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ABSTRACT

Aim Biotic disturbances (BD, including insects, pathogens and wildlife
herbivory) can alter forest structure and the capability of forests to deliver
ecosystem services. Impact assessments, however, are limited by the lack of
reliable and timely disturbance data at large spatial scales. This review
synthesizes empirical data on the magnitude and distribution of spatiotemporal impacts of BD.
Location Northern Hemisphere.
Methods Based on large-scale, multi-year BD data sets, covering c. 46% of the
global forest, we calculated annual disturbance fractions Df (percentage of
forest area affected) and their inter-annual variability at a grid cell resolution
of 18. The impact of BD on forest carbon pools was determined by overlaying
Df with data on forest cover and carbon density.
Results Overall, 43.9 million hectares (Mha) (Df 5 2.6%) of forests were
affected annually by BD, particularly by insects (36.5 Mha, Df 5 2.2%). Our
synthesis demonstrates that fractions affected by BD (1) vary greatly over space
and time, mainly in response to ephemeral bark beetle and defoliator
outbreaks, (2) show temporal trends that are inconsistent across regions, yet
are largely increasing over recent decades, and (3) are substantially higher than
Df caused by fire and other abiotic disturbances. Tree mortality was estimated
over an area of 3.3 Mha year21 (medium estimate which assumed mortality at
7.5% of the affected area), with associated committed carbon fluxes from living
biomass to litter and the atmosphere at 129.9 Mt C year21.
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Main conclusions BD are key drivers of forest dynamics, making a
contribution to tree mortality of a similar magnitude to fire. Despite inherent
uncertainties, the data reported can be used to improve the representation of
BD in global ecosystem models. Our findings call for future forest monitoring
approaches to provide accessible, precise and consistent data on the occurrence
and severity of BD which are harmonized across jurisdictions.
Keywords
Bark beetle, defoliator, disease, DGVM, forest carbon cycle, insect outbreak,
pathogen, pest monitoring, tree mortality.
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Figure 1 Natural disturbance categories with their main causes
of damage; the shaded box indicates biotic disturbances as
covered in this study. ‘Wildlife herbivory’ involves all kinds of
biotic damage not specifically caused by insects or pathogens,
e.g. by browsing, beaver felling or unspecified/interacting agents
(complex decline).

INTRODUCTION
Natural disturbances, including wildfires, other abiotic factors
and biotic agents (Fig. 1), are inherent components of global
forest ecosystems, affecting their structure, biodiversity and
functioning, and hence also important ecosystem services
such as timber production and carbon sequestration (Boyd
et al., 2013; Thom & Seidl, 2016). These disturbances interact
not only with each other (Buma, 2015) but also with recent
increases in atmospheric carbon dioxide and related climatic
change, which in turn contribute to the dynamics of forest
ecosystems (Kurz et al., 2008). This complex interplay challenges our ability to assess present and future forest function
in response to disturbance. Currently, about 5% of the
world’s 4 billion hectares of forest are estimated to be disturbed per year. As a result, more than 60% of global forests
are in various states of recovery from a past disturbance at
any given time (FAO, 2006; van Lierop et al., 2015). Northern temperate forests have been affected by natural disturbances more frequently and with a higher spatio-temporal
variability than by harvesting (Cohen et al., 2016). Further
intensification of natural disturbance regimes due to climatic
changes are expected, leading to enhanced tree mortality due
to drought (Allen et al., 2010; Michaelian et al., 2011; Williams et al., 2013), storms and fire (Seidl et al., 2014), as well
as insects and pathogens (Sturrock et al., 2011; Weed et al.,
2013; Seidl et al., 2014).
This study addresses biotic disturbances (BD), which
include all types of damage to trees induced by living organisms excluding humans. The range of agents causing BD can
be classified into three primary groups: (1) insects, (2)
pathogens, and (3) wildlife herbivory (Fig. 1). Outbreaks of
herbivorous insects are considered the most destructive BD,
affecting tens of millions of hectares of global forests annually (van Lierop et al., 2015). While particular disturbance
mechanisms depend on the feeding behaviour of the insect
herbivore (e.g. leaf chewers, sap suckers, stem borers, root
2

pruners), all mechanisms interfere with photosynthesis and
transpiration, and with the translocation of carbohydrates
and nutrients (Edburg et al., 2012; Flower & Gonzales-Meler,
2015). Depending on the severity of an attack, the physiological ability of a tree to function, maintain growth and
respond to further stresses can be reduced substantially,
which may eventually lead to tree mortality. The most damaging feeding guilds are the xylophagous insects (those that
feed on live woody tissues, e.g. bark beetles) and the phyllophagous insects (those that feed on leaf tissues, e.g. defoliators). Tree-killing bark beetles, in particular, can completely
devastate forests at the landscape scale within a few years, as
recent examples of beetle outbreaks in Canada (Kurz et al.,
2008), the USA (Meddens et al., 2012) and central Europe
(Kautz et al., 2011) demonstrate. Likewise, repeated attacks
by defoliating insects can cause extensive tree mortality
(Cooke et al., 2007). Pathogens such as fungi, bacteria or
other microorganisms, which sometimes occur in association
with an insect infestation, may also cause serious infections
to roots, stems or foliage of trees (Santini et al., 2013).
Affected trees are typically not immediately killed by these
infections; instead, their ability to resist other stresses is
reduced, which may ultimately lead to mortality (DesprezLoustau et al., 2006). The third group of agents, referred to
as ‘wildlife herbivory’ hereafter, includes all biotic damage
which is not specifically caused by insects or pathogens. It
involves true herbivory, e.g. ungulate browsing, as well as
tree damage which is not solely through consumption, e.g.
beaver felling. Such wildlife disturbance typically has only relatively marginal impacts on forests, as populations do not
exhibit irruptive dynamics. In the context of our study this
group may further involve complex forest decline, i.e. damage resulting from the interactions of several biotic agents, or
from interactions with abiotic disturbances such as drought
(Hicke et al., 2012a).
Recent modelling studies emphasize the sensitivity of forest
ecosystem dynamics and of carbon and nutrient cycling to
changing disturbance regimes (Edburg et al., 2011; Le Page
et al., 2013; Seidl et al., 2014), the sensitivity of disturbance
regimes to changes in climate (J€
onsson et al., 2007; Bentz
et al., 2010), as well as multiple effects caused by interacting
disturbance regimes (J€
onsson et al., 2012; Temperli et al.,
2013). Despite the increasing evidence of substantial impacts
of BD on forest ecosystems and on potential global carbon
sequestration (Liu et al., 2011; Hicke et al., 2012a; Kurz
et al., 2013; Flower & Gonzales-Meler, 2015), quantitative
assessments are limited in many regions by the quality and
deficiency of available BD data (FAO, 2010; van Lierop et al.,
2015). Likewise, today’s dynamic global vegetation models
(DGVM), considered the state-of-the-art tools for assessing
terrestrial carbon cycle dynamics (Le Quere et al., 2015),
have no or only a rudimentary representation of the agents
of BD (Arneth & Niinemets, 2010; Quillet et al., 2010; Fisher
et al., 2014). The ability to acquire reliable and timely disturbance data and to model disturbance effects is necessary
for an accurate assessment of vegetation dynamics and for
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quantifying impacts of disturbance in carbon budget models
(Kasischke et al., 2013; Anderegg et al., 2015).
To our knowledge, no comprehensive overview has been
compiled that quantifies the occurrence of BD in space and
time to estimate their ecological impacts at the biome to
global scale. While some studies have reported such characteristics for separate regions or agents, e.g. for Europe (Schelhaas et al., 2003a; Seidl et al., 2014) and North America
(Hicke et al., 2012a; Flower & Gonzales-Meler, 2015), these
results cannot be easily extrapolated to other regions and
other disturbance agents without a considerable increase in
uncertainty. Overall, this seems challenging but is critical for
improving our knowledge from the landscape level of single
BD agents and their interactions, in order to develop tools
that integrate data and knowledge of ecological processes at
the global scale. This review synthesizes recent disturbance
data across Northern Hemisphere forests to provide spatially
explicit quantitative estimates of the occurrence, variability
and potential impacts of BD from which to present the foundation for integrating BD into large-scale ecosystem models,
such as DGVM.
MATERIALS AND METHODS
Data sets
Our review focuses on Northern Hemisphere forests, mainly
located in boreal and temperate biomes but including some
subtropical forests, which together represent approximately
18.6 million km2 or 46% of total global forest cover (Fig.
2a). We selected data from a number of countries based on
two criteria: (1) forests cover a considerable part of the country’s land surface and (2) suitable records of BD in these forests, i.e. disturbance by insects, pathogens and/or wildlife
herbivory, were available for a time period of more than 10
years. The domain of this study thus includes four major
regions: North America (Canada and the USA), Europe (34
countries, excluding Russia), Russia and central-east Asia
(China, Mongolia and Japan).
Our analysis builds from national disturbance data sets
(see below for disturbance metrics), which were primarily
based on aerial surveys and ground inventories. Aerial survey
techniques have changed considerably over time, with delineation onto digital tablets with GPS (global positioning systems) being prevalent today (Schrader-Patton, 2003). To
avoid strong biases due to sampling techniques, we decided
to focus only on a relatively recent time series, beginning in
1980 (where available). Moreover, the availability and quality
of BD data also varied across regions due to the different
monitoring standards applied. For instance, data for the USA
were available at high polygon-level resolution with detailed
attributes associated with each damage polygon, e.g. with
regard to agent, host and severity (USDA Forest Service,
2005). Canadian forest monitoring provided BD data which
were slightly less detailed, and which included insect damage
that is mostly representative of managed forests (Canadian
Council of Forest Ministers, 2012). By contrast, European

data were not easily available at annual resolution for each
country and data quality differed considerably between countries, as each country has its own monitoring standards (Forster et al., 1999; BIO Intelligence Service, 2011). Hence, we
used data from the most recent global Forest Resource
Assessment (FRA; FAO, 2010) for Europe, which covered c.
90% of European forests. The FRA data were based on
national enquiries and were limited in their spatial (country),
temporal (5-year average) and attributive resolution (lacking
information on species level). Likewise, for Russia and
central-east Asian countries, available BD data were not as
detailed and consistent as the North American data due to
less comprehensive monitoring standards (Malysheva et al.,
2000; Yang et al., 2015). An overview of the different data
sets used for analyses is provided in Table 1, while the data
are compiled in the Appendix S1 in Supporting Information.
In addition, some information regarding the availability of
BD data across global forests outside the study domain is
provided in Appendix S2.
Disturbance metrics
To quantify BD spatially, various metrics can be used, i.e.,
(1) affected area Aa (area affected by a disturbance agent,
typically recorded by aerial or field surveys – this probably
also includes unaffected, healthy trees), (2) disturbed area Ad
(the truly affected area excluding un-impacted trees), and (3)
mortality area Am (area of trees killed by the disturbance).
All of these metrics can be calculated as fractions (%) of a
specific forest area unit, in contrast to alternative tree-based
measures such as basal area (m2) or volume (m3). In our
analyses, we consistently used the spatial metric Aa (given in
hectares), as it was commonly provided across all countries
(Table 1), and it allowed for comparisons among BD agents
that may/may not have resulted in mortality, as well as
among different natural disturbance categories. Data on Ad
(or even Am) would be a more appropriate measure (cf.
Meddens et al., 2012), but these data were unavailable for
most of our study area. Since large-scale forest monitoring
occurs at a resolution beyond the tree level (Aa > Ad), and
BD do not necessarily cause tree mortality (Ad > Am), it can
be assumed that Aa > Am. The mortality fraction, i.e. the
fraction of mortality area Am in the affected area Aa, varies
depending on forest and species characteristics, associated
damage severity, the number of consecutive years damage
may have occurred and the monitoring resolution. Hence,
Am (and the resulting carbon fluxes) at the scale of our study
domain cannot be estimated without considerable uncertainties. Numerous studies have investigated insect-induced tree
mortality at the stand scale and found mortality fractions
ranging from 0% to almost 100% of the forest area, but typically from 5% to 50% (e.g. Alfaro et al., 1999; MacLean
et al., 2001; Orwig et al., 2002; Gray & MacKinnon, 2006;
Zhang et al., 2014). Only a few studies, however, have
focused on the fraction of Am in relation to the detected Aa
at large spatial scales. Meddens et al. (2012) investigated bark
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Figure 2 (a) Major biotic disturbance outbreaks during recent decades in Northern Hemisphere forests. Outbreaks are separated into
bark beetles (red numbers), defoliators (yellow numbers) and pathogens (blue numbers), and vary in extent, duration and affected host
species (see Table 2 for details). The study domain is shaded in grey; the corresponding forest is coloured according to its biome
(Bartholome & Belward, 2005; The Nature Conservancy, 2009). (b) Mean annual biotic disturbance fraction Df (% forest area affected),
derived from multi-year data sets (see Table 1 and Appendix S1 for details). (c) Potential impact of disturbance on vegetation carbon
pools (Mt C year21), estimated by multiplying Df/100 by the year 2000 state of forest carbon density (t C ha21; Ruesch & Gibbs, 2008)
and forest area (ha; Bartholome & Belward, 2005) per grid cell. Carbon fluxes due to tree mortality induced by biotic disturbance can
be obtained by multiplying these figures with the assumed tree mortality fraction (5%, 7.5% or 10%). For (b) and (c), a grid cell
resolution of 183 18 is used; sharp colour gradients at borders are due to limitations of biotic disturbance data in different jurisdictions.

beetle-induced mortality for the Canadian province of British
Columbia (BC) and the western USA, and revealed average
mortality fractions of 8.3% (BC) and 1.7 2 19.4% (western
USA, lower and upper estimate) of Aa. For Canada, Kurz &
Apps (1999) used mortality fractions of 5% to 15% for five
different insect species, including bark beetles and defoliators,
in modelling insect-induced carbon fluxes. Similar assumptions were also made in other modelling studies that
included one or two main insect species at the regional scale
(Kurz et al., 2008; Dymond et al., 2010; Ghimire et al.,
2015). While mortality due to pathogens and wildlife herbivory may be assumed to be lower than mortality due to
4

insects, landscape-scale mortality fractions have been shown
to exceed 10% of Aa when severity is high (Meentemeyer
et al., 2008; Zhao, 2008) or when these agents interact with
insect disturbances (Hicke et al., 2012a). Since we lacked reliable mortality data at the scale of our study, we generated
mortality fractions that ranged from 5% to 10% to approximate the effects of BD-induced tree mortality on the vegetation carbon pools. Hence, we defined a medium estimate
(ME) based on a 7.5% mortality fraction, i.e. 7.5% of the
observed area affected by BD suffered tree mortality
(Am(ME) 5 Aa 3 0.075), either directly due to the BD agent
or indirectly via a subsequent stressor. This mortality fraction
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Table 1 Characteristics of the data sets used for the calculation of biotic disturbance fractions.
Spatial
extent

Spatial
resolution

Temporal
resolution

Time period

Biotic agents

Uncertainty*

Data sources

Canada

Province

1 year

1990 2 2013

Insects (species)

Low (for insects)

USA

State†

1 year

1997 2 2013

Low

Europe

Country

5 years§

Russia

Subject¶

1 year

1988 2 92,
1998 2 2007
1992 2 2005

Insects (species),
pathogens, wildlife
herbivory‡
Insects, pathogens,
wildlife herbivory
Insects/pathogens

Canadian Forest Service (2016)
USDA Forest Service
(2016)

China

Country

1 year

1990 2 2011

Insects, pathogens,
wildlife herbivory

High

Mongolia

Country

1 year

1980 2 2001

Insects

High

Japan

Country

1 year

1980 2 2007

Insects/pathogens,
wildlife herbivory

High

High

FAO (2010)

High

Federal Service of Forest Management,
Russia (2006)
Fu et al. (2011), State
Forestry Administration, P.R. China
(2013)
Ministry of Nature
and Environment,
Mongolia (1998,
2002)
Forest Agency, Japan
(2009)

See Appendix S1 for further details.
*Estimation of data uncertainty (high–low) is based on spatial, temporal and attributive resolution, and its coverage.
†
Original polygon data have been aggregated to state level in order to make scales comparable across the study domain.
‡
Also contains unspecified biotic disturbances closely interacting with abiotic factors (complex decline).
§
Five-year averages (1988 2 92, 1998 2 2002, 2003 2 07).
¶
Federal subject is an administrative unit in Russia.

is a generic assumption, averaged over different regions, host
species and BD agents. Similarly, we defined a lower-estimate
(LE) and an upper-estimate (UE) scenario with 5% and 10%
mortality fractions, respectively, in order to account for the
uncertainties related to our assumptions.
To make Aa records comparable among aerial units of different sizes, disturbance fractions Df (%) for each year were
derived by dividing Aa by the corresponding total forest area
Af, i.e. Df 5 Aa/Af 3 100. This fraction is spatially explicit
and integrates single disturbance characteristics, such as
extent, magnitude and frequency, into a single metric. When
considering a relatively long time period (>10 years), the
mean Df and inter-annual variability (expressed by the standard deviation, SD) are a meaningful measure of the occurrence of BD at a certain location over time. For European
countries where FRA data were used, no measure for interannual variability was given, as result of the 5-year averaging
period.
Analyses
We created a map with a grid at 183 18 spatial resolution
covering the study domain and overlaid it with the disturbance data (mean Df, derived from the data sets as listed in
Table 1), as well as with forest cover information (Global

Land Cover classes 1–10; Bartholome & Belward, 2005) and
forest carbon density estimates (including above- and belowground living biomass; Ruesch & Gibbs, 2008). Both forest
cover and carbon density data refer to the year 2000, which
fits well into the time period of disturbance data employed
in this study. As a result, each grid cell contains information
about its long-term annual BD fraction Df (%), its actual forest cover (ha) and its mean carbon density (t C ha21). To
estimate potential carbon impacts due to BD, we multiplied
these three values (i.e. Df/100 3 forest cover 3 carbon density) for each grid cell. By assuming an average tree mortality
fraction (as described above), the resulting carbon fluxes
from the living biomass pool to the dead organic matter
pool and to the atmosphere (t C year21) could be estimated.
In addition to our analysis of the described data sets, we
reviewed the published scientific literature in order to synthesize information regarding recent large outbreaks of BD in
Northern Hemisphere forests and on the agent, host, location
and extent of each outbreak (Table 2).
RESULTS
Biotic disturbance fractions and outbreak patterns
On average, 43.9 Mha (Df 5 2.6%) of forests were disturbed
by BD agents each year in our study domain (Table 3),
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Table 2 Major outbreaks of biotic disturbance reported since the 1970s.

ID no.
1

2

3

4

5

6

7

8

9

Agent species and
category*
Spruce beetle
(Dendroctonus
rufipennis)
Western spruce
budworm
(Choristoneura
occidentalis)

Primary host species
and category*

USA: southern Alaska

1.2

1990 2 2000

Werner et al.
(2006)

D

Coniferous species

c

Canada: southern British
Columbia

0.8

2007

USA: north-western
states

5.4

1986

10.1

2007

Canadian Forest
Service
(2016)
USDA Forest
Service
(2010)
Canadian Forest
Service
(2016)
USDA Forest
Service
(2016)
USDA Forest
Service
(2016)

Sudden oak
death
(Phytophthora
ramorum)
Pinyon ips beetle
(Ips confusus)

P

Pine (Pinus)
species

c

6

Autumnal moth
(Epirrita
autumnata),
winter moth
(Operophtera
brumata)

Canada: British Columbia

USA: western states

9.7

2008 2 10

Oak (Quercus)
species, tanoak
(Lithocarpus
densiflorus)
Pinyon pine
(Pinus) species

b

USA: California, Oregon

0.05

2010 2 13

c

USA: south-western states

1.4

2003 2 04

B

Pine (Pinus)
species

c

USA: south-eastern states

0.4

1999 2 2002

D

Poplar (Populus)
species

b

Canada: Ontario, Quebec

14.3

2001

Canadian Forest
Service
(2016)

D

Spruce (Picea) and
fir (Abies)
species

c

Canada: south-eastern
provinces

51.9

1975

Canadian Forest
Service
(2016)

D

Broadleaf species

b

USA: north-eastern states

5.2

1981

Romania

0.2

1998 2 99

Germany/Czech Republic:
Bavarian Forest and
Sumava national parks

0.02

1990 2 2012

USDA Forest
Service
(2010)
Lupu et al.
(1999)
Kautz et al.
(2011),
Sumava
National
Park administration,
pers. comm.
Bakke (1991)

B

B

Norway spruce
(Picea abies)

c

12
13

Reference

c

B

European spruce
bark beetle (Ips
typographus)

Year

Spruce (Picea)
species

10
11

Affected
area (Mha)

B

Mountain pine
beetle
(Dendroctonus
ponderosae)

Southern pine
beetle
(Dendroctonus
frontalis)
Forest tent
caterpillar
(Malacosoma
disstria)
Eastern spruce
budworm
(Choristoneura
fumiferana)
Gypsy moth
(Lymantria
dispar)

Location

D

Mountain birch
(Betula pubescens ssp.)

b

Norway: southern
provinces
Norway, Sweden: northern provinces

14
0.4

Late 1970s to
early 1980s
2005

USDA Forest
Service
(2016)
Wear & Greis
(2013)

Jepsen et al.
(2009)
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TABLE 2. Continued

ID no.
14
15

16

17

18

19
20

Agent species and
category*

Primary host species
and category*

Siberian silk
moth
(Dendrolimus
sibiricus)

D

Pine caterpillar
(Dendrolimus
superans)
Red turpentine
beetle
(Dendroctonus
valens)
Pine shoot beetle
(Tomicus
piniperda)
Pine wood
nematode
(Bursaphelenchus
xylophilus)

D

Coniferous species

B

B

P

Coniferous species

Affected
area (Mha)

Location
c

Year

Reference
Kharuk et al.
(2007)
Gninenko &
Orlinskii
(2002)
Huang et al.
(2010)

Russia: central Siberia

0.7

1994 2 96

Russia: Sakha Republic

5.9

2000

c

China: north-eastern
provinces

0.01

2003 2 04

Pine (Pinus)
species

c

China: central-eastern
provinces

0.5

1999 2 2003

Yan et al.
(2005), Sun
et al. (2013)

Yunnan pine
(Pinus
yunnanensis)
Pine (Pinus)
species

c

China: Yunnan

1.5

Late 1970s
to early 1990s

Hui & XueSong (1999)

c

China: central-eastern
provinces
Japan: Honsh
u, Shikoku,
Ky
ush
u

0.06

1998 2 2006

Zhao (2008)

0.65

1979

Mamiya (1988)

ID numbers refer to the map in Fig. 2(a).
*B, bark beetle; D, defoliator; P, pathogen; c, coniferous; b, broadleaf.

although the fraction disturbed varied considerably, both
temporally and spatially (Figs 2b & 4). Of the BD agents,
insects contributed most to the total observed damage
(36.5 Mha, 2.2%), followed by pathogens (4.0 Mha, 0.2%)
and wildlife herbivory including complex forest decline
(2.9 Mha, 0.2%) (Fig. 3). Over recent decades, Df showed
inconsistent temporal trends between regions: BD have
notably intensified in Europe, China and Mongolia, while
they remained at a more consistent level in Canada, the
USA, Russia and Japan (Fig. 4). Across the observed biomes, average Df increased from boreal (1.4%), to temperate
(3.6%), to subtropical forests (4%) (Fig. 2a, b) 2 a gradient
that is in line with the well-established theory that plant–
herbivore interactions are typically enhanced towards lower
latitudes (Schemske et al., 2009, and references therein).
Overall, the frequency distribution of Df is distinctly rightskewed; that is, in the majority of forests (63% of the total
forest area with disturbance data) the affected area is less
than 1%, while in a relatively small proportion of forests
the areas are more severely affected (11% of forests had an
annual BD fraction >5%). This distribution, however, is
also influenced by the size distribution of aerial units used
for calculation of Df.
The area disturbed annually by single outbreak events, primarily involving bark beetles and defoliators, may reach up
to several million hectares, well in excess of the long-term
average Df (Table 2). The spatial distribution of outbreaks in
the study domain were not random and showed distinctive
patterns, probably determined by the presence of BD agents,

environmental factors and the distribution of susceptible host
trees. Defoliator outbreaks were located in northern, mainly
boreal, coniferous and broadleaf forests, while bark beetle
outbreaks principally occurred in coniferous forests in the
temperate zone (Fig. 2a). Coniferous forests appear to be
more frequently disturbed and killed by insects than broadleaf forests (Table 2), which is probably due to the strong
association of tree-killing bark beetles with coniferous hosts
(Ohmart, 1989).
North America
BD fractions in Canada (5.4 6 2.8%) over recent decades
were the highest among our study regions, with Df values
more than twice as high as those observed in the USA
(2.4 6 1.0%; Fig. 3). The highest Df occurred in the Canadian
provinces of Ontario (14.5 6 18.9%), British Columbia
(9.3 6 7.8%) and Alberta (7.2 6 8.4%), as well as in the US
states of Indiana (20.6 6 82.5%), New Jersey (12.7 6 26.8%)
and Minnesota (8.4 6 13.5%) (Fig. 2b). While bark beetle
outbreaks, sometimes co-occurring with drought (Meddens
et al., 2015), affected large extents of western Canada and the
USA, defoliator outbreaks have become more prominent in
the eastern regions of North America (Fig. 2a, Table 2).
Among the western bark beetles, the mountain pine beetle
(Dendroctonus ponderosae) is by far the most destructive species, affecting millions of hectares since 2000 (Fig. 5a, b,
Table 2). This unprecedented outbreak raises particular concern about a further eastward spread of the beetle, which has
already spread from British Columbia into Alberta, with the
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Table 3 Area affected by biotic disturbances (Aa), calculated disturbance fractions (Df ) and resulting tree mortality area (Am).
Am (Mha year21)
Region

Aa (Mha year21)

Df (% year21)

Lower estimate

Medium estimate

Upper estimate

Canada
US
Europe
Russia
China
Mongolia
Japan

16.61
7.38
6.16
4.19
9.42
0.14
0.01

5.37
2.39
3.59
0.64
4.56
1.32
0.07

0.83
0.37
0.31
0.21
0.47
0.01
0.00

1.25
0.55
0.46
0.31
0.71
0.01
0.00

1.66
0.74
0.62
0.42
0.94
0.01
0.00

Total

43.93

2.60

2.20

3.29

4.39

potential for further host-range expansion into the boreal
forest (Cullingham et al., 2011). During the most recent decades, less widespread, yet significant, tree damage has been
caused by other bark beetles, such as (1) the pinyon ips
beetle (Ips confusus) in the south-western USA (Meddens
et al., 2015), (2) the spruce beetle (Dendroctonus rufipennis)
in subalpine forests in southern Alaska, Canada and the
western USA (Werner et al., 2006), (3) the southern pine
beetle (Dendroctonus frontalis) in the southern USA (Wear
& Greis, 2013), and (4) the western balsam bark beetle
(Dryocoetes confusus) in both western Canada and the USA
(Meddens et al., 2012; for estimates of area affected by the
first three see also Table 2). Defoliators may not necessarily
kill trees, yet the extensive disturbances that have occurred
in North American forests in recent decades have been
found to be comparable to disturbances caused by bark
beetles (Fig. 5a, b for the period 1990 2 2013; Table 2). The
most prominent examples are the forest tent caterpillar
(Malacosoma disstria), western spruce budworm (Choristoneura occidentalis) and eastern spruce budworm (Choristoneura fumiferana), which together have affected more than
100 Mha in Canada and the USA over the past six decades
(USDA Forest Service, 2010; Canadian Forest Service,
2016). In addition to insects, invasive pathogens have
caused significant tree mortality at smaller scales in recent
years, sometimes with drastic consequences for the affected
host species, e.g. Phytophthora ramorum causing sudden
oak death in coastal tanoak forests in the western USA
(Meentemeyer et al., 2008) or Ophiostoma ulmi causing
Dutch elm disease, most visible in urban forests (see review
by Loo, 2009).
Europe
Across Europe, the total area of forest affected averaged 3.6%
for the study period, which can be separated into the area
damaged by insects (1.8%), pathogen-caused diseases (0.9%)
and wildlife herbivory (0.9%). The highest total Df values
were reported for Romania (23.4%), Moldova (22.1%) and
Albania (20.0%), followed by Portugal (15.0%) and Italy
(12.6%), all countries located in the southern or south8

eastern parts of Europe (Fig. 2b). The high fractions in
southern Europe are likely to be explained by the large areas
of forest plantations, mainly pine or eucalyptus, that have
recently been established either for restoration or industrial
purposes. These plantations are typically monocultures, evenaged and often poorly adapted to the site, all of which – in
combination with the warm and dry climate – increase the
risk of insect outbreaks (Branco et al., 2014). In contrast,
lower rates were observed in northern Europe, although single outbreak events may have a noticeable, yet local, impact
(see Table 2). Disturbance trends increased over the study
period (1988 2 2007) in all three BD categories (Fig. 4). By
far the most destructive BD agents were bark beetles, especially the European spruce bark beetle (Ips typographus)
(Gregoire & Evans, 2004; Table 2). For the period
1950 2 2000, the annual damage caused by bark beetles was
estimated at 2.9 Mm3 wood volume, which corresponds to
approximately 0.01% of the total growing stock in Europe
(Schelhaas et al., 2003a). Recent examples from Slovakia
(Økland et al., 2016), Austria (Pasztor et al., 2014) and Switzerland (Stadelmann et al., 2014) underline the causal effect
of prior storm damage for subsequent extensive bark beetle
infestations. Other important agents included defoliator
insects, mainly Lepidoptera, which, although playing a generally more minor role, still severely affected forests at smaller
spatial and temporal scales. Examples include the larch budmoth (Zeiraphera diniana) (Bjørnstad et al., 2002), the pine
processionary (Thaumetopoea pityocampa) (Regolini et al.,
2014) and geometer moths (Geometridae) (Tenow et al.,
2013). There is also a wide variety of pathogens, many of
them invasive to European forests (Santini et al., 2013), yet
their impact is generally more scattered and less severe at
larger scales than that of herbivorous insects (see La Porta
et al., 2008).
Russia
Total BD fractions in Russian forests were low (0.6 6 0.4%;
Figs 2b & 3), with a slight increase over time (Fig. 4). The
low reported Df is probably a result of the absence of bark
beetles (Gromtsev, 2002; Shorohova et al., 2009) but might
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Figure 3 Mean annual biotic disturbance fractions Df (% forest
area affected) in different regions, showing proportions of agent
groups: CAN, Canada; USA, United States; EUR, Europe; RUS,
Russia; CHN, China; MNG, Mongolia; JPN, Japan. Note that
data were not available for all groups in every region, and that
complex decline is included in wildlife herbivory for the USA
(Table 1).

also be due to incomplete monitoring. Our findings are in
accordance with those of Shvidenko et al. (2013), who
reported an annual Aa of 5.5 Mha (0.7%) for the period
1998 2 2010 and a peak exceeding 10 Mha in 2001 (Fig. 5c).
However, a cross-regional comparison with North America,
Europe and China suggests that reported BD fractions are
considerably underestimated (Fig. 3). At the sub-national
level, Df varied greatly and was highest in the Southern Federal District (6.7 6 2.1%), with the subjects of Volgograd and
Rostov showing BD fractions exceeding 20% (Fig. 2b). The
neighbouring Central and Privolzhsky districts were also
above the national average (2.2 6 0.7% and 1.8 6 0.5%,
respectively), while northern and eastern districts were generally less affected. However, this spatial heterogeneity is probably biased by differing forest monitoring efforts in different
regions of the country, with lower estimates in less populated
areas. The most destructive agent in Russian forests was the
Siberian silk moth (Dendrolimus sibiricus), which can defoliate coniferous stands across large spatial extents. Repeated
outbreaks of D. sibiricus in Siberia have affected a total of
>20 Mha since 1880, with exceptional annual damage of >6
Mha in 2000 and 2001 (Gninenko & Orlinskii, 2002; Shorohova et al., 2009; Shvidenko et al., 2013; Fig. 5c). Other significant insect damage was due to several other defoliators,
e.g. the European pine sawfly (Neodiprion sertifer), the common pine sawfly (Diprion pini), the nun moth (Lymantria
monacha), the green oak moth (Tortrix viridana) and the
gypsy moth (Lymantria dispar) (Mozolevskaya et al., 2003;
Fig. 5c).

forestry output (State Forestry Administration, P.R. China,
2013). Insects are the most significant BD agents, damaging
Chinese forests by an annual fraction of 3.5% (6 0.6%)
(Figs 3 & 5d), to which bark beetle and defoliator species
contribute equally. The red turpentine beetle (Dendroctonus
valens), a non-native pest affecting conifers in China since
the early 1980s, and the Asian longhorn beetle (Anoplophora
glabripennis), infesting broadleaf trees, are the most destructive species among the bark beetles (Fig. 5d; Table 2). Forests
affected by these species comprised mainly pine and poplar
plantations. Further, the Chinese pine caterpillar (Dendrolimus tabulaeformis), as well as other Dendrolimus species, are
important defoliators, damaging around 1.5 Mha annually (Ji
et al., 2011; Table 2). In recent years, around 20% of the total
Df in China’s forests is attributed to invasive species (Ji et al.,
2011), particularly Dendroctonus valens and the pine-wood
nematode (Bursaphelenchus xylophilus), which causes pinewilt disease. In Mongolia, an insect-induced Df of 1.3% (6
2.0%) for the period 1980 2 2001 was observed (Ministry of
Nature and Environment, Mongolia, 1998, 2002), which is
considerably lower than more recent estimates of 5.6% for
the period 2003 2 07, assessed in the FRA (FAO, 2010).
Damage was primarily caused by defoliators, and occurred in
the northern mountainous regions covered by coniferous forests (Fig. 2b). BD fractions in Japan from 1980 to 2007 were
the lowest amongst our study regions, most likely because of
its island location and limited species composition. BD in
Japan was caused by insects and diseases 0.03% (6 0.1%)
and by wildlife herbivory 0.04% (6 0.01%) (Fig. 3). The
most important insect species were oak ambrosia beetle
(Platypus quercivorus) and Japanese pine sawyer (Monochamus alternatus). Major damage, however, was not caused by
an insect but by the invasive pine-wood nematode B. xylophilus, with M. alternatus often serving as a vector. Resulting
annual loss of wood volume has ranged from 0.5 to 1 Mm3
within the past two decades (Forest Agency, Japan, 2009).

Central-east Asia
China had a higher BD fraction (4.6 6 0.9%) than its neighbours Mongolia (1.3 6 2.0%) and Japan (0.1 6 0.1%) (Figs
2b, 3 & 4). On average, nearly 10 Mha were affected annually
by BD in China, with an increasing trend over recent years
(Fig. 4). Resulting direct and indirect economic losses
amounted to 88 billion yuan (approximately US$14 billion)
on average each year, which amounts to 10% of China’s gross

Figure 4 Temporal trends of annual biotic disturbance fractions
Df (% forest area affected) over recent decades. For Europe,
available data consist of three 5-year averages (separate
horizontal lines). Data sources are given in Table 1.
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Figure 5 Temporal trends of different biotic disturbance agents for Canada (a), the USA (b), Russia (c) and China (d) over the period
1990 2 2013. Left-hand panels show trends for insects (with main species indicated: bark beetles in red, defoliators in blue), while righthand panels show trends for non-insect agents (pathogens, wildlife herbivory/complex decline). For each case the annual damage is
given by area affected Aa (left y-axis) and by the corresponding disturbance fraction Df (% forest area affected, right y-axis). Note that
the y-axis scale varies among individual panels, and that areas annually disturbed may spatially overlap. Missing panels or values
indicate missing data. See Table 1 for data sources for (a), (b) and (d). For (c), single-species data (1990 – 2001; Mozolevskaya et al.,
2003) and insect totals for the period 2006 2 08 (dotted lines; Savinov, 2009) are added.
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DISCUSSION
Our results revealed BD to be the dominant natural disturbance regime affecting Northern Hemisphere forests: the area
affected by biotic agents in the study domain (Df 5 2.6%)
exceeded burned forest area by approximately 10 times
(Df 5 0.25%, FAO, 2010; see also the Global Fire Emissions
Database, Giglio et al., 2013), and the area affected by other
abiotic causes by 20 times (Df 5 0.13%, FAO, 2010). Findings
further emphasized the high spatio-temporal variability of
BD fractions, yet without indicating a consistent temporal
trend across different regions (Fig. 4). The reasons for these
varying trends include changes in climate and weather patterns (Dale et al., 2001; Bentz et al., 2010), interactions with
other natural disturbances such as fire and drought (Buma,
2015), invasion of exotic species (Liebhold et al., 1995) and
host connectivity (Seidl et al., 2016), as well as efforts in forest monitoring and management (Schelhaas et al., 2003a), all
of which may affect various regions and BD agents individually. Furthermore, trends observed over a limited time period
can be strongly influenced by epidemic outbreaks, such as
those in Canada in the early 1990s and Mongolia in 2001
(Fig. 4). Among BD, insects were the most damaging agents
(Fig. 3), which is in accordance with recent FRA data indicating the area affected by insects to be seven times larger
than that affected by pathogens at the global scale (van
Lierop et al., 2015). Likewise, for trees in the USA, the risk
of infection by insects has been estimated to be 3.6 times
higher than that by pathogens (Krist et al., 2007), a trend
which is also expected to continue in future years (Krist
et al., 2014).
The high spatio-temporal variability in BD frequency and
severity, compared with other natural disturbance regimes or
harvesting, may complicate the precise prediction of future
BD-induced forest impacts. In general, while outbreak periodicity with intervals ranging from few years up to several
decades has been documented for many defoliator species
globally (Myers & Cory, 2013, and references therein), bark
beetle and pathogen populations exhibit less consistent oscillations (Økland et al., 2005; Loo, 2009). Moreover, insect and
pathogen outbreaks are highly sensitive to a warming climate,
and are thus expected to further intensify in the coming decades (Sturrock et al., 2011; Weed et al., 2013; Seidl et al.,
2014). Despite its increasing relevance, to date, the accurate
detection of BD across large spatial scales has been limited
by the absence of adequate global monitoring approaches. In
the following discussion, we demonstrate the significant contribution of BD to tree mortality and on vegetation carbon
pools as one example of forest ecosystem services, identify
the considerable uncertainties inherent to the analysed BD
data, and emphasize the urgent need for improvements to
forest monitoring and modelling.
Impacts on tree mortality and forest carbon cycling
Based on the assumption that an average of 7.5% of affected
area (Aa) suffered tree mortality, an estimated 3.3 Mha

(Am(ME)) of trees were killed each year owing to BD in our
study domain (for a regional breakdown, and for LE and UE
scenarios, see Table 3). By comparison, the forest area
affected by fire was only about one-tenth (Aa 5 4.6 Mha;
FAO, 2010) of that affected by BD, yet tree mortality due to
fire was estimated to be significantly higher (40 2 80%; Rogers et al., 2015) than mortality due to BD. These numbers
suggest there were at least as many trees killed by BD as by
fire (Am 5 1.8 2 3.7 Mha). The more conservative LE scenario resulted in BD-induced mortality comparable to that
caused by fire (Am(LE) 5 2.2 Mha), while the upper estimate
clearly exceeded the fire-killed area (Am(UE) 5 4.4 Mha). The
latter finding is supported by previous reports that pestcaused timber losses are larger than those due to fire, e.g. in
boreal Canada (Volney & Fleming, 2000). Data on the occurrence of abiotic disturbances other than fire were incomplete
(FAO, 2010); however, the resulting area of tree mortality
was likely to be lower than that caused by either BD or fire
(Moore & Allard, 2011). Hence, these results recognize BD as
the natural disturbance regime that causes the most frequent
tree mortality in Northern Hemisphere forests.
To exemplify the effects of BD on forest functioning, we
quantified their potential impacts on forest vegetation carbon
pools in the study domain. The total vegetation carbon
potentially affected each year by BD (Df/100 3 forest cover
3 carbon density) summed to 1.73 Gt C. Applying the ME
scenario with a 7.5% mortality fraction of Aa resulted in total
committed carbon fluxes of 129.9 Mt C year21 (i.e. 0.4 t C
ha21 year21) from biomass to dead organic matter pools,
from which carbon will then be gradually released to the
atmosphere once the killed trees decay (see Table 4 for LE
and UE scenarios). Similar to the distribution of Df (Fig.
2b), fluxes showed large spatial variability, with the highest
vegetation carbon loss (3 2 8 t C ha21 year21) in certain grid
cells in Canada (Ontario, British Columbia and Alberta), the
USA (Washington, New Jersey, Indiana and Colorado), southern and south-eastern Europe (Portugal, Italy, Romania and
Albania) and southern China (Fig. 2c). For North America
(Canada, 43.0 Mt C year21; USA, 27.8 Mt C year21) and
Europe (23.6 Mt C year21) our medium-estimate fluxes were
consistent with previous studies at the regional scale (Stinson
et al., 2011; Hicke et al., 2013; Seidl et al., 2014), while for Russia and China they showed less agreement (Fu et al., 2011; Dolman et al., 2012; Table 4). A likely reason for our relatively low
flux estimate for Russia (7.5 Mt C year21) was an underestimated BD fraction, rather than a higher mortality fraction. In
contrast, for China our estimate (27.6 Mt C year21) – when
compared with the results for North America and Europe – was
probably more realistic than the very low figure previously
reported (4.3 Mt C year21; Fu et al., 2011). Furthermore, at the
regional scale, committed fluxes caused by BD were shown to
be widely comparable to (the more instantaneous) fluxes
caused by fire (Table 4), yet significantly lower than vegetation
carbon loss as a consequence of logging (Fu et al., 2011; Stinson
et al., 2011; Williams et al., 2012; Hicke et al., 2013).
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Table 4 Forest vegetation carbon loss caused by biotic disturbance- and fire-induced tree mortality.
This study

Regional studies for comparison

Biotic disturbances
(Mt C year21)

Time
period

Region

Lower
estimate

Medium
estimate

Upper
estimate

Canada
USA

28.6
18.5

43.0
27.8

57.3
37.1

1990 2 2013
1997 2 2013

Europe

15.7

23.6

31.5

Russia
China
Mongolia
Japan

5
18.4
0.1
0.1

7.5
27.6
0.2
0.2

10
36.8
0.2
0.2

1988 2 92,
1998 2 2007
1992 2 2005
1990 2 2011
1980 2 2001
1980 2 2007

Total

86.6

129.9

173.2

Biotic
disturbances
(Mt C year21)

Fire
(Mt C year21)

Time
period

Reference

25 6 32*
1.8 2 24.4†
0.9 2 15.4‡
2
10.6¶

27 6 19*
7.2 2 14.1†
2
14.5§
6.1¶

1990 2 2008
1997 2 2010
2000 2 09
1984 2 2008
2021 2 30

Stinson et al. (2011)
Hicke et al. (2013)
Ghimire et al. (2015)
Ghimire et al. (2012)
Seidl et al. (2014)

50.8**
4.3††
2
2

55**
1.6
2
2

2009
1990 2 2009

Dolman et al. (2012)
Fu et al. (2011)

*Insects/fire in managed forests, comprising c. 66% of Canada’s total forest area.
Bark beetles/fire in the western USA; see also Hicke et al. (2012a) for additional examples for the USA.
‡
Bark beetles in the western USA.
§
Fire in the western USA.
¶
Bark beetles in 13 and fire in 29 European countries, future scenario without climate change.
**Insects/fire in Russia, Ukraine, Belarus and Kazakhstan.
††
Total biotic disturbances, of which c. 80% were due to insects.
†

Although this approach was based on rather simplified
assumptions, which also do not account for vegetation
dynamics or legacy effects, it is the first to quantify BDinduced carbon fluxes by applying empirical long-term data
at a larger spatial scale. Hence, it goes beyond previous work
which focused either on regional geographical scales or on
single BD agents (Hicke et al., 2012a; Seidl et al., 2014), or
which used non-specific disturbance fractions (Le Page et al.,
2013). Given the magnitude of the effects we found, future
efforts should focus on refining these rough estimates by
developing DGVM-based assessments that also include nonlethal BD (defoliators) as well as post-disturbance processes
such as management, decay and recovery (Liu et al., 2011).
Data availability and uncertainty
The lack of a coherent and transparent cross-regional monitoring
system results in a high spatial variability regarding the availability of BD data and their inherent uncertainties. While data access
is mainly public in countries such as Canada and the USA, it is
restricted in others (Russia, central-east Asia, some countries in
Europe). Likewise, data uncertainty levels depend upon monitoring methods, data sources and geographical coverage. Since we
were not able to realistically quantify the uncertainty, we
employed qualitative uncertainty levels for different regions based
on factors such as spatial, temporal and attributive resolution
12

(Table 1). Overall, uncertainty was low for North America (with
the lowest for the USA), while it increased considerably for
Europe, Russia and central-east Asia. For Russia in particular, the
quality of BD data has been previously criticized (e.g. Potapov
et al., 2012), and the expanse of BD is thought to be considerably
underestimated (Selikhovkin, 2005; Shvidenko et al., 2013), since
large parts of the country are not surveyed regularly, particularly
those in remote, unmanaged Siberian forests (Malysheva et al.,
2000).
With regard to the metrics used for analysis, it should be
mentioned that Df is dependent on the size of the aerial units
used for its calculation. This scale dependence potentially
resulted in higher fractions (and higher variability) in smaller
areal units (i.e. smaller provinces or countries), while lower
fractions and variability are more likely to be found in larger
areas, as a consequence of averaging of local extremes. For
example, provinces in China might have fractions that are considerably higher or lower than the country’s average; such heterogeneity, however, was not observable with the data available.
Among BD agents, insect damage has been recorded most
frequently in all study regions, while pathogen- and/or wildlife herbivory-induced damage has not been recorded, or has
been recorded inadequately, in Canada, Russia and Mongolia
(for differences in agent-specific data availability outside of
the study domain see Appendix S2). Furthermore, we cannot
rule out (but also do not have evidence for) the case that
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forest damage initiated by pathogens, but with subsequent
insect attack leading ultimately to tree mortality, has been
assigned erroneously to insects only as these were the more
obvious disturbance agents. Such differences in uncertainty
across agents and/or regions inevitably limited comparability,
and consequently rankings may be biased.
In summary, large-scale BD data – based mainly on aerial
surveys and ground inventories – imply considerable uncertainties that should be taken into account in interpreting the
presented results:
1. Aerial-survey BD data generally lack information regarding accuracy, which is more difficult to determine than for
assessments based on aerial digital images or ground surveys.
Some studies, however, have attempted to quantify the accuracy of aerial surveys (c. 70% accuracy; Johnson & Ross,
2008; Backsen & Howell, 2013; Hall et al., 2016). Because
affected areas are sketch-mapped using a subjective process
during flight, and survey polygons often encompass healthy
trees, delineated polygons overestimate the true area of disturbance (Backsen & Howell, 2013; Hall et al., 2016).
2. Agent-specific affected areas may spatially overlap, i.e. an
area may suffer damage simultaneously from more than one
agent (e.g. from a defoliator and a pathogen). This leads to
multiple counting and thus to increased Df values.
3. Surveys are typically limited in their ability to specify the
tree-scale severity caused by BD (e.g. mortality versus dysfunction). In particular, light levels of tree damage (<30%
defoliation) can be difficult to detect during aerial surveys,
and often cannot be discriminated clearly from areas with no
damage (MacLean & MacKinnon, 1996; Hall et al., 2016).
Hence, large portions of less severe and dispersed damage,
e.g. by pathogens, may not appear in forest health statistics
(FAO, 2010; van Lierop et al., 2015).
4. The timing of an annual survey is critical for optimizing
detection, thus surveys are typically planned when damage is
most visually obvious (Wulder et al., 2006; Hall et al., 2016).
Insect defoliation, however, can be missed or underestimated
if the tree rapidly recovers foliage before it is surveyed. Furthermore, there may be a time lag between agent occurrence
and detectability of disturbances, which may lead to differences between the year of detection and the year of agent
occurrence, as demonstrated for bark beetles (Kautz, 2014).
5. Aerial surveys are typically not conducted over the complete forest area, and focus on monitoring those areas where
outbreaks are known to have occurred. While thereby recording most of the large-scale mortality, surveys may miss damage in remote, non-managed forests and in urban forests. BD
data are often reported without indicating the associated surveyed area, which may ultimately lead to biased disturbance
distributions and underestimated fractions.
Implications for forest disturbance monitoring and
global vegetation modelling
Knowledge of the spatio-temporal patterns of disturbances
and associated processes is essential not only for developing

appropriate mitigation strategies through forest management
(Millar et al., 2007; Seidl et al., 2008) but also for improving
large-scale ecosystem modelling approaches (McDowell et al.,
2011; Hartig et al., 2012). Our review provides spatially
explicit data on BD at national- or province-level resolution,
covering nearly half of the global forest, and can be used to
better inform large-scale ecosystem models. However, our
findings also underline that existing disturbance data often
do not match the needs for comprehensive representation by
those models. Hence, based on current limitations, here we
identify challenges for future efforts in monitoring and modelling of BD.
Disturbance regimes are related to the ecosystem and act
across administrative boundaries, whereas data quality often
changes abruptly at borders because of different monitoring
efforts across jurisdictions (BIO Intelligence Service, 2011;
Canadian Council of Forest Ministers, 2012). Until recently,
there have only been a few attempts at compiling and harmonizing disturbance data consistently across national borders, e.g. at the regional (western USA/Canada: Meddens
et al., 2012), continental (Europe: Database on Forest Disturbances in Europe, Schelhaas et al., 2003b; International Cooperative Programme on Assessment and Monitoring of Air
Pollution Effects on Forests, Eichhorn et al., 2010) or biome
to global scale (boreal and temperate forests: Montreal Process, 2003; global: FRA, FAO, 2010; van Lierop et al., 2015).
Unfortunately, most of these data are fragmentary either in
their spatial, temporal or attributive dimensions, thus largely
limiting their potential for integration into global models
(see Appendix S2 for details on the FRA data set). Hence, we
suggest a further intensification of national and international
efforts towards globally standardized (i.e. accurate, repeatable
and transparent) BD assessments. According to McDowell
et al. (2015), a global disturbance monitoring system should
fulfil the following criteria: (1) distinguish among different
disturbance types, (2) integrate over spatial scales with a
global coverage, and (3) incorporate ecological principles in
order to detect causes and effects of disturbances. Moreover,
quantifying BD-induced mortality (Am) in addition to the
reported affected area (Aa) would be particularly useful for
model applications. Recent advances on global-scale monitoring of forest disturbances by remote sensing seem promising
(Hansen et al., 2013; McDowell et al., 2015), as satellite-based
approaches would provide continuous data, and thereby
overcome the limitations of unstandardized data from different sources. However, the detection of BD still remains challenging compared with other larger-scale and often more
abrupt forest cover changes such as those caused by fire or
harvesting (Guindon et al., 2014; Neigh et al., 2014; Cohen
et al., 2016). Higher spatio-temporal resolution, combined
with field observations, is required to relate remotely
detected damage to the agent and severity (Hall et al., 2016).
In addition, further studies are needed to more accurately
link disturbance severity and resulting ecosystem impacts
(e.g. carbon sequestration) under different environmental
conditions. The call for future monitoring to provide more
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accurate estimates of area and severity of forest pests for carbon policy in Canada is but one example of the need for
more consistent pest monitoring data (Bernier et al., 2012;
Hall et al., 2016). Both detection and impact assessment
seem particularly challenging for disturbances that do not
immediately cause mortality, such as defoliation or top-kill,
yet significantly reduce stand physiological health and productivity, consequently affecting the stand’s capability to provide certain ecosystem services. Complementary to forest
monitoring, palaeo-ecological approaches, e.g. using tree-ring
or sedimentary records, can be particularly useful to reconstruct past disturbance events and to detect changes in natural disturbance regimes and their biogeochemical
consequences over centennial to millennial time-scales (see
review by McLauchlan et al., 2014).
While today’s DGVM mostly include fire as a disturbance
factor (Arneth et al., 2012; Fisher et al., 2014), BD are poorly
represented to date, although they are gaining increasing
attention (Arneth & Niinemets, 2010; Quillet et al., 2010;
McDowell et al., 2011; Fisher et al., 2014). Typically, a constant annual rate (e.g. 1%) is used as a proxy for ‘background’ tree mortality, which summarizes mortality due to
all non-fire natural disturbances without specifying various
causes and processes (McDowell et al., 2011). As yet, DGVM
consider neither specific BD agents nor their spatial and temporal variability. Only few represent forest structure (height,
age classes), which would allow the models to account for
disturbance-related mortality and ensuing regrowth. Our
findings highlight the relevance of adequately capturing BD,
in addition to the well-implemented fire disturbances, in
DGVM. Moreover, interactions between different natural disturbances (biotic, abiotic and fire) and their complex interplay with changing environmental conditions need to be
considered when studying and modelling forest ecosystem
functioning and dynamics (Seidl et al., 2011; Temperli et al.,
2015). Despite the absence of data on these interactions in
most disturbance data sets, evidence based on recent case
studies (see reviews by Desprez-Loustau et al., 2006; Hicke
et al., 2012b) may facilitate their implementation in nextgeneration ecosystem models (Anderegg et al., 2015). A particular challenge arises from the need to model disturbances,
their occurrence and impacts in a process-based way that is
feasible for global-scale models (in contrast to stand- or
landscape-scale approaches, which allow a more detailed consideration; see Seidl et al., 2011; Keane et al., 2015, and references therein). As a way forward, we suggest improving the
representation of BD in such models primarily by (1)
accounting for spatio-temporal variability of disturbancerelated mortality rather than using a constant rate, and (2)
separating different BD agents and their specific disturbance
mechanisms, which account for varying degrees of severity
(BD functional types; cf. Dietze & Hatala Matthes, 2014;
Landry et al., 2016).
Based on our findings, we suggest prioritizing high-impact
agents affecting large forest fractions at high severity levels,
i.e. tree-killing bark beetles and defoliators, when
14

implementing BD in global models, while medium- (other
insects, pathogens) and low-impact agents (wildlife herbivory) become more relevant at finer spatial scales, e.g. at
landscape to regional scales. We suggest that a hierarchical
implementation, applying the concept of BD functional
types, will best account for the particular characteristics of
different BD agents (cf. Kasischke et al., 2013) and will also
reflect the nonlinear relationship between disturbance severity
and ecosystem impacts (Flower & Gonzales-Meler, 2015;
Stuart-Ha€entjens et al., 2015).
CONCLUSIONS
By synthesizing recent disturbance data we reveal, for the
first time, large-scale patterns of BD occurrence and impacts
across Northern Hemisphere forests. Our results indicate that
BD make a significant contribution to forest dynamics and
that BD-induced tree mortality and that the resulting forest
carbon fluxes are important processes which may require
particular attention when modelling forests at the biome to
global scale. At these scales, the magnitude of impacts due to
BD is shown to be comparable to fire impacts. BD trends are
characterized by a large temporal and spatial variability,
mainly as a result of ephemeral insect outbreaks. Hence, variability of BD, in both time and space, needs to be considered
when disturbance impacts on forests are analysed or predicted. Among the various BD agents, insects are considered
high-impact agents severely affecting Northern Hemisphere
forests, hierarchically followed by pathogens and wildlife herbivory, which cause less severe damage at larger scales. The
compiled spatially explicit, multi-year data set on BD fractions in Northern Hemisphere forests may eventually facilitate a better integration of BD into future large-scale
ecosystem models such as DGVM, thereby leading to more
precise knowledge about global forest dynamics, carbon
budgets and climate feedbacks. Our review also stresses current limitations due to varying data uncertainty across the
globe. For future work, we recommend: (1) a more sophisticated representation of BD in global ecosystem models that
better considers spatio-temporal variability and disturbances
not resulting in immediate mortality, and (2) an improved
forest monitoring system to provide accessible, precise and
consistent data on BD occurrence and severity which are
harmonized across jurisdictions.
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