
Forest Ecology and Management 291 (2013) 190–198
Contents lists available at SciVerse ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier .com/ locate/ foreco
Hierarchic species–area relationships and the management of forest habitat
islands in intensive farmland

Angela Lomba a,b,c,⇑, Ana Sofia Vaz a,d, Francisco Moreira e, João Pradinho Honrado a,d

a Centro de Investigação em Biodiversidade e Recursos Genéticos (CIBIO), Edifício FC4, sala 1A, Rua do Campo Alegre, S/N, PT-4169-007 Porto, Portugal
b Alterra Wageningen University and Research Centre, NL-6708 Wageningen, The Netherlands
c Départment d’Ecologie et d’Evolution (DEE), Université de Lausanne, Bâtiment de Biologie, CH-1015 Lausanne, Switzerland
d Faculdade de Ciências da Universidade do Porto, Departamento de Biologia, Edifício FC4, sala 1A, Rua do Campo Alegre, S/N, PT-4169-007 Porto, Portugal
e Centro de Ecologia Aplicada ‘‘Prof. Baeta Neves’’ (CEABN), Instituto de Agronomia, Universidade Técnica de Lisboa, Tapada da Ajuda, PT-1349-017 Lisboa, Portugal
a r t i c l e i n f o

Article history:
Received 22 August 2012
Received in revised form 6 November 2012
Accepted 9 November 2012
Available online 5 January 2013

Keywords:
Dairy farmlands
Exotic plantations
Habitat fragmentation
Plant diversity
Semi-natural forests
Species–area relationship (SARs)
0378-1127/$ - see front matter � 2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.foreco.2012.11.012

⇑ Corresponding author at: Centro de Investigação e
Genéticos (CIBIO), Edifício FC4, sala 1A, Rua do Cam
Porto, Portugal. Tel.: +351 220402790; fax: +351 220

E-mail address: angelalomba@fc.up.pt (A. Lomba).
a b s t r a c t

Habitat loss and fragmentation due to land use changes are major threats to biodiversity in forest ecosys-
tems, and they are expected to have important impacts on many taxa and at various spatial scales.

Species richness and area relationships (SARs) have been used to assess species diversity patterns and
drivers, and thereby in the establishment of conservation and management strategies. Here we propose a
hierarchical approach to achieve deeper insights on SARs in small forest islets in intensive farmland and
to address the impacts of decreasing naturalness on such relationships.

In the intensive dairy landscapes of Northwest Portugal, where small forest stands (dominated by
pines, eucalypts or both) represent semi-natural habitat islands, 50 small forest stands were selected
and surveyed for vascular plant diversity. A hierarchical analytical framework was devised to determine
species richness and inter- and intra-patch SARs for the whole set of forest patches (general patterns) and
for each type of forest (specific patterns). Differences in SARs for distinct groups were also tested by con-
sidering subsets of species (native, alien, woody, and herbaceous).

Overall, values for species richness were confirmed to be different between forest patches exhibiting
different levels of naturalness. Whereas higher values of plant diversity were found in pine stands, higher
values for alien species were observed in eucalypt stands. Total area of forest (inter-patch SAR) was found
not to have a significant impact on species richness for any of the targeted groups of species. However,
significant intra-patch SARs were obtained for all groups of species and forest types.

A hierarchical approach was successfully applied to scrutinise SARs along a gradient of forest natural-
ness in intensively managed landscapes. Dominant canopy tree and management intensity were found to
reflect differently on distinct species groups as well as to compensate for increasing stand area, buffering
SARs among patches, but not within patches. Thus, the maintenance of small semi-natural patches dom-
inated by pines, under extensive practices of forest management, will promote native plant diversity
while at the same time contributing to limit the expansion of problematic alien invasive species.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Forests have been acknowledged worldwide as essential pro-
viders of valuable ecosystem services, from habitat for biodiversity
to provision of economic goods (Magura et al., 2008; Proença et al.,
2010). The provision of such services is known to be dependent of
the high diversity of living organisms inhabiting forest ecosystems
(Benayas et al., 2008; Proença et al., 2010). Even so, biodiversity is
declining at rapid rates, with the loss of habitat through land-use
ll rights reserved.
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change, the expansion of alien species, direct exploitation e.g.
through hunting and trade, climate change, and pollution identi-
fied as major causes (Sala et al., 2000; Trisorio et al., 2010).

Distinct scales of influence have been related to the drivers of
change in forest biodiversity patterns, with climate driving
changes over large areas (Laughlin et al., 2011), human activities
impacting on diversity patterns in intensively managed regions,
and land-use and landscape heterogeneity influencing those pat-
terns in local, finer grained contexts (Cayuela et al., 2006). Forest
ecosystems have particularly been under the threat of land-use
conversion and landscape fragmentation (Bengtsson et al., 2000;
Guirado et al., 2007; Trisorio et al., 2010). Effects of habitat frag-
mentation have been documented for many taxa and at various
spatial scales (e.g. Golden and Crist, 1999; Ewers and Didham,
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2006; Gonzalez et al., 2010; Trisorio et al., 2010; Rodríguez-Loinaz
et al., 2012). Habitat fragmentation implies not only the pure loss
of habitat, but also the reduction in size of the remnant habitat
patches and their increasing spatial isolation, and it has been
recognised as one of the most important threats to biodiversity,
due to its effects on population viability, dispersal, and long-term
persistence of species (Ewers and Didham, 2006; Gonzalez et al.,
2010; Trisorio et al., 2010; Jamoneau et al., 2011).

Shifts in the way forests have been managed have been related
to a decrease in the colonisation ability of plant species in isolated
habitat fragments (Godefroid and Koedam, 2003b). Since many for-
ests are intensively managed (Bengtsson et al., 2000; Godefroid
and Koedam, 2003b; Proença et al., 2010) and, to a large extent,
have been transformed into mono-cultural plantations of exotic
species (Magura et al., 2008), a decrease of species richness and
structural diversity in forest habitats has been observed (e.g. see
Godefroid and Koedam, 2003a; Proença et al., 2010; Lomba et al.,
2011).

The analysis of species richness and area relationships (SARs)
has been stressed as a promising tool for the assessment of species
diversity patterns (Tjørve, 2009, 2012). Highly applicable in the
establishment of biodiversity conservation priorities and manage-
ment programs (e.g. see Lawesson et al., 1998; Wang et al., 2011),
SARs seem to be especially useful in the case of highly fragmented
and disturbed landscapes where many smaller and few larger land-
scape units are characteristic (Lawesson et al., 1998; Pereira and
Daily, 2006). In such context, in order to understand the capacity
of habitats to conserve species diversity, many studies have used
SARs to evaluate the effect of patch size on species richness in hab-
itat fragments (Honnay et al., 1999; Godefroid and Koedam, 2003b;
Gonzalez et al., 2010). Whilst the role of area in species conserva-
tion still remains controversial (e.g. see Godefroid and Koedam,
2003a), the benefit of having a number of smaller areas for conser-
vation of plant species has been an accepted rule (Godefroid and
Koedam, 2003b). In such context, relations between plant diversity
in isolated patches and patch area (e.g. Zschokke et al., 2000) have
been addressed, and different relationships have been observed for
distinct species groups, including birds (Magura et al., 2008), plants
(Kiviniemi and Eriksson, 2002; Rodríguez-Loinaz et al., 2012),
woodland plant species and ancient forest species (Godefroid and
Koedam, 2003b). The complementarity among species strategies
(life forms; Morgan et al., 2011), their biogeographic history
(Turner and Tjørve, 2005), habitat heterogeneity (e.g. related to
urbanisation; Godefroid and Koedam, 2003b), origin and manage-
ment (habitat diversity; Lawesson et al., 1998) have been referred
as possible determinants of such differential responses.

Land management related to intensive dairy agriculture in low-
land of the Northwest of Portugal has produced landscape mosaics
composed of disperse settlements and small forest patches scat-
tered throughout an intensive cropland matrix (Lomba et al.,
2011). Traditionally dominated by maritime-pine (Pinus pinaster
Ait.), and functionally coupled with agriculture (e.g. see Fangueiro
et al., 2008), these patches have lost most of their economic and
cultural importance, and are currently used as waste areas or have
been converted to small-scale or industrial-scale forestry, with the
latter being more frequent in the larger stands (Lomba et al., 2010;
Mendes, 2007). Agricultural intensification and landscape frag-
mentation (Gonzalez et al., 2010; Lomba et al., 2010), together
with an increasing density in urban and peri-urban areas (e.g.
Gonzalez et al., 2010), underpin a pressing need of analytical
frameworks to assess the potential of forest remnants in agricul-
tural landscapes as refuges for regional native plant diversity
(Godefroid and Koedam, 2003b; Cayuela et al., 2006; van Halder
et al., 2008; Lomba et al., 2011). Such frameworks should consider
the heterogeneity of conditions in forest patches which can be
common at regional scales (Godefroid and Koedam, 2003b; Benayas
et al., 2008; van Halder et al., 2008). Here a hierarchical approach is
proposed to achieve a deeper understanding on the relationship
between plant species richness and patch area (SAR) of small
forest islets in intensive farmland, and to address the impacts of
decreasing forest naturalness on such relationships. The proposed
analytical framework consists of two major steps defined by the
set of forest patches used in each analysis. The first step, corre-
sponding to the first research question and level of analysis, fo-
cused on the assessment of regional SARs for the whole set of
surveyed patches. The second step (i.e. second research question
and level of analysis) dissected regional SARs within forest types
(Pinus dominated stands, Eucalyptus dominated stands and mixed
Pinus and Eucalyptus). Additionally, the same approach was applied
to SARs of species groups according to their biogeographic origin
(native versus alien plant species) and growth habit (herbaceous
versus woody species). Finally, implications of the results are dis-
cussed in the context of landscape planning and management.
2. Methods

2.1. Study area

The study was conducted in the ‘‘Entre-Douro-e-Minho’’ Dairy
Farming Region, part of the highly urbanised Metropolitan Area
of Porto, in the Northwest of Portugal (8�480–8�1800W, 41�390–
41�1000N; Fig. 1). In this intensive farming area, elevation ranges
from sea-level along the coast to ca. 500 m, mean annual temper-
ature ranges from 13 to ca. 15 �C, and mean annual precipitation
shows a west-east gradient from 1160 to 1458 mm. Dominant bed-
rock types are granite and schist, both generating acid, nutrient
poor soils, with sandy soils occurring along the coast and alluvial
soils in narrow strips along main rivers. This area is quite homoge-
neous in terms of climate, geology and topography, and so it was
considered suitable to address the effects of spatial and structural
features on the patterns of biodiversity in forest stands (Lomba
et al., 2011).

Due to high levels of urbanisation and intensive agricultural
practices (Lomba et al., 2011), the current landscape of the study
area is a highly simplified mosaic, in which large annual crop
stands devoted to forage production are dominant. Since urban
expansion coexists with intensive dairy farming practices, frequent
changes in land use occur. Patterns of land cover and the associated
land use are influenced by local terrain morphology, with intensive
dairy farming mostly located in valleys and on gentle slopes where
suitable soils are more frequent, and industrial forestry mainly of
Eucalyptus globulus Labill. (exotic) and P. pinaster Aiton (native
but mostly planted), developed on slopes with drier, nutrient-poor
soils. Whereas the larger forest stands are usually dominated by
Eucalyptus and are always devoted to industrial exploitation, the
smaller forest fragments (which can be dominated by Eucalyptus
and/or Pinus) are found scattered within the agricultural landscape,
typically surrounded by forage annual crops.

In these landscape mosaics, small forest stands were historically
used as complementary to dairy agricultural practices, as sources
of fuel or heath for cattle bedding; more recently, they are often
used as excess manure deposition areas (Mendes, 2007; Lomba
et al., 2010, 2011). In recent decades, with external inputs of syn-
thetic fertilizers, forest patches have lost most of their economic
and cultural importance, and they are currently used as waste
areas or have been converted to small-scale industrial forestry
based on the exotic blue-gum tree (E. globulus Labill.) (Mendes,
2007; Lomba et al., 2011). Eucalypt stands in the study area are al-
ways related to intensive wood production for the pulp industry.
They are considered profitable regardless of their size and provided
that they are managed by land owners (e.g. to promote the growth



Fig. 1. The study area in the European (a) and regional (b) contexts, and location of the surveyed forest patches (c).
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of trees and to control fire hazard). Conversely, small pine forests
are usually not managed so intensively and no significant varia-
tions were recognised within the patch size range surveyed for this
study (see Section 2.2).

Eucalyptus is a fast growing tree, for which several types of im-
pacts have been reported when managed under intensive forestry
practices, e.g. depletion of soil nutrients, breakdown of soil struc-
ture (affecting the water-holding capacity of the soil, Jones et al.,
1999), production of allelopathic compounds (Briones and Ineson,
1996), root competition and tree canopy cover effects (Carneiro
et al., 2008), and a decrease of plant species richness. Nonetheless,
vegetation structure in the targeted forest stands, reflected for in-
stance in tree density and understory vegetation cover, is mostly
determined by human management (Lomba et al., 2011). Urban
areas form a fairly continuous network along the coast, spreading
along the main roads and river valleys into the more interior rural
areas. Natural vegetation, usually quite disturbed, is restricted to
discontinuous riparian habitats along streams and rivers, and to
edges and clearings of forest stands.

2.2. Sampling design and data collection

In order to sample forest stands in landscape mosaics along a
gradient of agricultural use, we determined the percentage cover
of annual crops per 1 km2 grid cell (Lomba et al., 2010), based on
a land cover map of the study area (1:25,000 scale; http://sitga-
ideg.xunta.es/proxectosign/). From the set of grid cells presenting
more than 20% of annual crops, 50 forest stands were randomly se-
lected, ranging from 3000 to 30,000 m2 in surface area (Fig. 1). We
defined that, in cases of total unfeasibility of surveying any of the
randomly selected forest stands (e.g. due to clearing, land use con-
version, or restricted access), the nearest forest stand with a similar
area would be surveyed.

In each forest stand the presence of all vascular plant species
was recorded following a nested centralised approach. To do so,
in each patch exhaustive standardised surveys starting with a
10 m2 central square were performed, through gradual nested in-
creases to 102 m2, 103 m2 (for stands reaching that size), all centred
in the stand centroid, and finally the whole extent of the stand. In
all nested areas, full species lists were recorded for vascular plants
(native and exotic). Field surveys were performed by multiple sur-
veyors covering distinct sections of the patch being surveyed,
thereby ensuring thorough survey of the patch. The described pro-
cedure assured a standardised approach across patches and a com-
plete survey of each individual patch. Species nomenclature
followed that of Flora Iberica (Castroviejo et al., 1986–2010). See
Appendix B for a complete list of recorded species, taxonomic con-
siderations and classification of plant species. Finally, all stands
were described according to their tree canopy species composition
in order to support a classification of stands into forest types
according to dominant tree species (see Section 2.4).

2.3. Analytical framework

Here a hierarchical approach was used to achieve a deeper
understanding on the relationship between species richness
and patch area (SARs) of small forest islets in intensive farmland
and to address the impacts of decreasing naturalness on such
relationships (Fig. 2). The proposed analytical framework con-
sisted of two major steps defined by the set(s) of forest patches
(i.e. samples) used in each analysis: (i) the first step (general
patterns) focused on the analysis of relations between plant spe-
cies richness and area for the whole set of 50 patches/samples
(step [1], Fig. 2), whereas (ii) the second step (specific patterns)
dissected SARs within forest types (step [2], Fig. 2). Within each
of the two steps, two types of analyses were developed: (i) an
inter-patch analysis, in which the SAR was determined for the
whole set of patches (step [1a], Fig. 2) and for the set of patches
belonging to each forest type (step [2a], Fig. 2); and (ii) an in-
tra-patch analysis, in which SARs were assessed across the
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Fig. 2. Analytical framework of the species–area relationships (SARs) across and within the surveyed patches. Analysis of general patterns between species richness and area
was outlined in step [1], and was based on the whole set of surveyed patches (n = 50). Step [1] included the analysis of inter-[1a] and intra-[1b] patch SARs. In step [2], specific
patterns of SARs per forest type were assessed, including the intra-[2a] and inter-[2b] patch SARs assessment. Procedures for step [1] and [2] were applied to five sets of
species richness: total, native, alien, herbaceous and woody species richness. P, Pinus dominated stands (n = 8); E, Eucalyptus dominated stands (n = 16); M, Mixed Pinus and
Eucalyptus stands (n = 26).
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nested surveyed areas (10 m2, 102 m2, 103 m2 and the whole ex-
tent of the patch as described in Section 2.2) for each individual
patch and analysed within each forest type (step [2b]; Fig. 2)
and across forest types (i.e. for the whole set of 50 samples;
step [1b], Fig. 2). In order to test for differential relationships
within species groups against stand area (e.g. see Zschokke
et al., 2000), all these analyses were performed considering five
groups of species from the whole floristic dataset: (i) total spe-
cies richness (St), (ii) native species richness (Snative), (iii) alien
species richness (Salien), (iv) herbaceous species richness (Sherb)
and (v) woody species richness (Swoody) (see detailed description
in Section 2.4).

The analysis of general patterns (step [1], Fig. 2) aimed to deter-
mine variations in species–area relationships (SARs) for the whole
set of surveyed patches (n = 50). SARs were first assessed across
patches, by determining the relationship between species richness
and the whole patch area – inter-patch SARs (step [1a], Fig. 2; Bat-
tles et al., 2001; Atauri et al., 2004; Proença et al., 2010). Also intra-
patch SARs were calculated (step [1b], Fig. 2), based on species
richness data and area from each of the nested surveyed areas
(Proença et al., 2010; see Section 2.2).

The impact of forest naturalness on species–area relationships
(i.e. specific patterns) was assessed in step [2] (Fig. 2) by analys-
ing SARs within and across forest types. First, the total set of
patches (n = 50) was allocated according to the dominant canopy
tree into: (i) Pinus dominated stands (P; n = 8), (ii) Eucalyptus
dominated stands (E; n = 16), and (iii) mixed Pinus and Eucalyptus
stands (M; n = 26). Such classification reflected a gradient of for-
est naturalness, from semi-natural stands dominated by the na-
tive (though mostly widespread by landowners in the region for
forestry) maritime-pine, to the mixed Pinus and Eucalyptus stands,
and finally to the more intensively managed stands dominated by
Eucalyptus. For the inter-patch level (step [2a], Fig. 2), SARs were
determined considering, for each set of forest patches, the rela-
tionship between species richness and total surface area of each
patch. Intra-patch SARs (step [2b], Fig. 2) were determined for
species richness and area using the four nested areas surveyed
in each patch (for more details see Section 2.2), for each of the
considered forest patch sets.
Inter- and intra-patch SARs were compared across the consid-
ered species groups in the assessment of general and specific
patterns.

2.4. Statistical analyses

Each surveyed stand was assigned to a specific forest type
(Appendix A) based on the dominant tree species, obtained from
the relative abundance of P. pinaster and E. globulus. As recom-
mended by Ferreira et al. (2005; http://www.afn.min-agricul-
ture.pt), we used a minimum value of 75% percentage cover for a
dominant tree, or then the absence of a clear dominant species,
and classified our stands accordingly. As a result of this classifica-
tion, from the total number of forest stands (n = 50), we obtained:
(i) Pinus dominated stands (P; n = 8), (ii) mixed Pinus and Eucalyp-
tus stands (M; n = 26), and (iii) Eucalyptus dominated stands (E;
n = 16). Even if unbalanced, this set of surveyed stands spanned
throughout the whole range of variation and was considered suit-
able to address our research questions, as it expresses a gradient of
forest naturalness, from the pure stands dominated by the native P.
pinaster, mixed stands in which the two species are co-dominant,
to pure stands of the exotic E. globulus.

The recorded plant species were classified on the basis of their
biogeographic origin (native or alien/exotic) and according to a
simplified life form classification as herbaceous (herb) and woody
plants (Bunce et al., 2008; see Appendix B for the complete list of
recorded species, taxonomic considerations and plant species clas-
sification). Hence, the following dependent variables were defined:
(i) total species richness (St), (ii) native species richness (Snative),
(iii) alien species richness (Salien), (iv) herbaceous species richness
(Sherb) and (v) woody species richness (Swoody).

Species–area relationships (SARs) were obtained through the
application of two types of regression models: the power model,
as described by Arrhenius (S = c�Az; Tjørve and Tjørve, 2008; Tjørve,
2011); and the exponential or semi-log model, as described by
Gleason (S = c + zlog(A); Tjørve and Tjørve, 2008; Tjørve, 2011). In
both equations, S expresses the number of species, A is the area,
and c and z are the parameters of the model, which represent the
constant (here, the intercept where area (A) is 10 m2) and the slope
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Fig. 3. Variation of median species richness (St) with increasing values of area
(10 m2, 102 m2, 103 m2 and the whole extent of the stand – ‘‘Total’’) for each of the
considered forest types. P, Pinus dominated stands; M, mixed Pinus and Eucalyptus
stands; and, E, Eucalyptus dominated stands. Boxes represent the 25th and 75th
percentiles, whereas whiskers represent the 5th and 95th percentiles. Results for
Kruskal–Wallis, H (degrees of freedom, number of samples) and p are embedded in
the figure; (�) identifies statistically significant differences from Pinus dominated
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obtained through regression analysis, respectively (Morgan et al.,
2011). The power model was evaluated in its log–log form (log–
log model), logS = logc + zlogA (Tjørve and Tjørve, 2008; Tjørve,
2011), and for both models species data were log transformed
(S + 1; Proença et al., 2010; Tjørve, 2011).

The fit of species–area relationship to the power model and to
the exponential model was assessed through the comparison of
the z-values, as they provide information on the steepness of the
relationship between species richness and area, their statistical sig-
nificance (expressed as p values) and respective values of r2

(Tjørve, 2009; Proença et al., 2010; Morgan et al., 2011). Overall,
the power model was better adjusted to species–area data in both
the inter- and intra-patch analyses, which resulted in significant
relations (p < 0.05) and higher values of r2. Therefore, only results
for the power models are presented and discussed in later sections.

Kruskal–Wallis and post-hoc Mann–Whitney U tests were used
to detect significant differences of z-values (model slope; Tjørve
and Tjørve, 2008) for intra-patch SAR analyses (applied to the three
forest types and five response variables derived from species
dataset).

Values of species richness presented throughout the text are ex-
pressed as median ± quartile range. All the analyses were per-
formed using STATISTICA�.
stands (Mann–Whitney test; p < 0.05).

Table 1
Results of the inter-patch analysis of species–area relationships obtained for the
whole set of 50 patches (step [1a], Fig. 2) and for each group of plant species: total (St),
native (Snative), alien (Salien), herbaceous (Sherb) and woody (Swoody). The values of z, c,
r2 and p are shown and represent the slope, the constant, the regression coefficient
and the statistical significance of the regression model (log(S + 1) = logc + zlogA),
respectively.

Model parameters St Snative Salien Sherb Swoody

z �0.02 �0.03 0.10 �0.14 0.28
c 1.67 1.66 0.08 2.01 �0.08
r2 0.00 0.00 0.01 0.03 0.08
p 0.84 0.77 0.50 0.21 0.06
3. Results

3.1. Patterns of plant species richness

Overall, 253 plant species were recorded across the surveyed
forest stands, of which 220 were native (87.00%) and 198 were her-
baceous (78.30%). Each stand exhibited a median value of
37.00 ± 14.50 species, of which only 4.00 ± 2.00 corresponded to
alien and 14.50 ± 5.00 to woody plant species.

Forest stands dominated by Pinus exhibited higher values of
median species richness (St = 46.50 ± 26.50), followed by mixed Pi-
nus and Eucalyptus stands (St = 36.00 ± 16.00) and finally those
dominated by Eucalyptus (St = 35.50 ± 19.50). Similar patterns were
found for native (Snative), woody (Swoody) and herbaceous (Sherb) spe-
cies richness. An exception was however found for alien species,
which had highest median values for species richness in Eucalyptus
stands, followed by Pinus stands and finally by mixed stands.

Eucalyptus (11261.00 ± 5572.40 m2) and mixed (10887.90 ±
6242.00 m2) forests exhibited the highest median values for patch
area, when compared to the somewhat smaller Pinus stands
(9781.40 ± 4477.00 m2). Further details on areas and species
richness of each surveyed stand can be found in Appendix A.
3.2. General patterns of species–area relationships

Analyses of variation of median species richness (St) with sur-
veyed area within individual patches (Fig. 3) revealed significant
differences for total species (St) between forest types at the lowest
(10 m2) and intermediate (103 m2) surveyed areas. For the smallest
surveyed area, stands dominated by Pinus hosted more species
(St = 9.00 ± 4.00) than both mixed Pinus and Eucalyptus (St =
8.00 ± 2.00) and Eucalyptus dominated stands (St = 6.5 ± 3.00). At
the intermediate area surveyed (103 m2), Pinus stands also hosted
more species (St = 22.00 ± 10.00) than mixed Pinus and Eucalyptus
stands (St = 15.00 ± 4.00).

SAR assessments first focused on putative relationships be-
tween species richness and area across the whole set of patches
(step [1], Fig. 2). Regression models for the inter-patch level of
analysis, i.e. based on the total area of each patch for the whole
set of patches (step [1a], Fig. 2), were not statistically significant,
expressed as p > 0.05 in all cases (Table 1). In the case of woody
species richness a p-value close to the considered significance level
(p = 0.06; Table 1) was nonetheless achieved.

Intra-patch SAR (step [1b], Fig. 2) for each individual stand, fit-
ted from the four nested areas and the corresponding species rich-
ness values within each stand, were found to result in significant
regression models (p < 0.05) for total species richness (St) and for
all species groups (native, alien, herbaceous, and woody). z-Values
ranged between 0.04 and 0.33 (see Fig. 4), with native species and
herbaceous species exhibiting the highest median z-values
(0.21 ± 0.05 and 0.21 ± 0.07, respectively), followed by woody spe-
cies (0.18 ± 0.06) and alien species (0.14 ± 0.12). Results from
Mann–Whitney tests highlighted significant differences for median
z-values between the first two groups (native and herbaceous) and
the latter two groups (alien and woody; p < 0.001), respectively.
Native species richness is therefore more sensitive to area than
alien species richness, and the same happened for herbaceous spe-
cies richness when compared with woody species richness.
3.3. Specific patterns for the species–area relationships

In the second step (specific patterns), species–area relationships
were addressed within forest types (step [2], Fig. 2). Overall, results
for the inter-patch analysis, corresponding to a SAR value per forest
type and species group (step [2a], Fig. 2), were found to be non-sig-
nificant (Table 2). However, values close to the established signif-
icance level were observed for herbaceous species richness in



Fig. 4. Intra-patch analysis of the species–area relationships (z values) obtained for
the whole set of 50 patches (step [1b], Fig. 2) and for each group of plant species:
total (St), native (Snative), alien (Salien), herbaceous (Sherb) and woody (Swoody). The
vertical axis expresses median z-values; boxes represent the 25th and 75th
percentiles, whereas whiskers depict the 5th and 95th percentiles. Differences
between species groups (Mann–Whitney test; p < 0.01) are represented by distinct
symbols, (�) identifies statistically significant differences between Snative and
marked species groups, whereas (�) identifies statistically significant differences
between Sherb and marked species groups.
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mixed forest stands, and for woody species richness in Eucalyptus
dominated stands (p = 0.07; Table 2).

Conversely, when analysing intra-patch SARs per forest type
(step [2b], Fig. 2), all SARs resulted in significant relationships
(Fig. 5). Post-hoc comparisons of z-values between pairs of forest
types revealed that significant differences were only found be-
tween z-values for Eucalyptus dominated and mixed stands, in
the cases of total (St) and woody (Swoody) species richness
(p < 0.05).

4. Discussion

4.1. Plant species richness and forest naturalness

The increase of plant species richness along a gradient of
increasing forest naturalness had already been described by Lomba
et al. (2011) for the dairy farmlands of the Northwest of Portugal.
Stands where the native P. pinaster was the dominant tree species
exhibited higher values for total (St), native (Salien), woody (Swoody)
and herbaceous (Sherb) species richness (cf. Appendix A). Overall,
these results are in agreement with those reported in previous re-
search which revealed differences between forest stands exhibiting
different levels of naturalness e.g. for temperate forests (e.g. Battles
et al., 2001; Atauri et al., 2004; Proença et al., 2010). The nature of
the canopy, expressed as the dominant tree, has been consistently
Table 2
Results of the inter-patch analysis of the species–area relationship obtained for each forest
Fig. 2) and for each group of species richness: total (St), native (Snative), alien (Salien), herbace
slope, the constant, the regression coefficient and the statistical significance of the regress

Pinus forest stands Mixed forest stan

z c r2 p z c

St �0.44 3.46 0.19 0.28 0.19 0
Snative �0.50 3.63 0.22 0.24 �0.10 1
Salien 0.23 �0.32 0.03 0.68 0.07 0
Sherb 0.33 �0.16 0.17 0.31 0.57 �1
Swoody �0.80 4.71 0.26 0.19 0.11 1
stressed (e.g. Godefroid et al., 2005) as a determinant of plant spe-
cies richness at the ground level, namely for herbs and shrubs, due
to its influence on the radiation that arrives to the ground level and
even on soil characteristics (Estevan et al., 2007; Augusto et al.,
2002).

Stands dominated by the exotic E. globulus present the lowest
values for native species richness (Snative), which is also consistent
with previous reports on the reduction of floristic diversity in euca-
lypt plantations (e.g. see Briones and Ineson, 1996; Carneiro et al.,
2008; Lomba et al., 2011). Additionally, in the study area eucalypt
plantations hosted the highest values for alien species richness
(Salien). In these forest stands, the lower values of native species
richness (cf. Appendix A) may be promoting alien invasion by
decreasing community saturation and biotic resistance, making
the undergrowth of eucalypt stands more susceptible to colonisa-
tion by new species (Carneiro et al., 2008; Lomba et al., 2011).
The effect of patch isolation was not considered since in general
each of the targeted patches was immersed in an agricultural ma-
trix, sometimes in contact with urban areas, only occasionally near
other forest areas. Overall, patch attributes related to management
intensity (together with edge effects, which are considerable in
these small forest patches; see Fig. 3) appear to be key factors in
explaining patch species richness (Lomba et al., 2011).

4.2. Inter-patch species–area relationships

Total patch size was found not to be an important determinant
of plant species richness across the analysed set of woodlots. This
was expressed in the absence of significant relationships between
species richness and total patch area for both general (i.e. for the
whole set of patches) and specific (i.e. per patch type) SAR pat-
terns (step [1a] and [2a]; cf. Tables 1 and 2, respectively). This
suggests that, since small forest patches were selected for analy-
sis, the range of stand sizes may be outside the values for which
there is dependency of forest specialists on patch area (Rodrí-
guez-Loinaz et al., 2012). Moreover, understory colonisation by
generalist plant species from the surrounding farming matrix
may be homogenising species assemblages thereby obscuring
any possible effects of area over forest specialists (e.g. see Rodrí-
guez-Loinaz et al., 2012).

There could be many reasons for the absence of significant in-
ter-patch SARs, from isolation and other landscape attributes to
current and former use and management (e.g. see Ewers and
Didham, 2006; Gonzalez et al., 2010). Conversion and fragmenta-
tion caused by human activities have been identified as the most
important drivers of change in forest plant diversity (e.g. see Triso-
rio et al., 2010; Jamoneau et al., 2012). In such context, though
patch area has been referred as positively correlated to plant spe-
cies richness (e.g. forest species, Økland et al., 2006; Trisorio et al.,
2010; _Zmihorski et al., 2010), this was not the case for the studied
woodlots, and other factors may be influencing species richness in
the studied area, as mentioned previously for the same region
(Lomba et al., 2010, 2011). Proença et al. (2010) reported the
type (Pinus, mixed Pinus and Eucalyptus, and Eucalyptus dominated patches) (step [2a],
ous (Sherb) and woody (Swoody). Values of z, c, r2 and p are presented and represent the
ion model (log(S + 1) = logc + z log A), respectively.

ds Eucalyptus forest stands

r2 p z c r2 p

.80 0.07 0.31 �0.08 1.89 0.03 0.43

.90 0.03 0.36 0.21 0.69 0.10 0.24

.18 0.01 0.71 0.07 0.24 0.00 0.83

.34 0.20 0.07 0.21 0.19 0.10 0.22

.02 0.02 0.61 �0.24 2.33 0.13 0.07



Fig. 5. Results of the intra-patch analysis of species–area relationships obtained per forest type (step [2b], Fig. 2) and for each group of plant species: total (St), native (Snative),
alien (Salien), herbaceous (Sherb) and woody (Swoody). Vertical axis represents median z-values, whereas the 25th and 75th percentiles are represented by boxes and the 5th and
95th percentiles by whiskers. The horizontal axis reflects forest types: Pinus (P), mixed Pinus and Eucalyptus (M), and, Eucalyptus (E) dominated stands. Results for Kruskal–
Wallis, H (degrees of freedom, number of samples) and p are embedded in the figure; (�) identifies statistically significant differences between marked forest types (Mann–
Whitney test; p < 0.05).
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absence of significant inter-patch species–area relationships in the
case of plants for oak forest patches, and Pine and Eucalypt stands.
Also Simberloff and Gotelli (1984; see Lawesson et al., 1998) de-
scribed from studies in the American prairie-forest ecotone that
the total of several small sites tend to contain more species than
do single larger ones with the same total area, and that small sites
tend to have more species than larger sites, which often host fewer
species than expected. Among possible reasons for the absence of
such patterns are the differences related to life-history traits in
species responses e.g. weak correlation between stand area and
richness for forest-floor plants (Yamaura et al., 2008), different
contribution from forest interior versus edge habitats (e.g. Gonz-
alez et al., 2010), and the known impacts of land-use history in pat-
terns of species richness, particularly in the case of maintenance of
environmental heterogeneity within stands even when their area
decreases (e.g. see Bruun, 2000; Jamoneau et al., 2012).

Even if in apparent disagreement with SAR patterns described
in previous research (e.g. Lomolino, 2000; Dolnik and Breuer,
2008), the increase of patch area in the dairy farmlands of the
Northwest of Portugal appears to be directly connected to shifts
in forest management (Lomba et al., 2010, 2011; Proença et al.,
2010). More specifically, the shift towards industrial manage-
ment of eucalypt plantations has involved an increase in stand
size, thus it appears that the putative positive effect of forest
area may be masked by the negative effect of eucalypts (and
of the related intensive management regime) on the patterns
of plant species richness (e.g. see Atauri et al., 2004; Lomba
et al., 2011). Lomba et al. (2011) described similar patterns in
a previous research which aimed to address the joint and inde-
pendent effects of dominant tree species, forest patch spatial
attributes, and forest structure and management as drivers of
plant species richness and composition in small forest patches
scattered within intensive agricultural landscapes of north-west
Portugal.
4.3. Intra-patch species–area relationships

Whilst no relation was found for inter-patch SARs, this was not
the case for intra-patch analyses, both for the whole set of forest
patches (step [1b], Fig. 2) and across forest types (step [2b],
Fig. 2). In fact, significant intra-patch SARs (p < 0.05) were obtained
for all species groups (cf. Fig. 4). Values of SAR slopes (z-values),
recognised as adequate tools for the interpretation of species rich-
ness responses to area (e.g. see Dolnik and Breuer, 2008), revealed
that the strongest intra-patch increases of species richness with
area occurred for native species and for herbaceous species, signif-
icantly different from z-values for woody and alien species richness
(cf. Fig. 3). These different patterns obtained for distinct species
groups are consistent with those described by Gonzalez et al.
(2010) and Rodríguez-Loinaz et al. (2012). In their research, these
authors highlighted differential responses of plant species regard-
ing forest interior versus forest edges, e.g. forest habitat specialists
from interior areas show a positive relationship with an increase in
area, while generalists show no relationship and edge species were
described as negatively responding to woodlot area. Also, Lawes-
son et al. (1998) reported differential responses of species groups
to patch size, emphasising the fact that few species groups present
significant patterns consistent with increases in forest area.

According to some authors (e.g. those advocating the ‘‘habitat
diversity hypothesis’’, Jamoneau et al., 2011), area is actually a sur-
rogate for environmental heterogeneity, and even reduced patch
sizes, often detrimental to habitat specialists, can be suitable for
a number of species from neighbouring open habitats (as those
present in agricultural landscapes; Lomba et al., 2011). Our results
suggest frequent colonisation of forest edges by herbaceous native
species from the surrounding farmland matrix, which is promoted
by continuous propagule pressure and decreased biotic resistance
of managed stands (Petit et al., 2004; Jamoneau et al., 2011; Rodrí-
guez-Loinaz et al., 2012).
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Ecological conditions of forest patches represent, together with
plant species dispersal ability, important limiting factors for spe-
cies occurrence in fragmented landscapes (Petit et al., 2004; Guira-
do et al., 2007; Lomba et al., 2011). Stand structural properties (e.g.
forest structure, canopy cover, Estevan et al., 2007), disturbance re-
gime, management and spatial attributes (e.g. patch area, Guirado
et al., 2008; Yamaura et al., 2008); shape, Saura and Cabral, 2004)
are some of the factors that have been considered as determinants
of the species pool colonising forest fragments. Also, characteristics
related to the dominant species in the canopy (e.g. see Augusto
et al., 2002; Lomba et al., 2011) have been related to distinct
understory composition (e.g. by influencing the radiation that ar-
rives to the ground level or even soil characteristics; Augusto
et al., 2002; Estevan et al., 2007) and frequently reflect long-term
changes in land-use and in forest patch attributes (Estevan et al.,
2007; Guirado et al., 2008).

4.4. Implications for landscape management and planning

Although the species–area relationship has been assumed as a
general pattern across taxa (e.g. Lomolino, 2000), several studies
have reported the absence of this relationship in forest fragments,
e.g. for woody species (Cayuela et al., 2006). Land use history (e.g.
see Bruun, 2000; Jamoneau et al., 2012), differential responses of
species groups related to life-history traits (Kolb and Dieckmann,
2004; Ewers and Didham, 2006), and environmental heterogeneity
within forest patches have been referred as some factors able to
obscure such relationship (e.g. Jamoneau et al., 2011).

Total area of stands did not present any relationship with cur-
rent patterns of species richness (for any of the targeted species
groups) in the dairy farmlands of the Northwest of Portugal. Recent
studies performed in these intensively managed landscapes high-
lighted the complexity of species richness patterns and pointed
out the joint effect of several environmental and anthropic deter-
minants (Lomba et al., 2010, 2011). The fact that the increase of
patch area is not reflected in a significant increase of plant species
richness (in some cases, an inverse tendency was even observed),
seems to be related to shifts in the dominant tree species in the
canopy, since there has been an increase of patch area associated
with the intensification of management in forest stands following
the plantation of exotic species (e.g. monocultures dominated by
E. globulus, Proença et al., 2010; Lomba et al., 2011). Eucalypt plan-
tations are those exhibiting higher values of total area, but also
simpler shapes (Lomba et al., 2010, 2011), which together with
intensive management practices may be determining the lower
values of plant diversity. Conversely, the smaller woodlots domi-
nated by maritime-pine (a widely planted native tree) usually
present higher levels of plant diversity, which may be a result from
the maintenance of environmental heterogeneity inside the patch.
In fact, pine dominated stands present more complex shapes and
more irregular structure (e.g. see Lomba et al., 2011), derived from
the absence of intensive management regimes. This may be pro-
moting their ability to maintain higher levels of plant diversity
(particularly native and herbaceous species; cf. Figs. 4 and 5), even
with smaller patch areas, highlighting the importance of maintain-
ing some pine stands as refuges for plant diversity in intensive
farmland. Their importance is further enhanced by the fact that
they may act as source habitats in local landscapes, promoting a
regular propagule pressure from native plant species towards sink
habitats e.g. eucalypt stands (see e.g. Godefroid and Koedam,
2003a,b).

The analysis of the intra-patch SARs revealed, in general, signif-
icant relations between increasing (nested) areas and plant species
richness for all three analysed forest types. This suggests that (i)
further reductions of stand sizes due to conversion and fragmenta-
tion could have severe effects on plant diversity at the patch level,
and (ii) an increase of stand sizes would promote plant diversity,
provided that no significant shifts in management would follow.
Eucalypt stands exhibited the strongest SARs, which seems to be
expressing the significantly lower values of species richness at
the core of eucalypt dominated stands when compared with the
other forest types (see Fig. 3). Additionally, environmental condi-
tions and heterogeneity within Pinus and mixed stands may pro-
mote the ability for more (native) species to persist at the core of
stands. Conversely, alien invasive species seem to be less influ-
enced by area and thus to be more uniformly distributed inside for-
est stands across all forest types, highlighting the importance of
management regimes in determining the extent of invasion. In this
regard, the fact that eucalypt stands hosted more alien species than
other forest types suggests that moderate to strong disturbance
may favour invasion by controlling biotic resistance and allowing
invasive plants to take advantage of key life-history traits (e.g.
Vicente et al., 2010).

Overall, our results highlight the fact that the dominant canopy
tree and forest management intensity tend to buffer SARs among
patches but not within patches. In such context, the maintenance
of smaller and complex patches dominated by native species, un-
der rather extensive practices of forest management, can provide
important refuges for plant diversity in the intensive dairy farm-
land as the one studied here. Even if smaller, they still allow the
maintenance of high levels of native plant diversity (even if with
an important proportion of habitat generalists), while at the same
time contributing to limit the expansion of problematic alien inva-
sive species.
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