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Temporal biodiversity change involves colonization, extinction, and recurrence of 
species. These processes vary with spatial grain (i.e. the area at which biodiversity is 
assessed), but there is little theory to explain this. Here, we present theoretical scenarios 
showing that colonization, extinction, and recurrence of species can either increase or 
decrease in strength across grain size. We tested for these patterns in empirical data on 
Czech birds over 30 years, and several orders of magnitude of spatial grain. We found 
that colonization increased from local to national scales, while extinctions followed a 
hump-shaped pattern, leading to a higher temporal increase of richness towards coarse 
grains. Probabilities of colonization and extinction decreased with grain size, with a 
steeper decrease for extinction. Our results hold independently across two time peri-
ods (1985–2002 and 2002–2017), and colonization is the dominant process behind 
temporal change of richness. This decomposition of biodiversity change allowed us 
to identify scale-wise ecological mechanisms driving biodiversity change, and explain 
seemingly confusing directions of biodiversity change at different spatial scales.

Keywords: Anthropocene, bird atlas, breeding bird survey, extirpation, invasion, 
Jaccard, machine learning, persistence, presence–absence, range contraction, species–
area relationship

Introduction

Biodiversity is under pressure, mostly from human activities (Pereira et al. 2012, 
Wilting et al. 2017, Harfoot et al. 2021). Consequently, global species pools and 
abundances in some taxa have been decreasing, triggering concerns that we may be 
in the midst of a sixth mass extinction (Barnosky et al. 2011, Ceballos et al. 2020). 

Decomposing biodiversity change to processes of extinction, 
colonization, and recurrence across scales

François Leroy ✉1, Jiří Reif 2,3, Zdeněk Vermouzek4, Karel Šťastný5, Eva Trávníčková1,6, Vladimír Bejček5, 
Ivan Mikuláš4 and Petr Keil1

1Department of Spatial Sciences, Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Praha-Suchdol, Czech Republic
2Institute for Environmental Studies, Faculty of Science, Charles University, Prague, Czechia
3Department of Zoology, Faculty of Science, Palacky University, Olomouc, Czechia
4Czech Society for Ornithology, Prague, Czechia
5Department of Ecology, Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Praha-Suchdol, Czech Republic
6Department of Zoology, Faculty of Science, Charles University, Praha, Czech Republic

Correspondence: François Leroy (francois.libert.leroy@gmail.com)

Research article

14

https://doi.org/10.1111/ecog.06995
http://orcid.org/0000-0001-7400-4475
http://orcid.org/0000-0003-2553-7333
mailto:francois.libert.leroy@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fecog.06995&domain=pdf&date_stamp=2023-12-12


Page 2 of 14

However, recent studies reveal a surprising variability in 
temporal trends of biodiversity, which includes decreases, 
increases, and stability (Keil et al. 2011, Vellend et al. 2013, 
Dornelas et al. 2014, McGill et al. 2015, Schipper et al. 
2016, Cardinale et al. 2018, Blowes et al. 2019, Finderup 
Nielsen et al. 2019, Leroy et al. 2023a), resulting in a confused 
message to decision makers and the public (Vaidyanathan 
2021). Apart from data gaps and biases (Meyer et al. 2015), a 
major suspect behind the reported variability of biodiversity 
trends is variation in spatial grain, i.e. the area at which biodi-
versity is assessed (Jarzyna and Jetz 2018, Chase et al. 2019). 
This is because the relative strength of ecological processes 
can vary with spatial grain, which then affects the direction 
and magnitude of biodiversity trends (Sax and Gaines 2003). 
However, empirical assessment of cross-scale trends of biodi-
versity remains challenging due to lack of high-quality datas-
ets from multiple spatial grains.

Among various facets of biodiversity, species richness (S) is 
the most fundamental and simplest metric: it is easy to assess, 
it has well-developed scaling theory behind it (Arrhenius 
1921, Preston 1960, Adler and Lauenroth 2003, Storch et al. 
2007, Storch 2016, McGlinn et al. 2019) and most other 
metrics either correlate with it, or they directly use S in their 
formula (e.g. Shannon’s or Simpson’s diversity indices). This 
makes the relationship between spatial grain and S, and 
between spatial grain and temporal change of S (hereafter 
ΔS) of particular interest. The three components of ΔS are 
colonization, extinction, and recurrence of species (Fig. 1), 
and these are also key components of metrics of temporal 
biodiversity turnover such as Jaccard index (Dornelas et al. 
2014). ΔS has been shown to be grain-dependent (Jarzyna 
and Jetz 2018, Chase et al. 2019), but little is known about 

how the spatial scaling of colonization, extinction, and recur-
rence combine to affect the spatial scaling of ΔS and temporal 
turnover. Even though Jarzyna et al. (2015) empirically show 
that probabilities of colonization, extinction, and temporal 
turnover decrease with spatial grain, we are unaware of any 
studies linking the scaling of those processes with the scaling 
of ΔS.

Here, we address this by, first, showing how ΔS is driven 
by colonization, extinction, and recurrence, and we pres-
ent theoretical scenarios of how they play out across spatial 
grains. Second, we empirically assess more than 30 years 
of ΔS and rates of colonization, extinction, and recurrence 
across six orders of magnitude of spatial grains, from grain as 
small as 30 000 m2, to thousands of km2. We do this using 
data on birds in Czechia, a central European country with 
one of the best cross-scale datasets in the world. Specifically, 
Czechia has a monitoring scheme running for 40 years with 
hundreds of local ornithological routes surveyed. This data-
set is complemented by independently surveyed high-quality, 
temporally replicated bird atlases of ca 10 ×10 km grain, 
surveyed across more than 30 years. These data offer a rare 
glimpse into dynamics of biodiversity that others examined 
either only at local grain (Dornelas et al. 2014, Blowes et al. 
2019), or at larger grains such as regional, national, continen-
tal or global scales (Butchart et al. 2004).

We show that, for a given area A, the average trend of spe-
cies richness change (hereafter DS , where the bar indicates the 
median change for a given area A) starts from zero at local grains 
and becomes positive with increasing spatial grain for birds of 
Czechia. This relationship between DS  and spatial grain A 
(hereafter the DS –area relationship) is upwards accelerating 
in a semi-log space, even for different temporal coverages. We 

Extinction ColonizationRecurrence

Time 1 Time 2

(a) (b)

Figure 1. (a) Communities at Time 1 and Time 2 share common species (i.e. number of recurrent species, R) but they also have species 
present at either Time 1 or Time 2 (i.e. E, the number of extinct species, and C, the number of species that have colonized the area, respec-
tively). (b) Species richness at Time 1 and Time 2 (i.e. Stime1  and Stime2 , respectively) is composed of these three processes. Conversely, 
temporal changes of species richness (ΔS) can be decomposed to colonization (C), extinction (E), and recurrence (R) of species. Finally, C, 
E and R can be used to compute the probabilities of colonization P(C), extinction P(E), and recurrence P(R).
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show that this spatial scaling of DS  is caused by the spatial scal-
ing of colonization, and extinction. Specifically, we show that 
colonization and extinction have the same values at local scales, 
but colonization is constantly increasing toward national scale 
while extinction displays a hump-shaped pattern, with lower 
values at both local and national scales. Linking the empirical 
scaling of extinction to our theoretical expectations, we explain 
the scaling pattern of extinction by a decline of common spe-
cies and extinction of rare species. We also explain the scaling 
pattern of colonization by the arrival of newcoming species to 
Czechia. Finally, we show that the scaling intensity of extinc-
tion is robust to variation in time, and that colonization is the 
main driver of the shape of the DS  scaling.

Theory and expectations

In this section we define all the key components of species 
richness change (ΔS). We then explore several ecologically 
plausible scenarios, and the resulting expected spatial scaling 
of the components of biodiversity change.

Components of ΔS: colonization, extinction and 
recurrence

Considering an area A monitored at two points in time, the 
number of species S (i.e. species richness) at Time 1 ( Stime1 )  
and Time 2 ( Stime2 ) can be expressed as the combination 
of 1) number of species present at both Time 1 and Time 2 
(recurrence R, Fig. 1a), 2) number of species that colonized 
the area between Time 1 and Time 2 (colonization C) and 3) 
number of species that disappeared from the area between 
Time 1 and Time 2 (extinction E). The temporal change of 
species richness, ΔS, is then (Fig. 1b):

DS S S C R E R C E= - = + - +( ) = -time time2 1  (1)

Colonization, extinction, and recurrence can be assessed 
either as a count per unit of area A (e.g. the number of spe-
cies that either colonized, went extinct or persisted through 
time, Fig. 1) or as probability (i.e. frequency). That is, we 
assume that the absolute values of C, E and R, depend on the 
number of species present and thus on the area A considered 
(through the species–area relationship, May 1975, Arrhenius 
1921, Adler and Lauenroth 2003). Thus, from C, E and R, we 
compute the average per-species probabilities of colonization 
P(C), extinction P(E) (Keil et al. 2018) and recurrence P(R):

P C C
C R

( ) =
+

  (2)

which represents the frequency of colonizers (i.e. probability 
of a species present at Time 2 being a colonizer),

P E E
E R

( ) =
+

  (3)

which is the frequency of a species going extinct (i.e. prob-
ability of a species present at Time 1 to go extinct and be 
absent at Time 2) and

P R R
E R

P E( ) =
+

= - ( )1   (4)

which is the frequency of species that persist from Time 1 to 
Time 2 (i.e. the probability of a species present at Time 1 to 
persist to Time 2). Note that P(C) (Eq. 2) is different from 
the probability of a species not present at Time 1 (i.e. species 
from the species pool) to colonize the area (Supporting infor-
mation). However, for the sake of simplicity, in the remain-
der of the manuscript we will use the expression ‘probability 
of colonization’ to refer to the values of P(C) computed from 
Eq. 2.

We used simulations in order to better understand the 
relationship of the difference between C and E (Eq. 1), and 
the difference between P(C) and P(E). In these simulations, 
we used 8000 combinations of values of C, E, and R rang-
ing from 1 to 1000 and we demonstrate (Fig. 1, Supporting 
information):

sgn sgn sgnP C P E C E S( ) - ( )éë ùû = -( ) = D( )   (5)

It means that diversity change over time has the same sign 
irrespective of whether extinctions and colonizations are 
measured as probabilities or as counts. This is encouraging 
because we can compare, at least qualitatively, studies that 
use these different measures of colonization and extinctions.

Importantly, C, E and R are also components of temporal 
turnover, for example the temporal Jaccard’s similarity index:

b j
R

R C E
=

+ +
  (6)

For any given spatial grain A in km2, we will use bar sign to 
indicate median value of those metrics for a given grain A: 
DSA  (read as “average species richness change for an area A”), 

CA , EA , RA , P E
A

( ) , P C
A

( ) , P R
A

( )  and b j A .

Spatial scaling scenarios of processes behind 
richness change

In this section we show how different spatial scaling of C ,  
E  and their respective probabilities P C( )  and P E( )  
emerge from four hypothetical scenarios of re-arrangement of 
species composition within a region. We also show how the 
scaling of those processes combine into the scaling of DS .  
These scenarios do not represent all possible mechanisms 
involved in the scaling. Rather, they are mechanistic examples 
based on ecologically plausible processes observed in nature, 
proving that any of the given directions of spatial scaling (i.e. 
increasing or decreasing values of C , E , P C( )  and P E( )  
with increasing grain A) are possible, biologically credible, 
and we can thus expect any of them in empirical data.
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Scenario 1 (Fig. 2a) – extinction of rare species
This scenario shows that the number and per-species prob-
ability of extinction ( E  and P E( ) ) can increase with 
increasing spatial grain A. Specifically, two rare species (i.e. 
blue and orange species with a restricted range and present 
in few grid cells at Time 1) go completely extinct at Time 
2 whilst the occupancy of the widespread species remains 
constant, leading to an increased extinction towards coarse 
grain. In contrast, the scaling patterns of the number and per-
species recurrence ( R  and P R( ) ) decrease with increasing 
grain size (following Eq. 4, Fig. 1).

Scenario 2 (Fig. 2b) – decline of common species
This scenario illustrates that E  and P E( )  can decrease with 
increasing grain. Here, occupancy of the widespread species 

(i.e. green bird) declines through time but does not reach 0, 
leading to a decrease of extinction towards large grain, as well 
as an increase of recurrence towards large grain.

Scenarios 1 and 2 have also been outlined for extinction 
in Keil et al. (2018). Here, we added the recurrence, and we 
also present two new scenarios leading to the opposite spatial 
scaling of colonization:

Scenario 3 (Fig. 2c) – spread of resident species
Here, the average number and probability of colonization 
(C  and P C( ) ) decrease with increasing grain, as local spe-
cies already present in the large cell at Time 1 expand their 
occupancy (i.e. colonize new areas). Thus, colonization is null 
at the large grain (i.e. no new species colonize the large cell) 
and is higher at fine grain.

A = 1

A = 4

Colonization

Time 1ime 1

Species pool

(c)

(d)

A

A

3

3

Time 2

Time 2
1

1

1

1

41

41

Scenario 3
Spread of resident

species

Scenario 4
Colonization from an 
external species pool

(a)

1

1 4

1

1 4

(b)

A A

A A

3

3

3

3

1

1

1

1

41

41

Time 2

Time 2

Scenario 1
Extinction of rare 

species

Scenario 2
Decline of common 

species

Time 1

Extinction & Recurrence

A = 1 

A = 4

(e)

1 4
A

1 4
A

Species richness change 

Figure 2. Conceptual diagrams of four different scenarios for the three components of ΔS (i.e. extinction E, recurrence R, and colonization 
C) and their probabilities (i.e. P(E), P(R), and P(C), respectively). Using the same community compositions at Time 1 and two grain sizes 
(i.e. A = 1 and A = 4), we hypothesize how a rearrangement of a community through time (i.e. from Time 1 to Time 2) can lead to different 
scaling of extinction, recurrence, and colonization. The counts and probabilities for A = 1 are averaged over the 4 grid cells and this is repre-
sented by a bar (e.g. C ). The average number of events is represented in blue and the average probabilities in black. (a) Scenario 1 and (b) 
Scenario 2 show positive and negative scaling (respectively) of extinction (i.e. they are either (a) increasing or (b) decreasing with grain size) 
and the scaling of recurrence. (c) Scenario 3 and (d) Scenario 4 show different spatial scaling for colonization (i.e. decreasing and increasing, 
respectively). (e) Finally, we show how the scaling of colonization and extinction combine to the scaling of richness change (DS ).
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Scenario 4 (Fig. 2d) – colonization from an external species 
pool
In this scenario, C  and P C( )  increase with spatial grain A. 
For this to be possible, we need to consider non-native species 
from the species pool (i.e. species that are absent at Time 1 in 
the large cell). As each non-native species colonizes only one 
small cell, the large cell is a subject of all these colonizations, 
leading to an increasing colonization towards large grain.

Combining those different scaling scenarios of coloniza-
tion and extinction then leads to distinct spatial scaling of 
DS  (Fig. 2e, Eq. 1, 5).

Material and methods

Czech bird datasets

To empirically assess avian biodiversity changes across spatial 
scales, we used the following two avian datasets from Czechia 
representing a large range of spatial grains spanning several 
orders of magnitude (from 30 000 m2 to ca 80 000 km2, the 
latter being the entire area of Czechia).

First, we used the three ‘Czech breeding bird atlases’ 
(hereafter CzAtlas, Šťastný et al. 1997, 2006, 2021) which 
represent the coarsest spatial grains. The first atlas covers the 
period of 1985–1989, the second 2001–2003 and the third 
one 2014–2017. The atlases use a grid resolution of approx. 
10 × 10 km. Each grid cell is assigned one or several vol-
unteers in charge of recording the species throughout the 
periods covered. We spatially aggregated the grid cells and 
biodiversity data into 20 × 20, 40 × 40 km and into one 
cell for the entire Czechia (ca 83 900 km2, gridded maps of 
Fig. 3c). All together, those three atlases represent cumulative 
work of ca 2000 volunteers over more than 30 years aggregat-
ing more than a million incidences of 241 species.

Second, we used the ‘Czech Breeding Bird Survey’ (hereaf-
ter CzBBS, Reif et al. 2013), which represents fine (i.e. local) 
spatial grains. This has been an ongoing yearly monitoring 
program established in 1982, and it is similar to the North-
American BBS (Sauer et al. 2017). CzBBS data are collected 
twice a year along a total of 350 transects of different shape 
and size spread across Czechia. Each transect is divided to 
20 points where volunteers count birds under a standard 
protocol. Thus, the CzBBS represents two different spatial 
grains: the point grain and the transect grain (i.e. merging 
the 20 points). By cumulating all the censuses from 1982 to 
2020 together, the CzBBS represents more than 1 million 
incidences of 236 species gathered over almost 40 years by 
more than 200 volunteers. In order to compare the CzBBS 
to the CzAtlas, we filtered the censuses of the CzBBS for the 
years corresponding to the CzAtlas periods (i.e. 1985–1989, 
2001–2003 and 2014–2017).

Accounting for biases using machine learning (ML)

Both datasets have biases that we need to account for to make 
things comparable. In CzAtlas, there are different temporal 

spans of the three periods (i.e. the different duration of the 
census periods which are 5, 3 and 4 years, respectively) and 
there are variations in the number of volunteers assigned to 
each grid cell (i.e. sampling effort). In CzBBS, data are miss-
ing for some transects and some years due to turnover of vol-
unteers, and the shape of the transects is not constant, with 
some transects more elongated than others, which can affect 
species counts (Kunin 1997). Clearly, CzAtlas has different 
biases than CzBBS; thus, in each dataset, we took a slightly 
different path to account for these biases.

To statistically control for biases, we used a cross-scale 
machine learning framework (ML, details below, also see 
Keil and Chase 2019). In order to maximize performance of 
the ML, we fitted and compared three different tree-based 
ML algorithms (Supporting information) using repeated 
(n = 3) k folds cross validation (k = 10), specifically: 1) ran-
dom forests (RF, Breiman 2001), 2) boosted regression trees 
(BRT, Friedman 2001) and 3) extreme gradient boosting 
(XGBoost, Chen and Guestrin 2016). Those tree-based ML 
algorithms have the advantage of being flexible by allowing 
linear and non-linear effects of predictors, as well as inter-
actions between them, without specifying them a priori 
(Hastie et al. 2009). This can make them hard to interpret, 
but ideal for predictive modelling that we do here (Pichler 
and Hartig 2023).

RF, BRT and XGBoost were fitted using the packages 
ranger (Wright and Ziegler 2017), gbm (Greenwell et al. 
2020), and xgboost (Chen et al. 2022), respectively. For each 
model, we report their respective explained variance (i.e. 
R2) and root mean squared error (i.e. RMSE) in Supporting 
information. All analyses were conducted in R ver. 4.4.1 
(www.r-project.org).

Response variables in each ML algorithm were 1) spe-
cies richness (S), 2) numbers of colonization, extinction and 
recurrence (C, E and R), and 3) probabilities of colonization, 
extinction, and recurrence (P(C), P(E) and P(R), Supporting 
information).

Predictors that were common to all the response vari-
ables were latitude, longitude, elevation, and grain area 
(Supporting information). We also accounted for the elonga-
tion of the spatial units (i.e. shape of the transects, grid cells, 
census points…) using the following predictor:

Elongation hull

units

=

å
A

A
i

n   (7)

where Ahull is the area of the convex hull fitted around the 

unit of area, and i

n
Aå units  is the summed area of the n sub-

units of Ahull (e.g. for the transects of the CzBBS, Ahull is the 

area of the convex hull of the transect and i

n
Aå units  is the 

summed area of the 20 census points). Thus, a squared or cir-
cular area would have a higher value than a narrow rectangle 
or an ellipse. These predictors represent the spatio-temporal 
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Figure 3. Predicted temporal trends of avian species richness (ΔS) with increasing spatial grain from (a) 1985 to 2002 (period1), and (b) 
2002 to 2017 (period2). Each box in (a) and (b) represents the median species richness change (bound by the blue dotted line) and quartiles 
Q1 and Q3. The red dot and bars represent the mean and standard error. The spatial grain of each box in (a)–(b) and each panel in (d) is 
represented by a map in (c) (from <1 km2 to entire Czechia). The average temporal trend at each spatial grain is shown in (d), where each 
red dot is the mean predicted species richness bound by the dotted blue lines (representing DS ).
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context of the data, and allow the ML to be interpolated 
and to predict the response at any desired location in space, 
location in time, spatial grain, and temporal grain (Keil and 
Chase 2019, 2022).

For the CzAtlas we used the number of observers per grid 
cell and per sampling period as a predictor representing the 
sampling effort. However, this was missing for the last period 
of the CzAtlas. In that case, we assumed a linear relationship 
between the temporal span and the number of observers for 
the two first time periods (i.e. five and three years, respec-
tively) and predicted the sampling effort for a time span of 
four years (i.e. time span of the last atlas period).

Since C, E, R, P(C), P(E) and P(R) have a temporal 
dimension, we modified some covariates for these responses 
(Supporting information). That is, instead of the temporal 
grain used to predict S, we used the log ratio of the temporal 
grain of the two periods considered. Also, we used the log ratio 
of the sampling effort between the two atlases considered. 
Finally, we used the period as a discrete predictor (i.e. whether 
between the two first atlas periods, from 1985 to 2002, or 
between the two last atlas periods, from 2002 to 2017).

Concerning the hyperparameters of the different algo-
rithms, we set the number of trees to 500 for both RF and 
BRT and the minimum node size to five for RF, BRT and 
XGBoost. In the RF, we set the number of variables used for 
each split (i.e. ‘mtry’ argument) to one third of the number 
of covariates. For the BRT, we set the interaction depth to 1, 
and shrinkage to 0.1. For the XGBoost algorithm, we set the 
learning rate to 0.1, and the minimum loss reduction to 0 
(Github repository for reproducible example, https://github.
com/FrsLry/ms_scaling_changes, and released version on 
Zenodo https://doi.org/10.5281/zenodo.8432090).

For each response variable (i.e. S, C, E, R, P(C), P(E) and 
P(R)) and dataset (i.e. CzBBS or CzAtlas), we selected the 
model with the highest R2 and lowest RMSE (Supporting 
information). The ML algorithms explained most variation 
in species richness (R2(CzBBS) = 0.98, R2(CzAtlas) = 0.77), 
less variation in the number of colonizations, extinctions 
and recurrences (R2(CzBBS) = 0.56, R2(CzAtlas) = 0.54), 
and the least variation for their respective probabilities 
(R2(CzBBS) = 0.31, R2(CzAtlas) = 0.40). Also, for each 
selected model, we checked for predictor correlations, 
and we assessed relative variable importance (Supporting 
information).

Predicting from the fitted ML models

We used the fitted ML models to predict S, C, E, R and their 
probabilities P(C), P(E) and P(R) across the whole Czechia, 
at a sequence of spatial grains A (from 0.03 to ca 83 900 
km2), assuming a constant sampling protocol, and fixing the 
time-span to 4 years (i.e. the mean of the three atlas time 
spans). For each spatial grain of the CzAtlas, we set the sam-
pling effort according to a quadratic linear regression of the 
sampling effort as a function of the spatial grain (Supporting 
information). We set the elongation index to 1 (Eq. 7). We 
used the latitude and longitude of the centroid of the convex 

hull, as well as the average elevation for each polygon. The 
CzAtlas had not covered every year of the CzBBS yearly data-
set; thus, we set the dates of the predictions to the average 
year of each atlas (i.e. 1987, 2002, 2015). We then computed 
the similarity index following Eq. 6 using the output of those 
ML models.

Assessing ΔS for period1 (1985–2002) and period2 
(2002–2017)

From the ML predictions, we assessed ΔS as the slope of a 
fitted simple linear regression between S and time:

S S t= + D ´b0   (8)

here t is the year and β0 the intercept. Thus, ΔS is the average 
change of species number per year during the temporal extent. 
Following Eq. 1, ΔS in Eq. 8 is the average difference between 
colonization and extinction for the period considered.

We predicted ΔS for the two following periods: period1, 
corresponding to the two first atlases, i.e. from 1985 to 2002 
and period2, corresponding to the second and third atlases, 
i.e. from 2002 to 2017. Period1 and period2 have almost the 
same temporal coverage (i.e. 17 and 15 years, respectively), 
and we thus consider the value of ΔS, C, E and R to be 
directly comparable.

Results

Spatial scaling of ΔS

We estimated ΔS in empirical time series of bird communities 
in Czechia, from local (ca 30 000 m2) to national scales (ca 80 
000 km2), and within two time periods (period1: 1985–2002, 
period2: 2002–2017). For both periods and at fine spatial 
grains (i.e. A = 0.03 and A = 2.51 km2), we found that ΔS0.03 
and ΔS2.51 exhibited high variation and a zero median trend 
(i.e. Fig. 3a–b, d). The variation decreased towards coarser 
grains and DS  (i.e. the median value of ΔS) became posi-
tive with increasing grain (Fig. 3a–b, d). We also observed 
the same pattern for the overall temporal extent (i.e. from 
1985 to 2017, Supporting information). Even though the 
shape of the DS –area relationship was similar across the two 
time periods, there were also some differences. Specifically, 
for period1, DS  became higher than zero at a smaller spa-
tial grain than for period2 (i.e. for A = 130 km2 and A = 2170 
km2, respectively). Second, from A = 130 km2 up to entire 
Czechia, DS  for period1 was always higher than DS  for 
period2, meaning that the increase of S at any given grain size 
was higher during period1 (Fig. 3d).

Spatial scaling of colonization, extinction, 
recurrence and turnover

We also estimated C, E, R and their respective probabili-
ties P(C), P(E) and P(R) across spatial grains for period1 
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Figure 4. Boxplots showing the relationships of (a) the temporal trend of species richness (ΔS), (b) number of colonizations C, extinctions 
E, and recurrences R, (c) probabilities of colonization P(C), extinction P(E), recurrence P(R), and (d) Jaccard similarity index βj with 
increasing spatial grain for two time periods (i.e. period1 left column, and period2 right column). The spatial pattern in (a) (i.e. stronger posi-
tive DS  with increasing spatial grain) and (d) (i.e. increase of communities similarity with grain size) are driven by (b) and (c), the spatial 
scaling of colonization, extinction and their probabilities.
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and period2 (Fig. 4b–c). For both time periods, C  and R  
increased with increasing grain while E  increased until 
A = 130 km2 and then decreased (Fig. 4b). Also, the difference 
between C  and E  increased with increasing grain (Fig. 4b) 
and this is reflected in the increasing DS –area relationship 
(Fig. 4a). In contrast, P C( )  and P E( )  both decreased with 
area, with a steeper decrease in P E( )  (Fig. 4c). For the over-
all temporal extent, i.e. from 1985 to 2017, we found the 
same patterns (Supporting information). The Jaccard similar-
ity index (i.e. turnover) βj gradually increased from local to 
national grain (Fig. 4d).

Spatial scaling in period1 vs period2

Even though the sign of the scaling relationship was the 
same between period1 and period2 for all the processes 

(Fig. 4), their magnitude differed (Fig. 5). The difference of 
DS  spatial scaling between the two time periods (Fig. 5a) 
arises at A = 130 km2 and further increases towards coarser 
grains, with values of DS  higher in period1. Indeed, DS  
becomes visibly positive for period2 only at the national 
scale. In the same way, the difference between C  and E  
starts at A = 130 km2 and further increases towards coarser 
grains for period1, while this difference is only visible at the 
national scale for period2 (Fig. 4b). Interestingly, the scaling 
of both E  (Fig. 5e) and P E( )  (Fig. 5f ) was the same in 
both periods (also similar to the scaling for the overall tem-
poral extent, 1985–2017). However, the scaling of both C  
(Fig. 5b) and P C( )  (Fig. 5c) between period1 and period2 
showed the same differences than for DS , with C  and 
P C( )  for period1 higher than period2 from A = 130 km2 
onward. Finally, concerning the temporal b j  similarity 

Figure 5. Comparison of the spatial scaling between period1 (1985–2002; red) and period2 (2002–2017; blue) of (a) species richness change 
ΔS, (b)–(c) number and probability of colonization, (d) Jaccard’s temporal similarity index and, (e)–(f ) number and probability of 
extinction.
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index (Fig. 5d), its values for period2 were always higher than 
for period1.

Discussion

Spatial scaling of extinction and colonization

Our most important finding is the diverging scaling pattern 
of colonization and extinction for birds of Czechia: there is 
a positive relationship between grain size and the number of 
colonizations, which diverges from the hump-shaped rela-
tionship between grain size and the number of extinctions. 
This leads to no net average change of species richness at fine 
grains, but a net increase at coarser grains.

The increasing number of colonizations from local to 
national scale is consistent with the scenario of colonization 
by new species from an external species pool of bird species 
outside of Czechia (Fig. 2d – scenario 4), where the newcom-
ers initially occupy a small fraction of the country. This pat-
tern is often observed at initial stages of spread of non-native 
species (Wilson et al. 2004, Hastings et al. 2005). It only takes 
a single individual to make such a colonization event, which 
makes this positive scaling of colonization numbers with area 
a likely case. Example of species that follow this pattern in 
our dataset are the eastern imperial eagle Aquila heliaca, the 
wood duck Aix sponsa, the golden eagle Aquila chrysaetos, the 
cattle egret Bubulcus ibis, the whooper swan Cygnus cygnus, 
the egyptian goose Alopochen aegyptiaca, the barnacle goose 
Branta leucopsis or the citrine wagtail Motacilla citreola, also 
see Supporting information). In the future, we expect these 
colonizations to continue, as for landlocked Czechia, colo-
nization can potentially come from four different countries 
(i.e. Germany, Poland, Slovakia, Austria) and the species pool 
is high (ca 600 breeding bird species in Europe, Keller et al. 
2020). However, the dominant colonization source will 
probably be southern species due to ongoing climate warm-
ing which significantly shapes population trends of Czech 
birds (Storch et al. 2023). Indeed, some of the species in the 
examples above are of southern origin (Keller et al. 2020).

Unlike colonization, the scaling of extinction counts with 
area shows a hump-shaped pattern. Our theoretical scenarios 
(Fig. 2a–b – scenario 1–2) do not consider such a shape and 
only predict patterns of linearly increasing or decreasing scal-
ing of extinction. Thus, to explain the observed pattern, we 
propose that both scenarios operate simultaneously, i.e. that 
range contractions occur both in common species at large 
scales (scenario 2, Fig. 2b) as well as in rare (but spatially 
sparse) species at local grain (scenario 1, Fig. 2a). A comple-
mentary explanation of this pattern is to combine the per-spe-
cies probability of extinction in a given area (Fig. 4c, 5f ) with 
the species–area relationship (Fig. 3 in ref. Keil et al. 2018). 
The number of extinctions results from the multiplication of 
the probability of extinction with the species–area relation-
ship (SAR, Keil et al. 2018). Here, the probability of extinc-
tion is decreasing with area (Fig. 4c, 5f ), which indicates a 
decline of common species (Fig. 2b, scenario 2, e.g. Perdrix 

perdrix, Supporting information). This decline of probability 
of extinction, combined with a steep SAR reaching a plateau, 
result in the hump-shape pattern of the number of extinc-
tions. This SAR shape is typical of the Czech ecosystems, 
with high alpha diversity and low gamma diversity (i.e. fields, 
forests, water pounds and city found close to each other and 
repeated all across the nation).

From counts to probabilities

Unlike counts, the average per-species probabilities of extinc-
tion P E( )  and colonization P C( ) exhibit a monotonically 
decreasing relationship with area, with a steeper decline of 
probability of extinction. The same relative scaling of P C( )  
and P E( )  was observed for birds of the New-York state 
(Jarzyna et al. 2015). Theoretically, the decline of extinc-
tion probability with area is expected as larger areas harbor 
more species with larger populations, which are less likely to 
go extinct. In case of probability of colonization, its decline 
with area can be explained by the fact that the larger the area, 
the smaller the fraction of the pool of potential colonizers 
(since larger fraction of the species pool has already been 
included in the area), a mechanism involved in generating 
the colonization pattern according to the theory of island 
biogeography of MacArthur and Wilson (1967). Also, the 
increasing number of species with area increases the denomi-
nator when computing the probabilities (Eq. 2–3), leading 
to the decrease of probabilities (Eq. 2 and 3) Remarkably, 
we observed that counts of extinctions or colonizations fol-
low a different scaling with area than their respective prob-
abilities. This contrasts with our theoretical scenarios (Fig. 2) 
in which counts and probabilities always have the same sign 
of the scaling relationship. This is possible, as the shape of 
the species–area relationship creates a complex link between 
probabilities and numbers of events with increasing grain size 
(Keil et al. 2018).

From colonization and extinction to richness change

The abovementioned scaling of colonization, extinction and 
recurrence combine to a monotonically increasing spatial 
scaling of richness change DS . This increasing DS –area 
relationship (Fig. 2a–b) has been observed in other regions. 
Keil et al. (2011) describe it for British hoverflies, Jarzyna 
and Jetz (2018) and Chase et al. (2019) showed it for birds 
of the contiguous United-States. The only exceptions we 
found in the literature (i.e. decreasing DS  with grain) were 
for two closed systems, namely coral reefs and Hawaiian birds 
(Chase et al. 2019), where colonization at large grain are less 
likely due to substrate saturation and distance from the coast, 
respectively (MacArthur and Wilson 1967). Thus, empirical 
evidence so far suggests that the positive spatial scaling of 
DS  is the more likely pattern from local to regional grains 
in open continental ecosystems. However, speciation is most 
likely lower than the current extinction rates (Barnosky et al. 
2011), which will ultimately push any ΔS–area relationship 
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to be negative as it approaches the global scale (Jarzyna and 
Jetz 2018). At first glance, our results of no net change (or an 
increase) of biodiversity do not align with studies reporting 
the global decline of biodiversity (Szabo et al. 2012). This 
is because the temporal trends of richness are grain depen-
dent, and global decline is happening together with diverse 
trends at finer grains (Dornelas et al. 2014, 2023, Leroy et al. 
2023a). We should keep in mind that most known extinc-
tions in Europe happened before the temporal scope of this 
study, and so ecosystems may now be recovering from past 
perturbations (Cardinale et al. 2018) thanks to, e.g. conser-
vation policies (Koschová et al. 2018). Also, short time series 
may be misleading if they end before an extinction debt is 
realized (Tilman 1994).

Temporal turnover

Even though the count of species recurrence (R) in time does 
not affect the scaling of DS , it is central in the scaling of 
temporal turnover Eq. 6. We showed that R increases with 
area faster than extinction or colonization rates, which then 
leads to the observed increasingtemporal similarity (i.e. the 
Jaccard index βj) with grain (Fig. 4d). We explain this by the 
structure of the Czech landscape, which exhibits high habi-
tat heterogeneity (and species spatial turnover) at local grain 
but not at large grains (Keil et al. 2012). Thus, any fast tem-
poral turnover at local grains caused by local stochasticity is 
likely asynchronous (because of local habitat heterogeneity) 
and dampens towards coarse grains where recurrence is high 
and all habitats are present. This pattern was also found for 
North-American birds (Jarzyna et al. 2015, Jarzyna and Jetz 
2018). However, we could expect turnover to increase again 
if the grain considered is large enough to encompass different 
biomes (e.g. grain of the size of a continent), which would 
bring a large input of new species and make the link between 
turnover and grain triphasic (i.e. an increase, followed by a 
plateau, followed by another increase).

Generality through time

The scaling pattern of richness change, colonization, extinc-
tion, and temporal turnover showed the same directions when 
examined for 1985–2002 and for 2002–2017 (also for the 
overall time period 1985-2017, Supporting Information); 
this points to an encouraging constancy of the processes in 
time and indicates that our findings are general. However, 
Czech avifauna recovered intensively from 1985 to 2002 
(Koleček et al. 2010) and this recovery probably slowed from 
2002 to 2017. This pattern corresponds to the pattern of cli-
matic changes in Czechia (Reif et al. 2021). Unlike extinction, 
the magnitude of the scaling of colonization varied between 
period1 and period2 (Fig. 5b–e), and this is driving the differ-
ent scaling of richness change. That is, processes responsible 
for extinction did not change from 1985 to 2017 while the 
processes responsible for colonization decreased with time. 
We have reasons to think that the extinction rate was already 

remarkably high in the 80’s (Reif et al. 2021), and we show 
that there has been no improvements since the beginning of 
the 21st century neither at local nor national scales (Fig. 5e–
f ). On the other hand, decrease of colonization between 
the two time periods is a sign of the well-known spatial 
homogenization of avian communities (Devictor et al. 2008, 
Koleček et al. 2010, Davey et al. 2012, García-Navas et al. 
2020, Reif et al. 2022), which is reflected by temporal turn-
over (Fig. 5d, higher temporal turnover for period1 than for 
period2).

Caveats

Assessing temporal trends of biodiversity across scales is 
challenging. Even though the performance of the cross-
scale machine learning method we used is encouraging and 
may help assess biodiversity changes for data-poor regions 
(Keil and Chase 2019), we had to make weighty choices. 
Concerning the CzAtlas data, we accounted for the sam-
pling effort by considering the number of observers assigned 
in each grid cell. However, no information was available on 
the actual counting time of each observer (i.e. temporal grain 
of the sampling plan, Leroy et al. 2023a). We couldn’t har-
monize the sampling effort of the CzAtlas with the sampling 
effort of the CzBBS (i.e. time spent at each census point/tran-
sect). This prevented us from fitting a single model for the 
two datasets together, which would have allowed us to predict 
biodiversity for missing spatio-temporal locations in between 
both datasets. Also, even though we adapted the CzBBS to 
the periods of the three CzAtlases (i.e. Atlas 1: 1985–1989; 
Atlas 2: 2001–2003; Atlas 3: 2014–2017), we warn that 
the sampling time at each point/transect of the CzBBS (i.e. 
temporal grain of the sampling) was different than the sam-
pling time in each grid cell of the CzAtlas. Also, the mod-
eling framework we used here did not correct for detection 
probability, which is nowadays often done with, e.g. using 
hierarchical occupancy models (MacKenzie et al. 2006, Kéry 
and Royle 2015, 2020). This detection probability is likely 
to play a role in the scaling patterns observed here, especially 
for the spatial grains resulting from spatial aggregation, as the 
detection of a species is likely to increase with repeated visits. 
Thus, we see an opportunity for future assessment of the scal-
ing of species detection probability (Hurlbert and Jetz 2007, 
Valdez et al. 2023).

Macroecological and practical implications

The difference between DS  at large and small grains 
confirms the notion of Sax and Gaines (2003, also see 
Vellend et al. 2013, Dornelas et al. 2014, Jarzyna and Jetz 
2018, Chase et al. 2019 for empirical demonstrations) that 
temporal trends of biodiversity at large grains (i.e. regional, 
national or continental) do not reflect biodiversity dynamics 
at local scale, and vice-versa. We show that this is because 
extinction and colonization have a different and non-linear 
relationship between local and larger grains (Fig. 4b, 5b–c, 
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Yan et al. 2022). This means that, practically, ΔS should be 
always assessed for a range of grains.

Conclusion

Although we know that spatial scale influences biodiver-
sity change, mechanisms driving this scale-dependency are 
complex. Here, we highlight, for the first time, how the 
spatial scaling of colonization, extinction, recurrence, and 
their respective probabilities play out to drive the scaling of 
temporal changes of biodiversity. For the Czech avifauna, 
we show that richness change is more likely to increase at 
larger grains due to a constantly increasing colonization 
(indicating colonization from an external species pool) and a 
hump-shaped scaling of extinction (indicating simultaneous 
extinction of rare species and decline of common species). 
These findings appear constant in time (i.e. for the two peri-
ods considered), and in space (the same patterns have been 
found in the literature, Jarzyna and Jetz 2018, Chase et al. 
2019). Also, we show that the variation of colonization (not 
extinction) in time is the main mechanism driving the mag-
nitude of biodiversity change with area for birds of Czechia. 
This decomposition of richness change through scale is cru-
cial to understand which mechanisms are the most driving 
the biodiversity changes from local to national and eventu-
ally, global scales.
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