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Abstract Logging of natural forests can directly alter land-
scape structure, defined here as the spatial pattern of patches
of overstory forest cover of different ages. Logging can also
alter landscape structure through interactions with other dis-
turbances such as wildfire. Here, I briefly outline interactions
between logging of wet forests, altered fire dynamics and
landscape structure, with particular emphasis on the wet ash
eucalypt forests of south-eastern Australia. There is compel-
ling evidence for increased fire proneness of logged and re-
generated wet forest stands around the world. There is also
evidence of accumulated effects on fire dynamics, so-called
“landscape traps” that are associated with multiple, spatially
dispersed cutblocks in wood production landscapes. That is,
changes in stand-level flammability may accumulate over
larger areas, thereby influencing patterns of spatial contagion
in fire behavior. The impacts of altered patterns of landscape
structure on biodiversity and ecosystem processes are often
poorly understood. New science is required to better under-
stand, quantify, and predict biotic responses to the new land-
scape dynamics and the spatial and temporal patterns of forest
cover now occurring in many landscapes. Altered patterns of
landscape structure have the potential to trigger ecosystem
collapse in some forested environments. However, predicting
ecosystem collapse is difficult and may even be impossible
from a practical perspective. Managers and researchers need
to become better informed about the risks of negative effects
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of combinations of ecosystem stressors that lead to novel spa-
tial patterns in landscape structure and may make forest eco-
systems more prone to landscape traps, regime shifts, and
ecosystem collapse.
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Introduction

A large proportion of the world’s terrestrial environment is
subject to human land use. This includes forests, large areas
of which are subject to land conversion for agriculture and
urbanization, industrial plantation establishment, and various
kinds of logging [1]. Logging can result in significant short-
and long-term changes in forest environments at several spa-
tial scales, ranging from (but not restricted to) the size of
individual trees [2] and the structure and composition of
stands [3], to the composition and heterogeneity of landscapes
[4]. Documenting these many and varied changes is a highly
complex, multi-faceted task that is beyond the scope of this
review. Hence, the focus of this paper is restricted to interac-
tions between logging regimes and the spatial structure of
forest landscapes (which is crudely defined as the spatial pat-
tern of patches of cover of overstory forest of different ages).

Logging has the potential to directly alter landscape struc-
ture as a result of cutting patterns that transform the spatial
pattern of forest patches [5]. Indeed, there is a long history of
research in landscape ecology on interactions between human
disturbances such as logging and altered landscape structure.
For example, one of the seminal early papers in the journal
Landscape Ecology examined the potential effects on the
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spatial pattern of remaining forest and on key ecological pro-
cesses resulting from a spatially dispersed (or checkerboard)
pattern of logging versus a harvest schedule based on aggre-
gating cutblocks [5]. Logging also has the potential to directly
alter landscape structure in more subtle ways that can be
harder to quantify. For example, many forest landscapes are
characterized by marked variations in site and stand-level pro-
ductivity with logging often focused on high productivity
areas. Altering the structure of forest landscapes in this way
can have profound impacts on biodiversity, particularly given
strong associations of some species and groups with high pro-
ductivity areas [6].

Logging may alter landscape structure not only as a result
of cutting patterns but also indirectly through interactions with
other kinds of disturbances such as fire regimes [7-9]. In this
report, I provide some perspectives on relationships between
forest landscape structure and natural resource management,
with a particular focus on the effects of logging in wet forests
where fire regimes (sensu [10, 11]) are typically rare, high-
severity stand-replacing conflagrations. Interactions between
logging and fire in these kinds of forest ecosystems can have
profound effects on: (1) spatial and temporal patterns of forest
landscape cover, (2) key ecosystem processes (including dis-
turbance regimes), and (3) various elements of the biota. On
this basis, I first summarize some of the empirical evidence for
relationships between logging and fire proneness within har-
vested and subsequently regenerated stands, with a particular
emphasis on the wet ash eucalypt forests of south-eastern
Australia. I then explore the potential for elevated stand-
level fire risk to accumulate across multiple stands and land-
scapes, thereby potentially altering the spatial contagion in fire
dynamics at scales spanning multiple stands and entire land-
scapes. Finally, I briefly outline some of the considerable chal-
lenges which remain in rigorously quantifying the cumulative
effects of logging and fire (and their interaction) on biodiver-
sity and key ecosystem processes as mediated through spatio-
temporal changes in landscape cover.

Much has been learned about relationships between log-
ging and spatial patterns of forest landscape cover since the
early studies by Franklin and Forman [5], but much also re-
mains to be learned. Such new knowledge is important as
forest landscapes worldwide are increasingly subject to major,
often rapid, and novel combinations of natural and human
disturbances [12¢]. These novel combinations of disturbances
are leading to novel spatial and temporal patterns of vegetation
cover. Yet, how such combinations of disturbances and novel
spatial and temporal patterns of landscape cover affect biodi-
versity and key ecological processes remains poorly under-
stood. Moreover, work on interactions between logging, land-
scape structure, and fire remains highly contentious and con-
troversial [13—16]. Given this, considerable empirical work is
required to develop a strong body of scientific evidence that
can help resolve debates about relationships between the type

and spatial pattern of logging, landscape structure, and re-
sponses of biodiversity and key ecosystem processes.

Logging and Fire Interactions
Logging and Stand-Level Fire Proneness

A key question in the management of some kinds of forest is:
Does logging make forests more fire prone? A review on this
topic concluded that strategic entries into dry forest stands can
reduce the risks of high severity fire [17]. Conversely, logging
can make moist or wet forests more fire prone [17]. Indeed,
clear evidence of such inter-relationships can be found in trop-
ical rainforests [7, 8], wet temperate forests in western North
America [9], and wet temperate forests in Australia [18ee, 19,
20], although some moist forests may be an exception to this
general response [21].

Several factors may underpin the increased flammability of
post-logged and regenerated moist forest stands. First, the
high densities of trees in young forest stands may make them
more flammable than mature forests [19, 20]. Second, changes
in the stand structure of post-logged and regenerated stands
such as the losses of mesic understory plants and rainforest
cover may alter microclimatic conditions and make them less
wet and more prone to high-severity fire. Third, the debris or
slash left after logging (e.g., discarded lateral branches,
crowns, bark, and unmerchantable stems) may contribute to
fuel loads in young regenerating forests [18ee].

The relationships between logging and fire proneness in the
wet forests of south-eastern Australia have been challenged by
Attiwill et al. [13], who argued there is no relationship be-
tween logging and fire proneness. However, the work of these
authors was flawed for several reasons [14], but, most impor-
tantly, it failed to account for non-linearities in responses be-
tween forest age and fire proneness [18¢+] (Fig. 1) which re-
sulted in logging-fire proneness relationships being
overlooked. This was demonstrated by Taylor et al. [18ee],
who found that in Australian wet forests the probability of
crown-scorching fire was almost zero for the first 7 years after
logging, but it then increased dramatically and highly signifi-
cantly for the following 40+ years and did not approximate the
relatively low levels characteristic of older forests until a cen-
tury or more after logging (Fig. 1). Such relationships between
stand age and the probability of crown-scorching fire shown in
Fig. 1 are important because the spatial structure of many
wood production landscapes is dominated by young, spatially
clustered fire-prone stands, typically aged 40—75 years old or
younger. Figure 2 shows one of many example landscapes
characterized by such spatial patterns of landscape structure.

It is important to note there are some moist forest ecosys-
tems where strategic interventions in wood production forests
may reduce fire risk. For example, in the boreal forests of
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Fig. 1 Non-linear statistically-derived relationships between stand age
and the probability of crown-scorching wildfire in the wet forests of the

Central Highlands of Victoria, south-eastern Australia (redrawn from
Taylor et al. [18e]).

Canada, strategic interventions in logged areas to promote
greater areas of less flammable broadleaf trees in place of
conifers may mitigate fire risks [21]. Roads and cutblocks in
these forests may impede the spread of fire, although
roads also may lead to an increase in ignition points [22].
Moreover, in Canadian mixedwood boreal forests, fire initia-
tion following lightning strikes is more likely to occur in har-
vested areas because of increased fine fuels resulting from
logging slash and this effect can remain for 10-30 years fol-
lowing logging [23].
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Fig. 2 An extensively logged wood production landscape in the wet
forests of Victoria, south-eastern Australia showing the year and location
of a subset of cut blocks where the young regenerating forests are signif-
icantly more fire prone than older forests (see text). The underlying
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Logging and the Landscape Trap Concept

In intensively logged forest landscapes, changes in stand-level
flammability have the potential to accumulate over larger
areas, thereby influencing patterns of spatial contagion in fire
behavior at landscape scales (Fig. 2). That is, the number and
pattern of logged areas in a landscape (and the associated
elevated fire severity within each logged stand) may lead to
altered landscape-wide fire behavior and dynamics.
Lindenmayer et al. [24] developed a theoretical conceptuali-
zation of this hypothesized inter-relationships between log-
ging and fire and termed it a “landscape trap”. They defined
a landscape trap as occurring when entire landscapes are
shifted into and then maintained in a highly compromised
state, typically young regrowth forest regenerating after log-
ging. Young, densely stocked stands of post-logging regrowth
produce large amounts of fine and medium fuels and are at
risk of reburning at high severity before they reach a more
mature state where trees are sexually mature and are able to
self-regenerate (see Fig. 3). In addition, cutblocks in wood
production landscapes often tend to be spatially and temporal-
ly clustered, further contributing to landscape-scale change.
Lindenmayer et al. [24] explored the landscape trap con-
cept for the wet montane ash eucalypt forests of Victoria in
which significant areas of forest have been subject to

hypothesis of the landscape trap model is that an array of more fire-
prone regenerating stands collectively add to the spatial contagion of fire
at larger (landscape) scales. (Photo by Dave Blair)
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widespread industrial logging over the past 40 years and
where there have been extensive stand-replacing wildfires in
recent decades [25] (Fig. 3). Such repeated fires within exten-
sively altered landscapes can eliminate the development of
key stand structural attributes like large old cavity-bearing
trees which are a critical habitat for a wide range of forest-
dependent species [26]. Moreover, repeated fire in “trapped”
landscapes may eventually result in a regime shift (sensu
[27]), with wet forest being replaced by understory scrub [24].

Restoring Spatial Landscape Structure to Tackle
the Landscape Trap Problem

The Australian wet forest environments where the landscape
trap concept was first developed have been heavily altered by
past logging operations (Fig. 2). This has directly and indirect-
ly led to a dramatically altered landscape structure in these
forests. Historically, relatively small areas of regrowth mon-
tane ash forest were embedded within large areas of old
growth or mixed age forest [28]. Now the reverse is true; small
patches of old growth (<1.2 % of the montane ash estate) are
embedded within extensive areas of structurally simplified
young, highly fire-prone regrowth forest [26]. Indeed, the al-
tered spatial patterns and limited amount of old growth forest
cover are likely well outside the bounds of historic range of
natural variability (sensu [29, 30]) in montane ash ecosystems.

Second fire
Loss of large
dead trees

Fire more likely in young forest

—————-—-—- -
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Germination | development
Young forest I
Year 0 75
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Such changes in spatial patterns of forest cover are known to
have significant problems in other ecosystems such as the
boreal forests of Canada [31].

Although no old growth forest has been logged in Victorian
montane ash ecosystems for almost 20 years, the limited cur-
rent size of the old growth forest estate is a legacy of past
logging, past recurrent wildfires, and a combination of both
(i.e., post-fire salvage logging) [25]. Old growth forest is im-
portant because, in comparison with young logged and regen-
erated forest, it is less fire-prone [18e¢], stores significantly
more biomass carbon [32], yields more water for human con-
sumption [33], generates more (higher value) sawlogs relative
to pulp logs [34], and provides significantly more key nesting
resources for an array of cavity-dependent vertebrate species
[28]. Thus, the negative ecological and economic impacts of a
landscape trap in which forests are trapped at a young age are
very large [25]. Preventing the development of a landscape
trap is therefore critically important. The challenge is to re-
grow the old growth forest estate in ways that transform cur-
rent novel patterns of landscape structure to more ecologically
appropriate patterns which more closely resemble the amounts
and spatial patterns of the old growth stands that used to char-
acterize these forests. That is, use the concepts of the historic
range of natural variability (see Keane et al. [29]) in spatial
patterns of old growth forest cover to recreate appropriate
future spatial of old growth coverage (see also Kuuluvainen

I

Wildfire in old growth
= large dead tree formation

— N
E
Years since fire, natural decay

'y

Old growth forest

%

150 300+

Mixed age forest,
loss of large old trees

due to logging

(cut, burned, windthrow)

Fig. 3 Interactions between logging and fire that underpin the development of a landscape trap and, through feedbacks, affect landscape structure and
landscape-wide patterns of key components of vegetation structure such as the abundance of large old cavity-bearing trees
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[35]). Historically between 30 % and 60 % of the montane ash
forest estate was old growth [25], with this age class typically
occurring on flat plateaus or in deep, sheltered gullies [36].
However, key forest ecosystem restoration questions remain.
For example: Given a particular target amount of old growth
cover (e.g., 30 % of a particular region), how much forest
needs to be set aside to reach this target? For example, if the
long-term goal is 30 %, should 50 % be set aside because 20 %
of retained forest will be damaged by future fires? How much
old growth forest is required to prevent landscape traps from
occurring? What spatial patterns are required — can old forest
be spatially dispersed or should it be aggregated? How large
should individual old growth patches be? In many respects,
these questions are the flipside of the simulation study on
forest cutting patterns by Franklin and Forman [5] for deter-
mining the amounts and spatial patterns of old growth forest
cover that need to be restored and underpin ecologically sus-
tainable ecosystem processes (particularly fire regimes).

Challenges in Quantifying the Effects on Biodiversity
of Multiple Drivers of Change in Forest Landscape
Patterns

Many studies have shown that spatial patterns of landscape
cover can have profound effects on biota (e.g., [16, 37, 38]).
However, as outlined above, forest landscapes worldwide are
increasingly subject to rapid transformation [31, 39e¢], with
novel combinations of drivers producing novel patterns of
landscape structure [12¢]. The response of biodiversity and
key ecological processes to novel spatial and temporal pat-
terns of landscape structure is poorly known. This is, in part,
because many past studies have been snapshot investigations
of spatial patterns of landscape structure at one point in time
and largely of one kind of disturbance (e.g., fire), rather than
time-series studies of multiple temporal and spatial drivers
that characterize changes in landscape structure in many eco-
systems [12¢, 24]. New approaches are needed that link and
extend traditional approaches in landscape ecology (which
often focus on spatial landscape processes) and traditional
approaches in disturbance ecology (which often focus on tem-
poral landscape processes and history at a single location).
This is important because changes in disturbance regimes
have spatial implications for the amount and configuration
of suitable habitat in a landscape [5, 40¢], the spatial patterns
of abundance of species [41], and population viability [42].
For example, a critical knowledge gap is how the cumulative
spatial patterns of logging (see Figs. 2 and 4) affect biodiver-
sity and key ecosystem processes [43]. Lessons from the ef-
fects of fire on the landscape structure of forests [37, 44] may
not be readily tranferable to studies of the cumulative effects
on biodiversity resulting from continuing to add logged
cutblocks to harvested landscapes over successive years in a
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cutting rotation and which can cumulatively cover a large
proportion of a landscape [5]. Moreover, spatial patterns and
habitat suitability created by logging are very different to
those resulting from fire [4, 45]. Furthermore, natural distur-
bances like fire occur in addition to human disturbances such
as logging and the cumulative effects of both need to be con-
sidered in terms of their combined impacts on landscape struc-
ture (see Fig. 4), key ecosystem processes, and on biodiversi-
ty. An additional challenge with such kinds of spatio-temporal
work will be to determine if there are threshold effects in
relationships between various measures of biodiversity and
the amount of cover of different forest age classes in forest
landscapes. Most studies of threshold effects have been in
agricultural areas characterized by remnant patches of native
vegetation surrounded by largely cleared pastures and crop-
land (e.g., [46]). Indeed, threshold responses have been found
in some agricultural landscapes [47], but not in others [48,
49+]. Similar work on critical breakpoints in measures like
species richness and/or the occurrence of individual species
is comparatively rare in native forests where disturbed areas
are not removed but instead regenerated following harvesting
or fire (but see [50-52]).

Approaches borrowed from medical sciences show consid-
erable promise for application in landscape ecology to better
quantify the effects of both spatially dynamic and temporally
dynamic patterns of landscape structure on temporal changes
in various measures of biodiversity as well as on key ecolog-
ical processes. As an example, methods such as Functional
Data Analysis [53, 54] that have previously been used in
spatio-temporal studies of brain scan imaging can now be
applied in studies of forest landscape ecology. Functional
Data Analysis facilitates inclusion of 3D spatial and temporal
maps (see Fig. 4) and images as predictors in statistical models
by creating meaningful single and composite sets of covariates
to describe key relevant features of the maps and images. This
will greatly improve understanding and capability to predict
biotic responses to spatio-temporal change in forest landscape
cover. Preliminary testing of spatio-temporal changes in land-
scape structure effects on biodiversity resulting from logging,
fire, and a combination of both have begun in 170 landscapes
in the wet forests of south-eastern Australia. Figure 4 shows
an example of two of the 170 landscapes characterized by high
contrast in the spatio-temporal change in landscape structure
over a period of 20 years. Studies employing Functional Data
Analysis have coupled 32 years of repeated measures of biodi-
versity with changes in landscape spatial structure over the cor-
responding period and are being used to: (1) determine whether
there are simple additive or more complex multiplicative
(synergistic) cumulative effects (sensu [55, 56¢]) on biodiversity
resulting from adding cutblocks to harvested landscapes over
successive years in a cutting rotation, (2) quantify the combined
effects of logging and fire on biodiversity (both in space and



Curr Landscape Ecol Rep (2016) 1:10-18

Fig. 4 Spatio-temporal patterns
of disturbance in two sample
landscapes over 30 years in the
montane ash forest of the Central
Highlands of Victoria. Marked
changes have occurred over time
in the forest landscape in the top
series as a result of fire (/ight
gray) and logging (dark gray).
Few changes have occurred in the
bottom series because there has

been limited or no fire or logging.
Circles show nominal scales at
which landscape analyses of the
effects of changing spatial
structure of the landscape can be
quantified (radii 500 m, 1,000 m,
and 2,000 m) centered around
long-term monitoring sites where
data on fauna have been gathered.
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over time), and (3) identify where to locate cutblocks in the
landscape (and at what time in a rotation) to best integrate wood
production and conservation values.

An important component of future work on the intersection
between logging, spatio-temporal changes in landscape struc-
ture, and the responses of biodiversity and key ecosystems
will be the development of computer visualization tools to
assist forest, wildlife, and fire managers to better manage
wood production forests for multiple values in space and over
time. These tools would enable managers to simulate the spa-
tial patterns of landscape cover through time and in response
to different kinds of (logging and fire-mediated) disturbances.
This would allow managers to compare spatio-temporal pat-
terns of future forest cover with those under historic range of
variability in cover. Spatio-temporal simulation tools also
would assist managers to visualize the spatial and temporal
implications for biodiversity resulting from management de-
cisions and, in turn, help tackle potential problems with in-
creased fire spread and elevated fire severity that might other-
wise be associated with timber harvesting.

Altered Landscape Structure and Challenges
in Predicting Forest Ecosystem Collapse

The intertwined concepts of altered landscape structure, land-
scape traps, and regime shifts imply risks of ecosystem col-
lapse in some forest environments. Ecosystem collapse can be
broadly defined as an abrupt change in ecosystem state [57]
such as a rapid change from a rainforest to an exotic grassland

(e.g., see [7]). Ecosystem collapse can be associated with large
losses of biodiversity and key ecosystem services [57].
Ecosystem collapse may be irreversible [58—61], or alterna-
tively it can be costly and time consuming to reverse (e.g.,
[62]). The concept of ecosystem collapse is now part of the
TUCN Red List ecosystem process developed by Keith et al.
[63+] and pivots around the ideas of significant alterations in
ecosystem state and landscape cover, modification or loss of
key ecosystem processes, and substantial losses of key eco-
system structures or critical species (e.g., see [64]). Despite
this formalized approach to codify ecosystem collapse and the
extensive literature on the topic of ecological collapse, it is
clear that it is extremely difficult to predict if and when col-
lapse might occur, including in forest ecosystems.

Some largely theoretical work (e.g., [65]) suggests that
increasing variability in, and impaired recovery of, some eco-
logical attributes like plant regeneration and populations of
keystone biota are a useful early indicator of subsequent eco-
system collapse [66, 67]. However, this kind of work is hard to
apply in practical management. This is because: (1) it is often
not clear which entities are appropriate surrogates for ecosys-
tem collapse, and (2) the need to gather extremely long-term
datasets that target particular surrogates as early warning sig-
nals but that can be difficult and costly to monitor. Moreover,
some ecosystems that have collapsed have not exhibited these
early warning signals [68, 69]. Indeed, as noted by Boettiger
and Hastings: “... no one has yet managed to use the theory
on early warning signals to predict a natural catastrophe” (p.
157 [70°]). These authors further suggest that: “generic early
warning signals of tipping points are unlikely to exist.” This is

@ Springer



16

Curr Landscape Ecol Rep (2016) 1:10-18

a major problem as significant changes in the ecosystem state
will be a “wise-after-the-fact™ situation — retrospective rather
predictive — and therefore of limited value for guiding the on-
the-ground management of natural resources.

Despite the difficulty in predicting ecosystem collapse, there
are nevertheless significant potential risks of it occurring in
some forest ecosystems, in part because of altered landscape
structure. This is acknowledged under the formalized approach
to ecosystem assessment development by the ITUCN [63¢].
Progress toward managing landscapes to limit the risks of eco-
system collapse may be made if managers and researchers more
carefully define what they mean by ecosystem collapse and
plan for this as a possibility. What constitutes possible ecosys-
tem collapse needs to be carefully defined for a given ecosys-
tem. This is because how ecosystem collapse manifests will be
ecosystem specific [70+], and therefore managing to prevent it
will likewise be ecosystem specific [63¢]. Ecosystem collapse
also may need to be defined relative to some benchmark or
reference conditions or in relation to some well-defined goods
and services that are expected from that ecosystem.

As part of the attempts to avoid ecosystem collapse arising
from altered landscape structure, managers and researchers
need to become more attuned to the risks of negative effects
of multiple and novel combinations of ecosystem stressors
that lead to novel spatial patterns in landscape structure (such
as major changes in the amount and distribution of old growth
forest). This is important because co-occurring disturbances
can interact to produce different outcomes than those predict-
ed by summing individual effects [55, 56, 71]. In addition,
forest managers and researchers need to develop trigger points
in management programs that precipitate rapid change to
avoid deterioration in ecosystems which might then be diffi-
cult and/or very expensive to reverse. This requires
“management thresholds” [72], which when approached, trig-
ger a change in management and associated policy setting. As
an example, amounts and rates of cutting might be reduced
and harvest rotation times increased directly after a wildfire if
the spatial extent of burned forest in a landscape exceeds a
given level (e.g., 30 % of a landscape or region) to avoid
overcutting of the remaining unburned forest.

Finally, whilst it is clear that research on the theory of
ecosystem collapse and predictive capacity lags well behind
the needs of forest landscape managers, this does not mean
research efforts attempting to predict ecosystem collapse
should be abandoned. Rather, redoubled effort is required,
particularly given the parlous state of many of the planet’s
environments [73].

Conclusions

This paper has focused on interactions between logging of wet
forests and landscape structure with a particular emphasis on
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altered fire dynamics at the stand level and altered spatio-
temporal patterns of fire dynamics at the landscape level.
There is compelling evidence of increased fire proneness of
many kinds of logged and regenerated wet forests around the
world. There is also some evidence of accumulated effects on
fire dynamics — landscape traps — associated with multiple,
often spatially clustered cutblocks in wood production land-
scapes. Novel combinations of disturbances leading to novel
patterns of landscape structure both in space and over time are
characterizing many forest landscapes globally. However, the
impacts of such altered patterns of landscape structure on bio-
diversity and key ecosystem processes is often poorly under-
stood. New science is required to better understand, quantify,
and predict biotic responses to the new landscape dynamics
and the new spatial and temporal patterns of forest cover now
occurring in many landscapes. Altered patterns of landscape
structure have the potential to trigger ecosystem collapse in
some forested environments. However, predicting ecosystem
collapse is notoriously difficult to do — and may be impossible
from a practical perspective. Managers and researchers need
to become more attuned to the risks of negative effects of
multiple and novel combinations of ecosystem stressors that
lead to novel spatial patterns in landscape structure. They also
need to develop trigger points in management programs that
precipitate rapid change to avoid deterioration in ecosystems.
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