-020-00609-y
https://doi.org/10.1111/gcb.15679
https://doi.org/10.1080/17538947.2013.786146
https://doi.org/10.1080/17538947.2013.786146
http://www.metla.fi/silvafennica
http://www.metla.fi/silvafennica

PUGH ET AL.

16 Wl LEY- Global Ecology A dounalof

and Biogeography B

Russian studies. Annals of Forest Science, 66(2), 201. https://doi.org/
10.1051/forest/2008083

Simard, M., Pinto, N., Fisher, J. B., & Baccini, A. (2011). Mapping forest
canopy height globally with spaceborne lidar. Journal of Geophysical
Research: Biogeosciences, 116(4), 1-12. https://doi.org/10.1029/2011J)
G001708

Smith, B., Prentice, I. C., & Sykes, M. T. (2001). Representation of veg-
etation dynamics in the modelling of terrestrial ecosystems:
Comparing two contrasting approaches within European climate
space. Global Ecology and Biogeography, 10(6), 621-637. https://doi.
org/10.1046/j.1466-822X.2001.00256.x

Smith, B., Warlind, D., Arneth, A., Hickler, T., Leadley, P, Siltberg, J., &
Zaehle, S. (2014). Implications of incorporating N cycling and N
limitations on primary production in an individual-based dynamic
vegetation model. Biogeosciences, 11(7), 2027-2054. https://doi.
org/10.5194/bg-11-2027-2014

Sommerfeld, A., Senf, C., Buma, B., D'Amato, A. W., Després, T., Diaz-
Hormazabal, 1., Fraver, S., Frelich, L. E., Gutiérrez, A. G., Hart,
S. J., Harvey, B. J., He, H. S., Hlasny, T., Holz, A., Kitzberger, T,
Kulakowski, D., Lindenmayer, D., Mori, A. S., Miller, J., ... Seidl, R.
(2018). Patterns and drivers of recent disturbances across the tem-
perate forest biome. Nature Communications, 9(1), 4355. https://
doi.org/10.1038/s41467-018-06788-9

Stephenson, N. L., van Mantgem, P. J.,, Bunn, A. G., Bruner, H.,
Harmon, M. E., O'Connel, K. B., Urban, D. L., & Franklin, J. F.
(2011). Causes and implications of the correlation between for-
est productivity and tree mortality rates. Ecological Monographs,
81(4), 527-555.

Taylor, A. R., Gao, B., & Chen, H. Y. H. (2020). The effect of species di-
versity on tree growth varies during forest succession in the bo-
real forest of central Canada. Forest Ecology and Management, 455,
117641. https://doi.org/10.1016/j.foreco.2019.117641

Thom, D., Seidl, R., Steyrer, G., Krehan, H., & Formayer, H. (2013).
Slow and fast drivers of the natural disturbance regime in central
European forest ecosystems. Forest Ecology and Management, 307,
293-302. https://doi.org/10.1016/j.foreco.2013.07.017

Thonicke, K., Spessa, A., Prentice, I. C., Harrison, S. P, Dong, L., &
Carmona-Moreno, C. (2010). The influence of vegetation, fire
spread and fire behaviour on biomass burning and trace gas emis-
sions: Results from a process-based model. Biogeosciences, 7(6),
1991-2011. https://doi.org/10.5194/bg-7-1991-2010

Thurner, M., Beer, C., Santoro, M., Carvalhais, N., Wutzler, T.,
Schepaschenko, D., Shvidenko, A., Kompter, E., Ahrens, B., Levick,
S. R., & Schmullius, C. (2014). Carbon stock and density of north-
ern boreal and temperate forests. Global Ecology and Biogeography,
23(3), 297-310. https://doi.org/10.1111/geb.12125

Trillion Trees. (2021). The trillion trees vision. https://trilliontrees.org/
about/the-vision

United Nations. (2017). Economic and Social Council Resolution adopted
by the Economic and Social Council on 20 April 2017. www.fao.org/
docrep/017/ap862e/ap862e00.pdf

van Cleve, K., & Viereck, L. A. (1981). Forest succession in relation to
nutrient cycling in the Boreal forest of Alaska. In D. C. West, H. H.

Shugart, & D. B. Botkin (Eds.), Forest succession: Concepts and appli-
cation (pp. 185-211). Springer.

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). Springer.

White, J. C., Wulder, M. A., Hermosilla, T., Coops, N. C., & Hobart, G. W.
(2017). A nationwide annual characterization of 25years of forest
disturbance and recovery for Canada using Landsat time series.
Remote Sensing of Environment, 194, 303-321. https://doi.org/10.
1016/j.rse.2017.03.035

Wild, T., Bulkeley, H., Naumann, S., Vojinovic, Z., Calfapietra, C., &
Whiteoak, K. (2020). Nature-Based Solutions: State of the Art in EU-
Funded Projects. https://doi.org/10.2777/236007

Wilson, E. O. (2016). Half-earth: Our Planet's fight for life. Liveright
Publishing.

Winkler, K., Fuchs, R., Rounsevell, M., & Herold, M. (2021). Global land
use changes are four times greater than previously estimated.
Nature Communications, 12, 2501. https://doi.org/10.1038/s4146
7-021-22702-2

BIOSKETCHES

Dr. Thomas Pugh is associate professor at Lund University,
Sweden, and Reader in Biosphere-Atmosphere Exchange at the
University of Birmingham, U.K. His work uses modelling and ob-
servation-based approaches to explore interactions between
the terrestrial biosphere, climate and management at the global
scale, with a focus on forest dynamics.

Dr. Cornelius Senf is a research scientist at the Ecosystem
Dynamics and Forest Management Group of Technical University
of Munich, Germany. His research focusses on understanding the
dynamics of forest ecosystems using remote sensing approaches,
with a particular focus on Europe.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Pugh, T. A. M., Seid|, R,, Liu, D.,
Lindeskog, M., Chini, L. P, & Senf, C. (2023). The
anthropogenic imprint on temperate and boreal forest
demography and carbon turnover. Global Ecology and
Biogeography, 00, 1-16. https://doi.org/10.1111/geb.13773



https://doi.org/10.1051/forest/2008083
https://doi.org/10.1051/forest/2008083
https://doi.org/10.1029/2011JG001708
https://doi.org/10.1029/2011JG001708
https://doi.org/10.1046/j.1466-822X.2001.00256.x
https://doi.org/10.1046/j.1466-822X.2001.00256.x
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.5194/bg-11-2027-2014
https://doi.org/10.1038/s41467-018-06788-9
https://doi.org/10.1038/s41467-018-06788-9
https://doi.org/10.1016/j.foreco.2019.117641
https://doi.org/10.1016/j.foreco.2013.07.017
https://doi.org/10.5194/bg-7-1991-2010
https://doi.org/10.1111/geb.12125
http://https//Trilliontrees.Org/about/the-Vision
http://https//Trilliontrees.Org/about/the-Vision
http://www.fao.org/docrep/017/ap862e/ap862e00.pdf
http://www.fao.org/docrep/017/ap862e/ap862e00.pdf
https://doi.org/10.1016/j.rse.2017.03.035
https://doi.org/10.1016/j.rse.2017.03.035
https://doi.org/10.2777/236007
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1111/geb.13773

	The anthropogenic imprint on temperate and boreal forest demography and carbon turnover
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Empirical model of disturbance rates
	2.2|Vegetation model simulations
	2.3|Masking
	2.4|Evaluation

	3|RESULTS AND DISCUSSION
	3.1|Modelling disturbance rates and clusters across 77 landscapes
	3.2|Disturbance return intervals across the temperate and boreal biomes
	3.3|Impacts on forest structure and carbon turnover
	3.4|Limitations of the approach

	4|CONCLUSIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCHES


