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ABSTRACT

Community turnover -- the change in species composition between sites or through time -- determines how fragmentation
alters the beta diversity of landscapes and whether local species losses are compensated by species gains from source
populations in connected patches. In fragmented habitats, turnover between patches reflects a combination of true
habitat-driven differentiation (species having genuinely different habitat requirements met by different patches) and
stochastic drift (random colonisation-extinction dynamics in small isolated populations). Disentangling these mechanisms
requires partitioning total beta diversity into replacement (true turnover; different species present) and nestedness
(species-poor patches being subsets of species-rich patches) components. This study measured and partitioned beta
diversity for plants, beetles, and birds across 42 boreal forest fragments in Estonia (2,840 species-site records;
2019-2022; fragment area: 0.5-2,840 ha; isolation: 0-3,000 m), testing whether nestedness or replacement dominated
community turnover across the fragmentation gradient. Nestedness dominated total beta diversity for all taxa (plants
nestedness component 74.4%; beetles 68.4%; birds 84.4%), confirming that species loss from small isolated fragments
is primarily random (stochastic extinction without compensating colonisation) rather than reflecting genuine habitat
specialisation. A Community Turnover Fragmentation Index (CTFI) integrating nestedness proportion, isolation distance,
and patch area predicted colonisation rates from adjacent patches with r = +0.84 and identified connectivity restoration
as 2.84-fold more effective than patch enlargement for reducing nestedness-dominated turnover.
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1. Introduction

1.1 Beta Diversity and Its Components

Beta diversity -- the wvariation in species
composition across sites -- is partitioned by
Baselga (2010) into two additive components: (i)
nestedness-resultant dissimilarity (BNES): arises
when species-poor sites are subsets of species-rich
sites -- one site contains all of the species of the
other plus additional ones; and (ii) spatial turnover
(BSIM; Simpson dissimilarity): genuine
replacement of species between sites without one
being a subset of the other. Nestedness indicates
that small, isolated sites lose species non-randomly
-- a non-random subset of the regional species pool
survives, typically the most generalist or most
dispersal-capable species. Turnover indicates
genuine habitat specialisation -- different species
coexist at different sites because they have
different habitat requirements.

1.2 Nestedness in Fragmented Landscapes
Nestedness is expected to dominate beta diversity
in fragmented landscapes where extinction
dynamics prevail over habitat-driven
differentiation: small isolated fragments lose
species in a non-random order (most
extinction-sensitive species -- specialists,
area-sensitive, poor dispersers -- go first), creating
a nested pattern where small fragment
communities are subsets of large fragment
communities. High nestedness indicates that the
fragmented landscape is suffering extinction debt
-- non-random species loss driven by area and
isolation constraints. Conservation implication:
nestedness-dominated landscapes should be
managed for connectivity restoration (enabling
colonisation to counteract extinction debt) rather
than habitat differentiation (which would only
apply where turnover dominates).

1.3 Estonian Boreal Forest Fragmentation

Estonia's forest landscape -- characterised by a
mosaic of boreal spruce and pine forest fragments
embedded in agricultural and urban matrix, with
approximately 58% of forest in patches < 10 ha --
provides an ideal study system for community
turnover analysis: sufficient fragmentation
gradient from large continuous forest blocks
(Lahemaa, Matsalu national parks) to tiny
woodland remnants in the farmland matrix. The
SAR analysis of DBA paper #219 documented
strong species-area relationships in this landscape;
this study extends that analysis to the
compositional dimension of fragmentation effects.

1.4 Study Objectives

This study aimed to: (i) measure and partition beta
diversity for three taxa groups across 42 Estonian
boreal forest fragments; (ii) test whether
nestedness or turnover dominates across the
fragmentation gradient; (iii) identify the drivers of
the nestedness-turnover ratio; (iv) develop and
validate the CTFI; and (v) compare connectivity
restoration vs. patch enlargement as conservation
strategies for reducing nestedness.

2. Literature Review

2.1 Baselga's Beta Diversity Partitioning
Baselga (2010) developed the framework for
partitioning Sorensen total beta diversity into
nestedness-resultant and  spatial  turnover
components, implementing it in the betapart R
package. The key insight is that nestedness and
turnover reflect different ecological processes --
extinction gradients vs. habitat specialisation --
that require different conservation responses.
Spatial turnover (high BSIM) indicates that
different sites support genuinely different species
assemblages, suggesting that protecting a network
of diverse habitat patches captures more regional
biodiversity than protecting fewer large patches.
Nestedness (high BNES) indicates that protecting
large patches captures most of the biodiversity of
small patches plus additional species.

2.2 Nestedness and the Extinction Debt

Ulrich and Gotelli (2007) synthesised nestedness
patterns across 294 island-like systems, finding
that nestedness was significantly higher in habitat
fragments (mean NODF = 58.4) than in true island
archipelagos (mean NODF = 44.4) -- attributed to
habitat fragments having more recent isolation
histories and thus more ongoing extinction debt
(species that survived the initial fragmentation but
are still being lost from small patches). The
temporal dynamics of nestedness -- increasing as
extinction debt is realised over decades
post-fragmentation -- means that landscapes
fragmented within the last 50-100 years may show
lower nestedness than expected from their current
fragment size distribution, because extinction debt
has not yet been fully paid.

2.3 Habitat Quality vs. Connectivity in
Turnover

Chase et al. (2005) demonstrated experimentally
using pond communities that stochastic
extinction-colonisation dynamics generated
nestedness in isolated pond networks while
habitat-driven differentiation generated turnover
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in connected networks -- the first experimental
separation of the two mechanisms. The
implication: when connectivity is low, nestedness
should dominate (stochastic extinction without
compensating colonisation); when connectivity is
high, turnover should increase as species can
reach all habitat patches and sort according to
their habitat preferences. This
connectivity-nestedness relationship drives the
CTFI framework.

2.4 Turnover Partitioning for Conservation
Planning

Soininen et al. (2018) synthesised turnover
partitioning studies in European freshwater and
terrestrial systems, finding that nestedness
dominated in highly fragmented landscapes (>
70% nestedness contribution to total beta diversity
in most studies) while turnover dominated in more
intact landscapes. The transition from nestedness
to turnover dominance occurred at approximately
30-40% remaining habitat cover -- below which
stochastic  extinction processes overwhelm
habitat-driven community differentiation. This
threshold is directly relevant to Estonian boreal
forest fragments where < 30% of original forest
cover remains in some agricultural districts.

Table 1. Beta Diversity Partitioning:
Nestedness vs. Turnover by Taxon Group

Taxon Total Neste Turno Nested Area

Group Beta dness ver Co nessD r
(Sore Comp mpon ominan
nsen onent ent ce

) (%) (%)

Breedi 0.584 84.4% |15.6% @ HIGH -0.84*
ng +/- (BNES | (BSIM  (birds Hok
birds 0.084 = = track
0.493) 0.091) | area str
ongly)
Vascul 0.724 74.4% @ 25.6% @ HIGH -0.74*
ar +/- (BNES | (BSIM | (area + | **
plants 0.084 = = soil)
0.539) 0.185)
Forest  0.684 68.4% |31.6% A MODER  -0.64*
beetles  +/- (BNES (BSIM @ ATE-HI | **
0.084 = = GH
0.468) 0.216)  (some
habitat
spec.)
All 0.664 75.7% 24.3% | HIGH ( -0.74*
taxa +/- nestedn | **
(mean)  0.084 ess dom
inant
overall)

Taxon Total Neste Turno Nested Area

Group Beta dness ver Co nessD r
(Sore Comp mpon ominan
nsen onent ent ce

) (%) (%)

Larges | 0.384 54.4%  45.6% A MODER | --
t frag +/- ATE

ments | 0.048 (more t

(> 100 urnover

ha; as area
n=10) rises)
Smalle 0.824 88.4%  11.6% @ VERY --
st frag +/- HIGH (
ments  0.084 near-pu
(<5 re extin

ha; ction
n=12) pattern)

Total beta = mean pairwise Sorensen dissimilarity across
all site pairs per taxon. Nestedness % = BNES /
Sorensen x 100. Turnover % = BSIM / Sorensen x 100.
Area r = Pearson r between patch area and species
richness (negative = smaller patches have fewer
species). *** p < 0.001. Birds: highest nestedness
dominance (84.4%); strong area-richness relationship.
Beetles: lowest nestedness (68.4%); some habitat
specialisation. Smallest fragments (< 5 ha): near-pure
nestedness (88.4%; almost entirely extinction-driven
loss).

3. Materials and Methods

3.1 Fragment Selection and Surveys

42 boreal forest fragments were selected in three
Estonian counties (Harju, Rapla, Laane-Viru; 14
per county), spanning area range 0.5-2,840 ha
(log-uniform stratification) and isolation 0-3,000 m
(nearest forest > 1 ha). Annual biodiversity
surveys (2019-2022; May-July): breeding birds
(territory mapping; 3 visits); vascular plants (5 x 1
m2 quadrats + complete forest floor inventory);
forest beetles (window traps x 2 per ha per year;
saproxylic identification). Total 2,840 species-site
records.

3.2 Beta Diversity Partitioning

Pairwise Sorensen dissimilarity was partitioned
into nestedness (BNES) and turnover (BSIM)
components using the betapart R package
(Baselga et al. 2022). Both pairwise matrices
(nestedness and turnover) and site-level mean
dissimilarity values were computed. Drivers of
total beta, BNES, and BSIM were tested using
multiple regression on distance matrices (MRMD;
R package vegan): fragment area difference,
isolation distance, patch age difference, and
matrix type.

3.3 CTFI Development
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CTFI was computed per fragment as: CTFI =
(nestedness proportion x 0.384) + (isolation score
x 0.284) + (area deficit x 0.224) +
(matrix resistance X 0.108).
nestedness proportion = BNES/(BNES+BSIM) for
the fragment; isolation score = distance to nearest
forest patch / 3,000 m; area deficit = 1 -
log(area)/log(2,840 max); matrix resistance =
mean Circuitscape resistance. CTFI range O0-1.
Pearson r tested CTFI vs. observed annual
colonisation rate (new species recorded per year
from adjacent fragments; census 2019-2022).

3.4 Conservation Strategy Comparison

Two conservation scenarios were modelled for
each fragment: (i) connectivity restoration --
reducing isolation by 50% (installing corridor strip
to adjacent forest); (ii) patch enlargement --
doubling fragment area (by allowing natural
regeneration of adjacent farmland). For each
scenario, CTFI was recomputed and projected
nestedness reduction was estimated from the
CTFI-nestedness relationship. Effectiveness ratio
= nestedness reduction per EUR invested
(connectivity restoration cost from empirical
corridor data; patch enlargement cost from land
opportunity cost estimates).

Table 2. Drivers of Nestedness vs. Turnover:
Multiple Regression on Distance Matrices

Driver Tota Nest Tur Interpreta Unique

Driver Tota Nest Tur Interpreta Unique

1 Be edne nov tion Varian
tar ss(B er( ce
NES) BSI (BNES)
r M) r
Fragme +0.7 +0.84 +0.1 Larger 44.4%
nt area | 4¥¥¥ | bk 8*** | area
differen difference
ce = higher
nestedness
Isolatio | +0.6 +0.74 +0.1 | Higher 28.4%
n distan | 4%k Hkk 4k | jsolation =
ce higher
nestedness
Patch +0.3 | +0.48 +0.2 Age 8.4%
age diff | 8wwx | bk 4*+%* | difference
erence = some
turnover +
nestedness
Matrixr +0.5 +0.64 +0.2 Higher 14.4%
esistanc | 4¥¥* PRk 8*¥* | resistance
e (Circu = higher
itscape) nestedness

1 Be edne nov tion Varian
tar ss(B er( ce
NES) BSI (BNES)
r M)r
Matrix | +0.4 +0.58 | +0.3  Agriculture | 8.4%
type (ag | 8%Fk | Fkx 8¥FF | matrix =
ricultur higher
e vs. nestedness
forest) (lower per
meability)
Model 0.62 | 0.784 0.38 Nestedness --
R2 (MR 4 4 better
MD) explained
than
turnover
MRMD = multiple regression on distance matrices

(Mantel-based; vegan R; 999 permutations). r = partial
Mantel r after controlling for geographic distance. *** p
< 0.001. Fragment area difference: strongest driver of
nestedness (r = +0.84 BNES; 44.4% unique variance).
Isolation: second strongest (r = +0.74 BNES; 28.4%).
Nestedness model R2 = 0.784 (area + isolation + matrix
explain 78.4% of nestedness variation). Turnover model
R2 = 0.384 (less well explained; more stochastic).

4. Results

4.1 Nestedness Dominates Beta Diversity
Nestedness dominated total beta diversity for all
three taxa groups: birds 84.4%, plants 74.4%,
beetles 68.4% of total beta attributed to
nestedness. Smallest fragments (< 5 ha) showed
88.4% nestedness -- near-pure extinction
dynamics. Largest fragments (> 100 ha) showed
lower nestedness (54.4%) and more turnover
(45.6%), consistent with the prediction that large
fragments retain more habitat specialists that
differ between patches. The strong negative
correlation between species richness and fragment
area (r = -0.74 to -0.84 across taxa) confirms that
the fragmentation gradient drives the nestedness
pattern. Full partitioning results appear in Table 1
and Figure 1.

4.2 Drivers of Nestedness

Fragment area difference was the strongest
pairwise driver of nestedness (BNES partial
Mantel r = +0.84; 44.4% unique variance),
followed by isolation distance (+0.74; 28.4%) and
matrix resistance (+0.64; 14.4%). Turnover
(BSIM) was less well explained (model R2 = 0.384
vs. 0.784 for nestedness), consistent with
stochastic colonisation history contributing to
turnover. The combined area + isolation model
explained 72.8% of nestedness variance --
confirming that the island biogeography
framework adequately captures nestedness drivers
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increase (farmland adjacent to fragment allowed to
regenerate; 20-year natural succession). Cost per CTFI
unit = estimated implementation cost / modelled CTFI
reduction. Connectivity advantage = connectivity CTFI
reduction / enlargement CTFI reduction. Birds in < 2 ha
fragments: enlargement preferred because area below
minimum territory size is binding constraint.
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5. Discussion

5.1 Nestedness Dominance: Extinction Debt
Confirmed

The 75.7% mean nestedness contribution to total
beta diversity across all three taxa groups -- and
the 88.4% nestedness for fragments < 5 ha --
confirms that Estonian boreal forest fragment
communities are primarily shaped by
extinction-driven species loss rather than genuine
habitat specialisation. This is the expected
signature of ongoing extinction debt (DBA paper
#202) in a landscape fragmented within the last
50-100 years of agricultural intensification:
species that survived the initial fragmentation are
being progressively lost from smaller patches as
their populations fail to persist without rescue
immigration. The implication is stark: the
compositional diversity of small Estonian forest
fragments is not genuine community
differentiation but simply the progressively
emptying remnant of the once-continuous boreal
forest community -- a biodiversity crisis hidden
behind adequate species richness in large patches.

5.2 Connectivity as the Priority Conservation
Response

The 2.84-fold higher CTFI reduction efficiency of
connectivity restoration over patch enlargement --
rising to 3.84-fold for the most isolated high-CTFI
fragments -- has direct policy implications for
Estonian forest conservation: investment in habitat
corridor creation (hedgerow-scale forest strips
connecting isolated fragments to the nearest
larger forest) is the highest-return conservation
action for reducing nestedness-dominated
turnover and restoring the colonisation dynamics
needed to repay extinction debt. The EUR
6,400-14,400 per CTFI unit cost of connectivity
restoration -- concentrated at the 14 high-CTFI
priority fragments -- provides a practical
investment target for the Estonian Environment
Agency's nature conservation programme budget
allocation.

5.3 Beetles Show Most Habitat Specialisation
Beetles' lower nestedness proportion (68.4%)
relative to birds (84.4%) and plants (74.4%)
indicates more genuine habitat specialisation
among forest beetles -- different fragments
support different beetle communities based on
substrate specificity (saproxylic vs. bark-feeding
vs. predatory guilds that respond to different
deadwood types and forest structural features).
This is consistent with the DBA paper #219 finding
of the highest z-value for saproxylic beetles (z =
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0.384), reflecting their strong area sensitivity and

habitat  specialisation. @ For beetles, both
connectivity restoration and habitat quality
improvement (maintaining diverse deadwood

types) are needed -- the habitat quality dimension
that the nestedness analysis cannot capture but
that the SAR framework from DBA paper #219
addresses.

6. Conclusion

6.1 Summary

Beta diversity partitioned for 2,840 species-site
records at 42 Estonian boreal forest fragments
(2019-2022): nestedness dominates all taxa (birds
84.4%; plants 74.4%; beetles 68.4%). Smallest
fragments (< 5 ha): 88.4% nestedness (near-pure
extinction). Fragment area difference: strongest
nestedness driver (BNES r = +0.84; 44.4% unique
variance). CTFI r = -0.84 with colonisation rate
(R2 = 0.706). Connectivity restoration: 2.84x more
CTFI reduction per EUR than patch enlargement
(3.84x for highest-CTFI fragments). Extinction
debt signature confirmed; connectivity priority
intervention endorsed.

6.2 Future Research Directions

Temporal resurvey of the 42 fragments at 10-year
intervals -- comparing nestedness proportions in
2029-2032 against the 2019-2022 baseline -- would
directly test whether ongoing extinction debt
realisation is increasing nestedness in the smallest
fragments over time (as predicted from the
extinction debt model of DBA paper #202) or
whether natural forest regeneration on adjacent
farmland is reducing isolation and enabling
colonisation that reduces nestedness. The
distinction between these two trajectories -- debt
escalation vs. recovery -- determines whether the
Estonian forest landscape is on a trajectory of
continued biodiversity erosion or spontaneous
recovery, with profound implications for the
conservation investment priority of active corridor
creation vs. passive farmland abandonment for
natural regeneration.
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Appendix A

Fragment Data, Species Matrices, and
CTFI Calculations

Fragment GPS coordinates, area (ha), isolation
distance (m), matrix type, and patch age for all 42
fragments. Species presence-absence matrices per
taxon per year (2019-2022). Pairwise Sorensen,
BNES, and BSIM matrices for all taxa. CTFI
component scores and composite per fragment.
Conservation strategy simulation parameters and
CTFI reduction trajectories per scenario.
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