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Many regions of Europe and eastern North America share broadly similar
histories of land use over the past several centuries, with varying degrees
of forest clearance followed by varying degrees of forest recovery. Here
I use metapopulation models to explore the influence of the extent and
timing of forest clearance and recovery on patch occupancy of slow-
colonizing forest herbs in ancient and recent forests. If forest clearance
exceeds the threshold for metapopulation persistence, extinction may
require centuries to occur even when clearance is most severe. This
suggests a heavy extinction debt for forest herbs in fragmented landscapes.
The time between forest clearance and recovery (t...) can have a strong
influence on metapopulation dynamics. If t... is short, patch occupancy in
ancient forests (Pao) will start out high, and exert a strong ‘colonization
pressure’ on recent forests, increasing patch occupancy in recent forests
(Pro) above its equilibrium value before it ultimately declines towards
equilibrium. If . is long, Pao starts out low, and both P,o and Pgrg rise
slowly towards equilibrium. The time required for Prg to reach equilibrium
is generally on the order of centuries, and increases with t.... The results
indicate that there may be long periods of time (decades to centuries)
during which patch occupancy increases or decreases even in the absence
of directional environmental change.
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12.1 Introduction

In much of eastern North America, there have been two fairly distinct phases
in the history of land use since European settlement. First was the widespread
clearance of forest, largely during the 1800s, to create agricultural land.
Forest cover was reduced during this phase from almost 100%, usually to
less than 20%, depending on the particular region (Whitney, 1994). Not long
after forest cover reached a minimum, sometime between the mid-19th and
early 20th centuries, the second phase of land-use history was under way,
during which time widespread abandonment of agricultural land allowed
forest cover to increase; in some regions forest cover is now > 80% (Foster
etal., 1998).

In most of Europe, the history of intensive land use extends back in time for
millennia rather than centuries, with the minimum forest cover < 5% in many
regions (Kirby and Watkins, 1998). None the less, for many European regions
it is possible to distinguish a relatively recent phase during which forest cover
has increased (if only slightly) due to forest regrowth on former farmland
(Honnay et al., 2002a). Thus, many regions of Europe and eastern North
America share broadly similar histories of forest-cover change over the past
several centuries, with a phase of forest clearance followed by a phase of forest
recovery. Forests that predate the earliest land-use maps in a given region are
called ‘ancient’, and forests known to be growing on former agricultural land
are called ‘recent’ (Rackham, 1980).

The influence of habitat loss and fragmentation on populations and
communities has been the focus of a vast body of research in ecology and
conservation biology. However, both theoretical and empirical studies have
focused largely on the consequences of fragmentation for population dynamics
in remnant habitat patches (Hanski, 1999; Haila, 2002), with little consider-
ation of what happens when habitat recovers (but see Tilman et al., 1997;
Huxel and Hastings, 1999). This was recognized by Nee and May (1992),
who stated that relative to habitat patch removal, ‘the consequences of patch
addition may be of more relevance to European ecology, if the farmland that is
being removed from agriculture over the next decades is not simply paved over’
(their italics). If remnant habitat patches provide the sources of colonists for
recovered patches, it follows that the extent of habitat loss should influence
re-establishment of populations and communities via the reduction of potential
sources of colonists. In addition, for species with low rates of local colonization
and extinction, such as many forest plants, there may be extended time lags
between changes in landscape structure and changes in species distributions
(Tilman et al., 1994), such that we might expect not only the extent of habitat
loss to be important, but also the relative timing of loss and recovery. In this
chapter, I use metapopulation models to explore these issues for forest herbs in
landscapes characterized by a history of forest clearance (i.e. habitat loss) and
subsequent recovery.
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During the past 20 years, an impressive body of knowledge has been
accumulated concerning differences in plant community composition between
ancient and recent forests in Europe (reviewed by Honnay et al., 2002a) and
eastern North America (Matlack, 1994; Singleton et al., 2001; Bellemare et al.,
2002; Gerhardt and Foster, 2002). For forest herbs (i.e. herbaceous plant spe-
cies whose distributions are restricted to forests), species diversity is generally
lower in recent than in ancient stands. The relative paucity of forest herbs in
recent stands can be explained by a combination of dispersal limitation and
habitat limitation, although the bulk of the evidence appears to support
dispersal limitation as the dominant process (Honnay et al., 2002a). This
points to an important aspect of forest herb ecology that is relevant to
metapopulation modelling: rates of colonization of empty but suitable habitat
patches are relatively low. In addition, because most forest herbs are long-lived
perennials, rates of local extinction are also likely to be low.

Metapopulation models make predictions at the landscape scale. Dispersal-
limited colonization suggests that landscapes with the lowest percent cover of
ancient forest should show the most severe reduction in forest herb diversity in
recent forests, due to limited sources of colonists. This prediction was supported
by a comparison of two landscapes in Belgium, in which colonization of recent
forest was slower in the landscape with less ancient forest (Honnay et al.,
2002b). A meta-analysis of data from the literature for ten regions of Europe
and eastern North America was also consistent with this prediction (Vellend,
2003; Fig. 12.1). The proportion of the landscape occupied by ancient forest
had a strong influence, and the proportion recent forest a relatively weak
influence on relative species diversity of ancient forest herbs in recent stands
(see Fig. 12.1). This pattern was mirrored by patch occupancy patterns derived
from a metapopulation model parameterized for a relatively poor colonizing
species (Vellend, 2003). Here I modify the metapopulation model used in
Vellend (2003) to explore two questions:

1. How does the extent of forest clearance influence the time to extinction?
In other words, how much time do we have after forest clearance before forest
recovery becomes necessary to prevent regional extinction of species?

2. If ancient and recent forests provide habitat of equivalent suitability for
forest herbs, how does the length of time between forest clearance and recovery
influence the length of time it takes for patch occupancy in recent stands to
reach equilibrium? In other words, independent of the extent of forest clearance
and recovery, how does the timing of these events influence metapopulation
dynamics?

12.2 Metapopulation Models

Levins (1969) introduced the metapopulation concept, and formulated a
simple model for an infinite number of equally connected, identical habitat
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Fig. 12.1.

Relationships among landscape variables in ten regions of Europe and

eastern North America. Proportion ancient forest (P,), proportion recent forest (Pg),
and age of oldest recent stands (Ag) are plotted against the ratio of species diversity
in recent versus ancient stands (Sg/Sx) for ten landscapes of Europe and eastern
North America: Flanders, Belgium (BEL); Rosnaes, Denmark (DN1); Himmerland,
Denmark (DN2); Lower Saxony, Germany (GER); Petersham, Massachusetts (MAT1);
Shelburne and Conway towns, Massachusetts (MA2); Twente region, The Nether-
lands (NET); Tompkins County, New York (NY); Western Carpathian Foothills,
Poland (POL); and Lincolnshire, United Kingdom (UK). (Reprinted with permission
from Vellend, 2003, where details of the analysis and references can be found.)

patches in which the proportion of patches occupied (i.e. patch occupancy)
is determined by a balance between local rates of colonization and extinction.
A large number of far more complicated metapopulation models have been
devised (Hanski, 1999), but surprisingly, the simple Levins model provides a
very close approximation to ‘spatially realistic’ models in which the size and
isolation of a large number of individual patches are treated explicitly (Hanski
and Ovaskainen, 2002; Ovaskainen and Hanski, 2002). Here I use modifica-
tions of the Levins model to include two types of habitat patch, ancient forest
and recent forest. The models I use are not novel contributions to the theoreti-
cal literature (see Hanski, 1999 for a wide range of modifications to the Levins
model), but are novel as applied to forest herbs in ancient and recent forests.
Two assumptions of metapopulation models require comment. The first
assumption is that a landscape can be treated as consisting of suitable habitat
patches in a matrix of entirely unsuitable habitat. As such, the models used
here apply only to species whose distributions are restricted more-or-less
entirely to forests. Secondly, metapopulation models assume an important role
for local extinction and colonization events. The objection may be raised that it
is inappropriate to use such models for a group of species in which extinction
and colonization events are extremely infrequent, and thus have little
influence on short-term dynamics. However, all populations have a non-zero
probability of extinction in any given year, and for understanding long-term
dynamics, colonization and extinction processes are critical. Forest herbs are of
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particular interest in a conservation context precisely because of the slow rates
at which these processes occur, and the resulting potential for extended time
lags in response to landscape change.

12.2.1 Question 1: How does the extent of forest clearance influence
time to extinction?

Following a modification of the Levins model that incorporates habitat loss
(Hanski, 1999, p. 68 and references therein), the rate of change in patch
occupancy in ancient forests (Pxp) can be modelled as follows:

% = cPaPao(1 = Pao) — €Pag

P, is the proportion of the landscape that is forest after clearance (‘A’ denotes
that this is ancient forest). The probability that the population in any given
forest patch will go extinct per year is e, and the probability that any given
empty patch will be colonized per year and per unit of occupied habitat is ¢. The
definition of all symbols used in this chapter can be found in Table 12.1. Prior
to forest clearance, the equilibrium patch occupancy is Peq = 1 — ¢/c, whereas
after clearance (and in the absence of any recovery) it is Peg(clear) = 1 — €/Pac.
Therefore, if Py <e/c (i.e. the threshold for metapopulation persistence is
crossed), the entire metapopulation will go extinct (Hanski, 1999). However, if
e is low, the extinction process may be protracted, and a regional community
may, for a long time, contain many species that are ultimately doomed to
extinction. This phenomenon has been referred to as ‘extinction debt’ (Tilman
et al., 1994), and may be particularly pertinent for forest herbs due to their
potential for long-term local persistence. Using values of ¢ and e estimated
approximately for a relatively slow-colonizing forest herb species (see below),
I used this model to ask how the extent of forest clearance (1 — P,) influences
time to extinction. Since in this model extinction is never actually reached,
but only approached asymptotically, I define extinction as having occurred
when Ppg < 0.01. For simplicity, I also assume that patch occupancy is at
equilibrium prior to forest clearance, and that forest clearance happens
entirely at one point in time. All modelling analyses were coded and run using
MATLAB version 6.0 (The MathWorks Inc., Natick, Massachusetts, USA).

12.2.2 Question 2: How does the timing of forest clearance and recovery
influence metapopulation dynamics?

In the above-described model, patch occupancy will decline following forest
clearance, either to a new equilibrium (if P5 > e/c) or to extinction (if Py < e/c).
If forest regenerates, and habitat that was once destroyed becomes suitable
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Table 12.1.  Definitions of symbols.

Pa The proportion of a landscape that is ancient forest

Pg The proportion of a landscape that is recent forest

Pao The proportion of ancient forest patches that are occupied

Pro The proportion of recent forest patches that are occupied

tesr The time in years between forest clearance and recovery

c The colonization rate per occupied patch

e The extinction rate

Peq The equilibrium patch occupancy prior to forest clearance (since all

forests at this time are ancient, this is the equilibrium value of Pxo)
Pegiclean  The equilibrium patch occupancy following forest clearance (again, all
forests at this time are ancient, so this is the equilibrium value of Pxo)
Peqrecy  The equilibrium patch occupancy following forest recovery (since ancient
and recent forest patches are identical, this is the equilibrium value
of both Pag and Pgo, although Pso and Pro can take different values
before equilibrium is reached)
Sr/Sa The ratio of species diversity of ancient forest herbs in recent versus
ancient stands

again, the overall equilibrium patch occupancy will rise. If we denote the
proportion of the landscape that is recent forest as P, and assume that ancient
and recent forests are equally suitable, the equilibrium patch occupancy
following forest recovery is Peqrec) = 1 — €/(Pa + Pr)c. The proportion of recent
patches that are occupied (Pro) starts at zero following forest recovery, and the
initial value of Pxo at the time of recovery (which is assumed to happen at
one point in time) will depend on how much time has elapsed since forest
clearance; both Prp and P will ultimately converge on Pegrec)- Thus, keeping
track of patch occupancy in both recent (Prp) and ancient (Pag) patches, we
can expect the dynamics to depend on the time between forest clearance and
recovery. This may be relevant to understanding differences in metapopulation
dynamics between European and North American landscapes, for which the
differences in the times between forest clearance and recovery are large (long
for Europe, short for North America).

To follow metapopulation dynamics in both recent and ancient forest
patches requires solving the following two equations simultaneously.

dP
20 = (¢PAPao + ¢PrPRro)(1 — Pao) — €Pao

dP,
0. = (¢PpPao + ¢PrPRro)(1 — Pro) — €Pro

I used this model to ask how the time between forest clearance and
recovery influences the time it takes for patch occupancy in recent forest (Pro)
to reach equilibrium following recovery. I defined equilibrium as having been
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reached when Pyq first comes within 5% of the value of Peqrec) (i.e. when
|PR() — Peq(rec)| < 0.05).

12.2.3 Model parameterization

I used values of e based on literature reports. Repeated surveys of vascular
plants on islands or forest patches in Europe have resulted in estimates of ¢
ranging from 0.002 to 0.01 (Nilsson and Nilsson, 1985; Gibson, 1986; Jerling,
1998; Roden, 1998). These values represent averages across species and sites,
and estimate the probability of any given species going extinct in any given
patch or island in any given year. Because forest herbs are generally long-lived
perennials, ¢ is unlikely to be higher than 0.01.

In Vellend (2003), I used a model similar to those described above, but
with ancient forests treated as a mainland where e = 0, to estimate the value of
¢ needed to explain the observed value of Pry = 0.4 about 80 years after forest
recovery for Aster divaricatus, a slowly colonizing forest herb in central New
York (data from Singleton et al., 2001). With e = 0.05, the estimated value was
¢=0.039.

I have explored model output for a range of parameter values, but for the
sake of brevity I report results here using only ¢ = 0.039 and ¢ = 0.005 or 0.01.
For Question 2, I report results for Pg = P4 = 0.15. In general, changing para-
meter values alters dynamics quantitatively but not qualitatively. Forest herb
species vary widely in their colonization and persistence ability, and are thus
likely to vary widely in their values of ¢ and e. I consider the parameter values
used here representative of a long-lived, relatively slowly colonizing species.

12.3 Results and Discussion
12.3.1 Fragmentation and metapopulation (regional) extinction

If the rate of local extinction is relatively low, as expected for most perennial
forest herbs, the time to metapopulation extinction can be very long. With
e = 0.01, the time to metapopulation extinction is > 400 years, even when
forest clearance is severe (i.e. when P, < 0.01), and up to several thousand
years when the extent of clearance is only slightly below the metapopulation
persistence threshold, which occurs at Py = ¢/c = 0.256 (Fig. 12.2). The time
to metapopulation extinction is longer with ¢ = 0.005, although the qualita-
tive relationship with Py is similar to that for e = 0.01, with a sharp increase in
time to extinction close to the persistence threshold (Fig. 12.2). This is the same
result as that reported by Hanski and Ovaskainen (2002), but with parameters
chosen here to represent a long-lived and slowly colonizing forest herb. Essen-
tially there are two thresholds that pertain to metapopulation extinction. First,
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Fig. 12.2. Theoretical relationships between the proportion of forest remaining
after fragmentation (P,) and the time to metapopulation extinction when ¢ = 0.039.

when P, < ¢/c, extinction is certain but may take thousands of years to occur.
When P, is only slightly less than e/c, time to extinction shows a steep decline
with P, and at Py = 0.8¢/c (~0.1 fore = 0.005 and ~0.2 fore = 0.01) a second
threshold is crossed below which further forest clearance has little influence on
time to extinction.

A clear message from these results is that the extinction debt is likely to be
substantial for forest herbs in many landscapes of Europe and eastern North
America. Slow but steady decline in patch occupancy for many species may
occur because of the slow crawl to extinction (or the slow decline to a positive
patch occupancy equilibrium), even if the conditions for growth and reproduc-
tion within patches do not change. Because colonization and extinction rates
vary among species, persistence thresholds for different species are likely to be
crossed continually as forest clearance proceeds. However, even with only a
small fraction of the landscape remaining as forest (e.g. P < 0.01), it may take
centuries before many extinction events occur at the landscape scale. None the
less, these extinctions are inevitable, at least theoretically, and the only ways
they can be averted are if colonization rates are enhanced via seed or adult
plant introductions, or if forests recover such that the proportion of forest in the
landscape exceeds the persistence threshold. Because ¢ is likely to be < 0.01 for
many forest herbs, the conclusion that regional extinction will usually take
centuries to occur, even with no changes to local habitat conditions, is likely
quite robust.
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12.3.2 Metapopulation dynamics and the time lag between forest
clearance and recovery

Following forest clearance, patch occupancy declines from its initial equilib-
rium (Peq = 1 — ¢/c) towards a new, lower equilibrium (Peg(clear) = 1 — €/Pac).
When forest recovery occurs, there is a new patch occupancy equilibrium
(Peg(rec) = 1 —e/(Pa + Pg)c), the value of which will be intermediate between
the pre- and post-clearance values. In the unlikely case that the entire
landscape becomes forested after recovery, it is possible that Peg(rec) = Peq. If
recovery occurs shortly after forest clearance, it is likely that patch occupancy
(Pao) will initially be above Pegrec and so will continue to decline after
recovery towards Pegrec) (Fig. 12.3A, C). Patch occupancy in recent forest
patches (Pro) starts at zero, and if the initial Pag is sufficiently high, Pro may in
fact first increase above Peg(rec) before converging on Pyo (Fig. 12.3C). Prp and
Pao then decline together toward Pegrec).

If there is a long time period between forest clearance and recovery, Pao at
the time of recovery is likely to have declined below Peqec) (Fig. 12.3B, D).

t. =20 years t.., =350 years
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H Peq(rec) =0.57
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Fig. 12.3. Theoretical patch occupancy dynamics in ancient (solid curves) and
recent (dotted curves) forests following forest clearance and recovery, with

e =0.005 (A, B) or e = 0.01 (C, D), and the time between clearance and recovery,
ter =20 years (A, C) or t., = 350 years (B, D). Forest clearance (occurring at time
zero on the x-axis) and recovery were assumed to be instantaneous changes, with
Pa = Pgr =0.15. Horizontal dashed lines indicate the equilibrium patch occupancy
after recovery, Peqgec), fOr the two extinction rates, and vertical dashed lines indicate

tes
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Interestingly, there may still be a period of 50+ years following forest recovery,
during which P, continues to decline despite being below Pegrec) (Fig. 12.3B,
D). This is because the increase in forest cover due to recovery has little
influence on overall patch occupancy until enough recent patches become
occupied to act as significant sources of colonization. Once Pro and Pag
converge, both increase towards Peg(rec)-

The time it takes for Pro to reach Peg(rec) increases with the time allowed to
pass between forest clearance and recovery (t...), though the shape and slope
of the relationship depend strongly on the magnitudes of colonization and
extinction rates (Fig. 12.4). The slope is much steeper when the extinction rate
is relatively high (e = 0.01) than when the extinction rate is relatively low
(e = 0.005; Fig. 12.4). The influence of t... on the time to equilibrium for Py
is mediated by the initial value of P,o at the time of forest recovery. When
recovery follows quickly after forest clearance, Pao starts out high and
thus exerts considerable ‘colonization pressure’ on the initially empty recent
patches, thereby increasing the rate of approach of Pr towards Peq(rec)-

These results have two important implications. First, the timing of
forest clearance and recovery can have dramatic effects on metapopulation
dynamics, independently of the effects of the extent of clearance and recovery.
Recovery of forests sooner rather than later can accelerate the increase in
recent forest patch occupancy, in addition to preventing otherwise inevitable
extinctions. Secondly, there is tremendous potential for extended time lags
in the dynamics of forest herb metapopulations in changing landscapes.

2000
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1000 1
e =0.005

500 ] /———”

Time from forest recovery to
Peq(rec) in recent forest (years)

N

0 500 1000 1500 2000

Time between forest clearance
and recovery (t (c_r) years)

Fig. 12.4. Theoretical influence of the time between forest clearance and
recovery (t.,) on the time from recovery to patch occupancy equilibrium in
recent forests.
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Centuries, or even millennia, may be required for the regional distributions
of forest herb species to reach equilibrium with landscape properties. When
directional trends in landscape-level species abundance patterns are observed,
it may be tempting to assume that there must be underlying directional change
in local environmental conditions, human-caused or otherwise. The results
here warn against such interpretations. Due to slow rates of local colonization
and extinction, patch occupancy can change directionally for decades to
centuries in the absence of continued landscape change. The slow rate of
colonization of recent forests is well appreciated (Honnay et al., 2002a,b), but
other kinds of time lags are possible as well. For example, there may be long
periods of time during which patch occupancy in both ancient and recent
forests either increases (Fig. 12.3B) or decreases (Fig. 12.3C), depending only
on the timing of forest clearance and recovery.

12.3.3 Models and data

Theoretical models are simplified representations of nature. In the models
used here, many aspects of real plants growing in real landscapes have been
ignored. In particular, there was no explicit treatment of spatial structure,
habitat heterogeneity, habitat quality, the rate of change in landscape
structure, or deterministic local extinction. These factors and others may
all be important in determining the regional distributions and dynamics of
species. However, as mentioned in the introduction, qualitative predictions
from simple metapopulation models are unlikely to change with the addition of
complexities such as variable patch characteristics.

It is when confronted with empirical data that simple models may run into
trouble. Landscapes that vary in the extent and timing of forest clearance and
recovery (e.g. North America versus Europe) are also likely to vary in a suite of
other characteristics. For example, the duration of arable land use (i.e. the time
between forest clearance and recovery) can have a direct influence on local
soil properties (Verheyen et al., 1999), and therefore an indirect influence on
vegetation. This may obscure any effect of the timing of clearance and recovery
per se on patch occupancy patterns. Despite these limitations, models are indis-
pensable in the present context because they represent one of the few tools
available for exploring the consequences of large-scale landscape changes on
long-term population dynamics, and for placing empirical observations in
a coherent framework. In the remainder of this chapter, I briefly discuss one
set of empirical observations in the light of theoretical predictions regarding
extinction debt, and then some promising lines of enquiry for the future.

Hanski and Ovaskainen (2002) have recently pointed out that a transient
excess of species with low patch occupancies is a signature of extinction debt.
Testing for such a signature requires data either from several time periods
before and after forest clearance within a given landscape, or from multiple
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landscapes with different degrees of clearance. The expectation is that the
excess of species with low patch occupancy would be greater where Py is
smaller. Since most studies report data for a single landscape, and the sampling
regimes across studies are rarely identical, comparable data on multiple
landscapes are few. However, Graae (2000) presented patch occupancy data
for the same list of species in ancient forests in two landscapes in Denmark. In
Himmerland and Hornsherred, the percentage of the landscape forested as of
1888 was 7% and 12%, respectively (Graae, 2000). Thus, we would predict a
relative excess of rare species in Himmerland compared to Hornsherred, and
this is exactly what was observed (Fig. 12.5). While recognizing that the extent
of forest clearance is not the only variable that differs between the two land-
scapes (Graae, 2000), these data suggest a greater extinction debt in the
landscape with less ancient forest. If we define rare species as 0 < Ppp < 0.1,
there were considerably more rare species in Himmerland (33) than in
Hornsherred (22), despite very little difference in the number of forest plant
species present in the two landscapes (91 in Himmerland, 88 in Hornsherred).

The extent and timing of forest clearance and recovery has varied greatly
among different regions in the north-temperate zone (Whitney, 1994; Kirby
and Watkins, 1998). For example, there has generally been more extensive
clearance, longer periods of agricultural land use, and less recovery in Europe

Proportion of species

0.0 ———
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Proportion of ancient forests occupied (Pye)

Fig. 12.5. The distribution of patch occupancies among species in two landscapes
in Denmark [Himmerland (open circles), P = 0.07; and Hornsherred (closed
circles), Pa = 0.12; data from Graae, 2000}. The proportion of species is presented
in each of ten patch occupancy categories (0-0.1, > 0.1-0.2, etc.). There were
significantly more rare species and fewer common species in Himmerland than

in Hornsherred (Kolmogorov-Smirnov test, P < 0.01), regardless of whether or not
absent species were included in the analysis (of 112 species searched for in both
regions, 21 were absent in Himmerland and 24 in Hornsherred).
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than in North America. Differences in soil characteristics between ancient and
recent forest are also likely greater in Europe. As such, it is easy to predict that
recolonization of forest plant species in recent forests should be far slower in
Europe than in North America (Vellend, 2003), but much more difficult to
pinpoint which particular aspects of landscape history drive such a pattern.
When more comparable data become available for regional comparisons,
the construction of more complex models may aid in distinguishing among
historical hypotheses.

Two approaches to testing landscape-scale predictions in the future may
prove particularly promising. There is now a wealth of data from many regions
of Europe and North America derived from censuses of plant species in forest
patches varying in age, area, isolation and environmental characteristics.
If raw data are archived in an accessible format, with explicit information
on geographic locations and sampling methods, researchers in the coming
decades will be able to estimate extinction and colonization rates directly.
Repeated surveys are available for a few individual sites (e.g. Gibson, 1986;
Harmer et al., 2001), but the potential exists for such valuable information
to be collected in a range of different landscapes. Secondly, there is now
the potential for direct comparisons among different landscapes. This requires
careful selection of comparable landscapes, and statistically controlling
for variation in multiple landscape characteristics, but these hurdles are
surmountable, and this approach has already yielded some important insights
concerning the long-term influence of habitat loss and fragmentation (Honnay
etal., 2002b; Vellend, 2003). Synthesis of results across regions and continents
holds great potential for improving our understanding of how forest vegetation
responds to continual landscape change.

Acknowledgements

I thank Peter Marks, Sana Gardescu, Kathryn Flinn, Jesse Bellemare, Jill
Anderson, Steven Ellner, and Parviez Hosseini for helpful comments, criticism,
discussion or assistance with this project. Funding was provided by a training
grantin Human Accelerated Environmental Change from the National Science
Foundation, and a STAR fellowship from the US Environmental Protection
Agency.

References

Bellemare, J., Motzkin, G. and Foster, D.R. (2002) Legacies of the agricultural past in
the forested present: historical land-use effects on rich mesic forests. Journal of
Biogeography 29, 1401-1420.

A4691:AMA:Honnay:First Proofs: 31-May-01 12




176 M. Vellend

Foster, D.R., Motzkin, G. and Slater, B. (1998) Land-use history as long-term broad-
scale disturbance: regional forest dynamics in central New England. Ecosystems
1,96-119.

Gerhardt, F. and Foster, D.R. (2002) Physiographical and historical effects on
forest vegetation in central New England, USA. Journal of Biogeography
29, 1421-1437.

Gibson, C.W.D. (1986) Management history in relation to changes in the flora of
different habitats on an Oxfordshire estate, England. Biological Conservation 38,
217-232.

Graae, B.J. (2000) The effect of landscape fragmentation and forest continuity on
forest floor species in two regions of Denmark. Journal of Vegetation Science 11,
881-892.

Haila, Y. (2002) A conceptual genealogy of fragmentation research: from island
biogeography to landscape ecology. Ecological Applications 12, 321-344.

Hanksi, I. (1999) Metapopulation Ecology. Oxford University Press, Oxford.

Hanski, . and Ovaskainen, O. (2002) Extinction debt at extinction threshold.
Conservation Biology 16, 666-673.

Harmer, R., Peterken, G., Kerr, G. and Poulton, P. (2001) Vegetation changes during
100 years of development of two secondary woodlands on abandoned arable
land. Biological Conservation 101, 291-304.

Honnay, O., Bossuyt, B., Verheyen, K., Butaye, J., Jacquemyn, H. and Hermy, M.
(2002a) Ecological perspectives for the restoration of plant communities in
European temperate forests. Biodiversity and Conservation 11, 213-242.

Honnay, O., Verheyen, K., Butaye, J., Jacquemyn, H., Bossuyt, B. and Hermy, M.
(2002b) Possible effects of habitat fragmentation and climate change on the
range of forest plant species. Ecology Letters 5, 525-530.

Huxel, G.R. and Hastings, A. (1999) Habitat loss, fragmentation, and restoration.
Restoration Ecology 7, 309-315.

Jerling, L. (1998) Linnaeus’ Flora Kofstensis revisited — floristic changes during
260 years in a small island of the lake Malaren. Nordic Journal of Botany
18, 667-675.

Kirby, K.J. and Watkins, C. (1998) The Ecological History of European Forests.
CAB International, Wallingford.

Levins, R. (1969) Some demographic consequences of environmental heterogeneity
for biological control. Bulletin of the Entomological Society of America 15,
237-240.

Matlack, G.R. (1994) Plant species migration in a mixed-history forest landscape in
eastern North America. Ecology 75, 1491-1502.

Nee, S. and May, R.M. (1992) Dynamics of metapopulations: habitat destruction and
competitive coexistence. Journal of Animal Ecology 61, 37-40.

Nilsson, I.N. and Nilsson, S.G. (1985) Experimental estimates of census efficiency
and pseudoturnover on islands: error trend and between observer variation
when recording vascular plants. Journal of Ecology 73, 65-70.

Ovaskainen, O. and Hanski, 1. (2002) Transient dynamics in metapopulation
response to perturbation. Theoretical Population Biology 61, 285-295.

Rackham, O. (1980) Ancient Woodland: its History, Vegetation and Uses in England.
Edward Arnold, London.

A4691:AMA:Honnay:First Proofs: 31-May-01 12




Metapopulation Dynamics Following Habitat Loss and Recovery 177

Roden, C.M. (1998) Persistence, extinction and different species pools within the
flora of lake islands in western Ireland. Journal of Biogeography 25, 301-310.

Singleton, R., Gardescu, S., Marks, P.L. and Geber, M.A. (2001) Forest herb
colonization of postagricultural forests in central New York State. Journal of
Ecology 89, 325-338.

Tilman, D., May, R.M., Lehman, C.L. and Nowak, M.A. (1994) Habitat destruction
and the extinction debt. Nature 371, 65-66.

Tilman, D., Lehman, C.L. and Kareiva, P. (1997) Population dynamics in spatial
habitats. In: Tilman, D. and Kareiva, P. (eds) Spatial Ecology. Princeton
University Press, Princeton, New Jersey, pp. 3-20.

Vellend, M. (2003) Habitat loss inhibits recovery of plant diversity as forests regrow.
Ecology 84, 1158-1164.

Verheyen, K., Bossuyt, B., Hermy, M. and Tack, G. (1999) The land use history
(1278-1990) of a mixed hardwood forest in western Belgium and its relationship
with chemical soil characteristics. Journal of Biogeography 26, 1115-1128.

Whitney, G.G. (1994) From Coastal Wilderness to Fruited Plain: a History of
Environmental Change in Temperate North America from 1500 to the Present.
Cambridge University Press, Cambridge.

A4691:AMA:Honnay:First Proofs: 31-May-01 12




