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Abstract: The spatially autocorrelated patterns of biodiversity can be an important determinant of
ecological processes, functions and delivery of services across spatial scales. Therefore, understanding
disturbance effects on spatial autocorrelation in biodiversity is crucial for conservation and restoration
planning but remains unclear. In a survey of disturbance versus spatial patterns of biodiversity
literature from forests, grasslands and savannah ecosystems, we found that habitat disturbances
generally reduce the spatial autocorrelation in species diversity on average by 15.5% and reduce
its range (the distance up to which autocorrelation prevails) by 21.4%, in part, due to disturbance-
driven changes in environmental conditions, dispersal, species interactions, or a combination of
these processes. The observed effect of disturbance, however, varied markedly among the scale of
disturbance (patch-scale versus habitat-scale). Surprisingly, few studies have examined disturbance
effects on the spatial patterns of functional diversity, and the overall effect was non-significant.
Despite major knowledge gaps in certain areas, our analysis offers a much-needed initial insights
into the disturbance-driven changes in the spatial patterns of biodiversity, thereby setting the ground
for informed discussion on conservation and promotion of spatial heterogeneity in managing natural
systems under a changing world.

Keywords: disturbance; ecological processes; functional diversity; grazing; scaling; spatial hetero-
geneity; meta-analysis; species diversity

1. Introduction

Habitat disturbance is a major driver of biodiversity change in natural and semi-
natural ecosystems worldwide [1–3]. The research foci of disturbance-driven biodiversity
change, and retrospective conservation and restoration efforts, have largely been prioritized
towards the average values of biodiversity [4]. However, the replicate observations from
which an average value is derived may not be always spatially independent [5,6]. Similar
abiotic condition, neighborhood biotic interactions and patchy dispersal, for example, could
generate positively or negatively correlated patterns of biodiversity distribution within a
habitat (see Appendix A for further details). Those spatially correlated patterns of biodi-
versity, once treated as a statistical nuisance, are now considered crucial for maintaining
ecological processes, functions and delivery of services across spatial scales [7–13]. Spatial
continuity in forest and grassland biodiversity, for instance, may promote lateral flow of
matter and energy, pollination, seed dispersal, or animal movement across spatial scales,
and it may also increase the risk of disease spread [13,14]. Spatially aggregated patterns of
biodiversity have also been shown to enhance ecosystem functioning compared to spatially
random biodiversity patterns [10]. Therefore, if the spatial patterns of biodiversity are
modified by disturbances [15,16], important processes, functions and delivery of services
across spatial scales are expected to be compromised [13,17]. Understanding the nature
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and extent to which disturbances may impact the spatial patterns of biodiversity is, thus,
crucial for conservation and restoration planning [6,17–20], but remains unclear.

Conceptually, disturbances can inflict serious consequences for spatial biodiversity
patterns via its effects on site environmental condition, dispersal or species interactions
that shape species’ spatial distribution and community composition, and in turn, shape the
spatial patterns of biodiversity [16,21,22]. That means, when site environmental conditions,
dispersal or species interaction patterns are affected by disturbance, species’ spatial distri-
bution and community composition are expected to be modified, and when species’ spatial
distribution or community composition are modified, spatial patterns of biodiversity are
expected to be changed [15].

However, the direction and magnitude of disturbance-driven changes in the spatial
patterns of biodiversity could depend on multiple factors, including the scale at which
particular disturbances operate [17,21,23–26] and the type and intensity of disturbance.
Of course, such effects may further depend on the spatial heterogeneity of the habitat
template [26,27]. In a spatially patchy habitat (e.g., patch-matrix or mosaic), which is
usually characterized by a patchy-type of spatial pattern, disturbances operating at the
scale of a habitat may weaken or homogenize the within-habitat biotic and abiotic hetero-
geneity [24]. This may lead to a shift from patchy-type to gradient- or to random-type of
spatial patterns [23], or may lead to an increase in the overall positive autocorrelation in
biodiversity (Figure 1). Here, a patchy-type of spatial pattern can be defined as the pattern
where the overall autocorrelation is significant, but the shape of the pattern is somewhat
wavy. A gradient-type of spatial pattern can be defined as the pattern where the overall
autocorrelation is significant, but the shape of the pattern is somewhat an accelerating
or decelerating line; and a random-type of pattern can be attributed to the abundance of
fine-scale patches or local spatial structures, resulting in an overall non-significant spatial
autocorrelation in biodiversity. However, in the same patch-matrix or mosaic habitat,
disturbances, operating at the scale of a microhabitat patch, may increase the within-habitat
biotic and abiotic heterogeneity [24,28], causing a decrease in overall positive spatial auto-
correlation or generate a more patchy-type of post-disturbance patterns in biodiversity. In
a gradient-dominated or homogeneous habitat with a gradient- or a random-type of spatial
pattern, disturbances operating at the scale of a habitat may not affect the overall spatial
pattern. Whereas, disturbances operating at the scale of a microhabitat patch may create
new patches (i.e., shift from a gradient-type or a random-type to a patchy-type pattern) [23]
or a decrease in the overall spatial autocorrelation in biodiversity (Figure 1). Yet, these
aspects of disturbance and resultant changes in the categories of spatial patterns are rarely
considered explicitly in disturbance versus spatial patterns of biodiversity studies.

Moreover, disturbances affecting biotic assemblage directly should affect the spatial
patterns of biodiversity strongly, while disturbances affecting the biotic assemblage indi-
rectly should affect the spatial pattern weakly and somewhat gradually [21]. That means,
the above-mentioned disturbance-driven changes in the spatial patterns of biodiversity
may depend on the types of disturbance. For instance, grazing, forest harvesting, human-
induced fire, or other types of disturbance often impacts the abiotic and biotic properties of
ecological systems in its own ways: Grazing disturbance generally removes biomass, forest
harvesting removes biomass, as well as disturbs the ground and fire disturbance involves
removal of biomass and inputs of nutrients (through ashes). Ecological impacts of varying
disturbance types may, thus, impact the spatial patterns of biodiversity differently.

Similarly, disturbance effects on the spatial patterns of different indices of species
(e.g., presence, abundance, richness, evenness, diversity and composition) and functional
diversity (e.g., abundance of certain functional groups, functional richness, functional
evenness, functional divergence, functional diversity and mean values of individual traits)
should vary markedly. Some indices of biodiversity, such as species abundance can be felt
immediately, while the effects on other indices, such as richness or diversity may be felt
gradually, especially when assembly processes come into play [15].
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Figure 1. Conceptual diagram illustrating disturbance-driven changes in the spatial autocorrelation of biodiversity. The
hatched lines in the figures indicate the spatial scale of disturbance, either over the entire habitat (when the hatched lines
spread over the entire area) or within a patch (when the lines are spread within selected area). The corresponding spatial
patterns (cf. spatial autocorrelation) are shown (right hand side of the figure) in the context of Moran’s I.

To date, relatively few studies have examined the effects of disturbance on the spatial
autocorrelation in species or functional diversity indices, and most of these studies focused
on particular disturbance types, scale of disturbance and indices of species or functional
diversity. Not surprisingly, some studies have found disturbance-driven profound changes
in the spatial patterns of some indices of species or functional diversity, while others
have found slight or no change at all. To our knowledge, no attempt has been made
to synthesize the response patterns of spatial patterns of biodiversity to disturbances or
to explore the reasons underlying the variability in results between studies. Therefore,
here, we present an initial synthesis examining the directionality, magnitude and causes of
disturbance-driven changes in the spatial patterns (the intensity of spatial autocorrelation
indicating spatial connectedness and spatial range indicating patch size) of species and
functional diversity. We also examine whether the scale of disturbance may constrain
the post-disturbance spatial patterns. While a spatial pattern can include both point and
surface/lateral patterns [23], we emphasize the analysis of surface/lateral patterns, just to
be consistent with the quadrat-based traditional approaches in community ecology.

2. Materials and Methods
2.1. Literature Search and Study Selection

We conducted a literature search in the Web of Science, Google Scholar and Scopus
databases on December 6, 2020, using relevant key words such as ‘spatial pattern’, ‘spatial
structure’, ‘spatial autocorrelation’, ‘spatial relationship’, ‘spatial heterogeneity’, ‘autocor-
relation’, and ‘land use’, ‘disturbance’, ‘forest conversion’, ‘climate change’, ‘fire’, ‘grazing’,
‘invasion’, ‘insect attack’, ‘clear-cutting’, and ‘diversity’, ‘richness’, ‘evenness’ etc. That is,
we looked for peer reviewed publications reporting the impacts of disturbance or land use
changes on the spatial patterns of commonly used indices of species (presence, abundance,
richness, evenness, diversity, composition) and functional diversity (richness, evenness,
diversity and community weighted means of individual trait).

Our keyword search resulted in a total of 1609 papers. We read the titles and abstracts
of those papers and removed 1537 papers because they were not relevant to the present
study. We then read the remaining 72 papers thoroughly and identified papers that (i)
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compared the spatial patterns of biodiversity before, and after, disturbance or disturbed
versus undisturbed habitats in a comparable setting, and (ii) measured the spatial pattern of
at least one index of species or functional diversity. A total of 28 papers meet our selection
criteria. We consulted the forward and backward citations of these papers and selected four
additional papers following the two criteria mentioned above. We checked the papers for
the possibility of duplicate data in multiple papers but did not find any such case. Finally,
we selected a total of 32 papers [15,16,21,22,27–54] that we coded for detailed analysis and
synthesis (Figure 2; data presented in Supplementary Materials).

Figure 2. Map of the global distribution of studies from different ecosystems.

2.2. Data Extraction and Coding

For each paper selected for the analysis (N = 32), we extracted data regarding the
intensity and range of spatial autocorrelation in disturbed versus undisturbed habitats, or
pre- versus post-disturbances from text, tables, figures, or from raw data (when available).
When results were reported graphically, we used WebPlotDigitizer (https://automeris.
io/WebPlotDigitizer/; accessed date on 6 December 2020) to extract data from figures.
For all papers, we recorded the geographical coordinates, ecosystem type (forests, grass-
lands or savannah), types of habitat spatial heterogeneity (heterogeneous, gradient and
homogeneous), types of initial and final spatial patterns (patchy, gradient, homogeneous),
disturbance type, and the scale at which a particular disturbance operates (habitat-scale
versus patch-scale). Some of the qualitative information was not always explicit in each
paper; therefore, we developed the following rules a priori to identify and classify stud-
ies consistently.

2.2.1. Classifying the Scale of Disturbance

Although all possible types of disturbance are individually of interest, sufficient
evidence does not exist to accurately examine impacts along the full gradient of distur-
bance types. We therefore grouped disturbance types into four categories: (i) grazing,
(ii) burning, (iii) forest harvesting and others, such as forest or grassland management
disturbance and physiological stresses induced by environmental harshness. However,
as illustrated in Figure 1, when a particular disturbance occurred/applied over the entire
habitat, we coded that as habitat-scale disturbance, and when a particular disturbance type
occurred/applied only within a sub-habitat or microhabitat patches, we coded them as
patch-scale disturbance.

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
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2.2.2. Classifying Habitat Spatial Heterogeneity, and Pre-Versus Post-Disturbance
Spatial Pattern

Following Biswas and Wagner [26], we classified habitat spatial heterogeneity into
four categories: patch-matrix (binary, habitat versus matrix), mosaic (different categories of
habitat quality), gradient (quantitative scale of habitat quality without distinct categories),
and homogeneous. However, for simplicity of interpretation, we merged the patch-matrix
and mosaic categories of habitat spatial heterogeneity into a single category of patchy
habitat. That is, when the study site description indicated the types of habitat configurations
as habitat versus matrix or different types of habitat quality, we classified them as patchy
habitat. When the study site description indicated the types of habitat configuration as
gradients of habitat quality, we classified them as gradient dominated habitat; and when
there is no mention of habitat quality, we consider them as homogeneous habitat.

To examine the effects of disturbance on the spatial patterns of biodiversity, we first
coded each pattern into one of three categories (i.e., patchy, gradient, random), based on
the correlogram, variogram or dissimogram. That is, when the presented correlogram,
variogram or dissimogram for biodiversity showed a clear wavy pattern, we coded that as
a patchy-type of pattern. As the presented correlogram, variogram or dissimogram showed
somewhat straight, but accelerating or decelerating line, we coded them as a gradient-type
pattern, and when there was no clear pattern, we coded them as random pattern. We
repeated the same classification procedure for pre- versus post-disturbance, or comparable
disturbed versus undisturbed habitats. We, then, classified the disturbance-driven changes
in the spatial patterns of biodiversity into one of six possible categories as appropriate: (i)
Patchy to random (P > R), (ii) gradient to random (G > R), (iii) random to patchy (R > P),
(iv) gradient to patchy (G > P), (v) random to gradient (R > G) and (vi) no-change. Note
that, non-change can occur in terms of patchy to patchy, gradient to gradient or random to
random pattern for pre- versus post-disturbance, or disturbed versus undisturbed habitats

2.2.3. Classifying the Causes of Disturbance-Driven Changes in Spatial Patterns

Typically, disturbance-driven changes in the spatial patterns of biodiversity are ex-
pected to occur via changes in the patterns of environmental filtering, biotic interactions
and dispersal [21]. We, thus, read each paper carefully and extracted the author’s expla-
nations for the observed changes (or no change) in the spatial patterns of biodiversity.
When more than one explanation was suggested by the authors, we recorded them as
such [26]. Recognizing the considerable uncertainty in such interpretations using observa-
tional data, we used these explanation to understand the possible drivers rather than to
test any hypothesis regarding spatial biodiversity change [55].

2.3. Data Analysis

To examine the impacts of disturbance on spatial connectedness (autocorrelation
intensity) or patch size (spatial range) of species and functional diversity, we computed
the natural log-response ratio (lnRR) in spatial autocorrelation intensity or patch size of
species diversity and functional diversity for each disturbance treatment with respect
to corresponding control as the effect size, which improves its statistical behaviour in
meta-analyses [56]: lnRR = log(xt/xc). Where xt and xc are the autocorrelation intensities or
spatial range in species or functional diversity, for disturbed habitat, and undisturbed (or
post- and pre-disturbance) control, respectively.

In our data set, some records (23 entries) showed sign-change (i.e., change from
positive to negative autocorrelation, and vice versa), so that log transformation of the
response ratios for those record produced ‘NA’ values. To examine whether the exclusion
of those records make any difference or not, we employed a non-parametric on-sample
Wilcoxon signed rank test to examine whether the untransformed response ratio was
significantly different from 1 or not [57]. We found the overall results consistent with, and
without, log-transformation (i.e., with or without exclusion of these entries). Therefore, we
took the parametric approach and continued our analysis with lnRR. While, meta-analysis
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calls for accounting for variation in the uncertainty of the estimated lnRR among studies, we
were unable to do so because information on the variability of estimates, such as standard
deviation or sample size was rarely reported (note that, the number of neighboring pairs
used to compute spatial autocorrelation is the true sample size in this case). Therefore,
we weighed all the observations equally like several other studies [55,58,59], even though
some estimates were more precise than others.

To examine whether the observed effect depended on the scale of disturbance, we
conducted a general linear model analysis, using lnRR as a response variable and the scale
of disturbance as a predictor. Residual analysis indicated that the normality assumptions
were met. While we conducted our analysis using lnRR, we back-transformed the overall
effect size of lnRR to percent change, i.e., (e (lnRR)−1) × 100, for brevity and readability.

To examine whether the disturbance-driven changes in spatial patterns of biodiversity
(i.e., P > R, G > R, R > P, G > P, R > G and no-change) depended on the scale of disturbance
(habitat scale versus patch-scale), we performed a contingency table—based χ2 test. All
statistical analyses were conducted in the statistical program R (version 4.0.2).

While the potential dependency of disturbance-driven changes in the spatial autocor-
relation in species and functional diversity on disturbance type, intensity and indices of
species and functional diversity were our main interests, there were insufficient studies
(see state of the literature below) to draw any robust conclusions. We, thus, lumped different
types of disturbance into a single category of disturbed habitat, and different indices of
species or functional diversity into a single category of species or functional diversity.

3. Results
3.1. State of the Literature

Our meta-dataset included a total of 32 studies from grasslands (N = 22 studies),
forests (N = 6) and savanna ecosystems (N = 4), published from 1984 to 16 October 2020 and
spreading over 12 countries (Figure 2). Of which, 78% (N = 25) studies reported on a single
or multiple indices of species diversity and 25% (N = 8) studies reported on different indices
of functional diversity. About 56% (N = 18) of studies focused on habitat-scale disturbance,
while 44% (N = 14) focused on patch-scale disturbance. About 53% of studies reported the
initial spatial patterns of biodiversity as patchy, 19% gradient and 28% random. Most of
the disturbances took place in the form of grazing (56%), while a small number of studies
also focused on burning (22%), forest harvesting (13%), and other forms of disturbances,
including physiological stress and grassland management (16%).

3.2. Patterns of Change in Spatial Autocorrelation (Spatial Connectedness)

Across disturbance types, scales of disturbance and indices of species diversity, habi-
tat disturbance resulted on average 15.50% decline in spatial autocorrelation in species
diversity (p = 0.03). However, such effects varied substantially among scale of disturbance
(p < 0.01) (Figure 3A). For functional diversity, only few studies examined the disturbance
effects on spatial patterns, and the overall effects were not significant (confidence interval
overlaps zero in Figure 3B).
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Figure 3. Disturbance effects on spatial autocorrelation in species (A) and functional diversity
(B) for patch-scale and habitat-scale disturbances. Shown in the figure is mean (solid point) and
95% confidence intervals (solid line). Statistically significant effects are shown in dark colour, and
non-significant effects are shown in grey.

Due to the limited number of studies, we refrained from drawing any conclusions
regarding the effects of disturbance type and intensity on spatial autocorrelation in species
and functional diversity, or whether the observed effects vary among indices of biodiversity.
However, our exploratory analysis pointed towards the importance of both disturbance
type and indices of biodiversity in determining disturbance-driven changes in the spa-
tial autocorrelation in biodiversity (see Appendix B, Figure A1), indicating the major
knowledge gaps and potential avenues for future research. The knowledge gap is more
pronounced for functional diversity as there were only eight studies (see Appendix B,
Figure A2). Therefore, our results regarding functional diversity patterns should be inter-
preted with caution.

3.3. Patterns of Change in Spatial Range (Biodiversity Patch Size)

Across disturbance type and indices of diversity, habitat disturbance resulted on
average 21.43% decline in the spatial range or patch-size of species diversity (p = 0.05).
Such effect of disturbance on the patch size of functional diversity was not evident (p = 0.98),
and the overall reduction in patch size was only 0.2% (Figure 4). However, the number
of studies, for both species and functional diversity, were limited to explore the effects of
disturbance type or the scale of disturbance on the patch size of biodiversity.

Figure 4. Disturbance effects on patch size (spatial range) of species and functional diversity. Shown
in the figure is mean (solid point) and 95% confidence intervals (solid line). Statistically significant
effects are shown in dark colour, and non-significant effects are shown in grey.
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3.4. Pre- Versus Post-Disturbance Spatial Pattern

Due to the limited number of studies, we lumped both species and functional diversity
patterns. As hypothesized, disturbance-driven changes in the spatial patterns of biodiver-
sity depended on the scale of disturbance (χ2

df = 5 = 73.04, p < 0.01). Although we did not
detect any noticeable changes in the categorical spatial patterns of biodiversity for about
59.7% of cases (Figure 5), slightly higher number of cases with no-change in spatial pattern
for pre- versus post-disturbance was detected when the disturbance was applied at the
scale of a habitat (62.7%) versus at the scale of a patch (56%). Although about 20.37% cases
showed the trend of increasing spatial randomness (i.e., either from patchy to random or
from gradient to random; and here, randomness refers to increasing fine-scale patches or
local spatial structures, resulting in an overall non-significant spatial autocorrelation), rela-
tively greater degree of spatial randomness was observed when disturbance was applied at
the scale of a patch (32.8%) versus at the scale of a habitat (11%). Interestingly, about 19.9%
cases showed increasing patchiness (either from random to patchy, gradient to patchy or
random to gradient). About 11.3% cases showed increasing patchiness (i.e., autocorrelation
increase and pattern become wavy) associated with patch-scale disturbance versus 26.4%
causes for habitat scale disturbance. Although the vast majority of studies originated from
grasslands and grazing disturbances, the overall trends of changing spatial pattern was
somewhat consistent across disturbance types (Figure A3).

Figure 5. Mosaic plots of the relative frequency of disturbance-driven changes in the categorical
spatial patterns of biodiversity for different scales of disturbance. Bar widths are proportional to the
number of studies. The height of each bar segment corresponds the relative frequency of certain type
of pattern-change among studies for that scale of disturbance. P > R indicates a shift from patchy to
random pattern, G > R indicates a shift from gradient to random, R > P indicates a shift from random
to patchy, G > P indicates a shift from gradient to patchy, R > G indicates a shift from random to
gradient pattern.

3.5. Causes of Disturbance-Driven Change in Spatial Biodiversity Patterns

Species interactions (22.7% cases), the combined effects of species interactions and
dispersal (24.3%), or the combined effects of species interactions and environmental filtering
(19.4%) appeared as the key driver underlying the observed changes in the spatial patterns
of biodiversity (Figure 6). The unique roles of environmental filtering and dispersal as a
driver of changes in spatial biodiversity pattern were identified in about 19.7%, and 13.9%
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cases, respectively. Interestingly, the role of dispersal was most frequently highlighted in
the case of habitat-scale disturbance, while the role of species interactions was frequently
highlighted in the case of patch-scale disturbances.

Figure 6. A pie chart showing the relative frequency of drivers behind changes in the spatial patterns
of biodiversity.

4. Discussion

Our analyses demonstrate that habitat disturbances disarrange the spatial patterns
of biodiversity, mainly by reducing the overall spatial connectedness and/or by reducing
the patch size of species diversity. Moreover, we found that the scale of disturbance
can influence the post-disturbance spatial patterns of biodiversity. These results may
have important implications, as discussed below, for both spatial ecological theory and
applications in grassland/forest management and conservation.

We found an overall declining trend in the spatial patterns of species diversity
(Figure 3), which implies that the degree of similarity and the distance, up to which similar-
ity in biodiversity values prevails, may decrease as a result of disturbance. In other words,
post-disturbance spatial randomness may increase (Figure 5). This is because disturbances
typically disrupt the flow or spatial continuity in habitat abiotic and biotic properties,
thereby generating local spatial structures or small patches with distinct vegetation struc-
ture [28,48,60]. Such an increase in local spatial structure should lead towards decline
in the overall similarity in species diversity for spatially adjacent habitat or towards an
overall decline in autocorrelation and spatial range of biodiversity [15]. In fact, recent ad-
vances in spatial statistics may allow such local spatial structures to be quantified through
orthogonal decomposition of the overall spatial autocorrelation in species or functional
diversity into the components of unique positive spatial autocorrelation. This reflects a
global spatial structure (variation in local means across the study area), as well as a unique
negative spatial autocorrelation reflecting local spatial structure (variation around local
means) [15,21,61]. Following this approach, the overall decline in spatial autocorrelation in
species diversity can stem from the decline of both positive and negative autocorrelation in
a similar fashion, or simply from an increase in negative autocorrelation. Although most of
our surveyed studies lumped these two unique components of spatial autocorrelation and
derive an overall spatial pattern, Biswas, MacDonald and Chen [15] and Biswas, Mallik,
Braithwaite and Wagner [21] analyzed their data by separating unique positive and nega-
tive components of spatial autocorrelation. The authors showed that disturbance increases
the unique negative autocorrelation in species diversity or functional diversity, while the
overall or unique positive components of spatial autocorrelation remained unchanged.
Taken together, we suggest that declining spatial autocorrelation and range in the spatial
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patterns of biodiversity may be attributed to an increase in spatial randomness (noise) or
local spatial structures in biodiversity.

Although we did not formally evaluate the effects of disturbance type on the spatial
autocorrelation in species or functional diversity, or whether the effects vary among indices
of biodiversity, we noticed several interesting trends (Figures A1 and A2). For instance,
although spatial autocorrelation generally decreases at different magnitudes for grazing,
forest harvesting or other disturbances, there is an increasing trend for burning. This
suggests that disturbance type, and possibly disturbance intensity, may play important roles
in shaping the post-disturbance spatial autocorrelation in biodiversity. More interestingly,
when the effects of disturbance on spatial patterns of several indices of biodiversity were
examined, it was often shown that only a small number of indices showed statistically
significant result [15,21,34,43]. We also noticed substantial changes in the spatial patterns
of species abundance and to some extent in richness and evenness, but not in other indices
(Figure A1). That means, disturbances may not impact the spatial patterns of all indices
of biodiversity in a similar fashion. It is also possible that disturbance impacts on some
indices of biodiversity may not be captured immediately, given that most of our studied
literature focused on short-term impacts. Alternatively, it could also mean that possible
changes in spatial biodiversity patterns remain undetected, in part, due to lumping of
unique positive and unique negative autocorrelation in biodiversity. With raw data, it
would be interesting to explore in the future whether the two unique components of spatial
autocorrelation in biodiversity respond similarly to disturbances or not. We also call for
long-term studies on disturbance-driven changes in the spatial patterns of biodiversity.

Our results indicate that species interaction is the most important driver underlying
the observed changes in the spatial patterns of biodiversity, followed by environmental
filtering and dispersal (Figure 6). The observed decline in spatial autocorrelation in bio-
diversity or increasing local spatial structures in biodiversity may, thus, be attributed to
species interactions [15,21,45]. It could also mean progressive dominance of generalist
species via extirpation of specialist species, leading towards wider scale biotic homogeniza-
tion [62]. Of course, different processes may create similar patterns, or similar processes
may create different patterns, and processes often interact and act in concert [63]. However,
most of our surveyed studies inferred the underlying drivers from a pattern, and there
existed considerable uncertainly in such an inferential approach [64]. It would be worth-
while to relate the observed spatial biodiversity patterns with process-related variables and
identify the causes of changes in the spatial patterns of biodiversity [65,66].

One of the biggest challenge that is apparent from our surveyed literature is to predict
the disturbance-driven changes in spatial biodiversity patterns a priori. Most of the studies
made such predictions for specific contexts, while our study offers an initial framework to
drive a priori hypothesis regarding disturbance-driven changes in the spatial patterns of
biodiversity (Figure 1). For instance, if we know the type of habitat spatial heterogeneity
(e.g., patchy, gradient or homogeneous), and the type and scale of disturbance (habitat-scale
versus patch-scale), then we may draw a priori hypothesis regarding disturbance-driven
changes in the spatial patterns of biodiversity. While our framework has received initial
support from the reviewed literature (Figure 6), we must caution that more theoretical and
empirical studies are needed to verify and refine the framework.

That being said, it is also important to standardize the reporting of methodological
details and results. At a minimum level, it is necessary to indicate whether a particular
disturbance was applied/occurred at the scale of a patch or habitat, what was the type
of pre- and post-disturbance patterns, and what was the type of habitat heterogeneity
(e.g., homogeneous, gradient, patch-matrix, mosaic) [26]. Most importantly, reporting
on the spatial neighbor information and spatial weighting matrix would greatly help
future synthesis to weight different studies differently. This is because the number of
neighboring pairs, used to compute spatial autocorrelation, is the true sample size in
spatial autocorrelation analysis, and because the design of a spatial weight matrix can
greatly influence the results [67].
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Space is the final frontier in the ecological understanding and management [25,68],
and spatial information is now widely used in conservation and restoration planning [6].
Our results on disturbance-driven spatial disarrangements of biodiversity may imply
potential disruption in the continuity of ecological processes and functions across spatial
scales [13,53]. Hence, a careful attention towards conserving and promoting spatial biodi-
versity patterns is necessary [15,21]. While ecosystem managers have already embraced
such idea for reserve design [6], the focus lies on the conservation and promotion of spatial
patterns at a larger spatial scales, i.e., landscape scale [14]. By contrast, our work empha-
sizes the importance of conserving and promoting the spatial arrangements of biodiversity
at a relatively finer scale. Fuhlendorf, Harrell, Engle, Hamilton, Davis and Leslie Jr. [18] also
argued for the conservation and promotion of fine-scale spatial heterogeneity in grassland
management. Erdős, Kröel-Dulay, Bátori, Kovács, Németh, Kiss and Tölgyesi [60] also
argued for conservation of habitat heterogeneity in forest-grassland mosaics. Interestingly,
the idea of conserving and promoting spatial arrangement of biodiversity, be it at a larger
or finer spatial scale, is consistent with the concept of conserving and promoting beta diver-
sity [69], or conserving the natural variability [70]. We, thus, suggest that the conservation
and promotion of spatial heterogeneity both, at finer and broader scales, may be useful for
maintaining ecological processes and functions across spatial scales. That also means that
forests and grassland conservation, and management efforts, can be improved by focusing,
not only on the average values of local biodiversity, but also on their spatial arrangements.

Several caveats should be taken into account while interpreting our synthesis. First,
we were not able to assess the effect of disturbance type, intensity or time since disturbance,
due to small number of studies. Several studies found that both spatial autocorrelation
and patch size of biodiversity reached their maxima at a moderate intensity of distur-
bance [38,48,53]. Lumping different intensities of disturbance together may lead to higher
within-treatment variability, potentially contributing towards an overall non-significant
effects. It would be worth conducting further studies on varying intensities of disturbance
on the spatial biodiversity patterns. Second, our study reveals major knowledge gaps in
the spatial patterns of functional diversity, underscoring the need for future studies in this
aspect. Third, since our data set was not sufficiently large to test all treatment combination
levels among our categorical explanatory variables, we separately tested the effects of pre-
disturbance spatial patterns and the scale of disturbance on disturbance-driven changes in
spatial autocorrelation or spatial range of species or functional diversity. Finally, most of
our studies are from forest and grassland, and from species diversity, so our results are best
applicable to grazing and forest harvesting disturbances and to species diversity. We call
our fellow researchers to come forward and examine how disturbances of different types
and intensities might affect the spatial autocorrelation in different indices of biodiversity.
While a considerable body of research has been conducted on grasslands and on species
diversity, we need more research from other systems, such as forests and savannahs and
on functional diversity. Only then can a holistic picture of disturbance-driven changes in
the spatial autocorrelation in biodiversity be developed.
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Appendix A

Spatial Patterns of Biodiversity and Its Underlying Processes

Spatial patterns of biodiversity can be defined as the degree of similarity or dis-
similarity in biodiversity values (mean and median) for spatially adjacent sub-habitats
(microhabitats) embedded in a larger habitat. If biodiversity values for spatially adjacent
sub-habitats are more similar than the degree of similarity expected by chance, the pat-
tern is called a positively autocorrelated pattern; if the values are less similar than those
expected by chance, the pattern is called a negatively autocorrelated pattern; and if no such
autocorrelation exits, the pattern is called a neutral/random spatial pattern [6,23,63,71].

Depending on sampling design, the spatial pattern of a variable can be quantified in
different ways: When the pattern is assessed based on the actual location of individual
organisms, then the pattern is called a point pattern; and when the pattern is assessed
in a continuous space based on quantitative values of a variable (i.e., biodiversity index),
then the pattern is called a surface or lateral pattern [23]. Spatial range and autocorrelation
intensity are the two key properties of a spatial surface pattern. Of which, spatial range
indicates the distance up to which similarity in biodiversity values prevail, thereby range
indicates the size of a biodiversity patch. The intensity of autocorrelation, on the other
hand, indicates the degree of similarity in biodiversity values, thereby autocorrelation
intensity indicates the overall spatial connectedness in biodiversity values.

Spatially auto-correlated patterns of biodiversity are typically attributed to several
processes, including environmental filtering associated with habitat abiotic conditions and
habitat composition (i.e., types of microhabitats embedded in a larger habitat), species inter-
actions associated with species’ abundance and presence, and dispersal restriction associ-
ated with the composition and configuration of habitat patches and matrix [26,63,71]. When
nearby sub-habitats possess similar abiotic conditions, then the habitat-level population
and community patterns can be positively autocorrelated, and vice versa. Neighborhood
species interactions can amplify or reduce those spatial patterns, depending on whether
a habitat’s environmental conditions are benign or stressful, and how crowded (species
abundance) the sub-habitats are. Competition for resources usually thin out crowded
individuals in a benign environment, while facilitation promotes positive autocorrelation
in a stressful environment; and these effects are expected to be more pronounced in a
crowded, rather than sparsely populated conditions. On the other hand, if most of the
species are characterized by short-range dispersal and if the dispersal is restricted (e.g.,
due to the presence of matrix in between sub-habitat patches), then the population and
community patterns should be positively autocorrelated, and vice versa.
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Appendix B

Figure A1. Disturbance effects on overall spatial autocorrelation in different indices of species
diversity for different types and scales of disturbance. Shown in the figure is mean (solid point) and
95% confidence intervals (solid line) associated with the mean. Statistically significant effects are
shown in drak colour, and non-significant effects are shown in grey. Absence of confidence intervals
indicates a single study/record (i.e., knowledge gaps). Key points to note that grazing disturbances,
either habitat- (41%) or patch-scale (28.76%), reduces the spatial autocorrelation in species abundance
substantially (confidence envelops did not overlap zero). Spatial autocorrelation in evenness (25.38%)
and richness (86%) also decreased substantially in case of forest harvesting (cf. clear-cutting) and other
disturbances, respectively. Although statistically non-significant (confidence interval overlaps zero),
burning seems to impact the spatial pattern of species diversity in a unique fashion. For instance,
although spatial autocorrelation decreases at different magnitudes for grazing, forest harvesting or
other disturbances, it shows an increasing trend for burning.
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Figure A2. Disturbance effects on overall spatial autocorrelation in different indices of functional
diversity for different types of disturbance. Shown in the figure is mean (solid point) and 95%
confidence intervals (solid line) associated with the mean. Absence of confidence intervals indicates
a single study/record (i.e., knowledge gaps).

Figure A3. Mosaic plots of the relative frequency of disturbance-driven changes in the categories
spatial patterns of biodiversity for different types and scales of disturbance. Bar widths are propor-
tional to the number of studies. The height of each bar segment corresponds the relative frequency of
certain type of pattern-change among studies for the disturbance type. P > R indicates a shift from
patchy to random pattern, G > R indicates a shift from gradient to random, R > P indicates a shift
from random to patchy, G > P indicates a shift from gradient to patchy, R > G indicates a shift from
random to gradient pattern.
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