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Extinction debt and colonization credit delay 
range shifts of eastern North American trees
Matthew V. Talluto1* , Isabelle Boulangeat2, Steve Vissault3, Wilfried Thuiller1 and Dominique Gravel3

Global climate change is already having an impact on species ranges. For species with slow demography and limited dispersal, 
such as trees, lags between climate change and distribution shifts are likely to increase in the future. Such lags can be of critical 
importance to forest and biodiversity management and biodiversity, because they can result in ‘extinction debts’, where popu-
lations temporarily persist under unsuitable conditions, and ‘colonization credits’, where suitable locations are not occupied 
owing to slow demography and limited dispersal. Here we use a range dynamics model based on metapopulation theory to show 
that the distributions of 21 dominant trees in eastern North America are out of equilibrium with climate and demonstrate both 
extinction debt and colonization credit. Moreover, lags are more severe at northern range limits, suggesting that range contrac-
tion in response to warming temperatures will outpace expansion.

Because climate is as a major driver of species distributions, 
global warming is expected to induce species range shifts1. The 
close relationship between climate and species distribution is 

the basis of correlative species distribution models2,3, which have 
been extensively used to derive biodiversity scenarios4–7. However, 
species do not respond to change immediately, and consequently 
distributions can lag behind climate change8. This is particularly 
the case for long-lived and sessile organisms. Demographically 
‘slow’ species such as trees are vulnerable to such lags, leading to 
so-called extinction debts, where populations persist for some time 
after unsuitable conditions render eventual extinction likely9–11, 
and corresponding colonization credits, where suitable but unoc-
cupied locations are only slowly filled owing to slow demography.  
Such mismatches between optimal and realized climates have already 
been observed12 and are likely to be exacerbated in the future, pro-
ducing lags between climate change and shifts in species distribu-
tions that may extend well beyond the timescales typical of ecological 
studies. It is critical to predict these situations for forest management 
and biodiversity conservation, which rely on understanding which 
species can persist at a given location, and which are often interested 
in short-time predictions (that is, when lags are most likely to occur).

It is not straightforward to identify disequilibrium between cli-
mate and species distributions using correlative species distribution 
models (SDMs). Instead, dynamic models provide the advantage 
of linking local processes with species ranges. In addition, these 
models need to be able to explain species distributions at the scale 
of their entire range, and capture the variation in key processes 
according to climate variables. Therefore, although process-based 
models (for example, PPA13, JABOWA14. LANDIS II15, FATE-HD16) 
can easily capture local dynamics, they are inherently data demand-
ing and computationally intensive17,18, making the estimation of 
entire distributions at continental scales challenging. Here we 
propose a novel approach inspired by metapopulation theory19. 
Our approach stochastically models the dynamics of presence and 
absence at a locality as a function of two fundamental ecological 
processes: colonization of empty localities and extinction from 
occupied localities. Although theoretical studies have shown how  

colonization–extinction dynamics can lead to range limits20,21, this 
is, to our knowledge, the first time the theory is applied to explain 
species distributions.

We fit this model to a database of repeated observations of more 
than 90,000 forest inventory plots spanning the eastern United States 
and Canada (Supplementary Fig. 1). This approach is ideal to repre-
sent forest dynamics owing to the strong imprint that succession and 
natural disturbance leave on forest landscapes (Fig. 1). We analysed 
range dynamics to look for lags in the response to climate change in 
21 dominant trees across temperate, transitional and boreal forests 
(Supplementary Table 1) and to evaluate future rates of response to 
climate change at the northern and southern range limits. This tran-
sition is particularly relevant because of the major shifts in ecosystem 
processes that are expected to follow colonization of boreal forests by 
deciduous and temperate species. Our principal hypotheses were that 
range limits are set by a balance between colonization and extinction 
dynamics and that the slow nature of these demographic processes 
results in lags in the response to climate change. Consequently, even 
though local conditions could allow populations to persist tempo-
rarily in a given location22, we expect that range limits of forest tree 
species are ultimately determined by regional processes such as dis-
persal limitation, succession and natural disturbance.

Results
The metapopulation theory of range dynamics predicts that range 
limits will occur where colonization is balanced by extinction. 
Although originally developed to represent a set of populations con-
nected by dispersal19, it was later applied to continuous landscapes, 
even representing the dynamics of individuals in a spatially struc-
tured population23. We computed the probability of colonization 
(c(E)) and extinction (m(E)) as functions of climate E for all spe-
cies, then solved these for the environmental conditions E* such that 
c(E*) =  m(E*) (Fig. 1 and Supplementary Figs 2–4). This yields the 
range limits at equilibrium, allowing for comparisons between con-
temporary distributions and long-term equilibria. We found real-
istic ranges for all of the species (Fig. 2 and Supplementary Fig. 5)  
and surprisingly low uncertainty in the predicted range limits 
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Supplementary Methods

To quantify residual spatial autocorrelation from the colonization-extinction (CE) models (and thus
identify species for which additional environmental factors may influence CE rates), we examined the
residuals of the models for spatial autocorrelation using theMoran’s I statistic. We computedMoran’s I
for lag distances ranging from 0 to 700 km, then produced correlograms for each species (Supplemen-
tary Figure 9). Uncertainty in Moran’s I was quantified by computing residual autocorrelation across
the posterior distributions of all parameters.

Toexplore howa spatially explicit analysiswould influenceparameter estimates, we implemented a spa-
tial version of the model using the stochastic partial differential equation (SPDE) approach of [1]. The
SPDE approach estimates a multivariate Gaussian random field over the spatial domain of the model,
with spatial covariance among sampled points modelled using the Matern3/2 kernel function. We im-
plemented this version of the model using the R-INLA software package [2]. We were unable to fit the
complete model in the manner, as the implementation we used did not allow us to account for preva-
lence and uneven time intervals (Main Text Eqn. 2). Thus, we fit only the extinction portion of the
model using the subset of the data with 5-year sampling intervals. We selected this interval because it
represents the large majority of sample points (53%) and provides the greatest coverage. For all com-
parisons, we also re-fit the original nonspatial version of the extinction model using the same subset.
This allowed us to distinguish an effect of including space from an effect of subsetting the data.
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Supplemental Table 1: List of species studied and the number of observations in the database.

Scientific name English name Presences Absences Colonizations Extinctions

Temperate
Acer rubrum Red maple 30403 52803 2684 1591
Acer saccharum Sugar maple 17088 68202 953 663
Fagus grandifolia American beech 8148 75958 732 498
Fraxinus americana American ash 6866 77734 873 779
Fraxinus nigra Black ash 3140 60131 399 304
Quercus macrocarpa Bur oak 1763 58916 186 159
Quercus rubra Northern red oak 9901 74585 915 1213
Tsuga canadensis Eastern hemlock 5086 66947 297 213

Transitional
Betula alleghaniensis Yellow birch 12271 68023 899 766
Pinus resinosa Red pine 1818 66112 112 108
Pinus strobus White pine 6578 79137 660 345
Populus grandidentata Large-tooth aspen 3090 69672 499 577

Boreal
Abies balsamea Balsam fir 22497 37265 2521 2182
Betula papyrifera Paper birch 17466 40885 1624 1665
Larix laricina Tamrack 2307 57266 242 151
Picea glauca White spruce 9268 49654 1530 1200
Picea mariana Black spruce 12334 43198 980 914
Picea rubens Red spruce 7275 42744 777 581
Pinus banksiana Jack pine 2530 54988 138 243
Populous tremuloides Quaking aspen 10883 52490 1089 1396
Thuja occidentalis Northern white cedar 6628 64925 288 266
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Supplemental Table 2: Predicted mean age with standard error (SE) for selected species at 12.7 cm
diameter at breast height (DBH), the minimum tree size considered in our analyses

Species Age (years) SE

Acer rubrum 43.28 0.24
Acer saccharum 47.35 0.24
Fagus grandifolia 55.03 0.63
Fraxinus nigra 53.13 0.92
Quercus rubra 46.65 0.80
Tsuga canadensis 58.13 1.07
Pinus resinosa 30.31 2.71
Pinus strobus 43.75 0.79
Abies balsamea 53.57 0.13
Betula papyrifera 46.88 0.14
Larix laricina 53.43 1.04
Picea glauca 46.70 0.36
Picea mariana 88.80 0.19
Picea rubens 51.44 0.63
Pinus banksiana 48.12 0.21
Thuja occidentalis 60.80 0.48
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Supplemental Table 3: Evaluation statistics for predictions of species ranges.

Species ROC

Temperate
Acer rubrum 0.60
Acer saccharum 0.80
Fagus grandifolia 0.74
Fraxinus americana 0.81
Fraxinus nigra 0.84
Quercus macrocarpa 0.91
Quercus rubra 0.78
Tsuga canadensis 0.81

Transitional
Betula alleghaniensis 0.82
Pinus resinosa 0.86
Pinus strobus 0.80
Populus grandidentata 0.82

Boreal
Abies balsamea 0.82
Betula papyrifera 0.80
Larix laricina 0.67
Picea glauca 0.79
Picea mariana 0.83
Picea rubens 0.85
Pinus banksiana 0.76
Populous tremuloides 0.80
Thuja occidentalis 0.84

Values given are the area under the receiver operating curve (ROC)basedon theprobability of presence
computed at equilibrium.
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Supplemental Figure 1: Plot locations for calibration (A; n=92,724) and validation (B; n=61,579)
datasets. For clarity, plots have been thinned to 10% of their original numbers.
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SupplementalFigure 2: Responseof colonization (c; blue) andextinction (m; red) rates to temperature.
Theoretical predictions indicate the species will be present where c >m and that range boundaries will
occur where c = m. Shaded regions show 90% credible intervals. Precipitation was set to the median
for each species.
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Supplemental Figure 3: Response of colonization (c; blue) and extinction (m; red) rates to precipita-
tion. Theoretical predictions indicate the specieswill be presentwhere c >mand that range boundaries
will occur where c = m. Shaded regions show 90% credible intervals. Temperature was set to the me-
dian for each species.
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Supplemental Figure 4: Response of the rate of change [λ(E) = c(E)–m(E)] to simultaneous variation
in temperature and precipitation. Red colors indicate where extinction exceeds colonization, and thus
the theoretical prediction is absence at equilibrium, and blue areas indicatewhere colonization exceeds
extinction with presence predicted. Black contours show the predicted range limit (i.e., where λ(E) =
0).
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Supplemental Figure 5: Projected range with extinction debt and colonization credit for selected
species not shown in main next. The map indicates, for present climatic conditions, where the species
are (1) currently present and predicted to be present at equilibrium (“Continued presence;” blue), (2)
currently absent but predicted to be present at equilibrium (“Colonization credit;” green), and (3) cur-
rently present but predicted to be absent at equilibrium (“Extinction debt;” pink). Equilibrium pres-
ence was assessed using the equilibrium solution of the state and transitionmodel [i.e., c(E) > m(E)],
and current presence was assessed using the random forest model with a threshold (computed using a
semi-independent evaluation dataset) applied to the probabilities.
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Supplemental Figure 6: Posterior uncertainty in species ranges. Uncertainty was minimal for the ma-
jority of all species ranges, whereas small regions of uncertainty surrounded range boundaries.
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Supplemental Figure 7: Random forest predictions of species ranges. Dark points show the plots where
the species was recorded.
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Supplemental Figure 8: Age-DBH curves for selected species.
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Supplemental Figure 9: Moran’s I correlograms for all species. Confidence limits indicate 90% credible
intervals computed across posterior replicates.
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Supplemental Figure 10: Comparison of parameter estimates for spatial and nonspatial versions of the
model. Colours indicate the full model including all data (“Full model,” blue), an identical model but
using only plots with a 5-year sampling interval (“5-year nonspatial,” orange), and a model using the
5-year subset and including a spatial random effect (“5-year spatial,” red). Parameters shown are coef-
ficients for the intercept (i), temperature (T), and precipitation (P). Vertical bars show 90% credible
intervals.
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Supplemental Figure 11: Comparison of the response of extinction rate to temperature for spatial and
nonspatial versions of themodel. Colours indicate the fullmodel including all data (“Fullmodel,” blue),
an identicalmodel but usingonlyplotswith a 5-year sampling interval (“5-yearnonspatial,” orange), and
a model using the 5-year subset and including a spatial random effect (“5-year spatial,” red). To show
the projected ranges, the colonization rate from the full model is included in gray; species are predicted
to be present where the colonization curve is greater than the extinction curves. Shaded regions show
90% credible intervals. Precipitation has been held constant to the median for each species.
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Supplemental Figure 12: Comparison of the response of extinction rate to precipitation for spatial and
nonspatial versions of themodel. Colours indicate the fullmodel including all data (“Fullmodel,” blue),
an identicalmodel but usingonlyplotswith a 5-year sampling interval (“5-yearnonspatial,” orange), and
a model using the 5-year subset and including a spatial random effect (“5-year spatial,” red). To show
the projected ranges, the colonization rate from the full model is included in gray; species are predicted
to be present where the colonization curve is greater than the extinction curves. Shaded regions show
90% credible intervals. Temperature has been held constant to the median for each species.
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