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There is increasing evidence that human disturbance can
negatively impact plant-pollinator interactions such as
outcross pollination. We present a meta-analysis of 22
studies involving 27 plant species showing a significant
reduction in the proportion of seeds outcrossed in
response to anthropogenic habitat modifications. We
discuss the evolutionary consequences of disturbance
on plant mating systems, and in particular whether
reproductive assurance through selfing effectively com-
pensates for reduced outcrossing. The extent to which
disturbance reduces pollinator versus mate availability
could generate diverse selective forces on reproductive
traits. Investigating how anthropogenic change influ-
ences plant mating will lead to new opportunities for
better understanding of how mating systems evolve, as
well as of the ecological and evolutionary consequences
of human activities and how to mitigate them.

Human activities influence plant-pollinator interactions
Human activities have dramatically altered natural
habitats in myriad ways with potentially significant con-
sequences for plant and animal inhabitants. Although
anthropogenic change has caused much concern regarding
the fate of biodiversity, human perturbations have also
provided opportunities for scientists to study ecology and
evolution in action. In some cases, these unplanned exper-
iments have been exploited to gain a better understanding
of fundamental problems in ecology and evolution, which
can ultimately yield improved strategies for conservation.
In this review we discuss the consequences of human
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impact on the ecology and evolution of plant mating sys-
tems.

Most plant species are hermaphroditic and many are
self-compatible. Hence, a major axis of variation in plant
mating systems involves the proportion of progeny pro-
duced through self-fertilization (selfing, s) versus cross-
fertilization with unrelated conspecific individuals (out-
crossing, ¢ = 1-s). The outcrossing rate (¢) is estimated
retrospectively by assaying seed progeny for polymorphic
genetic markers [1] and is influenced by interactions be-
tween flowers and pollinators, which determine the
relative amount of self versus outcross pollen arriving
on stigmas and are followed by physiological processes
that dictate the relative siring success of different pollen
types (e.g. self-incompatibility). Because plants have little
or no direct control over the environment in which they
mate, ¢ varies in response to an array of factors that affect
outcross pollination, such as the density and dispersion of
conspecific individuals and the abundance and foraging
behavior of pollinators [2].

There has been much discussion on how plant-pollina-
tor interactions are altered by a variety of human disturb-
ances, including habitat fragmentation [3-7], invasion by
nonindigenous competitors, pollinators and herbivores
[8,9] and climate change [10,11], but this has primarily
focused on how disturbance might affect pollinator popu-
lations and plant reproduction and demography, with little
consideration of impacts on mating patterns [12]. However,
anthropogenic influences on mating systems have signifi-
cant ecological and evolutionary consequences. Because
most plant species harbor a significant genetic load, the
frequency of outcrossing directly affects progeny vigor and
the demography of populations [13]. The mating system
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Glossary

Autofertility (AF): capacity of a plant to produce seed by spontaneous
(autonomous) self-pollination when isolated from pollinators, usually
measured by caging

Autogamy (a): transfer of self pollen between anthers and stigmas within the
same flower

Autonomous autogamy: spontaneous self-pollination without pollinator
activity caused by close proximity of dehiscing anthers and receptive stigmas
Competing or simultaneous selfing (c): occurs during the time when
outcrossing also occurs

Delayed selfing (d): occurs after all opportunities for outcrossing have
passed, often by contact between still-receptive stigmas and anthers contain-
ing still-viable pollen during flower senescence

Early-acting inbreeding depression: increased mortality of selfed zygotes
relative to outcrossed zygotes expressed between fertilization and seed
maturation

Facilitated autogamy (f): autogamous self-pollination caused by pollinator
activity

Geitonogamy (g): transfer of pollen between anthers in one flower and
stigmas in another flower on the same plant (geitonogamy is always
facilitated, so it is not specially designated as such)

Inbreeding depression (ID): inferiority of inbred progeny compared to
outbred progeny due primarily to the expression of deleterious recessive
mutations in homozygous inbred progeny. When comparing selfed versus
outcrossed progeny, ID is quantified as 8 = 1-ws/wx, Where wg and o, are the
fitness of selfed and outcrossed progeny, respectively

Outcross fertilization (X): Fertilization with pollen from an unrelated
individual (outcrossing)

Outcrossing rate (t): Proportion of seeds outcrossed, estimated using genetic
markers

Pollen discounting (PD): a reduction in outcrossed siring success of an
individual caused by self-pollination

Pollen limitation (PL): the extent to which the seed production of individual
plants is limited by the availability of pollen.

Prior selfing (p): occurs before opportunities for outcrossing; often caused by
dehiscence of anthers within an unopened bud

Reproductive assurance (RA): increase in seed production afforded by self-
pollination when a scarcity of pollinators or mates limits outcross pollination
Seed discounting (SD): reduced production of outcrossed seeds caused by
self-fertilization, either because selfing pre-empts ovules or because selfed
seeds use resources that could otherwise have been used to produce
outcrossed seed. Because SD involves resources, it can occur among ovules
within ovaries, among flowers on the same plant or between reproductive
seasons

Self-incompatibility (SI): inability of a hermaphrodite plant to produce seeds
following self-pollination due to physiological processes acting before
fertilization.

Self-pollination (s): fertilization with pollen from the same individual (selfing)

also influences the effective population size and opportu-
nities for gene flow and consequently the genetic diversity
and differentiation of populations, metapopulation
dynamics and possibly the rate and trajectory of evolution
[14]. Changes to mating systems might influence the evol-
ution of key floral traits over ecological time scales. Strik-
ing variations in reproductive traits among closely related
plant species and among populations within species, in
conjunction with substantial heritability for many plant
traits that affect mating [15,16], suggest that mating
systems might respond quickly to altered selective press-
ures. It is quite likely that significant and detectable
evolutionary shifts in plant mating systems are happening
all around us in human-altered habitats. A large body of
theory explores how genetic and ecological selective press-
ures interact to cause mating system evolution [17,18],
which can be used to predict the evolutionary responses to
human disruption of pollination systems.

The effects of human disturbances on pollination sys-
tems are expected to be complex. Humans typically modify
more than one biotic or abiotic variable simultaneously,
creating novel or stressful environments [19]. These effects
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together might influence pollination, plant reproductive
success and the degree of inbreeding, which can feed back
on plant and pollinator demography [4,11,20]. We focus on
whether disturbance affects the quantity of pollen trans-
ferred to stigmas or the composition of that pollen, be it self
pollen, outcross pollen or pollen from other species that
might interfere with conspecific fertilization and zygote
fitness [21]. A recent meta-analysis indicates that, in gen-
eral, anthropogenic habitat fragmentation decreases
opportunities for outcross pollination [3]. For other human
disturbances, such as competition for pollinators by inva-
sive plants, introduction of invasive pollinators into polli-
nation webs and climate change, there are not enough
studies to make general predictions, but anticipation of
intensified outcross pollen limitation seems a reasonable
starting point. Here we review evidence that human
disturbances influence the frequency of outcrossing. We
then present the concepts and techniques required to
anticipate and test for the effects of an anthropogenic
increase in pollen limitation on the trajectory of mating
system evolution. Specifically, we define important polli-
nation parameters, describe how to measure them in
natural populations and discuss potential scenarios for
evolutionary change spurred by human-induced pollen
limitation.

Evidence that human disturbance reduces outcrossing
in plant populations

We exhaustively searched the literature for studies that
compare the proportion of seeds outcrossed (¢), as esti-
mated from marker gene analysis, between populations
in disturbed and relatively undisturbed habitats. We found
22 studies representing 27 species and 11 families (Table 1,
Figure 1). Overall, ¢ is significantly lower in disturbed
habitats (paired ¢-test, P < 0.0001) and sometimes sub-
stantially lower [22,23]. We would expect the effect of
disturbance on ¢ to be more pronounced among the 17
species in this sample that the authors claimed were
self-compatible than the 10 thought to be self-incompati-
ble. With no physiological barrier to self-fertilization, the
mating system should be more sensitive to changes in
pollination that alter the ratio of outcross to self pollen
on stigmas. Repeated-measures analysis of variance with
species as subject, self-incompatibility status as a between-
subject effect and disturbance as a within-subject effect
revealed the expected significant interaction between self-
incompatibility and disturbance (P = 0.035), supporting
this expectation. However, a significant effect of disturb-
ance still occurred among the 10 species reputed to be self-
incompatible and thus physiologically incapable of selfing
regardless of the relative amount of self versus outcross
pollination (paired ¢-test, P =0.048). For example, the
putatively self-incompatible dipterocarp tree Shorea curt-
sii exhibited near-complete outcrossing in undisturbed
forest compared to only 50% outcrossing in selectively
logged forests [24]. The extent to which substantial appar-
ent selfing in these self-incompatible populations results
from mating between close relatives (biparental inbreed-
ing) rather than true self-fertilization caused by weakened
self-incompatibility combined with increased self-pollina-
tion is not clear.
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Table 1. Comparison of mating systems between populations in human-disturbed and relatively undisturbed habitat for 27 species

of seed plants involving 141 populations.

Family Species Life SI? Location Disturbance Npops Mean Source
form of study type (D/U) outcrossing ()
D U
Asteraceae Crepis sancta A SI France HF 2/9 0.766 0.911 [25]
Bombacaceae Ceiba aesculifolia T Sl Mexico HF 171 0.969 0.962 [29]
Ceiba grandiflora T Sl Mexico HF 11 0.913 0.896 [29]
Pachira quinata T Sl Costa Rica HF 7,1 0.777 0.915 [27]
Caryocaraceae Caryocar brasiliense T Sl Brazil HF 1/3 1.000 1.000 [71]
Dipterocarpaceae Dryobalanops aromatica® T SC Malaysia SL 11 0.766 0.923 [72]
Shorea curtisii T SC Malaysia SL 11 0.522 0.963 [24]
Shorea megistophylla T SC Sri Lanka SL 1”71 0.713 0.866 [73]
Fabaceae Dinizia excelsa T SC Brazil HF 11 0.848 0.875 [74]
Enterolobium cyclocarpum T Sl Costa Rica HF 11 0.999 1.000 [26]
Samanea saman T Sl Costa Rica HF 11 0.912 0.990 [28]
Meliaceae Carapa guianensis T Sl Costa Rica SL 1”71 0.986 0.967 [75]
Carapa procera T SC French Guiana SL 11 0.630 0.850 [76]
Myrtaceae Calothamnus quadrifidus S SC Australia HF 2/7 0.580 0.756 [30]
Eucalyptus benthamii T SC Australia HF 2/2 0.495 0.690 [77]
Eucalyptus marginata® T SC Australia DD 2/2 0.755 0.865 [78]
Verticordia fimbrilepis ssp. S SC Australia HF 2/2 0.650 0.625 [30]
fimbrilepis
Pinaceae Picea glauca® T SC Canada HF 20/3 0.905 0.920 [32]
Poaceae Calamagrostis canadensis P SC Canada SL 2/1 0.894 0.998 [79]
Deschampsia cespitosa P Sl Canada MC 11 0.870 0.970 [80]
Spartina alterniflora P SC USA wcC 211 0.778 0.790 [81]
Proteaceae Banksia cuneata S SC Australia HF 1/3 0.670 0.893 [30]
Banksia oligantha S SC Australia HF 3/1 0.923 1.030 [30]
Embotrium coccineum T Sl Chile HF 4/4 0.875 0.920 [82]
Hakea carinata® S SC Australia HF 8/19 0.103 0.114 [31]
Lambertia orbifolia S SC Australia HF 1/3 0.410 0.650 [30]
Rubiaceae Psychotria tenuinervis S SC Brazil SL 11 0.370 0.500 [83]

Life forms are denoted as: A, annual herb; P, perennial herb; S, woody shrub; and T, tree. SI? denotes whether the species is reported as self-incompatible (Sl) or self-
compatible (SC). Disturbance types, as described by the authors of the studies, are denoted as: HF, habitat fragmentation; SL, selective logging; DD, disturbance and disease;
MC, metal contamination of soils; and WC, wetland creation. The number of populations (n,,,s) sampled in disturbed (D) and undisturbed (U) habitat is presented, along with
the proportion of seeds outcrossed estimated from all loci assayed (t,,) in each habitat type. Populations were classified as disturbed and relatively undisturbed by the authors

of each study, except for the following cases denoted by superscripts.
2Seed orchard populations were not included in this analysis.

PWe classified populations as disturbed and relatively undisturbed based on the authors’ description of the study sites provided in the methods.
°We classified populations as being in fragmented versus contiguous undisturbed habitats based on the information in Table 1 in the paper.
9We classified the eight roadside populations as disturbed; the 19 other were relatively undisturbed.

Our results are consistent with a previous meta-
analysis of the effect of habitat fragmentation on popu-
lation genetic parameters [12]. For instance, the inbreed-
ing coefficient of progeny tends to be higher in fragmented
than unfragmented populations, as would be expected
under higher frequencies of selfing [12], although this
might also result from a reduction in effective population
size caused by disturbance. However, it is important to
point out that in our analysis, the sample of species for
which data are available is far from representative of
plants in general. Sixteen of the 27 species are trees, 15
of which occur in tropical forests. Seven species are woody
shrubs and only four are herbaceous plants, all but one
long-lived clonal grasses (Table 1). Most studies focused on
the effects of habitat fragmentation (17 studies) or selec-
tive logging (n = 6) and a disproportionate number were in
Australia (n = 8), with surprisingly few in northern hemi-
sphere temperate regions (n = 5).

Sampling issues notwithstanding, these results suggest
that human disturbance often alters mating patterns in
plant populations. However, the ecological factors that
underlie these effects have usually not been identified. A
lower level of outcrossing in disturbed habitats is usually
attributed to a reduction in the amount of outcrossed

pollen deposited on stigmas rather than increased self-
pollination. Reduced outcross pollen delivery might be due
to lower pollinator abundance, smaller and sparser plant
populations that attract fewer pollinators and contain
fewer potential mates or some interaction between these
two direct consequences of disturbance. For example, the
50% reduction in outcrossing associated with selective
logging in S. curtsii might be due to reduced density of
reproductive individuals because this species is thought to
be pollinated by thrips and/or small beetles with limited
mobility, but there is no direct evidence to evaluate this
explanation [24].

In fact, 17 of the 22 studies examining the effect of
human disturbance on mating systems are population
genetic in nature and do not include comparisons of polli-
nators, pollination or reproductive output in disturbed
versus undisturbed habitats. Some of the studies that
did examine pollination fulfill our expectations. For
instance, pollinator visitation and seed production in
highly fragmented urban populations of Crepis sancta
increased significantly with plant density [25-27]. In some
cases, reduced outcrossing was associated with reductions
in pollination and progeny fitness [28]. In other cases,
disturbance was associated with antagonistic effects on
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Figure 1. Consequences of human mediated habitat disturbance for plant mating
systems. Each point is the mean proportion of seeds outcrossed (1) in disturbed
versus relatively undisturbed habitat for 27 plant species represented by a total of
141 populations. The life form of each species is indicated by different symbols
(closed circles for trees, open circles for woody shrubs and open squares for
herbaceous species). The diagonal line indicates no difference in outcrossing
between habitat types. Points lying below the diagonal indicate lower outcrossing
in disturbed habitats. There are two species for which near-complete outcrossing
(t=~1.0) occurred in both habitat types (indicated as a single closed circle). Mean
outcrossing values for each species and habitat type are listed in Table 1.

different components of reproductive success. For example,
visitation to two bat-pollinated Ceiba spp. was higher or
lower in fragmented than continuous forest, depending on
the bat species involved. Trees in forest fragments pro-
duced more flowers but the effect on seed production
differed between tree species and neither exhibited
reduced outcrossing [29].

Human disturbance is likely to simultaneously alter
multiple ecological factors, with potentially conflicting
effects on different components of fitness. Because large-
scale experimental manipulations are rarely possible, iso-
lating the effects of important ecological factors is a chal-
lenge. Extensive replication of populations across
ecological gradients with both disturbed and undisturbed
habitats can be used to approximate an experimental
manipulation [30] but the replication involved in the stu-
dies to date is generally very low. For almost half the
species studied in our meta-analysis, a single disturbed
site was compared to a single undisturbed site in a single
year (Table 1) [31,32].

Anticipating mating system evolution in human-
disturbed habitats

The reductions in outcrossing in disturbed habitat illus-
trated in Figure 1 most likely represent short-term
responses by populations to changes in pollination environ-
ment rather than evolved changes in the mating system.
However, chronic outcross pollen limitation in disturbed
habitats selects for selfing as a means of reproductive
assurance [33-35] but the evolutionary consequences of
anthropogenic effects on plant mating systems has rarely
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been considered. Outcross pollen limitation (PL,) has been
quantified in hundreds of species by comparing the seed
production of flowers (F') experiencing natural pollination
(Fn) with that of flowers hand-pollinated with abundant
outcross pollen (see Box 1 for pollination treatments and
[36-38] for discussion of this technique and its assump-
tions). This large body of experimental work indicates that
PL, is a significant constraint on seed production in a wide
range of species [39-41] but there are relatively few direct
tests of the hypothesis that PL, is stronger in disturbed
than undisturbed habitats [41]. Moreover, the ubiquity of
PL, might be due, in part, to the pervasive effects of human
disturbance, even in populations not identified as dis-
turbed.

For strictly self-incompatible species, PL, caused by
human disturbance should simply reduce seed production.
Self-compatible species might exhibit more diverse
responses [42]. Those with a capacity for autonomous
self-pollination (autofertility, Box 1) could produce a full
complement of seed but a greater proportion of seed will be
self-fertilized. Self-fertilization (without the intervention
of pollinators) through floral mechanisms that place self
pollen in contact with receptive stigmas (autonomous auto-
gamy) provides reproductive assurance (RA) by compen-
sating for a shortage of outcross pollen. Hence, the ubiquity
of PL, has widely been viewed as supporting the important
role of RA in the evolution of selfing from outcrossing.
However, experimental tests of the RA hypothesis are
few [18]. The role that selfing plays in mitigating pollen
limitation in self-compatible populations is rarely evalu-
ated and the assay of PL, commonly used does not ade-
quately quantify the potential fecundity advantage of RA
via selfing.

Consider a simple study in which estimates of PL, are
found to be higher in disturbed than natural habitats. It
might be proposed that selection in a fragmented habitat
favors floral traits that cause autonomous selfing as a
mechanism of RA. The extent to which autonomous selfing
can increase seed production also depends on the survival
of selfed versus outcrossed embryos to seed maturation.
For many outcrossing species, self-fertilized embryos do
not survive to the seed stage as often as outcrossed
embryos [43]. This early-acting inbreeding depression
causes the standard measure of PL based on supplemental
outcross pollination to overestimate the benefits from
autonomous deposition of similar amounts of self pollen.
This bias can be substantial. Studies of the RA hypothesis
should use an alternative measure of PL based on supple-
mental self-pollination (PLg, Box 1) but the potential
increase in seed production via self-pollination is almost
never measured [38].

An evolutionary response to selection of selfing as a
mechanism of RA also requires that populations possess
genetic variation for floral traits that enhance the depo-
sition of self pollen on receptive stigmas in the absence of
pollinators and allow self pollen to fertilize ovules [44,45].
This autofertility (AF) is estimated by comparing the seed
production of flowers that have been excluded from polli-
nators (caged) to those that have been hand-pollinated
(Figure 2). However, the extent to which AF compensates
for a lack of outcross pollination in natural populations
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Box 1. Experimental manipulations for estimating pollination parameters

Simple floral manipulations can be used to estimate pollination
parameters important for understanding the influence of human
disturbance on plant mating systems (Figure |). We define Fag as the
seed production by individual flowers given floral manipulation
(I = intact, E = emasculated) and the pollinator environment (N = nat-
ural pollination, C=caged to exclude pollinators, X =hand out-
crossed, S = hand selfed). Pollen limitation (PL) is the proportional
difference in seed production of naturally pollinated flowers (Fy)
and those for which pollen loads on stigmas have been supple-
mented by hand pollination. In almost all experimental studies of PL,
supplemental pollination involves outcross pollen from another
individual (Fx), which we define as PL,. Significant PL might result
in selection for self-pollination as a mechanism of reproductive
assurance (RA), which is measured as the proportional difference in
seed production between flowers potentially capable of autono-
mous autogamous self-pollination (Ffy) and those for which that
capacity has been eliminated by removing anthers before they shed
pollen (emasculation, Fgyn). However, the extent to which autono-
mous self-fertilization can increase seed production, thereby
alleviating PL,, will be reduced by inbreeding depression acting

before seed maturation. This early-acting inbreeding depression
causes PL, to overestimate the fertility benefits of autonomous
selfing. Hence, we define a more relevant measure of pollen
limitation (PLg), which is the proportional difference in seed
production between naturally pollinated flowers (Fy) and those
supplemented with self pollen (Fs). Autofertility (AF) is the potential
for RA via autonomous autogamous self-fertilization and is esti-
mated by comparing spontaneous seed production of plants caged
to exclude pollinators (Fc) to seed production after hand out-
crossing (Fix) or hand selfing (Fis). When these data are unavailable,
a crude estimate can be obtained using seed production after natural
pollination (Fy). It can be verified that AF is caused by autonomous
autogamy and not some form of apomixis or ineffective caging by
showing that emasculated flowers fail to set seed when cages
exclude pollinators (Fzc =0). Note that RA can also be caused by
facilitated autogamy, which is accounted for in the measurement of
RA but not AF. These techniques assume that (1) caging alone does
not reduce seed production and (2) emasculation does not reduce
natural outcross pollination or outcross seed production by
damaging flowers or making then less attractive to pollinators.

emasculated

FEN

Outcross pollen limitation
Proportional increase in seed
production via supplemental %
outcross pollination I

Self pollen limitation

Proportional increase in seed Fs — Fn
production via supplemental L= -
self pollination L

Reproductive assurance

Proportion of seed production Fy = Fey
attributable to autogamous RA = F
self-pollination IN

Autofertility

Fraction of maximum F|c FIC FIC
seed production AF =F or = or .
potentially achieved 1X 1S IN

via autonomous autogamy

TRENDS in Ecology & Evolution

Figure I. Simple experimental manipulations required for estimation of the two forms of pollen limitation (PL, and PL¢), reproductive assurance (RA) and autofertility (AF).

must be evaluated by directly estimating RA as the excess
seed production of intact, naturally pollinated flowers
compared to flowers for which autogamous selfing is pre-
vented by experimental anther removal [46]. RA has been

measured in this way for several plant species and does not
generally correlate with AF, emphasizing that AF only
indicates the potential for RA [17]. For populations in
relatively undisturbed habitats, the selective benefit of



TREE-1151; No of Pages 9

Trends in Ecology and Evolution Vol.xxx No.x

(a) Effects of disturbance (b) Evolutionary outcomes
Pollinator availability Pollinator availability
High Low High Low
«No PL « High mean PL :;O_WS :;o_ws :Z_Sa
« o2 in PL low « 62in PL high o e « Delayed 4
= o Hi . =
) W et Wi S| +NoRA *No RA « Moderate RA
o I s G0N > | T|+Highsp&PD *HighSD&PD +Low SD & PD
= pollen high pollen high = ) :
el o o « Tattraction
© * PL a visits © « 1 longevity
g g
@ © +Ts s
% * High mean PL * High mean PL .g ss=a+g es=a
= *?in PL high *o?in PL low = | 5 | *Simultaneous a | < Prior a
Z | «High P loads * Low P loads 3 | « Moderate RA * High RA
—'| * % conspecific * % conspecific . Moderate SD & | »Low SD & PD
pOIIen low pOIIen low PD . ¢ attraction
* PL o density « | longevity
TRENDS in Ecology & Evolution

Figure 2. Consequences of reduced pollinator and/or mate availability caused by human disturbance on (a) selective pressures on the mating system and (b) the
evolutionary response to these selective pressures. The combinations of high and low pollinator availability with high and low mate availability represent extremes in a
continuum of pollination environments. Arrows indicate the effects of human disturbance, from conditions represented by the top left cell (high pollinator and mate
abundance) to combinations of reduced pollinator and/or mate abundance. Important pollination parameters that affect the magnitude and direction of selection on the
mating system include the mean and variance (o) for pollen limitation (PL) among individuals, the size of pollen loads on stigmas (P), the proportion of total pollen from
conspecifics (% conspecific) and, where relevant, the dependence of PL on pollinator visitation and mate density (a denotes proportional to). Evolutionary outcomes are
described in terms of the amount of self-fertilization (s), selfing modes (a = autogamy, g = geitonogamy) and timing (prior, simultaneous, delayed), reproductive assurance
(RA), seed discounting (SD), pollen discounting (PD), changes in floral structure that attract pollinators (attraction), and changes in floral longevity.

RA has been evaluated in light of the costs of selfing, such
as inbreeding depression [47] and trade-offs between pro-
ducing selfed seed and outcrossed seed (seed discounting
[48]) or siring seeds on other plants (pollen discounting
[49]). However, there is a need for studies that combine
comparison of outcrossing (¢) in disturbed versus undis-
turbed habitats with empirical measures of PLg or RA.

Anthropogenic pollen limitation might yield diverse
outcomes for mating system evolution

The evolutionary response of plant populations to anthro-
pogenic PL is likely to depend on the extent to which PL is
caused by reduced pollinator visitation versus reduced
number or density of conspecific pollen donors (mates).
These two situations can occur independently [50-52]
but will often co-occur because pollinators are attracted
to higher flowering plant density [25,53] and habitat per-
turbation can diminish both flowering plant density and
pollinator populations. The contribution of each of these
factors to PL has rarely been evaluated in natural popu-
lations [54,55] and the implications for plant mating sys-
tem evolution have not been considered in much detail
[38,56-59].

In Figure 2 we illustrate the diversity of evolutionary
responses of the mating system to human-induced PL by
considering how a self-compatible but largely outcrossing
plant might evolve in response to reduced pollinator vis-
itation, reduced mate availability and the combination of
the two. We consider a case in which, in undisturbed
habitat, plants experienced high visitation from generalist
pollinators and high mate availability (top left cell of
Figure 2a). Under these conditions, outcrossing is main-
tained by strong inbreeding depression. What little selfing
(s) occurs is due primarily to geitonogamy (s = g), which
provides no reproductive assurance (RA). If human

disturbance causes severe chronic PL due to a scarcity of
both pollinators and mates (Figure 2a, bottom right), there
should be little variance in PL. among individuals. Floral
mechanisms that promote autonomous selfing and provide
substantial RA are favored. Because of the very limited
opportunities for outcrossing, there is no trade-off between
self-fertilized seeds and either outcrossed seeds (seed dis-
counting, SD) or seeds sired on other plants (pollen dis-
counting, PD). Prior selfing (p) is favored as a mechanism
of RA because it also reduces the resource costs of main-
taining long-lived flowers [60]. As autonomous selfing
evolves, there will be secondary selection for reduced
investment in attractive structures and pollinator rewards
(e.g. nectar) and shorter flower life span and, eventually, a
suite of reduced floral traits associated with the selfing
syndrome will evolve (Figure 2b, bottom right).

When PL is not as severe and is caused by either a
scarcity of mates or pollinators, but not both (bottom left
and top right of Figure 2a, respectively), facultative modes
of selfing (delayed autonomous and simultaneous auto-
gamy) can be selected and mixed mating systems are more
likely. However, the relative importance of the two causes
of PL can determine the nature of selection on the mating
system and might differ among various types of human
disturbance. For example, climate change and habitat
invasion by co-flowering nonindigenous plants can strongly
reduce pollinator visitation with little effect on mate avail-
ability. By contrast, some forms of habitat fragmentation
can reduce plant density and hence mate availability
rather than reducing pollinator abundance. When PL is
caused primarily by low mate availability, there should be
high PL variance among individuals that correlates most
strongly with the local density of conspecifics. Pollinator
visitation is frequent and pollen loads on stigmas are large
but most pollen deposited comes from other species, which
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might interfere with fertilization of ovules by conspecific
pollen [21]. Under these conditions, selfing results in mod-
erate SD and PD because there are opportunities for out-
crossing. As a result, we expect simultaneous autogamy to
be most effective at reducing interspecific pollen contami-
nation while maintaining opportunities for outcrossing
(Figure 2b, bottom left).

PL caused by low pollinator visitation when potential
mates are abundant can generate divergent evolutionary
responses (Figure 2b, top right). In this case, PL variance
among individuals correlates most strongly with pollinator
visitation to individual plants. One outcome is the main-
tenance of predominant outcrossing reinforced by selection
for increased attractive structures and floral life span
because these traits improve success in intraspecific com-
petition for pollinator service. Thus, s might decrease as
more attractive phenotypes increase in the population.
Although there is a cost for floral maintenance, pollinators,
when they do visit, deposit primarily conspecific pollen on
stigmas, although few flowers will probably be pollinated.
An alternative outcome is the evolution of higher s (mixed
mating or complete selfing) through delayed autonomous
autogamy to provide RA. Delayed autogamy can increase
female fitness with little SD or PD.

The thought experiment described above suggests that
it is likely that different causes of PL will lead to different
evolutionary outcomes in terms of the extent to which the
mating system shifts from outcrossing to selfing, the mode
and timing of selfing and concomitant changes to floral
biology. Much depends on whether the human disturbance
generates variance in PL. among individuals and the extent
to which individual PL correlates with local mate density
versus pollinator visitation (something that is rarely
measured). Although PL might often select for selfing as
a mechanism of RA, the particular mode of selfing will
depend on the causes of PL and, in some instances, popu-
lations might evolve greater investment in pollinator
attraction, reward and outcrossing. Which trajectory a
population takes (e.g. Figure 2b, top right) can depend
on the strength of inbreeding depression and the relative
evolvability (standing additive genetic variance) of attrac-
tive traits versus those that promote autogamy. In general,
it might be expected that a high density of conspecifics
intensifies the expression of inbreeding depression, but
empirical studies have shown that this effect is inconsist-
ent [61]. However, human disturbance can complicate
matters because types of disturbance that reduce habitat
quality can simultaneously reduce population density but
increase the expression of inbreeding depression. The net
result will depend on the extent to which inbreeding
depression varies with biotic stress (density dependence)
versus abiotic stress, which is largely unknown for plants.

At present, there is limited information available to
evaluate the assumptions of and predictions from this
thought experiment. Investigations of the ecological fac-
tors causing PL [54,55,62,63] rarely include analyses of RA
or phenotypic selection for floral traits generated specifi-
cally by PL [58,64,65]. However, it is clear from compara-
tive and experimental studies that selfing evolves in
response to diverse ecological scenarios and that selfing
as a mechanism of RA is not the only evolutionary response
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to PL. For instance, the evolution of self-fertilization in
Eichhornia paniculata [66] and Clarkia xantiana [58]
seems to have been caused by reduced visitation by special-
ist pollinators, whereas in Arenaria uniflora it probably
arose as a response to heterospecific pollination in spite of
frequent pollinator visitation [67]. In arctic and alpine
species, PL occurs as a result of adverse environmental
conditions and is often associated with increased flower
size rather than facultative selfing, although studies of
plant mating systems in these habitats are few [59].

Conclusions

We have argued that many of the ways in which humans
disturb natural habitats are likely to disrupt plant-polli-
nator interactions, with consequent outcross pollen limita-
tion, and that the ecological context of anthropogenic PL
can generate diverse selective forces on plant mating
systems. In many cases, we expect an evolutionary shift
towards higher frequencies of self-fertilization, although
the selective forces and traits involved are likely to vary
with the nature of the disturbance. There is a clear need for
studies that quantify how human disturbance alters polli-
nation systems with regard to selective forces impinging on
the mating system. Recent studies have used experimental
manipulations of plants in natural populations combined
with marker gene analysis to evaluate selection on the
mating system [49,64,68,69]. These approaches could be
profitably applied to test for contrasting selection regimes
in disturbed versus undisturbed habitats. Simple compari-
sons of the floral traits that affect mating between dis-
turbed and undisturbed populations could be used to test
for evolutionary responses in short-lived species. However,
the effect of disturbance on the mating system of short-
lived species has rarely been studied (Figure 2) and trait
comparisons between disturbed and undisturbed popu-
lations have rarely been made [25,70]. It will be particu-
larly important to determine whether human disturbance
is qualitatively different from natural factors that cause PL
and whether plant populations have the demographic and
genetic capacity for evolutionary responses adequate to
ensure persistence in changing environments. However,
change presents opportunities as well as challenges.
Although human disturbance of pollination systems is a
major conservation problem, it provides new opportunities
to gain a better understanding of how and why plant
mating systems evolve.
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