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Abstract Pollinator-mediated selection is one of the most

important factors driving adaptation in flowering plants.

However, as ecological conditions change through habitat

loss and fragmentation, the interactions among species may

evolve in new and unexpected directions. Human-induced

environmental variation is likely to affect selection

regimes, but as yet no empirical examples have been

reported. In the study reported here, we examined the

influence of human-induced habitat transformation on the

composition of pollinator assemblages and, hence, polli-

nator-mediated selection on the flower phenotype of Viola

portalesia (Violaceae). Our results indicate that pollinator

assemblages differed substantially in terms of species

composition and visitation rate between nearby native and

transformed habitats. Similarly, the insect species that

contributed most to visitation rates differed between plant

populations. While the magnitude and sign of pollinator-

mediated selection on flower length and width did not

differ between sites, selection for flower number lost sig-

nificance in the transformed habitat, and a significant pat-

tern of disruptive selection for flower shape, undetected in

the native habitat, was present in the transformed one.

Overall, the results of this study suggest that human-

induced habitat change may not only modify the species

composition of pollinator assemblages, relaxing the selec-

tion process on some flower characters, but they may also

create new opportunities for fitness-trait covariation not

present in pristine conditions.
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Introduction

Pollinator-mediated selection is one of the main factors

driving adaptation and diversification in angiosperms

(Hodges and Arnold 1994; Maad 2000; Medel et al. 2007).

The preference shown by pollinators for specific floral

phenotypes and the subsequent fitness advantage obtained

by a number of phenotypic variants relative to the

remaining individuals in the population is the proximal

factor by which natural selection influences the evolution

of flower phenotypes. Several studies have reported that

pollinator preference for some floral variants within pop-

ulations often creates a significant covariation between

floral characters and fitness in a wide variety of floral traits.

For example, significant short-term phenotypic selection

has been described for corolla size (e.g., Campbell 1991;

Campbell et al. 1996; Ambruster et al. 2005), corolla color

(e.g., Nagy 1997; Campbell et al. 1997), corolla shape

(e.g., Herrera 1993; Gómez et al. 2006), nectar guides (e.g.,

Medel et al. 2003), stigma exertion (e.g., Conner et al.

1996), spur length (e.g., Herrera 1993; Maad 2000), and

flowering date (e.g., Johnston 1991; Gómez 1993). Studies

of selection performed in a range of populations have also

shown variable results as populations often face variation

in the species composition of the pollinator assemblage

(e.g., Campbell et al. 1997; Totland 2001; Caruso et al.
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2003; Anderson and Johnson 2008). Since plants may

adapt to different pollinator species across populations, the

identification of the relevant floral traits involved in local

adaptation represents an important step towards under-

standing the mechanisms that determine the formation of

ecotypes and incipient pollinator-mediated speciation (see

reviews in Waser and Campbell 2004; Herrera et al. 2006).

However, in addition to the profuse literature documenting

pollinator-mediated selection, it has becoming increasingly

clear that the selective impact of pollination on flower

characters depends not only on factors inherent to the

pollination process, such as the composition of the polli-

nator species assemblage (e.g., Totland 2001; Anderson

and Johnson 2008), but also on factors extrinsic to the

pollination process, such as habitat variables (e.g., Totland

2001) and flower and foliar herbivory (e.g., Gómez and

Zamora 2000; Gómez 2003), and the ecological context

provided by the composition of the accompanying flora

(e.g., Rathcke 1983; Jennersten 1988).

Contemporary human-induced landscapes consist of

heterogeneous patches that often provide new habitats to

the native biota. Habitat degradation due to human activi-

ties, such as deforestation and farming, may modify the

composition of the pollinator assemblage, which in turn

may influence the selective regime experienced by plant

populations. While many studies have assessed the impact

of human activities on pollination service and plant

reproduction (e.g., Saunders et al. 1991; Ghazoul and

McLeish 2001; see review in Kearns et al. 1998), the

ultimate impact of human-induced habitat degradation on

pollinator-mediated selection has not been examined in the

literature. This omission is unfortunate because as eco-

logical conditions change through habitat loss and frag-

mentation, the interactions among the remaining species

may evolve rapidly in new directions (Thompson 1998). In

the study reported here, we addressed this issue by exam-

ining the relationship among the composition of the polli-

nator species assemblage, visitation rate, and phenotypic

selection on the floral traits of Viola portalesia in two

contrasting habitats.

Maulino forest is a native Chilean evergreen associa-

tion characterized by a wide spectrum of life forms and

tall sclerophyllous trees. This forest is located in the

Coastal Mountain Range between 35� and 37�S. It

develops under a Mediterranean-type climate (Di Castri

and Hajek 1976), with a dry season of 3–5 months and a

winter precipitation regime of 7–8 months. Cumulative

annual precipitation is 1,150 mm. Maulino forest is cur-

rently observed as a mosaic of highly fragmented patches

immersed in a matrix of Pinus radiata (Bustamante and

Castor 1998). In the last decade, the Maulino forest has

experienced a profound change in species richness and

abundance of different functional groups, seemingly as a

consequence of human-induced habitat change (Simonetti

et al. 2006). This transformation has produced a mosaic

of habitats with different levels of anthropogenic degra-

dation and microclimatic conditions, which result in a

heterogeneous diversity and abundance of pollinator spe-

cies across the landscape (Bustamante et al. 2006). This

scenario raises the question of the effects of habitat

transformation on the short-term floral phenotype evolu-

tion. We have therefore (1) examined whether the com-

position of the pollinator assemblages and visitation rate

differ between native and transformed habitats, and (2)

compared the strength, sign, and curvature of pollinator-

mediated selection on floral characters of V. portalesia

between habitats.

Materials and methods

Natural history and study site

Viola portalesia (Violaceae) is a perennial herb species

endemic to Chile that inhabits both the Maulino forest and

the matrix of Pinus radiata (Fig. 1). Plants produce one to

ten flowers during a season. The flowering and fruiting

season extends from September to December. Flowers are

self-incompatible and thus require cross-pollination by

pollen vectors for seed production. The five-petalled blue-

purple hermaphroditic flowers (Fig. 1b) produce a tri-valve

capsule that contains from 10–30 seeds per capsule. This

study was conducted in the Maule Region, Chile, during

the Austral spring season, between October and December

of 2007. The first site is located at Reserva Nacional Los

Ruiles (35�830S, 72�500W), in a protected area of approx-

imately 29 ha of native forest (Fig. 1a, native habitat

hereafter). The site has a south-east exposure and is situ-

ated at an elevation between 160–440 m a.s.l. The domi-

nant species are the caducifolius trees Nothofagus

alessandrii and Nothofagus glauca, which are often asso-

ciated with the subdominant evergreen Cryptocarya alba,

Aextoxicon punctatum, and Gevuina avellana, among oth-

ers (San Martin and Donoso 1996). The second site is

located 3.6 km from the native site and consists of a 20-

year-old plantation of Pinus radiata (35�500S, 72�270W)

(Fig. 1c; Pinus habitat hereafter). This population occurs at

an elevation range of 462–522 m a.s.l. and presents low

understory coverage as a consequence of logging and for-

estry activities. The two sites differ in their vegetational

structure, with a species richness of 131 species in the

native habitat and 66 in the transformed habitat. Similarly,

the native habitat had a higher population density of

V. portalesia in comparison to the Pinus radiata planta-

tion (mean density ± 1 standard error (SE); native 8.88 ±

0.97 ind m-2, Pinus 4.16 ± 0.56 ind m-2).
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Pollinator assemblages and visitation rate

We recorded the number and identity of visitors to

flowers of V. portalesia during 15-min observation peri-

ods between 0900 hours and 1700 hours. Censuses were

carried out from October 2007 to January 2008, thereby

covering the complete flowering season of V. portalesia.

We performed a total of 190 15-min censuses (47.5 h of

observation) in the native habitat and 108 15-min cen-

suses (27 h of observation) in the Pinus plantation.

Because of the unequal sampling effort between habitats,

we performed a rarefaction analysis combined with a

fitting method to calculate the expected number of species

at each habitat. To this end, we fitted an exponential

model to the species accumulation curve at increasing

focal samplings. Only species that introduced at least its

entire head into the floral tube were considered as poll-

inators in the analyses. Samples of each pollinator species

were taken for subsequent identification to the lowest

level of taxonomic resolution in the laboratory. To

determine the similarity in the pollinator assemblage

between habitats we used a proportional similarity test

(PS) calculated by

PS ¼ 1� 1

2

Xn

i¼1

Pai � Pbij j;

where, Pai and Pbi represent the proportion of total visita-

tion rate performed by taxon ‘‘I’’ in habitats ‘‘a’’ and ‘‘b’’,

respectively (see Schemske and Brokaw 1981). This index

ranges between 0 and 1, and take into account both the

identity of the pollinator and its relative visitation

rate. Values close to zero indicate a low similitude

between pollinator assemblages, and values close to one

indicate high similitude. Since this index does not pro-

vide information on confidence intervals, we performed a

Montecarlo test using 5,000 data randomizations using

Poptools (available at: http://www.cse.csiro.au/poptools/

download.htm).

Morphometric analyses

We tagged and measured all open but not withered flowers

on 111 and 112 individuals in native and Pinus habitats,

respectively. Floral measurements were performed from

digital pictures taken from a perpendicular orientation to

the plane of flowers, using a graded ruler (precision 1 mm)

to convert pixel measurements to a commensurate scale.

Digital photographs were analyzed using ImageJ software

(available in http://rsb.info.nih.gov./ij/). To quantify the

floral phenotype of V. portalesia we recorded (1) plant

height, from the ground to the tip of the plant, (2) the

number of flowers per plant, (3) flower length, from the

base of the peduncle until the tip of the landing petal, (4)

flower width, as the longest horizontal distance perpen-

dicular to the plane of symmetry, and (5) flower shape,

from geometric morphometrics analysis [see correlation

matrix of flower traits in Appendix 1 of the Electronic

Supplementary Material (ESM)].

The corolla shape of each population was described

using geometric morphometric analysis. The x, y coordi-

nates of 12 homologous landmarks per specimen were

digitized using the tpsDig software (package available at:

http://life.bio.sunysb.edu/morph). Landmarks were set at

the tip and base of each petal. The first step of the analysis

is a least-squares Procrustes superimposition of all speci-

mens to extract shape coordinates for use in subsequent

statistical analyses. The Procrustes method removes non-

shape variation by scaling all specimens to unit size,

translating them to a common location, and then rotating

them so that their corresponding landmarks line up as

closely as possible. The resulting shape coordinates can be

analyzed with the tools of multivariate statistics. To model

shape change, we used the thin-plate spline (TPS), which

represents change as a deformation between landmarks,

relative to a grand mean consensus form (Zelditch et al.

2004). The net shape change can be decomposed into

uniform and nonuniform components. The uniform

Fig. 1 a Native habitat in the

Reserva Nacional Los Ruiles, b
close-up of Viola portalesia
from a frontal perspective to the

corolla plane, c transformed

habitat in Pinus radiata
plantations
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component describes affine transformation (stretching or

shearing) with no bending energy applied on specific

landmarks. The nonuniform component describes trans-

formations that are different for different parts of the form.

The degree of change in height of the plate at each land-

mark as it is deformed to match the reference shape

encodes the amount of difference in shape present at that

landmark. The bending-energy matrix resulting from the

energy applied to every landmark is summarized as

eigenvectors (principal warps). Independent trends of

nonuniform shape change are obtained for each object

(individual) on each principal warp. In this way, the con-

tribution of every individual to the overall shape variation

can be quantified as relative warps using the scores of a

principal component analysis on the nonuniform fraction of

shapes. This analysis was performed using the tpsRelw

software.

Phenotypic selection analysis

We collected fruits of every tagged flower to estimate the

mean seed production per plant (WI). Individual relative

female fitness (w) was calculated as WI/Wmean, where

Wmean is the mean population fitness. The variance in rel-

ative fitness allows the opportunity for selection (I) to be

estimated. This coefficient indicates the upper limit of the

selection intensity that can act on any flower character and

permits estimation of the chance that traits of V. portalesia

have to be selected at each population. To determine the

magnitude, direction, and shape of selection acting on

flower characters, we quantified the selection differentials

and linear and nonlinear gradients of selection using the

methodology proposed by Lande and Arnold (1983). The

selection differential (S) estimates the total expected phe-

notypic change, including direct and indirect selection

through correlated characters. It is calculated as a covari-

ance of each character and fitness, SI = COV(zI, w), where

zI is the character ‘‘I’’, and w is relative fitness. The sta-

tistical significance of SI values was obtained from Pear-

son’s correlation analysis. To estimate the strength and

direction selection acting directly on characters, that is

excluding indirect selection, we used the multivariate lin-

ear model of Lande and Arnold (1983),

w ¼ aþ
Xn

i¼1

bIzI þ e;

where w is relative fitness, a is a constant, bI represents the

average slope of the selection surface on the character

zI, and e is an error term. The linear gradient of selection,

b, provides information on the direction and magnitude

of change expected after selection. Nonlinear selection

describes the nature of selection acting on the quadratic

deviations from mean individual characters and the

relationships between combinations of characters.

Nonlinear gradients were estimated from the second

order coefficients,

w ¼ aþ
Xn

i¼1

bIzI þ 1=2þ
Xn

i¼1

ciiz
2
I þ

Xn

i¼1

Xn

i6¼j

czIzj þ e;

where cii represents the curvature of the relationship

between character ‘‘I’’ and relative fitness. When cii \ 0

(downward concavity), stabilizing selection is acting on a

given character, and when cii [ 0 (upward concavity) the

character ‘‘I’’ is under the action of disruptive selection.

The directional selection gradients (b) were estimated only

from the multivariate linear model because if characters are

multivariate nonnormally distributed, zI and zI
2 in the qua-

dratic model are intercorrelated (Lande and Arnold 1983).

Each character was standardized to zero mean and unit

variance before analysis. This transformation allows phe-

notypic change to be expressed in terms of standard devi-

ation units, therefore enabling comparison between

populations. The standardized differential of selection was

described as S0 and the linear and quadratic standardized

gradients as b0 and c0, respectively. The statistical signifi-

cance of linear and nonlinear selection gradients was

obtained directly from the significance of regression coef-

ficients. In order to reduce potential type-I statistical error,

we performed a sequential Bonferroni adjustment with a

tablewise P value = 0.05 (Rice 1989). To compare selec-

tion coefficients between populations, we performed anal-

ysis of covariance (ANCOVA) for characters showing

statistical significance. Linear and nonlinear relationships

and their respective interactions were included in the same

ANCOVA model.

Results

Pollinator assemblages and visitation rate

There was a 12.5% increase in the number of pollinator

species in the Pinus plantation relative to the native habitat.

However, habitats did not differ in terms of the number of

species in the insect orders responsible for the pollination

of V. portalesia (G test, G = 4.01, df = 3, P = 0.279).

Globally, in terms of species contribution to the total

assemblage, Hymenoptera (44%, 7 species) and Diptera

(38%, 6 species) were the most important orders in the

native habitat, and Hymenoptera (39%, 7 species) and

Coleoptera (28%, 5 species) in the transformed habitat

(Fig. 2, see the list of species in Appendix 2 of the ESM).

Rarefaction analysis and exponential fitting indicated that

the expected number of species was 19.4 and 19.1 in the
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native and transformed habitats, respectively. Conse-

quently, our measurements of pollinator species richness

may have underestimated the number of species in the

native habitat and transformed habitat at the most by 17.5%

(3 species) and 5.8% (1 species), respectively. In terms of

visitation rate (given as the mean ± SE), there was a lower

overall visitation rate in the native than transformed habitat

(native 0.02 ± 0.01, Pinus 0.08 ± 0.03; t test, t1,28 = 2.75,

P = 0.010; Fig. 2b), indicating that flowers inhabiting the

transformed habitat had a higher chance of becoming vis-

ited. In the native habitat, the bee Manuelia gayatina was

the pollinator with the highest visitation rate (0.11 ± 0.03

visits flower-1 h-1) (see Appendix 2 of the ESM]. In the

transformed habitat, the beetle Arthrobrachus nigroma-

culatus had the highest visitation rate (0.69 ± 0.14 visits

flower-1 h-1). Of the 30 insect species, four were shared

between habitats, which in combination with visitation

rate figures rendered a low proportional similarity index

between assemblages (0.07 ± 0.08; see Schemske and

Brokaw 1981).

Pollinator-mediated selection

The opportunity for selection (I) did not differ between

habitats (Inative = 0.065, IPinus = 0.052, F1,221 Bartlett’

test = 1.44, P = 0.229, F1,221 Levene’s test = 1.85,

P = 0.175), indicating that populations have a similar

chance to evolve under pollinator-mediated selection. We

found significant coefficients for total selection in native

and Pinus habitats. However, while flower number was the

only flower character showing statistical significance in the

native habitat, flower length and width were significant in

the Pinus habitat (Table 1). When traits were analyzed for

direct selection, that is, removing the effect of selection

through correlated characters, all significant coefficients

disappeared, indicating that pollinator-mediated selection

acting directly on floral traits was unimportant in the two

populations of V. portalesia (Table 2; Fig. 3), Interest-

ingly, however, a significant disruptive selection on the

first descriptor of flower shape (RW1) was detected in the

Pinus habitat, indicating the emergence of a selection

surface undetected in the pristine habitat (Table 2).

Because the aim of this study is to evaluate potential dif-

ferences in the selection regime between habitats, we

performed a comparison of selection coefficients in

ANCOVA. The results revealed an important habitat effect

on seed production (Table 3), which is consistent with the

higher seed production observed in the Pinus habitat. Not

Fig. 2 a Composition of pollinator species assemblages in native and

transformed habitats. The percentage of the total assemblage that is

accounted by different insect orders is indicated. b Mean visitation

rate of insect orders in native and transformed habitats. Values per

order are the grand mean of species visitation rates

Fig. 3 Cubic spline estimate for corolla shape of V. portalesia in the

Pinus habitat. Dashed lines represent ±1 SE estimates from 5,000

bootstrap replications. Depicted outlines along the x-axis are mean

corolla reconstructions for the lower, medium, and upper 33th

percentile of data along the RW1 score distribution
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all flower characters under significant selection within

habitats showed a different pattern of selection between

habitats. For example, selection on flower length and

flower width did not differ between native and Pinus

habitats (Table 3). On the contrary, selection on flower

number differed significantly between habitats. Plants with

large inflorescences produced fewer seeds per flower than

plants with small inflorescences in the National Reserve

but not in the transformed habitat, suggesting the presence

of an inflorescence size–seed number tradeoff in the pris-

tine habitat only. Likewise, flower shape was under dis-

ruptive selection only in Pinus (Table 2), and overall

selection acting upon RW1 differed between the two

environments (Table 3), indicating that significant trait

covariation between flower shape and fitness may arise in

disturbed habitats where new selective scenarios may

occur. Figure 3 indicates that flowers inhabiting the Pinus

habitat exhibit important variation along the shape axis.

While flowers located at the left of the mean shape show a

displacement of the lateral petals toward the lower region

and a concomitant movement of the upper petals toward

the main symmetry axis, flowers at the right of the mean

shape are characterized by an overall loss of corolla

symmetry.

Discussion

We have examined the extent to which human-induced

habitat modification translates into variation in pollinator-

mediated selection on the flower phenotype of the herb V.

portalesia. To this end, we evaluated the composition of

pollinator assemblages, the visitation rate experienced by

V. portalesia, and the flower characters under pollinator-

mediated selection in two adjacent populations that inhabit

contrasting habitats. Our results indicate that selection

differed in some—but not all—floral characters between

habitats. While significant selection differentials were

found in the two habitats (Table 2), populations showed a

relatively idiosyncratic pattern of selection. For example,

selection for flower number was important in the native

habitat only, which rendered a significant habitat 9 char-

acter interaction effect in ANCOVA (Table 3). On the

contrary, flower shape was under disruptive selection in

Pinus but not in the native habitat, where no consistent

pattern for this trait was found (Tables 2, 3). These results

suggest that while habitat degradation may relax selection

on some traits, novel selection patterns, not found in native

habitats, can be produced de novo under new habitat

conditions.

Table 1 Plant and floral traits in native and transformed habitats

Trait Native Transformed t

Plant height (cm) 57.32 (2.07) 54.19 (1.9) 1.05

Flower number 8.77 (0.46) 10.11 (0.6) 1.67

Corolla length (cm) 1.12 (0.01) 1.35 (0.02) 41.23***

Corolla width (cm) 2.13 (0.03) 2.46 (0.03) 25.69***

Seeds per fruit 16.02 (0.39) 23.74 (0.51) 11.96***

*** P \ 0.001

Values are given as the mean with the standard error (SE) given in

parenthesis. Degrees of freedom for Student’s t tests are 1,221 in all

comparisons. All significant characters retained significance after

Bonferroni adjustment

Table 2 Pollinator-mediated selection coefficients in populations of Viola portalesia inhabiting native and Pinus radiata (transformed) habitats

Trait I Population SI
0 bI

0 cii
0

Plant height Native 0.060 0.034 (0.03) 20.004 (0.02)

Transformed 0.013 0.033 (0.03) 20.015 (0.02)

Flower number Native -0.317**a 20.070 (0.04) 20.0002 (0.01)

Transformed 0.007 0.027 (0.03) 20.025 (0.02)

Flower length Native 0.212* 0.042 (0.03) 20.024 (0.04)

Transformed 0.274*a 0.052 (0.04) 20.051 (0.03)

Flower width Native 0.227* 0.011 (0.04) 20.018 (0.03)

Transformed 0.287*a 0.006 (0.03) 20.024 (0.02)

Shape 1 (RW1) Native 0.215* 0.043 (0.03) 20.026 (0.02)

Transformed 20.088 20.013 (0.02) 0.052 (0.02)*a

Shape 2 (RW2) Native 20.142 20.035 (0.02) 0.013 (0.02)

Transformed 20.032 0.018 (0.02) 20.021 (0.02)

* P \ 0.05; ** P \ 0.01

SI Standardized selection differential; bI
0, cii,

0 standardized directional and stabilizing/disruptive selection gradients, respectively

Values in parenthesis are 1 SE
a Coefficients that retained statistical significance after Bonferroni adjustment on an habitat basis
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As in every comparative study of phenotypic selection,

unraveling the causes of the differences in selection

between sites is an important challenge. It has been shown

that selection often varies between different locally adapted

populations as a consequence of different biotic and abiotic

environmental factors (e.g., Campbell et al. 1997; Totland

2001; Caruso et al. 2003; Anderson and Johnson 2008).

Three non-mutually exclusive factors may account, at least

in part, for the observed selection pattern.

First, it is likely that differences in the community

context between habitats account for variation in the

selection regime (see Totland 2001). Variation in the

resource base for pollinators between habitats may have

modulated the importance of floral traits involved in pol-

linator attraction. For example, the almost threefold higher

species richness of flowering plants found in the native

habitat than in the Pinus habitat (161 and 66 species,

respectively) may have represented a higher resource basis

for pollinator species, resulting in a lower visitation rate

and lower seed production per fruit in the native habitat

(Table 1). This suggests that traits increasing pollinator

attraction may have been under strong selection mostly in

the native habitat. One of these traits is flower number. It

has been extensively reported that large flower number

increases pollinator attraction (e.g., Wyatt 1982; Eckhart

1991; Vaughton and Ramsey 1998; Mitchell et al. 2004),

which in turn often results in significant directional selec-

tion for large floral displays within populations (e.g., Maad

and Alexandersson 2004). In this study, directional selec-

tion on flower number was observed only in the native

habitat (Tables 2, 3), which is consistent with the concept

of context-dependent selection.

Second, several studies have evaluated whether changes

in pollinator assemblages are associated with concomitant

changes in flower morphology (e.g., Mitchell 1994; Sazima

et al. 1999; Nattero and Cocucci 2007), odor (e.g., Ack-

erman et al. 1997), pollen and nectar availability (e.g.,

Stone et al. 1998), phenology (e.g., Utelli and Roy 2000),

and color (e.g., Miller 1981; Medel et al. 2007). Compar-

ative studies of phenotypic selection performed on differ-

ent populations have shown variable results as populations

face variation in the species composition of pollinator

assemblages (e.g., Campbell et al. 1997; Totland 2001;

Caruso et al. 2003; Anderson and Johnson 2008). In our

study, despite the 2.3 km proximity between populations,

the two habitats differed conspicuously in terms of the

composition, visitation rate, and species dominance of

pollinator assemblages. Only four of 30 pollinator species

were shared between habitats, which together with the low

7% proportional similarity suggest that variation in the

composition of pollinator assemblages may have been a

relevant factor that shifted the targets of selection between

populations. Even though these differences are quite sig-

nificant, the sampling intensity in the two habitats was not

equivalent, being lower in the Pinus habitat than in the

native habitat (native habitat 47.5 h, transformed habitat

13.25 h). The severe and constant human activity in the

Pinus plantation prevented us from performing a similar

sampling in the two sites, probably leading to an under-

estimation of the richness of the pollinator species in the

transformed habitat. Regardless of differences in sampling

effort, the proportional representation of hymenopteran and

coleopteran species as flower visitors differed substantially

between habitats (Fig. 2). While hymenopterans reduced

their visits from 63% in the native habitat to 12% in the

Pinus habitat, coleopterans showed the reverse pattern,

increasing their visits from 7% in the native habitat to 47%

in the Pinus habitat. Whether this alternative preference

translated into the disruptive pattern observed in the Pinus

habitat is a challenging question. One possibility is that

different pollinators differ in their flower shape preferences

(see also Medel et al. 2003; Gómez et al. 2006). If cole-

optera and diptera visit flowers with different flower

shapes, this trait may have been pivotal in determining, at

least in part, the selection pattern found in the transformed

habitat. While some investigations have reported that dip-

terous species often use large floral displays as clues that

influence the foraging decisions (see review in Weiss

2001), little is known about the flower characters preferred

by coleopterans. However, what little information is

available indicates that flower size, shape, and symmetry

influence landing behavior and visitation rate in Amphi-

coma beetles (Dafni 1997; Dafni and Potts 2004). The

Table 3 Analysis of covariance of character impact on female fitness

(seed production) in V. portalesia

Source df SS F

Habitat (H) 1 4.988 92.88***a

Flower number (F) 1 0.339 6.32*

Flower length (L) 1 0.188 3.51

Flower width (W) 1 0.143 2.67

Relative warp 12 (RW12) 1 0.019 0.36

H 9 F 1 0.454 8.46**a

H 9 L 1 0.009 0.16

H 9 W 1 0.012 0.22

H 9 RW12 1 0.513 9.56**a

Error 213

* P \ 0.05, ** P \ 0.01, *** P \ 0.001

Degrees of freedom (df), sum of squares (SS), and F values are listed.

Only characters showing a significant selection coefficient in any

habitat type were included in the analyses
a Source of variation that retained statistical significance after Bon-

ferroni adjustment
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extent to which changes in pollinator composition between

habitats is associated with a variable preference for dif-

ferent flower shape phenotypes needs to be assessed in

future studies. Studies that identify the flower shape vari-

ants preferred by the different pollinator species will be of

particular value in this context (e.g., Medel et al. 2003).

Third, it is likely that abiotic conditions external to the

plant–pollinator relationship cause a significant covariance

between flower characters and fitness in ways unrelated to

the pollination process. This possibility was first described

by Rausher (1992) to indicate that unless environmental

covariance is explicitly taken into account in Lande and

Arnold’s equations, estimates of selection could be

severely biased (see also Scheiner et al. 2002; Stinchcombe

et al. 2002; Kruuk et al. 2003). In this case, because the two

sites are segregated along an elevation axis by 22 m, it is

unlikely that any difference in vegetation and pollinator

composition results from elevation differences rather than

from human disturbance. Even though we cannot rule out

this possibility, the two sites did not differ in temperature

[mean ± SE: native 13.5 ± 0.14�C; Pinus 13.3 ± 0.18�C,

t1,215 = 0.03, P = 0.97] and humidity at the ground level

(native 9.8 ± 0.8%, Pinus 11.1 ± 2.2%, t1,83 = 0.54,

P = 0.59), which suggests that these abiotic variables are

not important in determining the different selection pat-

terns in the two habitats. Notwithstanding, other abiotic

factors not measured in this study, such as soil chemistry

(Rivas et al. 2009) and light availability, among others,

cannot be ruled out as factors that influence the trait-fitness

covariation between habitats.

Human-induced habitat change and replacement of the

native vegetation by P. radiata is the most plausible ulti-

mate explanation for the observed variation in pollinator

assemblages and pollinator-mediated selection. Several

studies have reported that human-induced habitat change

may modify the dominance and composition of species

assemblages (e.g., Vinson et al. 1993; Ghazoul and Mcleish

2001; Potts et al. 2001; Burgess et al. 2006) and plant

reproductive success (e.g., Aizen and Feinsinger 2003). For

example, studies performed in the Argentinean Chaco

revealed that habitat fragmentation substantially reduced

the diversity and abundance of native pollinator species,

which in turn has seemingly permitted the increase in

abundance and dominance of the exotic bee Apis mellifera

in forest fragments (Aizen and Feinsinger 1994). Likewise,

Steffan-Dewenter and Tscharntke (1999) observed that

farmer activities in Germany increased fragmentation and

native habitat loss, hence reducing bee species diversity

and pollination service for native flowering plants. In this

study, the gradual replacement of the original habitat by P.

radiata is a cumulative process that has occurred through

decades (Bustamante and Castor 1998). Currently, the

modified scenario has substantially influenced the structure

of plant–pollinator interaction networks through changes in

the main interacting species across the landscape (Medel,

unpublished data), probably as a direct consequence of

habitat change on plant biomass, light availability, diurnal

temperature, and evapotranspiration (e.g., Didham et al.

1996; Ghazoul and Mcleish 2001; Potts et al. 2001; Aizen

and Feinsinger 2003). Our results indicate that human-

induced habitat change may substantially modify the

composition of pollinator assemblages, their pattern of

flower visitation and, therefore, their selective impact on

flower characters. The extent to which human-induced

habitat change influences the evolutionary pathways of

native plant populations is a phenomenon that deserves

more attention in the literature, especially in a context of

global change where evolutionary changes are presumably

more rapid than previously thought (Thompson 1998,

2005; Hairston et al. 2005).
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bosque de Nothofagus obliqua (Mirb) Oerst y una plantación de

Pinus radiata D. Don del centro-sur de Chile. Rev Chil Hist Nat

82:119–134

San Martin J, Donoso C (1996) Estructura florı́stica e impacto
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