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ABSTRACT

Aim Demand for quantitative conservation targets has yielded a search for gen-

eralities in habitat thresholds, particular amounts of habitat at which extinction

probabilities change strongly. These thresholds are thought to vary across

regions, but investigation of this variability has been limited. We tested whether

thresholds (of forest separating extinction from persistence) increased as either

average forest cover in landscapes decreased or the degree of fragmentation

increased.

Location Massachusetts, Michigan, New York, Ohio, Pennsylvania and

Vermont.

Methods We used segmented logistic regressions to estimate thresholds in the

relationship between extinction probability and forest cover for 25 forest-breed-

ing birds, comparing estimated thresholds across states. We also selected land-

scapes from our entire study area in which landscape-level forest cover and

degree of fragmentation varied independently and compared thresholds.

Results We found that thresholds in extinction probability varied widely

among species (7–90% forest cover) and within species across states [e.g. 12–
90% for white-throated sparrow (Zonotrichia albicollis)]. Additional analyses

showed no indications that thresholds correlated with the degree of fragmenta-

tion or forest cover across the landscape; we found considerable variability in

thresholds across landscapes, species and even landscapes in which (average)

fragmentation and forest cover were similar.

Main conclusions Extinction threshold estimates varied tremendously across

species and landscapes. Thus, habitat thresholds are difficult to generalize as

they depend on many factors beyond landscape fragmentation and habitat

availability (e.g. landscape characteristics such as matrix quality). Our findings

highlight the need to avoid oversimplification and generalization of habitat

thresholds, especially as they might prove counterproductive to conservation

efforts. Instead, we propose that we evaluate thresholds for individual species –
preferably using species-centred habitat definitions in threshold modelling – to

derive generalities for ecological and conservation applications.
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INTRODUCTION

Natural resource managers require high-quality information

about the amount of habitat needed to ensure the persistence

of species on the lands they manage (Fahrig, 2001). The

increasing demand for quantitative conservation targets has

led to a search for broadly applicable rules to describe the

relationship between habitat cover and occupancy, occur-

rence or persistence probabilities of species. Responses of

wildlife to changes in habitat, such as loss and fragmentation,

can take the form of threshold responses: there are threshold

amounts of suitable habitat where there is a rapid change in

the probability of persistence or extinction of the species of

interest (Fahrig, 2001; Lindenmayer & Luck, 2005; Zucker-

berg & Porter, 2010). Estimates of such thresholds may serve

as proxies for minimum habitat requirements and conse-

quently as guidelines for resource planning and conservation

(Groffman et al., 2006; Rompr�e et al., 2010; Swift &

Hannon, 2010; Kato & Ahern, 2011).

Generalizations of habitat thresholds may hide the vari-

ability that exists among species, landscapes or regions

(Rhodes et al., 2008; Betts et al., 2010; van der Hoek et al.,

2013). So far, studies have mainly addressed whether regional

variation exists in general (e.g. Rhodes et al., 2008; Betts

et al., 2010) or utilized theory and simulations to predict

how habitat thresholds vary as a result of variation in land-

scape structure (e.g. degree of fragmentation, amount of for-

est cover and quality of matrix; Fahrig, 2002; Villard &

Metzger, 2014).

Habitat thresholds may differ because different studies

define different ‘types’ of thresholds, especially fragmentation

and the extinction thresholds (Fahrig, 2001, 2002; Villard &

Metzger, 2014). Here, we consider Villard & Metzger’s

(2014) definition: fragmentation thresholds are habitat

amounts below which the effects of habitat fragmentation

accelerate extinction probability independent from the effects

of habitat loss per se; extinction thresholds are habitat

amounts below which habitat is simply insufficiently avail-

able, leading to steep increases in extinction probability.

Thus, species might show both fragmentation and extinction

thresholds, which are, respectively, found in landscapes with

high/low levels habitat amounts. Thresholds may also be

influenced by other landscape and habitat characteristics,

such as vegetation structure and composition (Betts et al.,

2010), the percentage habitat cover found in the wider

region (Rhodes et al., 2008) and the quality of the habitat or

matrix (Boyle & Smith, 2010). Estimates of thresholds may

also be influenced by the scale at which we assess species’

responses (Holland et al., 2004; Betts et al., 2006, 2010) and

spatial variability in demographics such as reproductive rates

(Rhodes et al., 2008). Finally, the estimation of the thresh-

olds may be influenced by methodological and statistical

issues in threshold detection. Variability in species detection

and survey efforts (Betts et al., 2010; Zuckerberg & Porter,

2010; Jones et al., 2011), the use of different sample sizes

(van der Hoek et al., 2013) and the use of various statistical

approaches (Ficetola & Deno€el, 2009) may make compari-

sons and generalizations across studies or study sites diffi-

cult.

Here, we derived unique estimates of extinction thresholds

for 25 forest generalist and obligate breeding birds. We

explored how threshold estimates varied among areas and

investigated whether this variability was correlated with land-

scape-level forest cover or fragmentation. We predicted that

for most species, threshold estimates would be negatively

associated with amount of forest cover and positively associ-

ated with fragmentation (Ewers & Didham, 2006; Villard &

Metzger, 2014). Simulations and theoretical models show

that estimates of extinction thresholds may be positively cor-

related with the extent of habitat fragmentation (With &

King, 1999; Fahrig, 2002), whereas higher forest cover in the

surrounding landscape may lower thresholds through

increased rescue effects (Fig. 1). Put differently, we might

find ‘fragmentation thresholds’ (thresholds at relatively high

amounts of forest cover) in landscapes that are highly frag-

mented and ‘extinction thresholds’ (at lower amounts of for-

est cover) in landscapes that are little fragmented (see fig. 6

in Villard & Metzger, 2014).

Finally, forest cover may be too broad a definition of ‘hab-

itat’. However, in practice, generic and human-defined cover

types are most often used as habitat proxies in conservation

Figure 1 Predicted relationships thresholds and forest cover/

fragmentation. We predicted that threshold estimates would

decrease as landscapes/regions increase in forest cover or

increase in fragmentation (solid arrows). Alternatively,

thresholds could stay the same or even increase in landscapes

with lower fragmentation or increased forest cover as a result of

positive edge effects (Fahrig, 2002) or changes in species

interactions (Kneitel & Chase, 2004) (dashed lines). Note: for

one analysis (see Methods), we selected landscapes for each

combination of forest cover and fragmentation (a landscape that

was highly fragmented and had high forest cover, a landscape

that was highly fragmented and had intermediate forest cover,

etc.). The selected landscapes were classified based on the

average forest cover (%) and aggregation (inverse of

fragmentation; %) calculated across all atlas blocks within the

landscape, the ranges of which are given in parentheses.
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and management (e.g. in Rompr�e et al., 2010; Environment

Canada, 2013), likely because they are more easily interpreted

and integrated in policy and recommendations than species-

centred habitat definitions. Therefore, we elected to assess

variability, generalities and applicability of thresholds in the

relationship between extinction probability and availability of

forest cover.

METHODS

Data: Breeding bird records

We used breeding bird atlases to estimate probability of

extinction over a c. 25-year time period for the same 25 for-

est generalist and obligate species evaluated in van der Hoek

et al. (2013) and Zuckerberg & Porter (2010). We used data

from the first and the second atlases of Massachusetts (MA)

(Petersen & Meservey, 2003; Kamm et al., 2013), Michigan

(MI) (Brewer et al., 1991; Chartier et al., 2011), New York

(NY) (Andrle & Carroll, 1988; McGowan & Corwin, 2008),

Ohio (OH) (Peterjohn & Rice, 1991; Rodewald et al. in

prep.), Pennsylvania (PA) (Brauning, 1992; Wilson et al.,

2012) and Vermont (VT) (Laughlin & Kibbe, 1985; Renfrew,

2013), all states within the eastern temperate forest ecoregion

with some parts of northern forest (Omernik, 1987). Specific

atlas sampling and methods can be found in the above

citations.

Breeding bird atlases divided their area into discrete

‘blocks’ (c. 1/6th of a 7.5 min USGS topographical quad;

c. 5 9 5 km) and large numbers of fieldworkers surveyed

birds within all or a subset of those blocks. We used data

from blocks surveyed in both the first and the second atlas

for each state. For Vermont, we only had access to data from

‘priority blocks’: randomly selected blocks that were surveyed

until at least 75 species were observed at any breeding level

(‘confirmed’, ‘probable’ and ‘possible’) (Renfrew, 2013). We

standardized atlas datasets by applying the same criterion to

the other atlases and excluded blocks in which fewer than 75

breeding bird species were detected. This criterion might

introduce a sampling bias in our analysis, the inclusion of

only high survey effort atlas blocks (that are potentially

located near high densities of volunteers). For example, in

Pennsylvania (Wilson et al., 2012), blocks with 75+ species

had significantly more effort hours (mean = 26.2 h,

n = 3224) than those blocks with < 75 species reported

(mean = 12.5 h, n = 1382), z = 17.86, P < 0.001. However,

preliminary analyses yielded little difference between thresh-

olds derived for this subset of atlas blocks and analyses on

all atlas blocks (mean difference = 5.3%, SE = 3.6), and we

found the ≥ 75 species criterion not biasing for our pur-

poses. We excluded blocks that were not entirely within state

boundaries, or consisting of more than 50% water. In total,

we had data for 146 (MA), 181 (MI), 1392 (NY), 404 (OH),

673 (PA), and 175 (VT) blocks (for a total of 2971 blocks).

Blocks were spaced more than 6 km apart on average, and

examination of Moran’s I correlograms (Lichstein et al.,

2002; Zuckerberg & Porter, 2010) did not reveal significant

spatial autocorrelation (a-level = 0.01).

Non-detection of species in an atlas block does not have

to indicate the absence, as detection probability is likely to

be < 1 (MacKenzie et al., 2002). Species likely remain unde-

tected in occupied habitat patches when there is a small pop-

ulation size, difficulty of detection of individuals or limited

sampling effort (Gu & Swihart, 2004). We limited the effect

of heterogeneous detectability by choosing relatively common

and easily detected focal species. In addition, by including

only atlas blocks with 75+ species, we set a rather high stan-

dard for the effort (in hours) spent in each atlas block.

Unfortunately, we were unable to benefit from recent devel-

opments addressing imperfect detection (K�ery & Schmid,

2004; Royle et al., 2005) because we did not have informa-

tion from repeated sampling (as in Zuckerberg & Porter,

2010). Similarly, survey hours were not available for every

Atlas (hence the > 75 species criterion for inclusion instead

of an hour-based criterion), making it difficult to quantify

the effect of differences in effort across Atlases. Nevertheless,

the effects of differences in survey effort in our analyses are

likely limited because there is no evidence that effort or

changes in effort (between the First and the Second Atlas)

are correlated with forest cover – the predictor we are inter-

ested in assessing (Gu & Swihart, 2004; Zuckerberg & Porter,

2010). Data on survey effort (in hours) were available for

both New York and Pennsylvania Atlases, and there were no

significant correlations between [change in] effort and forest

cover in either state (Zuckerberg & Porter, 2010). Finally, we

present a study of variability in thresholds; we do not aim to

provide exact estimates of extinction thresholds.

Data: Land cover and fragmentation metrics

We calculated forest cover from 1992 National Land Cover

Data (NLCD) as the proportion of all deciduous, coniferous

and mixed forest cover (areas where tree cover (natural or

semi-natural woody vegetation > 6 m tall) accounts for 25–
100% of surface cover (Vogelmann et al., 2001) in each atlas

block. Using 1992 data (an approximate midpoint between

atlas sampling periods) instead of assessing change in forest

cover over time may have introduced some bias, but was

necessary due to logistic constraints. Estimates of extinction

thresholds may be influenced by this choice of land cover

data, but the relative differences between regions/states are

likely similar in magnitude and direction.

We initially chose edge density, patch density, mean patch

area and aggregation index (AI; calculated as an area-

weighted mean class AI, where forest cover was weighted by

its proportional area in the landscape) as fragmentation indi-

ces because their potential effect on the extinction threshold

is easily interpreted, they are easily calculated [we used SDM-

Tools (Vanderwal et al., 2012) in R (R Core Team, 2012)],

and they are commonly used throughout the literature (Har-

gis et al., 1998; McGarigal et al., 2002; Fahrig, 2003; Frohn &

Hao, 2006). However, as all these metrics were significantly
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correlated (P < 0.01) with one another, we ultimately used

only one metric that is straightforward in interpretation, AI,

in further analyses. We did not derive metrics that capture

the ‘process’ of fragmentation; the fragmentation metrics

mentioned here indicate how fragmented a landscape is at a

given point in time.

Models and statistical analysis

State-by-state comparisons of habitat thresholds

We conducted most analyses in two ways. First, we included

all data from all atlas blocks where at least 75 species were

detected in both the first and the second atlas (of each state).

We considered whether birds were persistent (present in

both atlases), absent (not present in either), colonizing (not

present in the first, but present in the second) or extinct

(present in the first but not the second) (Gates & Donald,

2000) and gave extinction a value of 1 and all other dynam-

ics value 0 (hereafter: scenario 1). This approach is consistent

with other studies (Zuckerberg & Porter, 2010) but does not

estimate true extinction probability because it includes occa-

sions where a species was not present in the first atlas and

can thus never ‘go’ extinct. Therefore, we added a second

scenario in which we included only atlas blocks for which a

focal bird was at least present in the first atlas (scenario 2).

This approach resulted in different sample sizes (number of

atlas blocks) for each species (another potential factor influ-

encing thresholds (van der Hoek et al., 2013), but it provides

a better assessment of true extinction probability.

We plotted the fitted values of locally weighted nonpara-

metric models (smoothing parameter 0.75) to visualize

empirical relationships between forest cover and extinction,

and to identify starting values for segmented regression mod-

els. We created threshold [segmented logistic regression

(Muggeo, 2008), using the ‘segmented’ package (Muggeo,

2003)] and non-threshold (logistic regression) models in R

(R Core Team, 2012). We used Akaike’s information crite-

rion (AIC) to compare threshold and non-threshold models

per species, and per state or region, selecting the model with

fewest parameters (the non-threshold model) when the dif-

ference in AIC was < 2 between the models. In addition, we

deemed the threshold model insufficiently precise for further

analyses when the standard error (SE) accompanying the

threshold estimates was larger than the threshold estimate

itself. This percentage was subjective, but a standard error

larger than the estimated threshold implies that the threshold

could also be found at 0% forest cover, a highly unlikely sce-

nario. We assessed fit of each model using area under the

curve (AUC).

We compared threshold and non-threshold models for all

25 species for each state under both data scenarios. However,

some species, in certain states, were so rare that the number

of block records was too low (c. N < 10) to allow modelling

(see, Table S1 in Supporting Information). For that reason,

we were unable to create either threshold or non-threshold

models for 12 species in Ohio and common raven (Corvus

corax) in Massachusetts (Tables S1 and S2). In total, we were

able to compare a maximum of six thresholds (one per state)

per species for subsequent analysis of factors driving regional

variability. This relatively low sample size, and variable num-

bers of blocks in each state, somewhat limited our interpreta-

tion of how landscape metrics influenced threshold

estimates. Therefore, we constructed and compared addi-

tional threshold and non-threshold models based on subsets

of blocks.

Threshold comparisons across nine landscapes

We wanted to test for relationships between the average per-

centage of forest cover or level of fragmentation (AI) in a

landscape and the threshold estimate. We manually selected

nine ‘landscapes’ of similar extent (c. 15,000–20,000 km2);

landscapes that did not overlap, consisting of (near) adjacent

atlas blocks and differing from one another in average forest

cover and degree of fragmentation (across the landscape).

The number of atlas blocks used for analysis in each land-

scape differed, due to application of the ≥ 75 species crite-

rion, but was within one order of magnitude (c. 200–300
blocks). In early analyses, c. 200 atlas blocks were minimally

required to run segmented regression models without too

many convergence failures (van der Hoek et al., 2013). For

these landscapes, we compared threshold and non-threshold

models (under both scenarios) and considered a threshold

supported when the AIC of the threshold model was at least

two less than the non-threshold model AIC. Low sample

sizes did not allow us to create models for several species in

certain landscapes (Table S3). Too few thresholds were sup-

ported [i.e. sample size was too low, N = 5 maximum for

Nashville warbler (Oreothlypis ruficapilla)] to properly use

linear models to test for a relationship between forest cover

and threshold value.

Threshold comparisons across landscapes in which

fragmentation and forest cover vary independently

Fragmentation (or configuration) and habitat availability are

frequently correlated (Didham et al., 2012; Villard & Metz-

ger, 2014) and, here, evidenced by the correlation between

forest cover and aggregation (see Data: Land Cover and

Fragmentation Metrics). Statistical approaches to disentangle

the effects of both are often less effective and straightforward

than desired (Smith et al., 2009). We adopted a simple

approach to address the effects of fragmentation and habitat

cover independent from one another. We selected landscapes

of approximately similar extent (c. 200–300 atlas blocks) that

were either little or highly fragmented and had low, inter-

mediate or high average forest cover (as calculated across the

atlas blocks in the selected landscape) (Fig. 1). We consider

this analysis solely as a first step in a broader investigation of

the separate effects of fragmentation and forest cover in a

wider landscape on habitat thresholds. For each of the six
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possible combinations of habitat cover and fragmentation,

we selected two landscapes, in order to also assess variability

in thresholds across landscapes that were similar in habitat

cover and level of fragmentation. We conducted this analysis

under data inclusion scenario 1 only, to ensure that the habi-

tat cover and fragmentation estimates calculated across each

landscape applied to all species (using scenario 2 would

imply using a subselection of different atlas blocks within the

selected landscape for each species).

RESULTS

State-by-state comparisons of habitat thresholds

Threshold models were better models than logistic regression

models (Burnham & Anderson, 2002) for 49 of 137 model

comparisons; 25 species 9 4 states plus 24 species for MA

and 13 species for OH) model comparisons under scenario 1

and for 29 model comparisons under scenario 2 (Table S2).

AUC scores were relatively low across all supported threshold

models (median 0.67; range 0.54–0.98). Support for thresh-

old models and associated threshold estimates varied widely

among species and states. The difference between the two

scenarios was not a focus of our research, but we note that

the threshold estimates derived under either scenario can be

very different.

Under scenario 1, support for thresholds was lowest in the

two states with the lowest average percentage of forest cover,

MI and OH, whereas we found most support for thresholds

in states with intermediate to high amounts of forest cover,

NY (Fig. 2, Table S2), and we observed a similar trend for

scenario 2, with support for six threshold models in PA and

NY and only one in OH.

Medians of all supported thresholds per state ranged from

44% (MA) to 77% forest cover (VT) under scenario 1 and

from 8% (OH) to 87% forest cover (PA) under scenario 2.

The value of 8% for Ohio was the single supported threshold

estimate for the state, for ovenbird (Seiurus aurocapilla).

Threshold estimates ranged widely across species, from very

low [e.g. 17% (SE = 7) for black-throated green warbler (Se-

tophaga virens) in NY (scenario 1) or 8% (SE = 2) for oven-

bird in OH (scenario 2)] to very high [e.g. 96% (SE = 0.3)

for black-and-white warbler (Mniotilta varia) in PA (scenario

1) or 95% (SE = 2) for Canada warbler (Cardellina canaden-

sis) in NY (scenario 2)] (Table S2). Even within a species,

there were sometimes large differences across states, for

example from 17% (SE = 7) in NY to 74% (SE = 21) in VT

(black-throated green warbler, scenario 1) and from 8%

(SE = 1.7) in OH to 82% (SE = 7) in NY (ovenbird, sce-

nario 2). No obvious geographic trends could be detected in

the species-specific threshold estimates.

The nature of the relationship between extinction proba-

bility and forest cover varied between species or within spe-

cies, across states (Fig. 3 and Table S2). Whereas many

relationships were negative as expected (i.e. extinction proba-

bility decreases as forest cover increases), we also often found

unimodal relationships: peaks in extinction probability at

intermediate amounts of forest cover. We aim to investigate

the nature of these unimodal relationships in future studies.

Threshold comparisons across nine landscapes

Support for threshold models varied widely between land-

scapes (between 4 and 13 species supported thresholds under

scenario 1; 1–10 species under scenario 2). We found least

support for thresholds in landscapes with low amounts of

forest cover or high degrees of fragmentation, and some

indications of positive relationships between the number of

supported models and forest cover or degree of fragmenta-

tion (Fig. 4a,b). We did not test for significance of these

relationships due to low sample size. Threshold estimates

also varied widely across both species and landscapes and

ranged from 17% to 95% forest cover (Table S3), with

model AUCs ranging from 0.45 to 0.99. We found little

visual support for relationships between thresholds and forest

cover or aggregation, although there were a few exceptions

(Fig. 4c–f). Thresholds for some species, such as black-

throated green warbler, may increase with forest cover or

decrease with fragmentation.

Threshold comparisons across landscapes in which

fragmentation and forest cover vary independently

When we modelled extinction probability with data from

selected landscapes that differed in fragmentation and forest

cover, we again found considerable variability in support for

thresholds and in associated threshold estimates (Table 1).

We found more support for threshold models as the amount

of forest in the landscape increased, with most support for

thresholds in high forest cover landscapes with a low degree

of fragmentation (12 and 9 species support threshold models

in both replications of these ‘type’ of landscapes) and least

support in landscapes with low forest cover and high levels

of fragmentation (three and one species). It was difficult to

make comparisons across all landscapes, as few species sup-

ported thresholds in multiple landscapes. Nevertheless,

thresholds varied vastly across the landscapes: thresholds

were not consistently higher in highly fragmented landscapes

nor did thresholds consistently increase or decrease as the

average forest cover in the landscape increased or decreased.

Strikingly, thresholds differed even across landscapes that

were similar in terms of fragmentation and habitat cover.

For example, black-throated blue warbler (Setophaga caerules-

cens) showed support for thresholds in both of the ‘highly

fragmented, high forest cover’ landscapes, but the estimated

thresholds were at very different forest cover percentages

(46% and 86%).

DISCUSSION

Extinction thresholds varied vastly across species and across

regions. We predicted that thresholds would be higher in
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more fragmented landscapes than in less fragmented land-

scapes and lower in landscapes with high average forest cover

than in landscapes with low average forest cover, but cannot

support this prediction. Thresholds do seem to be most

common – or most easily detected using automated pro-

cesses – in landscapes with intermediate to high amounts of

forest cover.

We estimated thresholds following three different analyses:

(1) a state-by-state comparison of thresholds, (2) a compari-

son of thresholds across nine different landscapes, and (3) a

comparison across landscapes in which the degree of frag-

mentation and the amount of forest cover varied indepen-

dently. We found more support for threshold models as the

average amount of forest cover in landscapes increased in all

three analyses, although we did not separate the effects of

fragmentation and forest cover in the first two analyses.

However, as we found similar results in the third analysis,

thresholds are indeed more likely to be found in landscapes

with intermediate to high amounts of forest cove, in line

with results from earlier empirical (Pardini et al., 2010) and

Figure 2 Proportion of selected

threshold models under two scenarios.

The top two panels depict the proportion

of species for which threshold models

were selected per state under two model

scenarios. The model scenarios differed

in the estimation of extinction

probability, further explained in

Methods. The bottom two panels show

the median (horizontal line) and 25th

and 75th percentiles (upper and lower

‘hinges’) of the threshold estimates for

supported threshold models per state.

The whiskers extend to the highest and

lowest threshold estimates found per

state. Percentages on horizontal axis give

average forest cover per block for that

state.

Figure 3 Loess plots of extinction dynamics for two bird species. Loess plots (+ SE) showing the relationship between proportion of

forest cover in an atlas block and the probability of extinction for two species (BTNW = black-throated green warbler (Setophaga

virens); BLBW = black burnian warbler (Setophaga fusca). BLBW shows a unimodal relationship between extinction probability and the

proportion of forest cover.
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simulation studies (Villard & Metzger, 2014). In landscapes

with high amounts of forest cover, we might not detect

thresholds because we merely see the more linear effects of

habitat loss per se – that is, the amount of habitat in this

landscape is higher than the ‘fragmentation threshold’ – and

in landscapes with low forest cover, we might already be

below the ‘extinction threshold’ – that is, the amount of hab-

itat in this landscape is such that population persistence

probability is declining precipitously (Villard & Metzger,

2014). In addition, we should investigate whether species

interactions that lead to extinction are more common in

landscapes with intermediate levels of habitat cover, and

whether such species interactions might accelerate changes in

extinction probability resulting in the emergence of thresh-

olds. In extinction threshold modelling, we usually take a

single-species approach (e.g. Rhodes et al., 2008; Betts et al.,

2010; Zuckerberg & Porter, 2010), with little focus on the

influence of the species interactions on extinction thresholds.

We suggest that future studies take into account that mar-

ginal reductions in habitat availability (the focus of threshold

studies) likely interact with other processes to influence

extinction probability. Secondary extinctions induced by loss

of biodiversity and shifts in trophic levels might be more

probable in many cases (Komonen et al., 2000; Bellingeri &

Bodini, 2013).

Interestingly, thresholds for some species seem to increase

slightly with more forest cover or less fragmentation (Fig. 4,

Table 1), counter to our and previous predictions (Fahrig,

2002; Villard & Metzger, 2014), but may be explained by a

number of factors. First, there are issues specific to the data

[e.g. sample size issues (van der Hoek et al., 2013) and vari-

ability in species detection and survey efforts (Betts et al.,

(a) (b)

(d)

(f)(e)

(c)

Figure 4 Number of thresholds found and estimated threshold amounts in relation to landscape characteristics. We found that the

number of thresholds supported varied widely across landscapes with different amounts of forest cover (a) and degrees of fragmentation

(b), under two model scenarios. The model scenarios differed in the estimation of extinction probability, further explained in Methods.

Note that ‘Aggregation landscape (%)’ is inverse to degree of fragmentation (i.e. the more aggregated a landscape the lower the degree

of fragmentation). Panels (c) and (d) [black-throated green warbler (Setophaga virens)] and (e) and (f) [blue-headed vireo (Vireo

solitarius)] show how estimated thresholds typically varied across landscapes with different characteristics (see also Table S3).
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2010; Zuckerberg & Porter, 2010; Jones et al., 2011)] and

statistical approach used (Ficetola & Deno€el, 2009): all fac-

tors that require further testing. For example, thresholds

might vary because species responses to habitat availability

may be either concave or convex, and we are thus actually

comparing thresholds in forest cover above which extinction

probability drops rapidly with thresholds below which the

probability increases steeply (Fig. 5). Or, we might be com-

paring ‘peaks in extinction probability’ (in unimodal curves)

with these thresholds (Fig. 3). We therefore urge researchers

to address the nature of the threshold in question explicitly

to avoid improper interpretation. Equally important, the data

we used for modelling became increasingly left-skewed as

forest cover in the landscape increased, a potential cause of a

shift of a threshold to ‘the right side of the curve’ (i.e.

towards higher amounts of forest cover). Transformations

might reduce skewness (Fletcher et al., 2005), and would

consequently lead to better fitting logistic models (likely

resulting in higher model AUCs). This might be useful if our

main interest was to fit a logistic model, but we would con-

sequently lose information on the focal interest of this study:

at what amount of habitat is the threshold in this particular

landscape? The influence of the skewness of data on the

estimation of habitat thresholds seems largely overlooked in

previous studies [e.g. when segmented regression is used as

in Betts et al. (2010) and Zuckerberg & Porter (2010)];

future studies should consider this potential cause of vari-

ability in estimated thresholds.

Second, thresholds might actually increase for some spe-

cies, as some of our focal species could be considered habitat

generalists, for which extinction probability is not necessarily

negatively correlated with the amount of forest cover avail-

able (Table S2). In addition, such species may experience

positive edge effects resulting from fragmentation (Parker

et al., 2005) For these species, thresholds may be lower in

landscapes with less forest or in more fragmented landscapes

(see Fahrig, 2003). Third, related to the aforementioned dif-

ferences between generalist and specialist species, we could

expect some species to do better simply because others do

worse. For example, Schmiegelow et al. (1997) showed that

the extent to which habitat specialist and habitat generalist

bird species were differently affected by forest fragmentation

could lead to changes in community composition. We could

thus test how aspects of community turnover affect threshold

estimates, especially as local extinction and turnover occur at

different rates in landscapes with different degrees of frag-

mentation (Boulinier et al., 2001). For example, our

approach can be extended to a study of regional variability

Table 1 Thresholds in landscapes with different habitat characteristics. Thresholds (in %) for 25 forest generalist and obligate species in

landscapes with six different combinations of (average) degree of fragmentation (High, Low) and amount of forest cover (Low,

Intermediate, and High). For each combination, we estimated thresholds in two replicate landscapes. See Table S4 for species codes

Fragmentation Low High

Forest cover Low Intermediate High Low Intermediate High

Species BAWW 80 95 53

BCCH 31

BHVI 34 65 66 38

BLBW 82 61 56 44

BRCR 15 48 27

BTBW 86 46 69 78

BTNW 24 21 88

CAWA 71

CORA

DEJU 63

GCKI 89 97 93

HETH 65 65 72

LEFL 75 69 89 68 40

MAWA 78 84 96

NAWA 45 74

OVEN 56 16 43

PIWO 66

RBNU 28

REVI 89

SCTA 17 65 47

VEER 50 54 53 28

WIWR 71 86 68 54

WTSP 58 53

YBSA

YRWA 53 81 67

Number of thresholds 4 4 4 8 12 9 3 1 1 4 6 6
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and generalities in community-level thresholds as found by

Threshold Indicator Taxa Analysis (TITAN) (Baker & King,

2010).

Fourth, extinction thresholds could be affected by popula-

tion-scale processes, such as higher rates of extinction at

range edges in comparison with the range core (Doherty

et al., 2003; Holt & Keitt, 2005). This could be especially

important in the region of our study, which encompasses the

southern range edge of many species. For example, the

white-throated sparrow showed a high threshold in Pennsyl-

vania, where this species is at the southern edge of its range

and is scarce [found in 2.9% of blocks (Bolginao, 2012)];

whereas no threshold was detected for New York state, where

this species is much more widespread [37% of blocks (Peter-

son, 2008)].

Finally, we have addressed the separate effects of habitat

configuration and availability on habitat thresholds, but have

not included other important aspects of landscape structure.

Regional variation in the quality of the habitat and that of

the matrix (Fahrig, 2001; Betts et al., 2010; Boyle & Smith,

2010) might especially drive the variability we found in habi-

tat thresholds. Testing the effects of varying matrix quality

might be difficult (Villard & Metzger, 2014), but follow-up

studies in which matrix quality varies across landscapes [but

habitat cover and configuration are similar across landscapes,

much like the theoretical models of Fahrig (2001)] will be

highly informative and might account for the differences we

found between thresholds estimated for landscapes that were

otherwise similar in forest cover and fragmentation

(Table 1).

In order for us to be able to make predictions about real

species thresholds, we might need to make models species

specific. For instance, we could (1) select more specific

predictor variables [such as specific types of forest (Betts

et al., 2010; van der Hoek et al., 2013)] that better predict

species extinction probability than a generic ‘forest cover’,

(2) use a species-centred approach to define habitat (Betts

et al., 2014) or (3) include additional predictor variables that

relate to other important aspects of landscape structure (e.g.

matrix quality) or community composition (e.g. incorporat-

ing effects of predators/competitors).

There is not one generic threshold that can be found

across species or landscapes (e.g. Rhodes et al., 2008; Betts

et al., 2010), and we should thus be wary of oversimplifica-

tion of thresholds (e.g. considering them as ‘minimum

habitat requirements’ that can be extrapolated across

regions) in conservation and management documentation

(see also Lindenmayer & Luck, 2005; Wilhere, 2008; John-

son, 2013). We did not find two distinct habitat thresholds:

a fragmentation threshold at high amounts of habitat and

an extinction threshold at low amounts of forest cover

(each of which is found in landscapes with different land-

scape structures). Nor were we able to test whether the

range between these two thresholds differed among species

according to their sensitivity to habitat configuration and

habitat amount (see fig. 6 in Villard & Metzger, 2014).

This does not imply that this concept is invalid, but merely

that real-world situations are confounded by numerous fac-

tors. Habitat thresholds are really highly variable, difficult

to generalize and more difficult to interpret in real land-

scapes than from theoretical concepts (Villard & Metzger,

2014).
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cover) for supported threshold models.
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