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Genetic differentiation of the neotropical tree species
Protium spruceanum (Benth.) Engler (Burseraceae) between fragments
and vegetation corridors in Brazilian Atlantic forest
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RESUMO - (Diferencia¢@o genética da espécie arborea neotropical Protium spruceanum (Benth.) Engler (Burseraceae) entre fragmentos e corredores
de vegetagdo em floresta Atlantica Brasileira). Foram estudados os padrdes de diferenciagdo genética em uma paisagem conectada com uma interessante
histdria de conversdo humana do habitat, que iniciou ha dois séculos durante o periodo colonial do Brasil. Nos fragmentos de floresta estacional Atlantica
e corredores de floresta secundaria, Protium spruceanum ¢ uma arbdrea nativa abundante, com floragdo massiva, polinizada por insetos e dispersa por
passaros. A distribuigdo da diversidade genética foi analisada por meio de locos aloenzimaticos em 230 individuos em cinco fragmentos (1 a 11,8 ha) e
quatro corredores (460 a 1000 m). Foi observada auséncia de endogamia nos fragmentos e corredores, mas a proporgdo de heterozigotos (f) foi signifi-
cativamente maior nos fragmentos do que nos corredores de vegetagdo secundaria, conforme teste G de Goudet (P = 0,036). A diferenciagdo genética foi
baixa e nenhum padrio de isolamento pela distancia foi observado. Observou-se, em geral, menor diferenciagdo genética entre fragmentos e corredores
vizinhos, indicando possivel fluxo génico por sementes e polen. Assim, conclui-se que os corredores de floresta secundaria podem ser uma alternativa na
conexdo genética de fragmentos isolados. Isto ¢ assim consistente com a baixa diferenciagdo observada entre eles ¢ na auséncia de uma redugio significante
da diversidade genética nos corredores de floresta secundaria.

Palavras-chave: aloenzimas, diversidade genética, estatistica-F, fragmentac@o de habitat

ABSTRACT — (Genetic differentiation of the neotropical tree species Protium spruceanum (Benth.) Engler (Burseraceae) between fragments and vegetation
corridors in Brazilian Atlantic forest). We studied patterns of genetic differentiation in a connected landscape with an interesting history of human habitat
conversion that began two centuries ago, during the Brazilian colonization period. In the fragments of Brazilian Atlantic seasonal forest and corridors of
secondary forest, Protium spruceanum is an abundant native, mass-flowering/insect-pollinated and bird-dispersed tree. Genetic diversity was analyzed
from 230 individuals in five fragments (1 to 11.8 ha) and four corridors (460 to 1000 m length) using allozyme loci. We did not find evidence of inbreeding
within fragments or corridors, but the proportion of heterozygotes (f) were significantly higher in fragments than in the secondary vegetation corridors,
based on Goudet’s G-test (P =0.036). Genetic differentiation was low and no pattern of isolation by distance was detected. All fragments generally present
low historical genetic differentiation with corridors that they are connected, indicating possible gene flow via seeds and pollen. Due to the consistently low
differentiation observed among them and the absence of a significant reduction in gene diversity in second-growth forests, we conclude that corridors of
second-growth forests would be an important alternative in the genetic connection of isolated forest fragments.
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are more varied and complex than first expected (Aldrich
& Hamrick 1998; Lowe ef al. 2005).

Studies at landscape-level scales provide insight into
micro-evolutionary patterns by elucidating the movement of
genes at a range of spatial scales (Manel et al. 2003; Storfer
et al. 2007). Several studies have evaluated the landscape
context in secondary forest (Aldrich & Hamrick 1998;
Hamilton 1999; Sezen et al. 2005; Ally & Ritland 2007),
but few works have estimated the role of corridors and
landscape connectivity for plants (Debinski & Holt 2000),
instead tending to focus primarily on genetic processes
(Kirchner et al. 2003). For second-growth forests, population

Introduction

Many studies have reported the spatial patterns of genetic
variation in a range of species with different life history
characteristics and associated with landscape features,
especially those related to recent human occupation (Manel
et al. 2003; Lowe et al. 2005), to provide information
on how landscape and environmental features influence
population genetic structure (Storfer ef al. 2007). Possible
theoretical impacts generated by different types of human
activity would suggest that forest loss and spatial isolation
of natural populations can decrease levels of gene flow and

reduce effective population size of a species in a region
(Fahring 2003). If the remaining population is isolated
for many generations, forest fragmentation may lead to
continuous allele loss (Aldrich & Hamrick 1998; Couvet
2002) and consequently, there will be an increase in the
genetic divergence between these more isolated populations
in the region (Pither ez al. 2003). In contrast, some studies
have shown that habitat fragmentation facilitated both pollen
flow (White et al. 2002; Dick ef al. 2003) and long-distance
dispersal (Bacles et al. 2006). Thus, the effects of habitat
fragmentation on the genetic behaviour of tree populations

genetic studies indicate bottlenecks, through reproductive
dominance, reduced genetic diversity of a founder population
and increased levels of inbreeding (Aldrich & Hamrick
1998; Sezen et al. 2005). Hence tree populations in second-
growth forests will require continuous gene flow over
successive generations to restore genetic diversity to levels
currently observed in older more established forests (Sezen
et al. 2005). Alternatively, corridors have been proposed
as one way to mediate the effects of habitat fragmentation
on populations (Beier & Noss 1998; Nasi et al. 2008).
Some studies have provided convincing evidence that, in
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some cases, corridors can enhance migration rates among
fragments (Aars & Ims 1999; Mech & Hallet 2001).

The aim of this study was to verify the patterns of genetic
differentiation between fragments and vegetation corridors
in a landscape with an interesting history of human habitat
conversion. The Brazilian Atlantic forest, in southern Minas
Gerais state, has been seriously exploited since European
occupation two centuries ago. This exploitation resulted
in the fragmentation and isolation of these populations at
a particularly rapid pace. The detection of recent genetic
bottlenecks also corroborates historical evidence that the
forest fragments were once part of a much larger population
and can be interpreted as a consequence of the habitat
fragmentation resulting from the Brazilian colonization
period (Vieira & Carvalho 2008). At the same time, ditches
to divide rural properties (= 6 m-wide) were constructed by
slaves, resulting in the vegetation corridors, i.e., second-
growth colonization by native tree species that connect small
fragments of forest. We focused on the following questions:
(1) Is there significant differentiation among fragments and
vegetation corridors according to genetic parameters (i.e.
heterozygosities and fixation index)? (2) Do fragments
present low historical genetic differentiation (Fsr) with
corridors that they are connected? (3) Is there the association
between genetic and geographic distances among fragments?

We used allozyme markers that have been successfully
used to address the questions about genetic effects of habitat
fragmentation on tree species (Hall e al. 1996; Fuchs et al.
2003; Franceschinelli ef al. 2007). Protium spruceanum was
chosen for this research as highly representative of a broad
range of taxa with a common suite of ecological characteristics
for tropical trees in the study region: high population density,
mass-flowering, insect-pollinated and bird-dispersed tree
species. We hypothesized that patterns of genetic variation
in fragments should reflect the expectation for a species
typically outcrossing, namely high levels of genetic variation
within and relatively low levels of differentiation between
fragment populations. If seed dispersal and pollen movement
is widespread relative to the distance between fragments the
result should be an undetected spatial genetic structure by
isolation by distance model. Finally, theoretical predictions
suggest reduced genetic diversity and increased levels of
inbreeding in corridors of second-growth forests.

Materials and methods

Study species — Protium spruceanum (Benth.) Engler (Burseraceae) is a
large canopy tree (up to 25 m tall) occurring in the Amazon and the Atlantic
rain forests and on the Cerrado inside riverbank woodland (Oliveira Filho
& Ratter 1995). The recruitment of seedlings may occur under large trees,
since P. spruceanum is shade-tolerant. The small, pale yellowish flowers
(0.3-0.4 cm wide) are functionally unisexual and organized in dense in-
florescences (with ca. 45 flowers) and the individuals are dioecious. The
effective pollinators are Apis mellifera and Trigona sp. (Hymenoptera,
Apidae) (F. A. Vieira ef al., unpublished data, 2009). The medium-sized,
bird-dispersed seeds (< 500 mg fresh weight) are produced in reddish ber-
ries in the canopy of adult trees and are dispersed from October to March,
with a peak in November (F. A. Vieira ef al., unpublished data, 2009). In
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the fragment-corridor system studied P. spruceanum along with other tree
species such as Tapirira guianensis Aublet (Anacardiaceae), Copaifera
langsdorffii Desf. (Fabaceae), Ocotea pulchella Mart. (Lauraceae) and
the congeners P. widgrenii Engler and P. heptaphyllum (Aublet) Marchand
(Burseraceae), represent the most abundant species of a mass-flowering/
insect-pollinated and bird-dispersed tree species.

Study site and sampling design — The fragment-corridor system studied
is located in the region of Lavras, southern Minas Gerais state in Brazil
(Fig. 1). In the current landscape a limited number of fragments, a matrix
of planted pastures and vegetation corridors of secondary forest can be
observed. The populations analyzed have rapidly declined because of
habitat fragmentation caused by anthropogenic disturbance over the last
200 y (Vieira & Carvalho, 2008). Hence the estimated age of the trees is
2—-4 generations before present, assuming a generation time of 50-100 y.
Five interlinking fragments and a vegetation corridor were analyzed (Tab.
1). P. spruceanum presence in fragments F2, F3 and F4 coincides with the
presence of water courses, in F1 and F5 the species occurs in a large area
of the fragment that may be attributed to semi-permanently flooded soil.
All samples came from trees with diameter at breast height (dbh) > 20 cm
and ~ 16 m in height from the interior of each fragment within an area of
about 1 to 11.8 ha. Sampling in each corridor was along the length of each
corridor axis of about 460 to 1000 m.

504.000
7.646.000

F2

N Axis F2-F3

— Axis F1-F2

Axis F3-F4 ¢—

F4

Axis F4-F5

7.642.000—|— 0 1 2

499.000 km

Figure 1. Location of the study system with forest fragments and secondary
vegetation corridors in Minas Gerais state, Brazil. F1 to F5 (fragments) and
Axis F1-F2 to F4-F5 (vegetation corridors). The coordinates are according to
the Universal Transverse Mercator (UTM) system.

Enzyme extraction and electrophoresis — Enzymes were extracted from
200 mg of frozen leaf tissue in 1 mL of phosphate extraction buffer: 0.2
mM sucrose, 2.5% polyvinylpyrrolidone (PVP), 1 mM ethylenediamine-
tetraacetic acid (EDTA), 5.7 mM ascorbic acid, 5.8 mM sodium diethyl
carbamate (DIECA), 2.6 mM sodium bisulphite, 2.5 mM Borax and 0.2%
fB-mercaptoethanol. Discontinuous vertical electrophoresis in a polyacryla-
mide gel was performed using 10% page gels and carried out at 4 °C over
3 h (constant current of 80 mA, and voltage of 300 V). Eight enzymatic
systems were used: alcohol dehydrogenase (E.C.1.1.1.1, locus Adh), glu-
cose dehydrogenase (E.C.1.1.1.47, locus Gdh), B-galactose dehydrogenase
(E.C.1.1.1.48, locus Gldh), glutamate dehydrogenase (E.C.1.4.1.3, locus
Gtdh), malate dehydrogenase (E.C.1.1.1.37, loci Mdh-1 and Mdh-2),
peroxidase (E.C.1.11.1.7, loci Per-1 and Per-2), sorbitol dehydrogenase
(E.C.1.1.1.14, locus Sdh) and shikimate dehydrogenase (E.C.1.1.1.25,
locus Skdh). Staining protocols and the genetic basis of allozymes banding
patterns were inferred from segregation patterns with reference to typical su-
bunit structure and conceptual methods (Wendel & Weeden 1989). Putative
loci and alleles were designated sequentially. The most anodally migrating
allozyme or alleles was designated as / and the next as 2.

Data analyses — The genetic variation within each population was
estimated by the proportion of polymorphic loci (P,; 0.95 criterion),
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Table 1. Fragments and corridor codes, area of the fragments and length of the vegetation corridors, sample size (N) density of Protium spruceanum (Benth.) Engler
and genetic variation in populations sampled in this study. H mean observed heterozygosity (standard error); H mean gene diversity (standard error); f, mean
fixation index. In the vegetation corridor the absolute density of the species is 135 trees ha! (G. C. de Castro, unpubllshed data). * P <0.05.

Fragments Corridors
Code F1 F2 F3 F4 F5 F1-F2 F2-F3 F3-F4 F4-F5
Area (ha) 1 7.2 11.8 7.4 7.8
Length (m) 650 460 1000 540
N 30 30 30 30 30 20 20 20 20
Density ha’! 850 50 8.3 175 175
. 0.559 0.552 0.475 0.477 0.630 0.419 0.392 0.376 0.483
? (0.070) (0.069) (0.071) (0.038) (0.072) (0.106) (0.100) (0.103) (0.044)
g 0.480 0.469 0.381 0.437 0.507 0.454 0.383 0.336 0.470
¢ (0.016) (0.015) (0.065) (0.027) (0.002) (0.050) (0.071) (0.094) (0.041)
f -0.170 -0.182 -0.250* -0.093 -0.248* 0.078 -0.023 -0.123 -0.029

mean number of alleles per locus (4), observed heterozygosity (Ho)
and Nei’s gene diversity (HJ Deviations from Hardy-Weinberg ex-
pectations were examined for each population by calculating Wright’s
fixation index (f = 1- HO/HE). All these parameters were calculated
using BIOSYS 2 (Swofford & Selander 1989) and GDA programs
(Lewis & Zaykin 2001). Wright’s F-statistics (f and F, Wright 1943)
were used to measure hierarchical population structure and were cal-
culated by the methods of Weir and Cockerham (1984). Confidence
intervals at 95% probability were established for each population
using the bootstrap procedure with 10000 repetitions. These para-
meters were estimated using the program GDA. Comparlsons among
fragments and corridors according to these parameters (H H and f),
were made using the program FSTAT 2.9.3.2 (Goudet 2002), through
the G-based exact test by randomization of multilocus genotypes for
allozymes proposed by Goudet ef al. (1996).

We calculated pairwise differentiation between fragments and fragments
and corridors using Fsr statistics (Weir & Cockerham 1984). Pairwise tests
of differentiation were performed using the G-test, based on 3600 permuta-
tions of genotypes among samples (Goudet et al. 1996). Significance tests
of multilocus pairwise Fsr were carried out using the program FSTAT with
standard Bonferroni corrections. To test for isolation by distance, pairwise
(Fst/1 - Fsr) matrices were related to geographical distances between frag-
ments. Mantel tests were used to test for significance (1000 permutations)
with the software NTSYS 1.5 program (Rohlf 1989).

Results

Genetic diversity — Ten polymorphic loci and twenty
alleles were observed and analyzed. The percentage of
polymorphic loci (P, = 100%) and average number of
alleles per locus (4 = 2.0) were similar for all populations.
The negative Wright’s F-statistics indicated the excess of
heterozygotes for the fragments and corridors (Tab. 2). The
relationship between the observed HU and expected He mean
heterozygosities resulted in a significant heterozygosity
excess f for fragments (Tab. 2). Based on Goudet’s G-test,
the mean value of observed heterozygosities (P = 0.044)
and fixation index (P = 0.036) were significantly higher in
fragments than corridors. The mean value of gene diversity
was not significantly different between fragments and
corridors (P = (0.242).

Genetic differentiation between fragments and
corridors — Specific genetic differentiation was low,
the Fs; value of 0.028 suggesting that only 2.8% of the
genetic variability is distributed between fragments, and

that 97.2% of the variability occurs within fragments.
The genetic differentiation in each forest fragment pair
(Tab. 3) and for each fragment and corridor pair (Tab.
4) generally was low. The highest genetic differentiation
was between F3 and F5 forest fragments, corroborated
by significant tests of population differentiation pairwise
(Fsr=0.111, P <0.001) after Bonferroni correction (Tab.
3). Fragment F3 revealed low genetic differentiation
with fragment F2 (these two are connected by the F2-
F3 corridor). Indeed, fragment F3 present low genetic
differentiation exactly with the F2-F3 axis (Tab. 4).
Generally the fragments have low genetic differentiation
with corridors that they are connected. The highest
observed genetic differentiation occurred between
fragment F5 and F2-F3 (Fsr = 10.5%, P < 0.001) and
F3-F4 axis (F'sr=14.8%, P<0.001), at 5% level. Mantel
tests provided no evidence for distance dependence of
genetic structure (v, = —0.051, P = 0.539).

Table 2. Allelic frequencies (allele 7) for 10 allozyme loci and genetic diversity
parameters for Protium spruceanum (Benth.) Engler in the fragment-corridor
system. H » mean observed heterozygosity (standard error); Hw mean gene
diversity (standard error); f, mean fixation index; F, mean overall inbreeding
coefficient. * P <0.05.

Fragment Corridor

Locus/Allelic frequencies
Adh 0.650 0.744
Gdh 0.654 0.714
Gldh 0.648 0.706
Gtdh 0.642 0.744
Mdh-1 0.573 0.606
Mdh-2 0.641 0.744
Per-1 0.620 0.690
Per-2 0.647 0.600
Sclh 0.647 0.712
Skdh 0.629 0.714

Genetic diversity

i, 0.538 (0.008)  0.418 (0.021)
H, 0.463 (0.004)  0.420 (0.012)
f —0.188* —0.018
F ~0.156* -0.010
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Table 3. Geographical distances (km, above diagonal) and genetic differentiation (13' st values, below diagonal) among five fragments. * P-value < 0.001; NS, non-

significant at 5% level.

Fragments F1 F2 F3 F4 F5
F1 - 0.94 0.88 1.19 0.81
F2 0.007 - 1.00 2.00 1.75
F3 0.048™ 0.019™ - 1.25 1.38
F4 0.002 0.008™ 0.007 - 0.81
F5 0.010™ 0.024 ™ 0.111%* 0.053™ -

Table 4. Genetic differentiation (ﬁ s7) among forest fragments and secondary
vegetation corridors. Estimates obtained and tests performed using FSTAT
2.9.3.2 (Goudet 2002). NS, non-significant at 5% level.

Fragments/corridors Fsr P
F1 and F1-F2 0.003 NS
F1 and F2-F3 0.036 NS
F1 and F3-F4 0.071 <0.01
F1 and F4-F5 0.013 NS
F2 and F1-F2 0.009 NS
F2 and F2-F3 0.015 NS
F2 and F3-F4 0.049 NS
F2 and F4-F5 0.004 NS
F3 and F1-F2 0.014 NS
F3 and F2-F3 0.003 NS
F3 and F3-F4 0.020 NS
F3 and F4-F5 0.051 NS
F4 and F1-F2 0.007 NS
F4 and F2-F3 0.001 NS
F4 and F3-F4 0.026 NS
F4 and F4-F5 0.002 NS
F5 and F1-F2 0.040 NS
F5 and F2-F3 0.105 <0.001
F5 and F3-F4 0.148 <0.001
F5 and F4-F5 0.018 NS

Overall 0.028

Discussion

Genetic diversity in Protium spruceanum — The number
of alleles per locus (4) was similar to with values of other
tropical plants. Hamrick & Godt (1989), in a review of 653
genetic diversity studies using allozymes, described the
following values of 4: 2.19 for woody long-lived species,
2.29 for widely distributed species, 1.81 for tropical species
and 1.99 for allogamous animal-pollinated species. The
gene diversity FI@ detected within forest fragments and
secondary vegetation corridors was higher than the value
estimated for tree species in general (He= 0.17, Hamrick &
Godt 1989) and also higher for some tropical tree species,
in recent studies using allozymes markers (I:Ie: 0.25 for
Acacia macracantha and I:Ie= 0.24 for A. aroma, Casiva
et al. 2004; ﬁe = 0.13 for Pithecellobium elegans, Hall
et al. 1996), otherwise is close to the other tropical tree
species (ﬁe = 0.40 in Pachira quinata, Fuchs et al. 2003;
I:Ie = 0.49 in Shorea leprosula, Ng et al. 2004). The high
gene diversity detected is likely to be associated with
the reproductive system and demography of populations
(Murawski & Hamrick 1991; Nason & Hamrick 1997).

For P. spruceanum, besides the high population density,
the functionally unisexual flowers in different individuals
flower synchronously, favoring outcrossing (F. A. Vieira
et al., unpublished data, 2009). Indeed, the population size
effect on population genetic diversity might be pronounced
mainly in outcrossing species (Honnay & Jacquemyn 2007)
and outcrossing plants in general exhibit higher levels of
gene diversity than selfing plants (Hamrick & Godt 1996).
Density has also been observed to influence rates of outright
outcrossing in animal-pollinated plant species showing
a positive association (Loveless & Hamrick 1984; van
Treuren et al. 1993). Moreover, compared with endemic
and rare taxa, widespread and abundant species often
present significantly more genetic variability (Cole 2003).

Although the mean value of gene diversity was not
significantly different between fragments and corridors,
through the G-based exact test, observed heterozygosities
and fixation index were significantly higher in fragments
than secondary vegetation corridors. The estimates
indicate that a higher proportion of heterozygotes are
found in the fragments than in the secondary vegetation
corridors. However, given the longevity of most tree
species, the a study of the next generations will be
required to provide a clear picture of the genetic fate of
the studied populations.

Genetic differentiation — For an insect-pollinated and
bird-dispersed tree, low genetic differentiation among forest
fragments was expected and observed (Fg=0.028). This is in
accordance with other tropical tree species, i.e., most genetic
variability is detected within populations (Hall ez al. 1996;
Dayanandan et al. 1999). The low genetic differentiation
estimated is probably the result, amongst other factors,
of the population size and consequential massive annual
flowering, featuring quick and well-synchronized blooming
peaks of unisexual flowers (F. A. Vieira ef al., unpublished
data, 2009). Mass flowering represents the most extreme
example of flowering synchrony at both the individual
and population level (Frankie ef al. 1974; Gentry 1978).
Flowering synchrony can influence the levels of gene flow
and differentiation among populations (Soliva & Widmer
1999) depending on the effects of other organisms such as
pollinators and seed dispersers (Dominguez et al. 2005).
Studies have shown that in highly disturbed habitats Apis
mellifera may expand genetic neighbourhood areas, thereby
linking fragmented habitats (Dick et al. 2003). So, large
pasture trees and vegetation corridors will play an important
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role as genetic stepping-stones, providing also roosting sites
for frugivorous birds.

Although the value of genetic differentiation detected for
P, spruceanum is consistent with that expected for outcrossing
species (Hamrick & Godt 1996), it should be noted that
genetic differentiation occurred among populations located
at an average distance of only 1.2 km (0.81 to 2 km), and
even those populations located as close as 1.38 km to each
other (F3 and F5) showed significant differentiation. This
result may be unexpected for a species typically outcrossing,
pollinated by bees that are able to fly long distances and
whose fruits are bird dispersed. Nevertheless, the genetic
diversity levels may depend on factors (e.g. population
size, environmental heterogeneity, even random patterns)
including the landscape structure (Manel et al. 2003).
Hence we combine genetic differentiation and distance
between fragments, but no pattern of isolation by distance
was observed. Generally all fragments have low historical
genetic differentiation with corridors that they are connected,
indicating possible gene flow via seeds and pollen.

Conclusions and prospects — Changes in gene flow can
be estimated by comparing ‘historical’ estimates based
on genetic differentiation (Fy;). Hence, indirect estimates
of gene flow reflect historical rates of flow that have
occurred over many generations (Loveless 1992). Typically
outcrossing species display high within-population genetic
diversity and low interpopulation genetic differentiation
as a result of intense interpopulation gene flow (Loveless
& Hamrick 1984). Indeed, indirect estimates of gene flow
revealed extensive gene exchange over the spatial scale of
the study (£, = 2.8%), with high lezvels of genetic variation
remaining across all fragments (/, = 0.463). However, a
study of the next generations (i.e. young cohorts) will be
required to provide a clear picture of the genetic outcome
of the studied populations.

Nevertheless, considering the practically irreversible
fragmentation of populations and the high genetic diversity
detected in small forests, landscape management strategies
should consider the protection of extant ones. Small-sized
forest fragments have been reported as habitats or stepping-
stones for birds, and thus contribute to the connection of
forest fragments (Estrada ez al. 2000; Fischer & Lindenmayer
2002). In addition, new approaches by studying other species
with different life history characteristics would be needed
to investigate the functional aspect of connectivity as it
relates to the biological response of the species to landscape
structure. Investigations on contemporary patterns (DNA-
based) of genetic structure within populations, e.g. at
fine-scale spatial genetic structure, also is necessary. These
current ideas and researches are now in progress. This paper
gives us important baseline data that will be useful in future
comparisons of other common insect-pollinated and bird-
dispersed Atlantic forest tree species as well as comparisons
of other fragmented forests that are not connected by
corridors of natural vegetation.
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