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Abstract The diversity of native species is assumed

to limit invasion by alien species, but there is a

negative relationship between native and alien species

diversity at fine spatial scales and a positive one at

broad scales. This contradiction has been termed the

invasion paradox, and it ensues from various processes

operating at different spatial scales, such as species

interactions and environmental heterogeneity. We

investigated the relationship between native and alien

plant species diversity components (a-, b- and

c-diversity) and their response to environmental

factors at three spatial scales (1, 50 m2, 0.25 km2) in

semi-natural agricultural habitats in Finland. Native

and alien species diversity components were posi-

tively correlated across spatial scales, and the beta

diversity contributed most to the total observed alien

and native species richness (c-diversity). The diversi-

ties of native and alien species were positively

associated with productivity at the 1 m2 scale. At

broader scales, alien and native species diversity

responded similarly to geographical location, but

differently to the productivity, disturbance and land-

scape diversity. Alien species diversity was positively

correlated with disturbance regime, whereas native

species were more strongly related to habitat type, and

decreasing land-use intensity. Native and alien diver-

sities were affected by both average and variability in

local habitat conditions. Thus, both favourable condi-

tions and heterogeneity in environmental conditions

may contribute to the diversity–invasibility relation-

ships. Disturbance regime typical of agricultural

habitats may create open niches for both native and

alien species, limit species competition even at fine

spatial scales and lead to a positive diversity–invasi-

bility relationship.

Keywords Biological invasions � Diversity

partitioning � Environmental heterogeneity �
Generalized linear mixed models � Invasion paradox

Introduction

Understanding the factors that determine the vulner-

ability of habitats and communities to plant invasions

is crucial for managing biodiversity conservation.

Species richness has been regarded as a potential factor

controlling community invasibility. The classic theory

of species invasions hypothesizes that communities

with high native species diversity are less vulnerable to

invasions than relatively simple communities due to

competition-driven biotic resistance (Elton 1958).
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Later, biotic resistance was recognized to be scale-

dependent: small-scale experiments frequently sup-

ported the prediction (e.g. Levine 2000; Naeem et al.

2000; Kennedy et al. 2002), whereas most of the

broader scale observational studies established a

contrasting pattern, indicating that native and alien

species diversity was positively correlated (e.g. Stohl-

gren et al. 1999, 2003; Deutschewitz et al. 2003;

Davies et al. 2005; Gilbert and Lechowicz 2005). This

contradiction has been termed the invasion paradox

(Fridley et al. 2007). Competing hypotheses have been

put forward to explain the phenomena at fine and broad

spatial scales and the invasion paradox has been

proposed to result from different processes operating at

different spatial scales, including niche exploitation,

resource availability, disturbance and competitive

abilities of the species (e.g. Fridley et al. 2007).

The biotic acceptance hypothesis suggests that

environmental factors that promote native species

diversity also promote alien species diversity, leading

to a positive correlation between native and alien

diversity (e.g. Stohlgren et al. 2003; Gilbert and

Lechowicz 2005; Stohlgren et al. 2006). This hypothesis

holds true also at the finest spatial scales, assuming the

same conditions promote both native and alien species

diversity, and the species diversity is not limited by

competition (e.g. Gilbert and Lechowicz 2005; Stohl-

gren et al. 2006). The spatial heterogeneity hypothesis

proposes that landscapes with greater spatial heteroge-

neity of environmental conditions are able to maintain

more native and alien species, leading to a positive

relationship between native and alien species at broader

spatial scales (Davies et al. 2005). In addition, the

relationship between native and alien species may be

influenced by competitive or facilitative interactions

among species (e.g. Elton 1958; Richardson et al. 2000),

propagule pressure (e.g. Levine 2000), productivity

(Davies et al. 2007) and disturbance regimes (e.g. Belote

et al. 2008; Clark and Johnston 2011) at different spatial

scales. For instance, a positive correlation can be

expected at sites with low productivity and a negative

correlation at high-productivity sites at fine spatial

scales (Davies et al. 2007; Sandel and Corbin 2010),

whereas disturbance can result in a positive correlation

across spatial scales (Belote et al. 2008).

Shea and Chesson (2002) proposed a theoretical

framework for examining correlation between native

and alien species richness and for solving the invasion

paradox (i.e. the shift from a fine-scale negative to a

broad-scale positive native-alien relationship) by

reconciling the issues of biotic resistance and niche

processes, such as resource availability and spatial

heterogeneity (Fridley et al. 2007). The within plot

heterogeneity at fine spatial scales is expected to be

low, and the effects of competition more apparent,

whereas at broader spatial scales the heterogeneity in

species composition and environmental conditions are

responsible for the positive relationship between

native and alien species (Levine 2000; Shea and

Chesson 2002; Davies et al. 2005).

The test for the hypotheses regarding the invasion

paradox calls for the exploration of ecological pro-

cesses operating at different spatial scales. However,

the research related to correlation between native and

alien plant species diversity in relation to environ-

mental conditions has mainly focused on examining

either favourable conditions for both native and alien

species (e.g. Stohlgren et al. 1999, 2003; Brown and

Peet 2003; Gilbert and Lechowicz 2005) or spatial

heterogeneity (e.g. Deutschewitz et al. 2003; Kumar

et al. 2006), and only few studies have estimated the

effect of these two hypotheses at multiple spatial

scales (e.g. Davies et al. 2005; Stohlgren et al. 2006;

Belote et al. 2008). Furthermore, the quantification of

species diversity components at multiple spatial scales

has been rare in previous studies of diversity–invasi-

bility relationships (but see Davies et al. 2005; Capers

et al. 2007). Generally, researchers have been con-

cerned with cumulative diversity (gamma diversity)

when studying diversity–invasibility relationships

(e.g. Stohlgren et al. 1999; Deutschewitz et al. 2003;

Gilbert and Lechowicz 2005; Davies et al. 2007;

Belote et al. 2008; Chen et al. 2010), whereas the

model of Shea and Chesson (2002) only accounted for

patterns of mean diversity (alpha diversity).

When the diversity components are partitioned

additively (c = a ? b) or multiplicatively (c = ab),

the gamma diversity rises as diversity within commu-

nities (alpha diversity) or differences among commu-

nities (beta diversity) increase (e.g. Lande 1996;

Capers et al. 2007). The relationship between native

and alien gamma diversity depends on the relative

contribution of alpha and beta diversity to gamma

diversity (e.g. Davies et al. 2005). Since, beta diversity

is a measure of spatial heterogeneity in species

composition and species turnover (see Anderson

et al. 2011), it indicates the spatial heterogeneity in

environmental conditions. Beta diversity and spatial
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heterogeneity of the environmental conditions may be

responsible for the positive relationship between

native and alien diversity broader spatial scales

(Davies et al. 2005). Nevertheless, beta diversity has

been seldom included in studies of native-alien

diversity relationships (but see Davies et al. 2005;

Capers et al. 2007). In agricultural habitats, beta

diversity contribute most to the gamma diversity

indicating considerable differences in community

composition among different spatial scales due to

environmental heterogeneity (Gabriel et al. 2006).

We examined the relationship between native and

alien plant species diversity components in semi-

natural agricultural habitats at three spatial scales: 1,

50 m2 and 0.25 km2. We expected to detect a positive

relationship between native and alien plant species at

broad spatial scales (50 m2 and 0.25 km2), and tested

whether it results from spatial heterogeneity of the

environmental conditions or favorable conditions for

both native and alien species. At the fine spatial scale

(1 m2), we hypothesized that low spatial heterogeneity

of the agricultural habitats and species interactions

leads to a negative relationship between native and

alien species (see e.g. Elton 1958; Shea and Chesson

2002; Davies et al. 2005; Gilbert and Lechowicz

2005). In order to understand the drivers of these

processes we included alpha, beta and gamma diver-

sity in the analyses. Partitioning gamma diversity into

within-community (alpha diversity) and between-

community diversity (beta diversity) and exploration

their relationship to variables of biogeographical

location, productivity, disturbance regime and land-

scape structure helps to understand the processes that

contribute to the native-alien diversity relationships.

Materials and methods

Study area and design

In order to sample typical agricultural landscapes, a total

of 52 sites (1 km2) in four geographic regions in Finland

were selected using stratified random sampling in 2001

(see details of the sampling design in Kuussaari et al.

2004; Jauni and Hyvönen 2010). The study regions,

which vary in species richness (e.g. Tarmi et al. 2002),

were situated within the southern and central boreal

vegetation zone. These included the three most impor-

tant and intensively cultivated areas of Finland in the

south, south-west and west, but also a less intensively

cultivated area in eastern Finland.

Each 1 km2 site was divided into four 0.25 km2

squares. Among these four squares, two most divergent

squares were selected in order to represent a contrast in

landscape heterogeneity within the 1 km2 site. Vascu-

lar plants were recorded along up to six individual

50 m long and 1 m wide transect lines in each

0.25 km2 square (see details in Kuussaari et al. 2004;

Jauni and Hyvönen 2010). All transects were situated

in non-crop habitats representing five distinct habitat

types: (1) field margin (margin between two agricul-

tural fields), (2) forest margin (margin of an agricul-

tural field adjacent to a forest), (3) road margin

(including margins of an agricultural field next to a

road and road verges within an agricultural landscape),

(4) grassland (including patches of uncultivated

meadow, abandoned fields and cultivated or natural

pastures), and (5) other habitats (including margins of

an agricultural field next to a waterway, cart-tracks and

other habitats few in number; details Jauni and

Hyvönen 2010). In addition, species were recorded

from three 1 m2 quadrats along each transect. Thus, the

grid comprised five spatial scales: (1) three quadrats in

each transect (quadrat: 1 m2), (2) up to six transects in

each square (transect: 50 m2), (3) two squares in each

site (square: 0.25 km2), (4) from 8 to 16 sites in each

region (site: 1 km2), and four regions within the grid. A

total of four regions, 52 sites, 104 squares, 580

transects and 1,740 quadrats were included in this

study (see details Jauni and Hyvönen 2010). The

analyses were conducted in three of the finest scales:

1 m2 quadrats, 50 m2 transects and 0.25 km2 squares.

The plant species nomenclature follows that of

Hämet-Ahti et al. (1998). The species were catego-

rized as native or alien according to Hämet-Ahti et al.

(1998) and Suominen and Hämet-Ahti (1993).

Archaeophytes and neophytes were pooled as alien

species due to the low number of neophytes (Jauni and

Hyvönen 2010). Neophytes were introduced into

Finland after the early seventeenth century (Hämet-Ahti

et al. 1998), whereas in Central Europe species are

classified as neophytes if introduced after the sixteenth

century (e.g. Pyšek et al. 2004).

Environmental variables

We measured several variables related to geographi-

cal location, productivity, landscape structure and
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disturbance regime. The local habitat variables mea-

sured at the 1 m2 quadrats included (1) the total

coverage of vegetation, (2) the coverage of bare

ground as a measure of disturbance, and (3) rockiness.

The coverage of bare ground and rocks were estimated

as continuous cover percentages (0–100%). The total

vegetation cover was measured as the sum of percent

cover of all species in a quadrat, and it was considered

as local measure of productivity (see e.g. Davies et al.

2007).

Environmental variables measured at 0.25 km2

squares, included geographical location and landscape

diversity. The mid-point (longitude and latitude) of

each 0.25 km2 square was used as a measure of

geographical location. In Finland, climate is strongly

related to geographical location, and temperature has a

decreasing trend toward north (e.g. Kivinen et al.

2006). The landscape composition was analysed by

calculating percentages of particular land-use types in

the 0.25 km2 squares, derived from aerial photographs

as described by Kivinen et al. (2006). Land-use types

were classified into five groups: (1) cultivated fields

(including cereal and fodder fields), (2) semi-natural

agricultural habitats (including fallow fields, non-

cropped, open agricultural land, mainly grazed and

ungrazed semi-natural grasslands and abandoned

fields and field margins, (3) forested areas, (4) water

(inland watercourses and marine water) and (5) built-

up areas (urban elements and other man-made struc-

tures; Kivinen et al. 2006). Landscape diversity was

measured by Shannon–Wiener diversity index calcu-

lated on land use type data. The values of Shannon–

Wiener diversity index were negatively correlated

with the area of cultivated field (rs = -0.609,

P \ 0.001), whereas the areas of semi-natural agri-

cultural habitats (rs = 0.539, P \ 0.001) and forested

areas (rs = 0.419, P \ 0.001) were positively corre-

lated. Landscape diversity was considered as a mea-

sure of low-intensity land-use and spatial heterogeneity

at landscape level.

Diversity partitioning

At three spatial scales (1, 50 m2 and 0.25 km2), we

portioned gamma diversity (i.e. the observed total

species richness) into alpha and beta diversity using

the additive partitioning approach c = a ? b (Allan

1975; Lande 1996; Veech et al. 2002; Gabriel et al.

2006). The additive partitioning of species diversity

allows direct comparison of alpha and beta diversities

and it can be used at multiple spatial scales (Veech

et al. 2002). The gamma diversity was defined as the

total number of species observed within each spatial

scale (quadrat, transects, squares). The alpha diversity

(within-unit diversity) was the mean number of

species observed at the lower spatial scale. For

instance, for the 0.25 km2 squares alpha diversity

was defined as the mean species richness observed in

50 m2 transects. Beta diversity can be estimated by

subtracting alpha diversity from gamma diversity

(b = c - a; e.g. Lande 1996; Veech et al. 2002).

Mean gamma diversity at the given scale is equivalent

to alpha diversity at the next larger scale (e.g. Gabriel

et al. 2006). For instance, the mean of total species

richness (=gamma diversity) in 50 m2 transects is

equivalent to the mean alpha diversity for the

0.25 km2 squares. Thus, the total species richness at

one scale results from the beta diversity and the total

species richness (i.e. a sum of alpha and beta diversity)

of the next lower scale. Because beta diversity requires

information on the variation of the diversity at the

lower scale, we could not calculate beta diversities for

our lowest spatial scale, i.e. the 1 m2 quadrat.

Statistical analyses

We used generalized linear mixed models with

Poisson distribution to determine whether positive or

negative correlation existed between native and alien

species at different spatial scales. In the models, an

alien species diversity component (alpha, beta or

gamma diversity) was used as the response variable

and native diversity component as the explanatory

variable. In the models, ID number of the upper scale

was used as a random term to reduce the spatial

dependence of the data points. For instance, in the

models for 50 m2 transects, the ID number of

0.25 km2 squares was used as a random term. If

over-dispersion was detected in the generalized linear

models, it was corrected with a quasi-poisson distri-

bution. The significance of the explanatory variable

was tested with the Wald t test for generalized linear

mixed models.

We analyzed how the environmental variables

describing geographical location, productivity, distur-

bance, landscape structure affected diversity partitions

of alien and native plant species at three different

spatial scales (1, 50 m2, and 0.25 km2) using
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generalized linear mixed models with Poisson distri-

bution. If overdispersion occurred, it was corrected

with the quasi-poisson distribution. At 1 m2 quadrats,

we included local habitat variables (i.e. total vegeta-

tion cover, bare ground and rockiness) in our model

selection procedures. In addition, the ID numbers of

50 m2 transects were used as random terms for 1 m2

quadrats. To test whether the correlation between

native and alien species diversity results from the

spatial heterogeneity of the environmental conditions

or favourable environmental conditions, we conducted

two sets of generalized linear models at the broad

spatial scales (50 m2 transects and 0.25 km2 squares).

First, the mean values of the local habitat variables

were used as explanatory variables in models testing

the favourable-conditions hypothesis. Second, we

analysed the relationship between diversity compo-

nents and standard deviation (SD) of the local habitat

variables to investigate the importance of variability in

local habitat conditions in determining diversity–

invasibility relationships. In addition, we included

habitat type as a factor in the models and the ID

numbers of 0.25 km2 squares was used as random term

in the models for 50 m2 transects. At 0.25 km2

squares, geographical location (longitude and latitude)

and the landscape diversity (Shannon–Wiener diver-

sity index) were included as explanatory variables, as

well. Since there were two 0.25 km2 squares in each

1 km2 site, the ID number of the 1 km2 site was fitted

as a random term to overcome the problems of

pseudoreplication at the broadest spatial scale. At the

0.25 km2 scale, one outlier was detected and it was

omitted from the analysis. Prior to analyses, non-

normally distributed environmental variables were

log-transformed if the transformation improved nor-

mality. All linear models were performed using R

2.10.0 (R Development Core Team 2009).

Results

In total, 304 plant species were recorded, of which 103

(33.9%) were alien species. Most of the alien species

(82.5%) were archaeophytes. The total species rich-

ness (gamma diversity) was higher for native than for

alien plant species at all spatial scales (Fig. 1). At the

50 m2 transects, beta diversity contributed most to the

total species richness, being 60.9% of total alien

species richness and 63.7% of total native species

richness. At the 0.25 km2 squares, beta diversity

contributed slightly less to the total richness of alien

and native species (56.2 and 60.1%, respectively) than

at the 50 m2 transects. A positive relationship between

native and alien diversity was detected at all spatial

scales and for all diversity components (Fig. 2). The

correlation between native and alien beta diversity was

slightly lower than for alpha and gamma diversity.

Effect of environmental variables on diversity

partitions

At the 1 m2 quadrats, both native and alien species

richness (gamma diversity) was positively related to

total vegetation cover (P = 0.001 and P \ 0.001,

respectively), which indicates local productivity

(Fig. 3). In addition, native species were positively

associated with the rockiness of the habitat (P =

0.031; Table 1). The native species diversity was

highest in 1 m2 quadrats with high vegetation cover

and rockiness, whereas alien species diversity was

highest in quadrats with high vegetation cover.

At the 50 m2 transects, alien beta and gamma

diversity were positively correlated with mean of bare

ground (P = 0.001 and P = 0.002, respectively) and

Fig. 1 Mean values and standard deviations for gamma (c)

diversity in 1 m2 quadrats, and for alpha (a) and beta (b)

diversity in 50 m2 transects and 0.25 km2 squares. For 50 m2

transects and 0.25 km2 squares c = a?b. The alpha (a)

diversity of an upper scale equals that for gamma (c) diversity

of the next lower scale. For instance, alpha (a) diversity of

0.25 km2 squares equals that for gamma (c) diversity of 50 m2

transects
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all alien diversity components were positively associ-

ated with the variability in bare ground (Tables 1, 2).

In addition, alien alpha diversity was positively

correlated with mean vegetation cover (P = 0.023).

The diversity components for native species were

positively associated with the mean values of total

vegetation coverage (P \ 0.001), but native alpha and

gamma diversity were negatively related to variability

(SD) in total vegetation cover (P \ 0.001 and

P = 0.045, respectively). Thus, the alien diversity

increased with increasing variability in the coverage of

bare ground, whereas native alpha and gamma diver-

sity increased with decreasing variability in the

vegetation cover. The beta and gamma diversity of
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native species was positively related to the average

rockiness (P = 0.033 and 0.036, respectively),

whereas alien species diversities were uncorrelated

with rockiness. The beta and gamma diversity of

native species increased with increasing rockiness.

Native species diversity was more strongly associated

with habitat type than alien species diversity. The

diversity of native species was significantly higher in

forest margins than in field margins, whereas no

difference was detected for alien species diversity. The

species diversity of native and alien species was higher

in road margins and grasslands than in field margins.

At the broadest scale (0.25 km2 squares), alien

alpha diversity was positively associated with average

vegetation cover and bare ground. Alien beta and

gamma diversity were positively correlated with mean

rockiness and all alien diversity components were

positively associated with variability in rockiness

(Tables 1, 2). Native species diversity was positively

related to landscape diversity (Tables 1, 2). Native

species diversity tended to increase with increasing

landscape diversity, whereas alien diversity tended to

even decrease with increasing landscape diversity

(Fig. 4). Native alpha and gamma diversity were

positively related to average vegetation cover. In

addition, native diversity was positively correlated

with the mean and variance of rockiness. Alien and

native species diversity components were positively

correlated with longitude, and they were negatively

associated with latitude (Tables 1,2; Fig. 4). Alien and

native species diversity decreased with increasing

latitude and decreasing longitude. Both alien and

native species diversity were more strongly associated

with biogeographical location than with landscape

diversity and local habitat variables (total vegetation

cover, bare ground, and rockiness).

Discussion

Contrary to our expectations, we did not observe a

change from negative to positive in the alien-native

relationship with increasing spatial scale (see e.g.

Fridley et al. 2007). Our results showed that native and

alien plant diversity had a positive relationship in

semi-natural agricultural habitats regardless of the

spatial scale, and that competition did not limit

invasibility even at the finest spatial scale.

Our results showed that the relationship between

native and alien species was positive at broad spatial

scales (50 m2 and 0.25 km2) for all studied diversity

components, which was consistent with our expecta-

tion and other observational studies (e.g. Stohlgren

et al. 1999, 2006; Davies et al. 2005; Fridley et al.

2007). Our expectation that the relationship between

native and alien species would be negative at the fine

spatial scale (1 m2) was not supported. The theory of

biotic resistance suggests that a negative relationship

between native and alien species is expected in sites

where species interactions, such as competition, limit

the invasibility and extrinsic factors are relatively

constant (see Elton 1958; Shea and Chesson 2002;

Davies et al. 2005). However, we detected only

positive relationships between alien and native species

diversity. Thus, we did not find evidence that species

interactions such as competition limit the diversity of

alien and native species in agricultural habitats even at

a fine spatial scale. In these circumstances, the positive
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Table 1 Responses in (a) alien and native species richness

(gamma (c) diversity) in 1 m2 quadrats, (b) in alpha (a), beta

(b) and gamma (c) diversity of alien and native species in

50 m2 transects, and (c) alpha (a), beta (b) and gamma (c)

diversity of alien and native species in 0.25 km2 squares to

favourable environmental conditions analyzed with generalized

linear mixed models

a diversity b diversity c diversity

Estimate Wald t P Estimate Wald t P Estimate Wald t P

(a) 1 m2 quadrat

Alien species

Intercept 1.10

Total vegetation cover (%) 0.00 2.97 0.003

Native species

Intercept 1.31

Total vegetation cover (%) 0.01 7.54 \0.001

Rockiness (%) (Log) 0.12 2.16 0.031

(b) 50 m2 transect

Alien species

Intercept 1.08 1.66 2.17

Habitat type

Forest 0.07 1.48 0.140 0.09 1.69 0.091 0.07 1.62 0.106

Road 0.21 4.41 \0.001 0.24 4.46 \0.001 0.23 5.46 \0.001

Grassland 0.10 1.87 0.062 0.15 2.38 0.018 0.12 2.63 0.009

Other -0.13 -1.61 0.109 0.06 0.72 0.471 -0.01 -0.11 0.910

Mean total vegetation cover (%) 0.00 2.29 0.023

Mean bare ground (%) (log) 0.16 3.23 0.001 0.13 3.16 0.002

Native species

Intercept 1.18 1.80 2.25

Habitat type

Forest 0.18 4.61 \0.001 0.31 6.95 \0.001 0.26 7.01 \0.001

Road 0.19 4.79 \0.001 0.18 3.78 \0.001 0.18 4.61 \0.001

Grassland 0.14 3.16 0.002 0.29 5.75 \0.001 0.23 5.63 \0.001

Other -0.02 -0.33 0.741 0.13 1.90 0.058 0.07 1.28 0.201

Mean total vegetation cover (%) 0.01 5.73 \0.001 0.00 3.58 \0.001 0.00 4.71 \0.001

Mean rockiness (%) 0.02 2.11 0.036 0.01 2.14 0.033

(c) 0.25 km2 squares

Alien species

Intercept -64.77 -36.82 -54.67

Longitude (log) 12.70 7.59 \0.001 9.18 5.47 \0.001 11.63 8.34 \0.001

Latitude 0.00 -9.69 \0.001 0.00 -11.89 \0.001 0.00 -12.83 \0.001

Mean total vegetation cover (%) 0.01 2.60 0.013

Mean bare ground (log) 0.13 2.08 0.043

Mean rockiness (%) 0.33 2.29 0.027 0.28 2.45 0.018

Native species

Intercept -84.12 -42.29 -56.29

Longitude (log) 14.46 11.04 \0.001 8.01 6.06 \0.001 10.29 8.92 \0.001

Latitude 0.00 -6.29 \0.001 0.00 -5.10 \0.001 0.00 -6.71 \0.001

Landscape diversity 0.17 2.56 0.014 0.16 2.19 0.033 0.16 2.67 0.011

Mean total vegetation cover (%) 0.01 3.68 \0.001 0.00 2.61 0.012

Mean rockiness (%) (log) 0.23 2.03 0.048 0.26 2.20 0.033 0.25 2.47 0.012

Only significant variables are shown

1386 M. Jauni, T. Hyvönen

123



correlation between alien and native species diversity

can be explained by favorable conditions for both

native and alien species (e.g. Stohlgren et al. 2006) or

spatial heterogeneity in environmental conditions (e.g.

Davies et al. 2005).

Environmental conditions that promote native spe-

cies diversity can also favor alien species diversity,

when species richness is not limited by competition

(e.g. Gilbert and Lechowicz 2005; Stohlgren et al.

2006). Due to improved conditions, including increased

disturbance, resource availability and propagule pressure,

a positive relationship between native and alien

diversity may be expected, especially in agricultural

habitats even at the fine spatial scale (see e.g. Brown

and Peet 2003; Fridley et al. 2007). According to our

results, alien and native species diversity responded

similarly to geographical location, but differently to

the landscape diversity and productivity at 0.25 km2

squares. In addition, the responses of native and alien

diversity components varied in terms of productivity,

disturbance and habitat at 50 m2 transects, and in terms

of rockiness at both 1 m2 quadrats and 50 m2 transects.

Table 2 Responses in (a) in alpha (a), beta (b) and gamma (c)

diversity of alien and native species in 50 m2 transects, and

(b) alpha (a), beta (b) and gamma (c) diversity of alien and

native species in 0.25 km2 squares to variation of the

environmental conditions analyzed with generalized linear

mixed models

a diversity b diversity c diversity

Estimate Wald t P Estimate Wald t P Estimate Wald t P

(a) 50 m2 transect

Alien species

Intercept 1.33 1.61 2.17

Habitat type

Forest 0.06 1.19 0.235 0.07 1.31 0.193 0.06 1.50 0.133

Road 0.22 4.45 \0.001 0.24 4.48 \0.001 0.23 5.47 \0.001

Grassland 0.10 1.81 0.070 0.15 2.52 0.012 0.13 2.66 0.008

Other -0.13 -1.62 0.106 0.08 0.94 0.346 -0.01 -0.11 0.913

SD bare ground (log) 0.12 2.54 0.011 0.15 2.76 0.006 0.15 3.53 0.001

Native species

Intercept 1.76 2.12 2.64

Habitat type

Forest 0.16 4.14 \0.001 0.30 6.72 \0.001 0.24 6.69 \0.001

Road 0.20 5.14 \0.001 0.20 3.734 \0.001 0.20 5.26 \0.001

Grassland 0.15 3.40 0.001 0.30 5.90 \0.001 0.24 5.81 \0.001

Other -0.02 -0.30 0.766 0.15 2.13 0.034 0.08 1.47 0.141

SD total vegetation cover -0.17 -5.36 \0.001 -0.06 -2.01 0.045

(b) 0.25 km2 squares

Alien species

Intercept -76.74 -37.19 -55.46

Longitude (log) 14.44 8.80 \0.001 9.22 5.50 \0.001 12.75 8.53 \0.001

Latitude 0.00 -9.42 \0.001 0.00 -11.99 \0.001 0.00 -13.11 \0.001

SD rockiness (log) 0.17 2.11 0.040 0.23 2.35 0.023 0.21 2.78 0.008

Native species

Intercept -95.49 -42.88 -64.05

Longitude (log) 16.17 11.47 \0.001 8.10 6.11 \0.001 11.46 9.86 \0.001

Latitude 0.00 -5.16 \0.001 0.00 -5.14 \0.001 0.00 -6.03 \0.001

Landscape diversity 0.19 2.72 0.009 0.17 -2.26 0.028 0.18 2.90 0.006

SD rockiness (log) 0.16 2.05 0.046 0.18 2.31 0.025 0.18 2.61 0.012

Only significant variables are shown
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Thus, our results suggest that alien and native species

are not favored by similar environmental conditions,

but it is more likely that the spatial heterogeneity in

resource availability, productivity, and disturbance

regime and propagule pressure create suitable niches

for both alien and native species, when competitive

interactions do not limit the diversity of native and

alien species. This will lead to coexistence and a

positive relationship between native and alien species

even at a fine spatial scale (see Davies et al. 2005, 2011;

Fridley et al. 2007; Sandel and Corbin 2010).

The spatial heterogeneity hypothesis has been

usually applied to broad spatial scales because the

environmental and disturbance-based drivers of com-

munity composition are expected to be relatively

homogeneous at the finer spatial scales (e.g. Davies

et al. 2005; Fridley et al. 2007). However, highly

disturbed habitats, such as agricultural habitats, have

high spatial heterogeneity (e.g. Simonova and Losos-

ova 2008), which could be perceived as differences in

habitat structure, productivity and disturbance even at

the finer spatial scales. Unfortunately, we could not

measure variability in local habitat conditions at the

finest spatial scale, but our results from the broad

spatial scales showed that alien and native diversity

were affected by both average and variability in local

habitat conditions. For instance at 0.25 km2 squares,

greater variability in rockiness supported more native

and alien species, but higher average rockiness also

resulted in more native and alien species. Thus, the

favourable conditions hypothesis and spatial hetero-

geneity hypothesis may not be mutually exclusive

(e.g. Belote et al. 2008).

We found that at fine spatial scale (1 m2) both

native and alien gamma diversity were positively

related to productivity, whereas at broader spatial

scale (50 m2) native species diversity components

were more often related to both average and variability

of productivity and alien species diversity components

to both average and variability of disturbance. At fine

spatial scales, where competitive interactions are more

apparent, and may vary with productivity, Davies et al.

(2007) found positive relationship between native and

alien diversity at low-productivity sites, and negative

at high-productivity sites. We studied agricultural

habitats, which generally have high productivity,

resources availability and disturbance, and which are

often invaded by alien plant species (e.g. Chytrý et al.
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2005; Simonova and Lososova 2008; Pyšek et al.

2010). Our previous results from the same data

revealed that among semi-natural agricultural habitats,

alien species favour frequently disturbed and inten-

sively managed habitats, whereas native species thrive

in more natural habitats in the vicinity of forested

areas (Jauni and Hyvönen 2010). Belote et al. (2008)

found a positive correlation between native and alien

species following disturbance across spatial scales

(from 1 m2 scale to 2 ha), thus more alien species may

invade species-rich communities compared to species-

poor communities after disturbance. Different inten-

sity and frequency of disturbance can increase

resource availability and/or propagule pressure, limit

species competition and maintain an open vegetation

canopy (e.g. Celesti-Grapow et al. 2006; Belote et al.

2008; Simonova and Lososova 2008; Clark and

Johnston 2011), hence creating suitable niches for

both native and alien species in disturbed agricultural

habitats. Thus, disturbance may create more spatial

heterogeneity and reduce competitive interactions

even in productive agricultural habitats resulting in

positive relationship between native and alien species.

At the broadest spatial scale (0.25 km2 squares),

native alpha, beta and gamma diversity were negatively

related to land-use intensity and positively to the

landscape diversity and forested areas. Previous studies

have indicated that both native and alien diversity is

positively associated with spatial heterogeneity at the

landscape level (Deutschewitz et al. 2003; Pino et al.

2005; Poggio et al. 2010), and that alien plant species

favour intensively managed, human-dominated land-

scapes (e.g. Chytrý et al. 2005; Lososová and Cimalová

2009; Polce et al. 2011; Vilà and Ibáñez 2011).

However, we found that alien species diversity compo-

nents were insignificantly associated with landscape

diversity, which describes the spatial heterogeneity at

the landscape level. There may be several possible

explanations for this phenomenon. First, the alien

species richness in Finnish agricultural habitats is rather

low compared to native species richness (e.g. Jauni and

Hyvönen 2010), and therefore there are more native

species available to occupy niches in specific habitat

types than alien species. For instance, native plant

species are more strongly related to the vicinity of forest

than alien plant species (Jauni and Hyvönen 2010). This

may cause more variability in species richness between

different landscapes. Generally, boreal agricultural

landscape is a mosaic of arable land and forest (e.g.

Luoto 2000), and complex farmland mosaics can

contribute to maintain plant diversity even at intensively

managed agroecosystems (e.g. Poggio et al. 2010).

Second, farming practices in boreal regions are usually

not as intensive as in temperate regions in Europe

(Ekroos et al. 2010), where positive effects of spatial

heterogeneity at landscape level have been found among

alien plant species (e.g. Deutschewitz et al. 2003; Pino

et al. 2005). Third, arable landscapes are dominated by

spring cereal fields in Finland and they are not

considered as benign habitat for alien plant species,

especially for neophytes (e.g. Hyvönen and Jalli 2011;

Lososová and Cimalová 2009). Thus, in intensively

managed agricultural landscapes the share of benign

habitat for alien species (e.g. Jauni and Hyvönen 2010)

may actually decline.

In addition, factors, which we did not consider in our

study, may have contributed to the positive relation-

ship between alien and native species. These factors

include for instance propagule pressure and the facil-

itative interactions between native and alien species. In

agricultural habitats, the propagule pressure is high

(e.g. Chytrý et al. 2008), and disturbance may create

openings that allow more alien and native propagules

to arrive and establish at a new site (Hobbs and

Huenneke 1992; Belote et al. 2008). Thus, increased

propagule pressure and dispersal-driven communities

can generate a positive relationship between native and

alien species even at fine spatial scales (Levine 2000;

Brown and Peet 2003; Fridley et al. 2007). In addition,

the low number of invasive alien species and high

proportion of archaeophytes in our data (see Jauni and

Hyvönen 2010) may explain why only a positive

relationship between native and alien species was

found. Ortega and Pearson (2005) suggested that the

negative correlation between native and alien species is

not driven by biotic resistance, but by strong invaders

that out-compete the native species. In our data, most

of the alien species were archaeophytes, i.e. they had

established their populations a long time ago (Jauni and

Hyvönen 2010), which responded like native species to

increasing agricultural intensification and propagule

pressure (Pyšek et al. 2005). This could also lead to a

positive relationship between alien and native species.

In accordance with previous studies, our study

suggests that additive diversity partitioning contrib-

utes to the understanding of spatial patterns of alien

and alien species diversity, and spatial scale depen-

dence of diversity components (e.g. Veech et al. 2002;
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Gabriel et al. 2006; Klimek et al. 2008). At broad

spatial scales, beta diversity contributed most to the

total observed species richness (gamma diversity)

indicating considerable differences in species compo-

sition among 50 m2 transects and 0.25 km2 squares.

This is consistent with previous studies from agricul-

tural habitats, showing that overall diversity of arable

weeds is strongly determined by beta diversity

(Gabriel et al. 2006; Klimek et al. 2008; Poggio

et al. 2010). The relative contribution of beta diversity

was slightly lower for total alien species richness than

for native species richness, which may be explained by

higher dispersal abilities of the alien plant species.

Dispersal between spatial units acts as a homogenizing

force reducing the beta diversity and increasing alpha

diversity since it contributes to maintenance of local

coexistence of the species (e.g. Loreau 2000; Gabriel

et al. 2006). This may lead to a stronger diversity–

invasibility relationship in alpha and gamma diversity

than beta diversity. Beta diversity of native and alien

plant species results from environmental heterogene-

ity in space, time, resources, disturbance regime and

niche differences among species (Loreau 2000;

Gabriel et al. 2006). In addition, higher beta diversity

of both native and alien species can ensue from greater

spatial heterogeneity in resource availability and

disturbance regime (Davies et al. 2005; Belote et al.

2008; Chen et al. 2010).

To conclude, we detected no evidence of the biotic

resistance in agricultural habitats. The positive relation-

ship across spatial scales tended to result from both

spatial heterogeneity and favourable conditions for alien

and native diversity. Disturbance regime, typical to

agricultural habitats, can reduce species competition,

create suitable niches and increase resources availability

and propagule pressure even at fine spatial scales.
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minants of native and alien species richness in the urban

flora of Rome. Divers Distrib 12:490–501

Chen H, Qian H, Spyreas G, Crossland M (2010) Native-exotic

species richness relationships across spatial scales and

biotic homogenization in wetland plants communities of

Illinois, USA. Divers Distrib 16:737–743
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