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CHAPTER 1: INTRODUCTION

The separation of male and female sexual function into alternate individuals is a
common animal phenomenon, yet also occurs in plants. This separation, or dioecy is
found in 157 flowering plant families and in 7.5% of genera (Renner and Ricklefs 1995).
Once dioecy has arisen (see reviews of the evolution of dioecy in Bawa 1980,
Charlesworth 1999), two sexes are available upon which natural selection may act and
the evolution of secondary sexual dimorphism may proceed. Secondary sexual
dimorphism is the separation of male and female characters that are not related directly to
gamete production (i.e. the androecium and gynoecium in plants). These characters
could be morphological, as in the size differences seen in many animal species (Darwin
1874); physiological, as in differences in photosynthesis (Dawson and Geber 1999,
Obeso 2002); or phenological, as in the timing or onset of reproduction (Delph 1999).
Furthermore, the use of a dioecious species in examining natural selection and adaptation
has the added benefit of reducing confounding effects of genetic history, present when
considering trait correlations among species.
Trait differences between males and females are considered to arise via three
basic paths: sexual selection, fecundity selection, and ecological causation (Darwin
1871, 1874). Sexual selection provides impetus for divergence in traits due to intrasexual
competition for mates or intersexual preferences for mates (Willson 1990). The difficulty
in assessing sexual selection in plants is articulated by Grant (1995) who argues against
many examples (i.e. pollen competition, Renner effect, and selective ovule abortion).
Nonetheless, in Silene latifolia, physiological traits are thought to have diverged through
1

sexual selection on floral display and its genetic correlation with photosynthesis (Delph et
al. 2005). Fecundity selection is selection resulting in differences in the lifetime number
of offspring produced. For plants, this could operate through selection on reproductive
maturity so that earlier production of gametes results in greater lifetime reproductive
fitness for one sex while later reproductive maturity results in greater lifetime fitness for
the other sex. The third hypothesis, ecological causation, predicts divergence through
adaptation to different ecological niches (Shine 1989).
The ecological causation hypothesis has also been subdivided into three general
mechanisms: dimorphic niches, bimodal niches, or competitive displacement (Slatkin
1984). The dimorphic niche mechanism is based on the assumption that there are intrinsic
differences between males and females due to their reproductive roles (Ralls 1976,
Hedrick and Temeles 1989). Bimodal niches arise when several equilibrium values for a
trait are possible within a species and each sex wanders towards a different stable trait
value through genetic variation and covariation (Slatkin 1984, Shine 1989). It is thought
that sexual size dimorphism in Anolis lizards may relate to the existence of multiple size
optima (Shine 1989, Harmon et al. 2005). I am unaware of any plant studies that focus on
this particular origin of dimorphism. Moreover, studies of genetic correlations between
primary and secondary traits of plant sex are still in their infancy (but see Ashman 2003,
Delph et al. 2004). Competitive displacement may occur if the sexes compete for the
same limiting resource. In Distichlis spicata, a grass, males and females are highly
segregated due to their competitive interactions as seedlings (Eppley 2006). Although
these mechanisms may not be mutually exclusive and may in fact be coincidentally
present (Shine 1989), this thesis focuses on the dimorphic niche scenario of the
2

ecological causation hypothesis as the mechanism giving rise to secondary sexual
divergence in Salix glauca (Salicaceae).
I have chosen to focus on the dimorphic niche hypothesis as a conceptual
framework for the evidence of secondary sexual dimorphism. This seems to be the most
likely candidate given several reasons. One, pressure from sexual selection may not be as
severe in populations where fecundity is less likely to be limited by pollination success
than by resource availability (Stanton et al. 1989, Pias and Guitian 2006). Additionally,
in alpine environments for early flowering species, the abiotic environment and not floral
characters are likely to have a greater impact on pollinator frequencies (Totland and
Sottocornola 2001). Two, a fecundity selection study with such a long-lived perennial as
S. glauca at a time scale devoted to this thesis was unfeasible. Three, ecological
conditions are likely to be highly important in a relatively stressful environment such as
the alpine. And fourth, the species under study may be described as occupying an alpine
island surrounded by montane mainland. This may be very relevant if I expand the open
niche hypothesis to consider selection within a species (versus between). In this way,
niche theory may apply to and offer an alternative explanation for the preponderance of
dioecy in oceanic island floras.
The dimorphic niche hypothesis is best supported by predictions based in sexual
allocation theory (Charlesworth and Charlesworth 1978, Charnov 1982, Charlesworth
and Charlesworth 1987, Stanton and Galloway 1990, Charlesworth 1999). Sexual
allocation theory’s basic tenet is that the resources limiting reproduction differ between
males and females, reflecting the nutrient makeup of pollen versus seeds and fruit, as well
as the timing of allocation to reproduction (Bullock and Bawa 1981, Ågren 1988, Stanton
3

and Galloway 1990, Ashman 1992, Ashman and Baker 1992). For example, nitrogen
allocated to pollen is lost when pollen grains disperse and cannot be resorbed,
representing a male-specific cost of investment (Bullock 1984). Female reproductive
organs often represent greater carbon sinks than male organs due to the dry weight of
fruits and seeds and maintenance costs associated with the longevity of fruit maturation
(Putwain and Harper 1972, Ågren 1988, Nicotra 1999). These sex-specific allocation
demands have been identified for several dioecious plant species (Ågren 1988, Ashman
1992, Ashman and Baker 1992, Ashman 1994b, Gehring and Monson 1994).
If there are inherent differences between the sexes based on their reproductive
roles, this may lead to secondary differences in resource acquisition and use. For
example, physiological traits may diverge in order to meet the sex-specific demands of
allocation to reproduction. Spatial segregation of the sexes may accompany divergent
selection if resources are distributed in a heterogenous manner across a population’s
distribution (Cox 1981, Geber 1999). For example, females may survive best in moister
microenvironments than males, resulting in higher frequencies of females near
streambeds than away from a water point-source. Growth rates of males and females may
also differ if the underlying trade-off with reproductive allocation leads to greater growth
for the sex with the lower investment in reproduction.
To the extent that reproductive allocation comes at the expense of vegetative
growth, tissue lost by females should be relatively more expensive than tissue lost by
males to antagonists. According to the vigor hypothesis for the evolution of defense
(Coley et al. 1985, de Jong 1995), selection from antagonists should drive slower growers
towards higher defense levels compared to males. Females should grow more slowly
4

than males because of trade-off between allocation to growth and reproduction. Thus,
slow-growing females should also be selected for higher defense levels compared to
males.
This dissertation attempts to address the dimorphic niche hypothesis of ecological
causation not simply as a phenomenon but as an adaptive force resulting in sexually
dimorphic traits. I do this by, first, examining the main assumption of sexual allocation
theory in a comparison of nutrient costs of male and female organs (Chapter 1). Then, I
examine possible divergence in traits related to a species fundamental niche: resource
acquisition and tolerance of abiotic stress at two size stages, mature adults and small
vegetative daughter clones (Chapters 1 and 2). Finally, I examine whether sexes have
diverged in defensive traits that are related to the realized niche in the presence of insect
herbivores (Chapters 3 and 4).
I have chosen to use Salix glauca as the study species to address ecological
conditions of sexual dimorphism. S. glauca is amenable to this kind of study for several
important reasons. The sex of willows is distinguished when in flower by pollen bearing
male catkins (flower clusters) and clusters of ovaries of female catkins. Dioecy is a
family trait of the Salicaceae and I have seen no sex change in individuals of S. glauca
during six years of study. This constancy has permitted individuals to be sexed and
tagged, allowing future use of non-flowering plants while being certain of their sex.
Salix can be readily propagated through the use of vegetative cuttings. Cuttings
of Salix taken during the dormant period do best, and require no hormonal additions.
Indeed, “willow water” (water in which willows have been steeped for several days) is
often recommended when attempting to root other plants like roses (Welch 2006). The
5

ease with which willows are propagated has also led them to be used extensively in
renewable resource projects such as biofuel (Volk et al. 2004, Keoleian and Volk 2005).
Being able to vegetatively clone S. glauca has allowed me to control for genetic variation
in experimental studies that I conducted.
Besides being easily propagated, willow shoots lend themselves to retrospective
growth studies due to their obvious bud scale scars (Figure 1). This has proven useful in
interpreting the effect that habitat heterogeneity has on male and female willows. I have
also used this growth index as a proxy for fitness, which is difficult to directly measure
for a long-lived perennial that produces copious numbers of catkins.
Salix glauca has a circumboreal distribution (Argus 1973, Argus 1999). In its
krummholz habitat this willow species is an extensive part of the landscape. Willow
dominance, and their multiple uses by other organisms, creates the possibility for a
keystone species. Willows nourish several mammal species such as voles (Danell et al.
1985, Elmqvist et al. 1987, Elmqvist et al. 1988, Danell et al. 1991), hares (Hjältén
1992), elk (Ripple and Beschta 2004), beavers (Baker et al. 2005), and reindeer
(Dormann and Skarpe 2002). Willows are used by birds directly as a food source but
also indirectly by harboring insect prey (Kay 1985b, Sipura 1999, Kopelke 2003). The
usage of willows by a rich assortment of animal species has led to their extensive use in
restoration projects (Rood et al. 2003).
Willows also provide a valuable template for studies of biotic interactions. The
diversity of species using willows also alludes to the complexity of relationships that
willows share with other organisms. Salix was the species for which the Carbon-Nutrient
Balance hypothesis was pivotal (Price et al. 1989). Willows and their hybrids have been
6

exploited by Robert Fritz and colleagues to investigate genetic variation and herbivore
impacts (Fritz 1995, Fritz et al. 1996, Fritz et al. 1997, Fritz et al. 1998). Others have
used willows to explicitly consider male and female differences in disease and herbivory.
For example, in Salix viminalis, Melampsora rust disease is more common among
females than males (Åhman 1997). Males of S. cinerea are more greatly damaged by
insect predation than females (Alliende 1989). Males of S. lasiolepis have higher
densities of sawflies than females possibly due to preference of gravid Tenthredinid
moths for the longer male vegetative shoot (Boecklen et al. 1990). The rich complexity
of interspecific interactions in which willows participate has led me to look at willows as
ecosystem engineers (Jones et al. 1997).
The genus Salix has been used in studies investigating the role that dioecy plays in
gender specific adaptations to environmental stress. Several studies on Salix species
support the idea that the sexes of dioecious plants differ in water relations (Dawson and
Bliss 1989a, Dawson and Bliss 1989b, Dawson and Bliss 1993, Dawson and Ehleringer
1993, Laporte and Delph 1996, Dawson and Geber 1999, Espirito-Santo et al. 2003). In a
classic study, Dawson and Bliss (1989b) showed that males and females of the dwarf
willow Salix arctica differ in drought tolerance and water use efficiency (WUE).
Females exhibited greater stomatal conductance in mesic habitats, but males had greater
WUE than females under xeric conditions. These findings support the idea that males and
females diverged physiologically to exploit relatively dry versus wet conditions. Willows
are also being used in studies of climate change and it has been shown that males and
females are likely to differ in their response to predicted changes (Jones et al. 1999).
This background of physiological work in willows and dioecy has provided the
7

foundations for hypotheses and predictions about how sexes of Salix glauca adapt to
unique components of niche space in the heterogenous environment of the alpine.
Though willows have been a model system for studies of dioecy and its ecological
consequences, there has been little attempt to address alternative mechanisms of selection
for sex differentiation within the same species. Instead, based mainly on geographic
convenience and individual investigator predisposition, differentiation in water relations
has been studied in some species, response to herbivory in others, and divergence in
resource allocation and cost of reproduction in yet others. This lack of integration limits
synthesis and makes it difficult to test whether tradeoffs (e.g., between stress tolerance
and tolerance of hebivory) shape evolutionary differences in life history between male
and female plants. Although development of the theoretical framework to examine such
tradeoffs is beyond the scope of my dissertation, the empirical studies on which its
chapters are based should provide a springboard for future work of this kind.

8

Figure 1. Arrows point to terminal bud scale scars of Salix glauca that allow
retrospective growth analysis.
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CHAPTER 2: WHERE THERE’S A WAY THERE’S A WILLOW: ECOLOGICAL
CORRELATES OF SEXUAL DIMORPHISM IN SALIX GLAUCA (SALICACEAE)

CHAPTER SUMMARY:

Intrasexual selection between sexes of dioecious species may lead to distinct trait optima
and segregated distributions due to unique reproductive allocation demands. I
investigated secondary sexual dimorphism in Salix glauca, a dioecious willow shrub,
over several years in a mosaic of mesic and xeric habitat patches at timberline n the
Colorado Rocky Mountains (USA). Seeds had twofold higher N and P concentrations
compared to pollen; however, differential N allocation to reproduction vanishes when
scaled up to the whole plant level. Results supported unique resource demands associated
with sexual function. Females represented greater than 71% of five populations surveyed,
and both sexes displayed spatial segregation. This trend is consistent with intrasexual
selection leading to habitat specialization. Plants of both sex had more negative Ψl under
xeric vs. mesic conditions. Differences between sexes in response to drought illustrate
lower desiccation tolerance of females. Furthermore, annual shoot growth for females
was optimized in mesic habitat, while males grew at a consistent rate regardless of habitat
aridity. Since current shoot growth is correlated with future catkin production, habitat
specialization likely provides a fitness payoff in females. Overall, results strongly
support the hypothesis that intrasexual selection leads to niche partitioning in dioecious
plant species.

10

INTRODUCTION:

Dioecious organisms, in which male and female functions are carried out by separate
individuals, offer a window into how natural selection acts to shape variation within
species (Darwin 1877). By acting upon each sex differently, selection may result in
secondary differences in traits, or secondary sexual dimorphisms. Three main
evolutionary paths to dimorphism are recognized by Geber (1999): intrasexual selection
favoring different trait optima for each sex, intersexual selection by mate choice, and
intraspecific and intersexual selection to optimize the gain of a limiting resource. This
study focuses on the first path to dimorphism. Intrasexual selection may ultimately
reflect sex-specific aspects of reproductive ecology. The evolutionary outcome of this
process is divergent selection on traits related to unique male and female functional
demands. A possible ecological outcome is spatial segregation of the sexes along
ecological gradients. Here, I address evolutionary and ecological outcomes of intrasexual
selection in the dioecious willow, Salix glauca (Salicaceae).
Differences in reproductive ecology between the sexes are predicted by the
general theory of sexual allocation under resource limitations (Charlesworth and
Charlesworth 1978, Charnov 1982, Charlesworth and Charlesworth 1987, Stanton and
Galloway 1990, Charlesworth 1999). Resources limiting reproduction differ between
males and females, reflecting the nutrient makeup of pollen versus seeds and fruit as well
as the timing of allocation to reproduction (Bullock and Bawa 1981, Ågren 1988, Stanton
and Galloway 1990, Ashman 1992, Ashman and Baker 1992). Nitrogen allocated to
pollen is lost when pollen grains disperse and cannot be resorbed, representing an
11

additional gender-specific cost of investment (Bullock 1984). Female reproductive
organs represent greater carbon sinks than male organs due to the dry weight of fruit and
seeds and maintenance costs associated with the longevity of fruit maturation (Putwain
and Harper 1972, Ågren 1988, Nicotra 1999). Nutrient allocation differs between the
sexes in several dioecious plant species (Ågren 1988, Ashman 1992, Ashman and Baker
1992, Ashman 1994b, Gehring and Monson 1994). In this study, I compare the nutrient
costs of male and female organs to address whether different resource uptake and
partitioning strategies should be favored in sexes of S. glauca.
Intrasexual selection also promotes character differences related to differential
resource use and, consequently, habitat selection (Geber 1999). Several studies support
the idea that sexes of dioecious plants differ in water relations (Dawson and Bliss 1989a,
Dawson and Bliss 1989b, Dawson and Bliss 1993, Dawson and Ehleringer 1993, Laporte
and Delph 1996, Dawson and Geber 1999, Espirito-Santo et al. 2003). In a classic study,
Dawson and Bliss (1989b) showed that males and females of the dwarf willow Salix
arctica differ in drought tolerance and water use efficiency (WUE). Females exhibited
greater stomatal conductance in mesic habitats, but males had greater WUE than females
under xeric conditions. These findings support the idea that males and females diverged
physiologically to exploit relatively dry versus wet conditions. For males, possible
performance advantages associated with arid microsites are unclear, and it may simply be
a matter of stronger selection upon females due to their higher cost of reproduction
(Bierzychudek and Eckhart 1988). In this study, I compare instantaneous rates of
photosynthesis and conductance for male and female S. glauca to address the generality
of Dawson and Bliss’s (1989b) findings for this dioecious genus.
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Growth rates of males and females may also differ if the underlying trade-off with
reproductive allocation results in greater growth for the sex with the lower investment in
reproduction. Silvertown (1987) modeled the effect of sexual function on plant growth
using cucumbers and found that male function had a negligible effect; whereas, female
function inhibited vegetative growth. This supports the idea that in females, the larger
investment in sex incurs a cost in growth. However if different resources limit the growth
of males and females, then growth rates of the two sexes should be maximized under
unique environmental conditions. Here I combine short-term measurements of
physiological performance with longer-term analyses of growth in S. glauca to test
whether sexual differences in ecophysiology and habitat selection optimize growth of
each sex.
Spatial segregation of the sexes may accompany divergent selection if resources
are distributed in a heterogeneous manner across a population’s distribution (Cox 1981,
Geber 1999). In Salix arctica, female plants are common in mesic, nutrient-rich habitats
while males are common in xeric, nutrient-poor sites (Dawson and Bliss 1989b). If
spatial segregation is not present in dioecious populations, it may be that the sexes
possess different resource efficiencies or morphologies (e.g. rooting depth) allowing them
to co-occur and sub-divide seemingly homogeneous habitats.
In this paper, I document patterns of dimorphism in growth, physiology and
spatial distribution for male and female plants of the alpine willow, Salix glauca L.
(Salicaceae), across a pronounced habitat mosaic. In so doing, I address the following
questions: (1) Do sexes exhibit contrasting nutrient investments in reproduction? (3) Do
spatial distributions of the sexes differ, as predicted under divergent selection for
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resource uptake? (3) Do sexes exhibit specialization in physiological traits related to
resource uptake? (4) Could spatial segregation optimize growth in each sex?

MATERIALS AND METHODS:

Study System: Salix glauca (Salicaceae) is a dominant species within the alpine
krummholz habitat that forms the interface between true alpine vegetation and sub-alpine
forest in the Rocky Mountains of western North America. Salix glauca has a circumpolar
distribution (Argus 1973). Willows hybridize broadly and at my field site, S. glauca may
form cryptic hybrids with the co-occurring species S. brachycarpa (Dorn 1997). S.
glauca is dioecious, and over three years of observation, I have not observed a single
incidence of sex switching in a sample of 100 males and 100 females that I have surveyed
repeatedly (Dudley, pers. obs.). Plants have a mixed mode of pollination, relying on both
insects and wind for pollen transfer (Peter Kevan, unpublished data). For males and
females, shoots produce catkins (clusters of unisexual flowers) solely on the previous
year’s growth. As with other willow species, S. glauca propagates readily through
woody rhizomes. In this study, I selected individuals that could be distinguished from
one another based on central axis identity and spatial discontinuities among neighboring
plants.
The main study population is located from 3620-3890m in elevation on
Pennsylvania Mountain (Park County N 39:15 W 106:07) in the Mosquito Range (Pike
National Forest) of central Colorado. At this site, willows are one of the first species to
leaf out and flower in early June and one of the last to senesce in late August to early
14

September. Four other sites within the Pike National Forest were used for a survey of sex
ratio and spatial segregation: Boreas Pass (N 39:24 W 105:58, 3461-3521m), Hoosier
Ridge (N 39:22 W 106:3, 3515-3624m), Kite Lake (N 39:19 W 106:6, 3515-3610m), and
Weston Pass (N 39:8 W 106:11, 3572-3641m).
The krummholz comprises a heterogeneous environment, having standing water,
snow banks, rocky outcrops, and fine silty soil within meters of one another. In the
present study, mesic habitat patches were designated as those having standing water
during most of the growing season with hydrophilic plants such as primrose, marsh
marigolds, and moss typically present. Xeric habitat patches were characterized by bare
soil intermixed with lichen-covered rocks, cushion plants, grasses, and drought tolerant
herbs. Soil cores (10cm depth) show a six-fold difference in relative water content
between soils of mesic sites (0.6±0.1% w/w) and xeric sites in one sampling during 2002
(0.1±0.02% w/w; t=2.13, P<0.01, n=6; here and elsewhere error indicates standard errors
unless otherwise noted). Over the course of this study, pre-dawn leaf water potentials
(Ψl) of willows in xeric sites (-0.32±0.01 MPa) averaged more negative compared to
those of plants in mesic sites (-0.26±0.01 MPa; F1,380=8.43; P<0.004;). Additionally,
ammonium concentration is higher in soil of mesic habitat patches (x=32.3±1.9 ppm)
than soil of xeric patches (x=22.9±1.9 ppm; F1,8.49=11.42; P<0.009). Mesic habitat
patches also tend to have more acidic soils than xeric patches (water as solvent:
respectively, soil pH averages 4.30±0.23 n=11 and 4.79±0.21 n=13; F1,22=2.49; P=0.13;
with 1M KCl as solvent respectively, soil pH averages 3.73±0.08, and 3.96±0.08; n=7;
F1,12=4.65; P<0.05).
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This study was conducted from June-September, 2001-2003. Precipitation varied
dramatically over the course of the experiment with 2002 being the driest of the past 100
years. The year 2001 mirrored average precipitation trends in this region except for an
earlier snowmelt. Although not as dry as 2002, 2003 also was characterized by lower
than average precipitation and earlier snow melt (USDA 2004).
Sex Specific Resource Allocation to Reproduction: In 2000, ten 100m transects were
laid out to encompass most of the krummholz area on the east slope of Pennsylvania
Mountain. On each transect, ten random points were selected and the nearest pair of
male and female plants to each point was located. Pairs were chosen such that plants of
the two sexes were either touching or within one meter of each other and of
approximately the same size based on visual inspection. Plants were permanently tagged.
In 2002, catkin nutrient content (N and P) was compared between paired male and female
plants. Male catkins in full flower were collected before pollen dehiscence (June 16-18).
Female catkins were collected after fruit maturity and before dispersal (Aug. 21-24).
Three catkins from each male and five catkins from each female were randomly chosen,
collected into small envelopes, and air-dried with silica gel. A random subset of plants
from which catkins were collected was included in the analysis of nutrient content (for
nitrogen, female n=23, male n=24; for phosphorus, female n=15, male n=18). Male
catkins were ground using a mortar and pestle. For female catkins, seeds were separated
from the rest of the catkin material by forceful rubbing through a sieve. The ground and
separated material was dried again at 50°C for several days, re-weighed, and put in
enough concentrated acid (H2SO4) to cover material for digestion. The digestion was
then diluted to 1mL from which aliquots were taken for N and P analysis following
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Ashman and Baker (1992). To estimate average whole plant nutrient budgets for
reproduction in the different sexes, catkin nutrient content was scaled up to the whole
plant level using mean estimates for catkin weight and shoot number per plant in the
population [(g nutrient/g seed or pollen)*(g seed or pollen/catkin)*(catkins/shoot)*
(shoots/plant)] with shoot number based on plant circumference (Regression, r2=0.98 for
the relationship between shoot number and circumference).
One-way analysis of variance (ANOVA)’s with sex as the explanatory variable
was used to compare reproductive allocation with respect to N and P at the catkin level
(Statistical Analysis System, v9, SAS 2003, Proc GLM). Phosphorus content was
angular-transformed to meet model assumptions.
Spatial Distribution of the Sexes: Frequency and distribution of male and female
willows were surveyed in five populations (Boreas Pass, Hoosier Ridge, Kite Lake,
Pennsylvania Mountain, and Weston Pass). The distance between populations ranged
from 9.2 km to 36.2 km. Ten-fifty m transects running north/south were laid out at 100
m intervals in each population. Ten random points were chosen on each transect and the
plant sex closest to each point was recorded. I also recorded the sex of the closest
neighbor one or more m away from this plant (to avoid re-sampling the same individual)
in a randomly chosen compass direction.
A χ2 goodness of fit test was used to compare the ratio of females to males in
each population with an overall expectation of 50:50. Sex was compared between nearest
neighbors along sampling transects in a frequency analysis so that spatial segregation (Si)
of sexes in each of the five populations could be tested (Dixon 1994). Si is similar to a
log-odds ratio, based on sex frequency ratio. If Si>0 for a sex, then individuals of that
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sex are more segregated than expected by chance. If Si<0, then individuals of the other
sex occur more frequently as neighbors than expected at random. If sexes segregate
according to microhabitat, then Si should be greater than zero. A z-score was computed
for each population to test if individuals associated more often with others of the
unisexual than would be predicted based on random inter-sex spacing.
Sex-specific Divergence in Physiological Traits: On Pennsylvania Mountain, four sites
or pairs of mesic and xeric krummholz habitat patches were chosen in 2001 based upon
accessibility, proximity, and adequate density of S. glauca. A transect was laid through
the willows in each habitat patch and the closest male or female shoot (n=6 each) to each
of 12 random points was located, permanently tagged, and sampled in the summers of
2001 to 2003 (one site was dropped due to loss of permanent tags at the end of the 2001
growing season). When mortality occurred, shoots were replaced with adjacent shoots
from the same individual.
Gas exchange measures were taken on intact leaves of each shoot using a portable
photosynthesis system (Li-6200, Li-Cor Inc., Lincoln, NE, USA): photosynthesis (A)
and conductance (g) were measured, and instantaneous water use efficiency (WUEi) was
calculated as the ratio of A/g. Conductance should reflect transpiration, provided that the
vapor pressure gradient does not change excessively during the measurement. Care was
taken that the measurement was completed quickly so that the vapor pressure gradient did
not change much. Measurements were taken on fully expanded healthy leaves between
0900 and 1400 MST, during the time of highest incident radiation. For 2001-2003,
measurements were made from July 30-Aug. 18, June 27-28, and July 28-Aug. 8,
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respectively). Only 4 plants/sex/patch were sampled in 2002 and 2003 due to time
constraints.
Leaf water status was examined for the same plants as above during the growing
seasons of 2001-2003. Occasionally plants did not have any acceptable leaves or could
not be located during pre-dawn measurement; this resulted in a slightly reduced sample
size (n=84 total). Leaf water potentials (Ψl) were measured at pre-dawn (0300-0600
MST) and mid-day (1100-1300 MST), using a plant water status console (Soil Moisture
Equipment Corp. Santa Barbara, CA, USA, 3000 series). In each year, measurements
were made from July 6 - Aug. 20, June 22 - Aug. 21, and July 25 - Aug. 2, respectively.
Leaves chosen for Ψl had petioles of sufficient length to accommodate the chamber
gasket and appeared healthy – leaves with mite domatia, other evidence of herbivory, or
discoloration were not used. For 2001-2002, leaves were cut, placed into a moistened
paper towel inside of a plastic sandwich bag, placed on ice in a cooler, and then
transported to the water status console. In 2003, the pressure chamber was moved to
each habitat patch and cut leaves were placed immediately into the chamber.
Rates of A and g, as well as WUEi were square root transformed to meet
assumptions of ANOVA. Sources of variation in gas exchange rates were tested by using
ANOVA (PROC GLM, SAS Version 9.1, 2002-2003 by SAS Institute Inc., Cary, NC,
USA). Sex, habitat type, and site were fixed effects. Because of variation between years
in sample sizes, I chose to use separate analyses for each year of data collection;
however, the results do not substantially differ from a full mixed model analysis.
Because g was strongly correlated with A, and I was interested in comparing A between
sexes at a given level of g, evaluations of A used residuals from a regression of A on g
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(r2=0.62; P<0.0001). To choose the best covariance structure for each model, several
structures were evaluated using Akaike information criteria (AIC), Burnaham and
Anderson’s AIC corrected for a finite sample (AICC), and Schwarz Bayesian information
criteria (BIC) (Littell et al. 1996, SAS Institute 2002). Based on these three criteria
(consistent for all analyses), a compound symmetry structure was used for conductance, a
first-order autoregressive for photosynthetic residuals, and a heterogeneous first-order
autoregressive structure for WUEi. The Satterthwaite method was used to estimate
degrees of freedom. Comparisons between pre-planned group means (i.e. between males
and females within a given year, or between habitat types within a given year) used
Tukey-Kramer analysis (Proc MIXED, LSMEANS option).
Leaf water potentials (Ψl, MPa) were analyzed using a repeated ANOVA (SAS,
Proc GLM, repeated statement); sex, habitat type, and site were fixed independent effects
with time of day (pre-dawn or mid-day) repeated.
Sexual Dimorphism in Growth Rate: To test whether males and females had growth
specific optima in relation to microhabitat differences, permanently tagged shoots (64
original, 3 deaths, 4 lost tags, male n=29, female n=28) were collected in 2003 and
annual shoot growth rates for the preceding 10 years were estimated as incremental
distance between terminal bud scale scars along the main axis of the shoot. Although
some shoots had scars that indicated ages of 30 or more years, most could be aged
reliably only to ten years, and so measurements were confined to that interval.
The relationship of flowering catkin production per plant in 2003 to annual shoot
growth increment in 2002 and shoot basal diameter in 2003, was examined to address
whether factors affecting growth rate and plant size influenced reproductive success for
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plants of each sex. Annual shoot growth in 2002 provided the structural template for
2003 catkin production. Shoot basal diameter reflected cumulative resource status of the
shoot as influenced by its history of past growth (Ashman 1994a)—a thicker shoot should
have greater access to nutrients through more xylem and phloem conduits.
Measurements were made on shoots of a random sub-sample of the plants that were
permanently tagged in 2000 and used for the catkin nutrient analysis. Shoot growth
increment over the growing season, defined as the distance between the most distal pair
of terminal bud scars was measured after leaf senescence in 2003 (Sept 24) for 5% of the
shoots per plant. Basal diameter was measured in 2003 just above the ground.
Sources of variation in annual growth rate from 1993-2003 were analyzed in a
repeated ANOVA with all error terms specified. Sex, site, and habitat type were
independent fixed effects with year repeated (1993-2003)
To ascertain the relationship between growth and reproductive output, 2003 basal
diameter, 2002 shoot growth and sex were used in an additive linear model to explain
variation in catkin production in 2003 (SAS, Proc REG). Catkin production was log10transformed to meet assumptions of regression and sex was entered as a dummy variable
(female=0, male=1).

RESULTS:

Sex Specific Resource Allocation to Reproduction: N and P concentrations were greater
in seeds than pollen. For P, seeds averaged 0.0020±0.0002 g⋅g-1 and pollen averaged
0.0008±0.0002 g⋅g-1 (F1,31=16.77; P<0.0003). Similarly N concentration averaged
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0.029±0.002 g⋅g-1 in seeds, and 0.015±0.002 g⋅g-1 in pollen (F1,45=18.92; P<0.001).
When scaled up to the whole plant, P budgets to reproduction were four times greater for
females (0.20g⋅plant-1) than males (0.05g⋅plant-1). This result is consistent with a higher
nutrient cost of reproduction for females versus males. However, whole-plant N budgets
did not differ strongly between the sexes; nitrogen allocation to reproduction averaged
0.36g⋅plant-1in females and 0.33 g⋅plant-1 in males.
Spatial Distribution of the Sexes: At all five localities, willow populations were strongly
female biased (χ2=139.4; P<0.001; Boreas=72%, Hoosier=76%, Kite=84%,
Pennsylvania=71%, and Weston=79% female). Males and females exhibited significant
spatial segregation in 90% of cases (Table 1). Furthermore, sexes appeared to segregate
similarly with S averaging 0.55±0.14 in females and 0.54±0.49 in males. The
pronounced spatial segregation of the sexes supports the idea that the sexes are sorting
out in a heterogeneous environment.
Sex Specific Divergence in Physiological Traits: Divergence between sexes in A varied
from year to year as evident by a significant two-way interaction between sex and year
(F2,201=4.75; P<0.01; Table 2). Photosynthetic rates at a given level of g were lower for
females than males in mesic and xeric patches during the extremely dry year of 2002
(P<0.002; Figure 1) In 2001 and 2003, drought was not as extreme and both sexes
exhibited higher photosynthetic rates that did not differ significantly (P>0.2). Habitat
patch and all interactions involving habitat patch had non-significant effects on
photosynthetic rate.
Significant spatial variation was seen in conductance at both the site level and
within sites between habitat patches (Table 2). In 2002 and 2003, plants in mesic and
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xeric patches had similar g; whereas in 2001, a marked difference in g characterized
plants growing in xeric and mesic habitat patches (2001 habitat effect F1,64=12.21,
P<0.0009, Figure 2). In 2001, sexes varied in conductance between sites and among
habitat patches (2001 sex*site*habitat effect F3,64=3.90, P<0.0001). Sexes in Sites 1 and
2 appeared to be similar, but in Site 3 males had greater conductance rates compared to
females; additionally, Site 4 males in xeric patches had the greatest conductance rates but
Site 4 males in mesic patches had the lowest rates (Figure 3).
Instantaneous WUE showed a significant sex effect only in 2002 (2002 sex effect
F1,79=11.98, P<0.0009), while sexes showed no differences in 2001 and 2003. In the less
extreme years of 2001 and 2003, females and males exhibited similar water use
efficiencies (Figure 1). In 2001, WUEi averaged 57±2 µmol⋅mol-1⋅for females and 53±2
µmol⋅mol-1⋅for males. In 2003, WUEi averaged 46±4 µmol⋅mol-1 in females and 45±2
µmol⋅mol-1 in males. However in the drought year of 2002, females had lower average
WUEi than males (respectively, 54±4 µmol⋅mol-1 and 68±2 µmol⋅mol-1) as expected
given their reduced A (Figure 2).
Leaf water status (Ψl) varied temporally and spatially as indicated by a significant
three-way interaction between habitat type, year, and time of day (F2,213=7.89; P<0.0005;
Table 3). The difference in mid-day Ψl between habitats grew more pronounced over
time from 2001 to 2003 (Figure 3 d-f). There was a trend for plants in xeric sites to have
more negative Ψl than plants in mesic sites in 2002 (P=0.09), but a clear difference was
seen in 2003 with xeric sites having a much lower mid-day Ψl (P<0.0001). For both sexes
Ψl responded similarly to diurnal, spatial, and annual variation in aridity with no
significant main or interaction effects for sex (P>0.1, Table 3).
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Sexual Dimorphism in Growth Rate: The difference in incremental annual growth
between sexes depended marginally on habitat type (Habitat*sex interaction F1,44=3.66;
P<0.06; Table 3). Both sexes had reduced growth in xeric patches compared to mesic
patches, but the trend was much more pronounced in females than in males (Figure 4). In
mesic patches, incremental growth rate for females averaged 74±4mm while growth rate
for males averaged 60±3mm. In xeric sites, the converse pattern occurred with average
incremental growth of females (40±2mm) lower than that of males (56±3mm). This
trend suggests that growth depends more strongly on aridity in females than males. Both
sexes also showed a reduction in incremental growth with shoot age that may reflect
shoot senescence or buffering increases as size increases.
Linear regression showed that 2003 catkin production depended on 2002 shoot
growth (partial r2=0.01; P<0.0001), shoot basal diameter (partial r2=0.27; P<0.0001), and
sex (partial r2=0.20; P<0.0001; model r2=0.46; P<0.0001). Both, 2002 shoot growth
(β=0.010±0.002 mm) and shoot basal diameter (β=0.057±0.007 mm), had positive and
similar effects on catkin production in both sexes; however at a given growth rate, males
produced more catkins than females (female intercept= -0.20±0.12, male
intercept=0.26±0.19).

DISCUSSION:

Results show that females incur greater nitrogen and phosphorus costs of
reproduction at the catkin level; however because males of a given size have more catkins
on average than females, both sexes have similar nitrogen costs of reproduction at the
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whole plant level. In accord with sex-specific resource costs of reproduction, significant
spatial segregation of sexes occurred in nearly all populations surveyed. Patterns of
variation in leaf physiology were more complex. Photosynthesis and WUEi differed
between the sexes; however, the magnitude of the difference varied strongly among years
and was only significant in the extreme drought of 2002. Results suggest that
physiological performance of the mature willows was not sensitive to a considerable
range of spatial and temporal environmental variation incorporated in my study: only
under the most extreme conditions did photosynthesis in females potentially reflect
reduced drought tolerance. Growth in females was favored in habitats of high water
availability. Conversely, males maintained relatively constant growth rate under wet and
dry conditions. Females, consequently, are likely to gain more by inhabiting wetter sites
than males; female annual growth is 85% higher in mesic sites while males exhibit only
an 8% increase in incremental growth over the same moisture gradient. Growth patterns
imply that spatial segregation could enhance growth in females, but would have little
impact on growth of males. For both sexes, traits or spatial distributions that enhance
annual shoot growth should confer a fitness advantage, because yearly growth is
positively correlated to future flower production.
Similar to other studies, sexually unique allocation to reproduction in S. glauca is
dependent upon the scale and currency investigated (Ågren 1988, Ashman and Baker
1992). Males typically invest more nutrients into flowers than females (Opler and Bawa
1978, Ågren 1988), but female fruits have greater biomass and higher nutrient
concentration than male flowers (Bawa 1980, Ågren 1988, Delph 1990). N and P
allocation in S. glauca, agrees with this trend. However because males of many
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dioecious species produce more flowers than females, males may have similar or even
greater total investment in reproduction (Lloyd and Webb 1977, Opler and Bawa 1978,
Wallace and Rundel 1979). Nitrogen, but not phosphorus, allocation to reproduction in
S. glauca exhibits this pattern with differences in flower production compensating for
sex-specific organ level demands of N. Seasonal variation in allocation to reproduction
between sexes may exacerbate nutrient limitation for female willows in alpine habitats.
Males finish flowering within the first two weeks of the growing season, while females
invest in fruits for several successive weeks. In the alpine, the timing of nutrient
availability, especially in dry habitats, is strongly correlated with snowmelt (Bowman et
al. 1993). It follows that more severe competition for nutrient allocation between growth
and reproduction likely characterizes females, even when as in the case of nitrogen,
whole plant allocation to reproduction is similar between sexes.

Differences in nutrient

demands for reproduction may also cause the sexes to exhibit unique responses to
pollution and global change. As anthropogenic activity increases in habitats above tree
line, a shift from plant growth limitation by N to P is predicted (Körner 1999). My
results suggest that this may have a larger impact on females compared to males. Sex
ratios in populations of S. glauca that I surveyed as well as those of numerous other
dioecious plant species are highly female biased (see compilation in Delph 1999). The
highly female biased sex ratios observed in this study suggest that persistent snow pack
and cool temperatures of alpine environments favor female compared to male S. glauca.
However, other more general explanations of sex bias cannot be excluded. For example,
biotic factors such as herbivory may play a role in determining sex frequency (Boecklen
and Hoffman 1993). Damage from insects and ungulate herbivores is prevalent in alpine
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krummholz habitat and may favor female willows (Danell et al. 1991). Prezygotic
selection may also contribute to sex ratio bias. Before dispersal (Stehlik and Barrett
2005), irregular meiosis may bring about sex bias, or sibling competition may eliminate
developing seeds of one or the other sex before dispersal. From 13 crosses between
several families using male and female Salix viminalis, progeny grown under optimum
conditions were often female biased (Alstrom-Rapaport et al. 1997). Sex ratio
asymmetry could also be reinforced by restricted seed dispersal. Since seed dispersal is
leptokurtic away from maternal plants, a clumping of offspring around seed parents is
expected (Heilbuth et al. 2001). Accordingly most seeds should fall into microsites
favoring females, promoting a female biased sex ratio.
Male and female willows exhibit spatial segregation consistent with different
habitat requirements as in other dioecious species (Fox and Harrison 1981, Bierzychudek
and Eckhart 1988). Although spatial segregation may be due to inter-sex competition
(Freeman et al. 1976), few studies have looked at this idea directly and two which do
argue instead for intrasexual selection (Fox and Harrison 1981, Waser 1984). In
willows, spatial segregation may reflect clonal growth as well as clustering of discrete
individuals. Although I took precautions to insure that shrubs sampled in my survey
represented discrete individuals, single genets of other Salix species can cover hundreds
of meters of stream bank in riparian habitat (Douhovnikoff et al. 2004). The extent of
clonal spread in S. glauca is not clear. Nonetheless, the nearly consistent pattern of
spatial segregation for both sexes in five geographically isolated populations supports the
conclusion that sexes of S. glauca segregate to different microhabitats. Although my
study focused on distinct habitat patches as a source of site-specific selection pressures, it
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may be that the sexes assort due to spatial patterns of environmental heterogeneity at
other spatial scales. For example, snow banks represent a common fine-scale feature in
the krummholz that can influence melt-water, soluble N supply, soil temperature, and
nutrient mobility (Körner 1999). Microtopography creates seasonal variation in snow
accumulation and snowmelt, at scales smaller than those incorporated into my study.
The hypothesis of intrasexual selection predicts that sexes should increase their
uptake of contrasting resources through physiological specialization. Unlike other studies
which show up-regulation in A of females (Wheelwright and Logan 2004), the
discrepancy in A between male and female willows in S. glauca depends on water
availability. Specifically a marked reduction in female A occurred only in a year of
extreme drought (2002); while in less extreme years, males and females had similar
carbon assimilation rates. In 2002, males also exhibited greater instantaneous WUE than
females, while maintaining A. This finding further suggests that males may better
tolerate drier environments and extreme drought years, growing larger than females under
such conditions because of physiological specialization (Dawson and Bliss 1993). It is
noteworthy that three years of sampling were necessary to capture the conditions under
which sexes of S. glauca diverge in drought tolerance. Studies that report physiological
trends based on only one year of sampling may miss extreme years, which nonetheless
have significant effects on fitness, and survival especially for long lived, perennial
species like willows.
Similarity in carbon gain for male and female willows, despite significant
discrepancies in nutrient requirements and habitat specific growth rates, may reflect
several underlying compensatory processes. Photosynthate demand in females may also
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be partially offset by the photosynthetic bracts on maturing catkins (Bazzaz et al. 1979)
or by sink driven A of maturing female catkins (Laporte and Delph 1996). Reproductive
costs may also be partly offset by translocation of resources from non-reproductive
shoots to reproductive shoots within a plant (Banuelos and Obeso 2004). If resource
translocation occurs among shoots to support fruit set, then physiological, growth, or
demographic costs of reproduction may be more evident in herbaceous plants or smaller
shrubs than in the relatively large, mature individuals included in my study (e.g. Donovan
and Ehleringer 1991, Mediavilla and Escudero 2004). Measurement of drought tolerance
and carbon assimilation in S. glauca in the absence of reproduction reveals marked
differences between sexes, suggesting that some or all of these compensatory
mechanisms occur at maturity, masking (or reducing) reproductive costs (Dudley 2006).
Growth rates for females are optimized under mesic conditions. However as
shoots age, sex-specific growth differences diminish, suggesting that much of the
selection on physiology may occur at a smaller size. This finding is consistent with the
widely supported view that smaller, establishing plants exhibit greater sensitivity to the
environment than larger mature individuals (De Soyza et al. 1996). Sex-specific growth
optima in S. glauca could have conservation implications. Willows are used in a variety
of ecosystem management projects: biomass crops (Volk et al. 2004), soil stabilization
(DLWC 2005), and riparian restoration (Rood et al. 2003). Management practices
incorporating sex differences could be beneficial. For example, planting females in wet
areas and males in drier ones could provide better yield or coverage than haphazard
distributions of the sexes.
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Previous shoot growth and current shoot diameter were positively related to
catkin production, alluding to underlying growth constraints on plant fitness. The
influence of the previous year’s growth on catkin number probably reflects architectural
constraints (Diggle 1997). Males and females limit catkin initiation to shoot length laid
down in the previous year; a longer shoot has more potential bud sites than a shorter one.
This architectural feature provides direct feed-back between previous and current
reproductive allocation (but see Fox and Stevens 1991, Nicotra 1999). The relationship
between catkin production and shoot basal diameter may reflect the capacity of large
shoots, with greater phloem inputs to sustain current reproductive investment (Banuelos
and Obeso 2004). Although I cannot exclude the hypothesis that growth rate and
reproduction are spuriously correlated due to underlying environmental variation
(Rausher 1992a), the finding of a positive relationship between the two processes,
coupled with habitat specific growth optima for male and female S. glauca, supports the
idea that spatial segregation of sexes is adaptive.
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Population
Boreas
Hoosier
Kite
Penn
Weston
Mean±1SD

Female
Nii
Nij
S
68
7
0.52
69
6
0.59
76
5
0.56
61
11
0.34
73
4
0.74
Sff=0.55±0.14

z
15.57*
9.80*
9.82*
8.67*
10.20*

Male
Nii
Nij
S
5
20
-0.11
21
4
1.22
10
9
0.70
12
16
0.30
12
11
0.58
Smm=0.54±0.49

z
1.22
11.02*
6.61*
4.51*
6.27*

Table 1. Frequencies used in estimating spatial segregation (S) based on a nearest
neighbor contingency table of willows growing in five populations and estimates of S for
sexes at each site. Niiis the frequency of plants with a member of the same sex as the
nearest neighbor and Nij is the frequency of plants with a member of the other sex as the
nearest neighbor, * z>1.96 at α=0.05.
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2001
Effect
df MS F
Pr>F
A. Photosynthesis
Sex
1 0.11 0.69 0.4104
Site
3 0.08 0.54 0.6595
Habitat
1 0.00 0.00 0.9698
Sex*Site
3 0.08 0.50 0.6826
Sex*Habitat
1 0.24 1.57 0.2153
Site*Habitat
3 0.08 0.50 0.6808
Sex*Site*Habitat 3 0.08 0.52 0.6728
Model
15 0.08 0.53 0.9155
Error
64 0.15
B. Conductance
Sex
1 0.01 1.09 0.3006
Site
3 0.03 5.18 0.0029
Habitat
1 0.08 12.21 0.0009
Sex*Site
3 0.00 0.29 0.8300
Sex*Habitat
1 0.01 1.36 0.2476
Site*Habitat
3 0.03 4.55 0.0059
Sex*Site*Habitat 3 0.03 4.62 0.0055
Model
15 0.02 3.90 <.0001
Error
64 0.01
C. Instantaneous Water Use Efficiency
Sex
1 0.83 1.31 0.2562
Site
3 0.97 1.54 0.2126
Habitat
1 0.32 0.51 0.4795
Sex*Site
3 0.22 0.34 0.7952
Sex*Habitat
1 1.29 2.05 0.1569
Site*Habitat
3 0.80 1.27 0.2920
Sex*Site*Habitat 3 0.45 0.72 0.5456
Model
15 0.64 1.02 0.4472
Error
64 0.63

2002
df MS

F

Pr>F

2003
df MS F

Pr>F

1
2
1
2
1
2
2
11
79

2.58
0.31
0.27
0.03
0.03
0.20
0.31
0.43
0.17

14.78
1.78
1.56
0.16
0.15
1.13
1.78
2.45

0.0002
0.1748
0.2157
0.853
0.7026
0.3283
0.1752
0.0110

1
2
1
2
1
2
2
11
44

0.37
2.03
0.11
0.66
0.17
0.01
0.17
0.60
0.41

0.92
5.01
0.27
1.62
0.42
0.03
0.43
1.48

0.3429
0.0109
0.6039
0.2093
0.5218
0.9748
0.6523
0.1718

1
2
1
2
1
2
2
11
80

0.02
0.13
0.00
0.01
0.00
0.02
0.01
0.03
0.01

2.62
18.22
0.34
1.54
0.02
2.95
1.07
4.79

0.1096
<.0001
0.559
0.2202
0.8968
0.0581
0.3493
<.0001

1
2
1
2
1
2
2
11
44

0.03
0.02
0.05
0.04
0.00
0.00
0.00
0.02
0.02

1.73
1.07
2.82
2.27
0.00
0.22
0.18
1.14

0.1955
0.3511
0.1002
0.1154
0.9823
0.8038
0.8343
0.3528

1
2
1
2
1
2
2
11
79

28.07
3.90
8.92
1.22
2.08
6.21
1.42
6.11
2.34

11.98
1.66
3.81
0.52
0.89
2.65
0.61
2.61

0.0009
0.1958
0.0546
0.5954
0.3491
0.0769
0.5475
0.0069

1
2
1
2
1
2
2
11
44

0.99
9.79
0.87
2.11
0.42
0.03
0.19
2.64
1.36

0.73
7.21
0.64
1.56
0.31
0.02
0.14
1.94

0.3978
0.0020
0.4288
0.2223
0.5799
0.9781
0.8700
0.0593

Table 2. ANOVA’s for gas-exchange of willows through three growing seasons (20012003). Significant P-values are noted in bold.
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0.02
0.06
0.00
0.02
0.02
0.09
0.02
0.03
6.33
0.00
0.17
0.05
0.01
0.01
0.20
0.02
0.03

1
3
1
3
1
3
3
62
1
1
3
1
3
1
3
3
62

185.75
0.03
4.90
1.60
0.26
0.41
5.76
0.62

0.54
2.23
0.17
0.82
0.52
3.05
0.67

<.0001
0.8651
0.0041
0.2101
0.8551
0.5219
0.0015
0.6045

0.4668
0.0930
0.6790
0.4890
0.4723
0.0350
0.5747

P>F

1
1
2
1
2
1
2
2
39

1
2
1
2
1
2
2
39
3.12
0.01
0.02
0.01
0.00
0.00
0.02
0.03
0.01

0.22
0.07
0.23
0.08
0.09
0.03
0.00
0.06
273.81
0.49
1.59
0.45
0.27
0.14
1.41
2.68

3.57
1.14
3.70
1.34
1.41
0.47
0.08

2002
df MSE F

<.0001
0.488
0.217
0.507
0.764
0.710
0.256
0.081

0.066
0.329
0.062
0.275
0.242
0.627
0.927

P>F

1
1
2
1
2
1
2
2
18

1
2
1
2
1
2
2
18
9.30
0.00
0.13
0.16
0.00
0.02
0.01
0.05
0.01

0.00
0.08
0.38
0.01
0.11
0.25
0.12
0.03

670.71
0.25
9.43
11.46
0.27
1.74
0.88
3.26

0.11
2.72
13.43
0.50
3.74
8.57
4.23

2003
df MSE F

<.0001
0.6209
0.0016
0.0033
0.7629
0.2032
0.4306
0.0618

0.7457
0.0927
0.0018
0.6148
0.0690
0.0024
0.0311

P>F

habitat patches over 2000-2003 growing seasons. Significant effects are noted in bold.

Table 3. Repeated measures ANOVA for leaf water potentials (Ψl ) of male and female willows growing in mesic and xeric

Effect
A. Between Subjects
Sex
Site
Habitat
Sex*Site
Sex*Habitat
Site*Habitat
Sex*Site*Habitat
Error
B. Within Subjects
Time
Time*Sex
Time*Site
Time*Habitat
Time*Sex*Site
Time*Sex*Habitat
Time*Site*Habitat
Time*Sex*Site*Habitat
Error(Time)

2001
df MSE F

Effect
A. Between Subjects
Habitat
Sex
Site
Habitat*Sex
Habitat*Site
Site*Sex
Error
B. Within Subjects
Year
Year*Habitat
Year*Sex
Year*Site
Year*Habitat*Sex
Year*Habitat*Site
Year*Site*Sex
Error(Year)

df

MS

F

P>F

1
1
2
1
2
2
44

42852.02
181.89
32870.57
22378.38
3011.71
5883.79
6120.14

7.00
0.03
5.37
3.66
0.49
0.96

0.0113
0.8639
0.0082
0.0624
0.6147
0.3902

9
9
9
18
9
18
18
396

11093.40
1861.53
490.06
996.94
712.94
586.97
855.18
761.50

14.57
2.44
0.64
1.31
0.94
0.77
1.12

<.0001
0.0102
0.7597
0.1775
0.4933
0.7349
0.3266

Table 4. Repeated measures ANOVA. Incremental growth of male and females willows
over a ten year period (1993-2003) in two habitat types, xeric and mesic.
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Figure 1. Linear regression of conductance on photosynthesis in S. glauca.
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A1/2=(5.5±0.2)g1/2+(0.8±0.1)
R2=0.7
P<0.0001
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Figure 2. Photosynthesis (A-C) and water use efficiency (D-F) of female (shaded
bars) and male (open bars) willows during 2001-2003. Bars represent means±1SE.
Significant pair-wise comparisons are denoted by *P<0.01.
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Figure 3. Conductance during 2001-2003 (A-C) and leaf water potentials (Ψl) (D-F)
pre-dawn stippled bars, mid-day unstippled bars) for willows in mesic (shaded bars)
and xeric (open bars) habitat patches. Bars represent means±1SE. Significant habitat
effect noted by *.
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Figure 4. Spatial variation in conductance rates for female (shaded bars) and male willows (open bars) growing in xeric and
mesic habitat patches. Bars represents means±1SE.
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Figure 5. Annual shoot growth of female (a) and male (b) willows (S. glauca) growing in mesic (closed symbols) and xeric
(open symbols) habitat patches. Points are least square means ±1SE.
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CHAPTER 3: STAGE DEPENDENT PATTERNS OF DROUGHT TOLERANCE
AND GAS EXCHANGE VARY BETWEEN SEXES IN THE ALPINE WILLOW,
SALIX GLAUCA
CHAPTER SUMMARY:

Females and males of dioecious species may have unique resource demands due to
differential allocation to reproduction that leads to divergent selection pressures on
correlated life history traits. Here, I explore whether intrasexual selection has led to
genetic dimorphism in homologous physiological traits between the two sexes of a
willow shrub, Salix glauca. Sexual allocation theory predicts that sexes are likely to
exhibit alternate resource use strategies. However, discerning dimorphism is often
confounded with concurrent reproduction that may alter physiology due to source-sink
strengths. I use a common garden experiment to compare physiological responses to
water stress in mature individuals and experimentally propagated vegetative daughter
plants. For both sexes, ramets experienced similar pre-dawn water potentials as parental
genets, indicating that experimental dry down mirrored environmental conditions in
nature. This study showed that non-flowering females of S. glauca incur greater water
stress than males under dry conditions. Lower Ψl for females may partly reflect the
maintenance of conductance under drought; males in contrast maintain Ψl under drought
by reducing conductance. Males and females achieved similar WUEi via different
mechanisms. Results support the view that gas exchange rates of female plants are
maintained despite drought to support greater costs of reproduction whereas
physiological plasticity allows male plants to occupy more arid environments. Flowering
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genets of both sexes achieved higher rates of photosynthesis than ramets of the same
genets, consistent with sink-driven enhancement of photosynthesis by reproductive
structures. Moreover, the differences in conductance and leaf water status between sexes
observed in the vegetative phase were absent for plants in flower. Results show that (1)
divergence in physiology between sexes of Salix has a genetic basis and does not simply
reflect differentiation in gender-specific reproductive sinks inherent in pollen vs. fruit
production, (2) that males are the more plastic sex with respect to water use, and (3) that
divergence in water relations between sexes paradoxically becomes more difficult to
measure at sexual maturity.

INTRODUCTION:

Dioecy refers to the division of male and female reproductive functions into separate
individuals. Females and males may have distinct resource demands associated with the
production of unique reproductive structures that lead to divergent selection pressures on
correlated life history traits (Darwin 1877, Freeman et al. 1976, Lloyd and Webb 1977,
Cox 1981, Charnov 1982, Meagher 1984, Vitale and Freeman 1986, Delph 1990). For
example, Delph (1990) found that sex-specific selection on vegetative growth in Hebe
subalpina was driven by differences in the relative fitness gains through pollen versus
seeds. According to Geber (1999) there are three evolutionary processes that result in
secondary trait divergence between males and females: intrasexual selection for different
trait optima, intersexual selection for mating opportunities, and/or competition between
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sexes for limiting resources. Here, I explore whether intrasexual selection has led to
genetic dimorphism in homologous physiological traits between the two sexes.
Sexual allocation theory predicts that sexes are likely to exhibit alternate water
use strategies (Arntz and Delph 2001). If females are subject to selection for increased
resource uptake to support greater allocation to reproduction, then they should maintain
high energy assimilation by avoiding water stress through exploitation of wetter, resource
rich sites (Dawson and Ehleringer 1993, Dawson and Geber 1999). In the dioecious
arctic willow, Salix arctica (Dawson and Bliss 1989a, Dawson and Bliss 1989b), males
occupy drier sites than females and exhibit higher leaf elasticity and osmotic adjustment.
These mechanisms allow males to maintain greater leaf turgor and higher stomatal
conductance under drought than females. Conversely, in stream-side boxelder (Acer
negundo) sexes show little habitat segregation. Instead, males exhibited greater stomatal
sensitivity to drought, closing stomates in order to avoid desiccation (Dawson and
Ehleringer 1993). Although these studies indicate evolutionary dimorphism in water
relations of males and females, generalization about sexual dimorphism in water use is
premature (Dawson and Geber 1999). Differences in conductance of males and females
in Salix polaris vary over time (Crawford and Balfour 1983). In Silene latifolia, gas
exchange rates in males and females are similar despite greater biomass allocation to
reproduction by females (Gehring and Monson 1994). Some of this ambiguity may
reflect challenges of interpreting physiological comparisons in natural populations. In
nature, it is unclear whether discrepancies in water use between sexes reflect habitat
segregation, genetic divergence, or both.
Several other factors may also impede the detection of genetic differences in
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secondary characters between sexes, especially with regard to traits involved in resource
acquisition or deployment. Genetic differentiation may be confounded and masked by
demands of concurrent sexual function in reproductive plants (Delph and Meagher 1995).
For example because of a source-sink relationship between fruits and photosynthesis,
female plants may have a higher photosynthetic rate due to fruit maturation, but no
overall enhancement of photosynthesis relative to males (Dawson and Bliss 1993,
Dawson and Ehleringer 1993, Laporte and Delph 1996). This problem can be avoided by
measuring pre-reproductive vegetative subjects. Second, for woody or other long-lived
plants, reproductive individuals may have reached sufficient size that physiological
functions (photosynthesis, water use) are buffered from environmental stress in both
sexes (Bond 2000). Consequently, only a narrow range of extreme conditions may reveal
sex differences in drought tolerance. Third, because females of dioecious species
characteristically grow more slowly than males and are smaller in vegetative size at a
given age, they may have access to different and lower resource supplies in nature
(Putwain and Harper 1972, Lloyd and Webb 1977, Zimmerman and Lechowicz 1982).
Such discrepancies can bring about environmentally based differences in male and
female physiology that mimic and potentially mask genetically based divergence. I
address these problems by using a common garden experiment to measure physiological
responses to water stress in experimentally propagated vegetative daughter plants of
dioecious Salix glauca (L.), a long-lived woody shrub of alpine environments.
Salix glauca provides an excellent model for addressing genetic differentiation in
water relations between sexes. In natural populations, sexes of S. glauca exhibit classic
features of niche partitioning including spatial segregation, and habitat specific
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divergence in annual growth rates. Females optimize growth in wet conditions, while
growth in males is less sensitive to aridity (Chapter 2). Because both sexes show
pronounced relationships between past growth and current reproductive output, it is
plausible that divergence in growth rate between sexes in natural populations is adaptive,
with niche partitioning allowing females to support a greater cost of reproduction. Here,
I take advantage of the propensity of willows to propagate vegetatively to test for a
genetic basis to physiological specialization between sexes and to address whether such
differentiation is most apparent in less buffered, small individuals.
I ask the following specific questions: (1) do females tolerate greater water stress
than males consistent with the maintenance of gas-exchange rates under dry conditions to
support the cost of fruit production? (2) Do males exhibit greater plasticity in gas
exchange, responding to water deficit by reducing photosynthesis and/or conductance?
(3) Do differences between sexes in drought responses and carbon assimilation vary
between vegetative and flowering life stages?

MATERIALS AND METHODS:

Study system: Salix glauca is a shrubby dioecious willow with a circumboreal
distribution (Argus 1973). Plants flower repeatedly from year to year, and during six
years of study, I have not observed a single episode of sex switching in more than 100
individuals of each gender. Bud scars indicate that plants in the study population are at
least 15 years old, and in many cases, 2-3 times older. As with other Salix spp, S. glauca
readily propagates via woody rhizomes, allowing genets to be cloned repeatedly. For this
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experiment, genets were delineated in the field as unisexual clumps of centrally radiating
shoots separated from other identified genets by at least 1m. The study population forms
the krummholz transition zone between tree line and true alpine at 3620-3890m elevation
on Pennsylvania Mountain (Park County, N 39:15 W 106:07), in the Park Range (Pike
National Forest) of the Colorado Rocky Mountains (USA). The krummholz habitat is
highly heterogeneous with standing water and dry, silty soils within meters of one
another. Males and females of S. glauca occur across the krummholz mosaic, but
segregate spatially on Pennsylvania Mountain and elsewhere in the central Rocky
Mountains (Chapter 2).
Source material: Cuttings were taken in January 2002 from randomly sampled and
permanently marked parental genets in mixed stands (14 female genets and 15 male
genets) and brought back to the greenhouse, University of Missouri (Columbia, MO).
For details on parental genets see Chapter 1. Each was rooted in 1:1 (vol/vol) mixture of
pro-mix soil-less potting medium (Pro-Mix BX Professional General Purpose Growing
Medium; Premier Horticulture, Red Hill, Pennsylvania, USA) and sand, and the
7.6x7.6x7.6 cm plastic pots were placed into tubs with water to keep soil moist under
14:10 hour days, breaking dormancy. After dormancy was broken and plants were well
rooted, watering to saturation was reduced to once per day and then once every other day.
Three sequential cuttings (Feb., March, April) were made per original ramet to reduce
maternal and environmental carryover effects and increase the number of ramets per
genet. From each ramet in the third set of cuttings, a fourth and final set were taken
(May) to produce individuals for this study (n = 2 - 4 ramets per original genet). Each
daughter plant generated from the final set of cuttings (hereafter referred to simply as
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plants) was placed into a 1:1 (vol/vol) mixture of general purpose growing mixture (ProMix BX Professional General Purpose Growing Medium; Premier Horticulture, Red Hill
Pennsylvania, USA) and fritted clay (Hi-Dri clay absorbent, Sud-Chemie Absorbents,
Meigs, Georgia, USA) in a 10.2x10.2x15.2cm plastic pot. Clay was used to increase the
water retention capacity of the growing medium (Ehret et al. 1998). At time of planting,
15mL of 14-14-14 (NPK) slow-release fertilizer (Osmocote, Scotts Company,
Marysville, Ohio, USA) was placed into the pot with the cutting. Plants were
approximately 20cm in length during the experiment. Plants collected at the end of the
experiment confirmed that roots were not pot-bound and rarely touched the pot sides.
Furthermore, there were no significant differences between female (shoot x=2±2g root x
=1.1±0.4) and male (shoot x =2±3g, root x=1.2±0.7) shoot sizes (P=0.8) or root sizes
(P=0.4).
Dry down experiment: Plants were transported to the field on June 14, 2003, held in a
large screened enclosure (Weatherport) at 3111m until June 28, then moved to 3583m at
tree line on Pennsylvania Mtn. on July 5. Pots were randomly placed onto tables,
preventing small mammal herbivory, and watered daily to soil saturation until the start of
the experiment. There was no evidence of insect herbivory before or during the course of
the dry-down experiment. Plants were approximately 15cm in height when the
experiment began. At least two individuals from each original genotype were randomly
assigned to each of two treatments, control and dry-down. Location of plants was
completely randomized independent of treatment so that there were 16 columns of 5
plants and 1 column of 3 plants placed onto two tables of similar heights pushed together
to make one surface. Controls were watered daily with 185mL of distilled water, slightly
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greater than soil saturation; whereas, plants in the dry-down treatment did not receive any
water during the 12 d time span of the experiment. A clear sheet of plastic was placed
above the plants in both treatments during rain-storms to control for watering level.
To monitor differences in water availability and water stress between treatments,
leaf water status (Ψl) was taken at pre-dawn (0300-0530 MST) and mid-day (1000-1300
MST) intervals before and at the end of the dry-down period using a plant water status
console (Soil Moisture Equipment Corp. Santa Barbara, CA, USA, 3000 series). A
random sub-sample of 30 plants (5 female control, 6 male control, 7 female dry-down, 8
male dry-down) was sampled repeatedly for the four Ψl measurements. For each
measurement, the most distal leaf on the plant was excised and placed immediately into
the chamber of the console. Ψl was measured one day prior to gas exchange rates (see
below) to minimize possible wounding responses.
Instantaneous rates of gas exchange were measured on intact leaves of all plants
(n=83) in the experiment using a portable photosynthesis system with the 414mL clear
cuvette (Li-6200, Li-Cor, Lincoln, NE, USA). Photosynthesis (A) and conductance (g)
were measured, and instantaneous water use efficiency (WUEi) was calculated as the
ratio of A/g. Conductance is an accurate estimate of transpiration, provided that the
vapor pressure does not drop excessively during the measurement. Gas exchange rates
were measured during the highest incident solar radiation (1000-1300 MST) when there
was a median quantum flux of 1488 µmol m-2 sec-1. The most distal leaves were chosen
after inspection for lack of necrosis. Leaves sampled for gas exchange rates were
collected, leaf area measured using a CI-202 Area Meter (CI-A 11297; CID, Inc.,
Vancouver, Washington, USA), and gas exchange rates corrected for leaf area.
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Statistical analysis: All analyses were conducted using SAS statistical software (SAS
version 9.1, 2002-2003 by SAS Institute). Ψl was analyzed using a repeated measures
Analysis of Variance (r-ANOVA; Proc GLM). Leaf area significantly influences water
potential in small plants of S. glauca (P<0.003, R2=0.08, β= -0.09±0.03); therefore
residuals from linear regression (PROC REG) of Ψl on leaf area were used as the
dependent variable in the r-ANOVA. Time of day (pre-dawn or mid-day) and phase
(pre-or post-drought) of the experiment were both repeated. Watering treatment and sex
were fixed effects. Because only one daughter plant of each original genotype was
sampled per treatment for leaf water potential, genotype could not be included in the Ψl
analysis and was pooled with the error. A four-way treatment*sex*time*phase effect
would indicate that the sexes responded differently to drought. In order to ascertain if the
dry-down treatment was effective in reducing soil moisture, means were compared using
Tukey-Kramer analysis for pre-dawn measures between controls and dry-down plants at
each phase of the experiment (LSMEANS option). Similar contrasts were used to test for
water stress by comparing mid-day Ψl for controls vs. dry-down plants at each phase.
The relative importance of sources of variation in gas exchange rates—sex,
treatment, genotype, and phase of experiment—were evaluated using three mixed model
ANOVA’s (Proc Mixed). The individual plant gas exchange measures were averaged for
each genotype within a treatment; these averages were used in subsequent analyses.
Photosynthesis (A), conductance (g), and instantaneous water use efficiency (WUEi)
were square root transformed to meet assumptions of ANOVA. Sex, treatment, and
phase of experiment were fixed effects. Because genotypes were originally taken from
parental plants randomly tagged from throughout the Pennsylvania Mtn. population,
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genotypes and genotype nested within sex were treated as random terms. The subject for
repeated measures was genotype nested within the sex by treatment interaction. The
impact of drought on gas exchange parameters was assessed by the treatment*phase
interaction. A significant three-way interaction between treatment*sex*phase would
suggest that the sexes respond differently to drought. Degrees of freedom were estimated
using the Satterthwaite method. Several covariance structures for each model were
evaluated using Akaike information criteria (AIC), Burnaham and Anderson’s AIC
corrected for a finite sample (AICC), and Schwarz Bayesian information criteria (BIC)
(Littell et al. 1996). Based on these values (consistent for all analyses), a first-order
autoregressive structure was used for photosynthesis, a heterogeneous first-order
autoregressive for conductance, and a variance component structure for WUEi. A priori
contrasts were conducted among post-treatment group means using Tukey-Kramer’s
adjustment for multiple pair-wise comparisons (LSMEANS option). The probability of
significance was then adjusted for multiple comparisons by Bonferonni corrections at
α=0.05. It was not possible to test for interactions between genotype and other fixed
effects due to limited degrees of freedom.
Stage-specific physiology: Leaf water status and gas-exchange measurements were taken
on parental genets after eight days without rainfall and either immediately before or
shortly after measurements of ramets in the experiment. Parental genets (female n=14,
male n=16) were not manipulated in any way. Shoot lengths in the population were on
average 0.6±0.3m (±1SD), four times longer than the length of experimental ramets.
Leaf water status and gas exchange measures were made using methods described above.
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Statistical analysis: Only data from parental genets and post-dry-down daughter plants
were used to test for stage-related differences in leaf physiology. Variation in leaf water
status was examined using a mixed model ANOVA. Fixed effects included sex (male or
female), stage (ramet or parental genet), and time of day (pre-dawn or mid-day).
Genotype nested within sex was treated as a random effect. The subject for repeated
measures was the average Ψl of individuals within a genotype at a particular stage.
Sex, stage, and genotype were explanatory variables for analysis of variation in
gas-exchange rates. As before, physiological parameters were evaluated using separate
mixed model ANOVAs. Sex and stage were fixed effects and genotype nested within sex
was used as a random effect. A, g, and WUEi were all square root transformed to meet
model assumptions. Here, a significant stage-by-sex interaction indicates that stage of
development moderates the extent of divergence in resource acquisition between sexes.

RESULTS:
Dry-down experiment: Experimental drought reduced pre-dawn and mid-day Ψl
compared to controls for both sexes (treatment*phase F=13.04, P<0.002, Table 1). At
the onset of the experiment, sexes exhibited similar Ψl at pre-dawn and mid-day
sampling intervals (Figure 1 A-B). However, at the end of the experiment sexes showed
a marginally significant difference in water stress (sex*phase*time F=4.1, P<0.06, Figure
1 C-D). Females had significantly lower mid-day Ψl than males in the drought treatment,
but not in controls (Figure 1 D).
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Drought decreased photosynthetic activity during the experiment
(treatment*phase F1,51.9=8.92, P<0.004, Table 2). Under dry-down, photosynthesis was
reduced from an average of 12±1 µmol⋅m-2⋅sec-1 to 8±1 µmol⋅m-2⋅sec-1 (P=0.05). Control
and dry-down plants had similar conductance rates prior to dry-down (respectively,
x=0.25± 0.03 mol⋅m-2⋅sec-1, x=0.24±0.03 mol⋅m-2⋅sec-1); whereas after dry-down,
conductance of control plants was twice that of dry-down plants (respectively,
x=0.41±0.08 mol⋅m-2⋅sec-1 and x=0.20±0.03 mol⋅m-2⋅sec-1; treatment*phase F1,54=7.36,
P<0.009). The impact of drought on conductance rate varied between sexes (F2,29.9=4.63,
P<0.04). Males, but not females, reduced conductance significantly in response to
drought (Fig. 2E). WUEi decreased in both control and dry-down plants over the time
course of the experiment, (F1,80.7=4.38, P<0.04), but did not vary significantly between
treatments or sexes (Table 2). Genotype nested within sex accounted for a significant
portion of the variance in conductance (Wald’s Z=2.58, P<0.005), but not photosynthesis
or WUEi (Table 2).
Stage-specific physiology: Parental plants experienced similar pre-dawn water potentials
as ramets at the end of the dry-drown treatment (Figure 3A, Table 3). Mid-day water
potentials were similar for mature males and females at both stages. However, smaller
male plants maintained significantly higher Ψl than mature males or females of either size
class (Figure 3).
Parental genets exhibited greater photosynthetic capacity compared to ramets
under similar Ψl (respectively, x=18±2 vs. 9±1 µmol⋅m-2⋅sec-1; F1,52=20.4, P<0.0001,
Table 4). Additionally, male and female parents had greater rates of conductance
(x=0.53±0.10 mol⋅m-2⋅sec-1) than smaller ramets (x=0.16±0.03 mol⋅m-2⋅sec-1; F1,25=20.09,
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P<0.0001). It is apparent from planned contrasts within each sex that only for males do
ramets differ significantly from parental genets in photosynthesis and conductance
(Figure 4). Despite differences in photosynthesis and conductance, I observed similar
WUEi for ramets and parental genets of both sexes (all P>0.9).

DISCUSSION

This study showed that small non-flowering females of S. glauca incur greater
water stress than males under dry conditions. Lower Ψl for females may partly reflect the
maintenance of conductance under drought; males in contrast maintain Ψl under drought
by reducing conductance. Even though rates of conductance and photosynthesis were
highly correlated in this experiment (Pearson correlation r=0.75; P=0.0001),
photosynthesis did not vary significantly between sexes before or after dry down. Males
and females also achieved similar WUEi. Results support the view that gas exchange
rates of female plants are maintained despite environmental flux to support greater costs
of reproduction whereas physiological plasticity allows male plants to occupy more arid
environments (Chapter 2). For both sexes, ramets experienced similar pre-dawn water
potentials as parental genets, indicating that soil moisture under experimental dry-down
mirrored natural soil regimes in the population at large. Flowering genets had higher
rates of photosynthesis and conductance than vegetative plants of the same genotypes.
The difference in gas exchange rates and leaf water status between sexes was stage
specific and more pronounced for vegetative than flowering plants. These results show
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that physiological differentiation between sexes may be more cryptic during reproduction
than at vegetative life stages.
I predicted that if males are adapted to arid conditions, they would show greater
drought avoidance behavior than females. In agreement with this idea, males showed
greater plasticity in physiological traits under drought than females as evidenced by the
change in conductance across treatments and with developmental stage. Boxelder males
show similar trends, avoiding water stress through lower stomatal conductance in
response to increased soil water deficit and leaf evaporative demand (Dawson and
Ehleringer 1993). This strategy may allow establishing male plants to avoid drought at
small sizes where the cost of tissue loss or impact of low leaf water status on growth is
exacerbated on a gram per gram basis. Increased stomatal sensitivity in small males could
reflect one or more of several underlying mechanisms. For example, hydraulic
conductivity, which can lead to a decrease in stomatal conductance (Hubbard et al. 2001),
may differ between sexes. In Sabina vulgaris, an evergreen shrub, vascular bundles of
males are twice the size of those in females (He et al. 2003). Alternatively, sexes may
differ in sensitivity to ABA, the major hormone involved in plant response to soil water
deficit (Li et al. 2005). I found little evidence of a third plausible mechanism: sex
specific root-shoot ratio: male and female ramets possessed similar root mass
(respectively, 1.2±0.8 g and 1.1±0.6 g root mass) and shoot mass (respectively, 2.3±1.8g
and 2.2±1.4 g shoot mass) at the end of the experiment.
Vegetative females maintained gas-exchange, even in the face of water deficit. If
females exhibit a greater stomatal limitation to carbon assimilation, they may ensure
carbon gain by maintaining conductance even under soil water deficit. Transpiration, a
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strong correlate of conductance, may also ensure uptake of soil nutrients, by enforcing
the water pressure differential between soil and root xylem (Phillips et al. 2001).
Because S. glauca females allocate more phosphorus to reproduction than males (Chapter
2) and alpine soils are characterized by low nutrient availability and short growing
seasons (Bowman et al. 1993), nutrient gain may have greater fitness consequences than
water use efficiency.
Even though large and small plants experienced similar soil moisture regimes, as
indicated by pre-dawn leaf water potentials, smaller male plants avoided leaf water stress,
presumably by reducing conductance. Because small plants originated from large plants
of the same genotypes, this adjustment by males indicates stage-specific plasticity in
water use. Larger flowering plants may maintain higher photosynthesis and conductance
rates because of sink-demand from flowers and fruits (i.e. Delph and Meagher 1995,
Laporte and Delph 1996) or increased humidity due to protection against wind via a
larger and denser leaf canopy. Leaves of large plants may also experience greater carbon
demand, for microbial symbionts: in Salix viminalis rhizodeposition of carbon increases
with plant age (de Neergaard et al. 2002).
In the general continuum of plant response to water deficit, Dawson and
Ehleringer (1993) suggest that stress tolerance should be favored in environments with
short growing seasons like the alpine habitat while stress avoidance should be favored in
environments with longer growing seasons but greater spatial and/or temporal
heterogeneity. Boxelder is a prime example of a stress avoider. Females spatially avoid
water stress by inhabiting wet streamsides or, at maturity, by using groundwater. Males
avoid water stress by altering their physiology, specifically by lowering conductance,
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transpiration and photosynthesis (Dawson and Ehleringer 1993). Stress tolerance is
illustrated by Salix arctica; Dawson and Bliss (1989b) reported that males under low soil
Ψ and higher evaporative demand in xeric habitats maintained higher conductance and
possessed less negative Ψl than females. In S. glauca, vegetative females and mature
plants of both sexes respond to the short alpine growing season in a manner consistent
with stress tolerance, prioritizing carbon gain over leaf water status. Under wet
conditions occupied by females or with larger root systems characteristic of mature
individuals, the fitness costs associated with this risk tolerant strategy are likely minimal.
That vegetative males show a more risk-aversive strategy, suggests that they have
alternative mechanisms for maintaining photosynthesis in dry environments. Such
divergence in physiology during the vegetative stage indicates that niche partitioning in
sexes of S. glauca functions to ameliorate water stress early in the life cycle, before the
gender-specific demands of sexual reproduction are expressed.
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Source
A. Between Subjects
Treatment
Sex
Treatment*Sex
Error
B. Within Subjects
Phase
Phase*Treatment
Phase*Sex
Phase*Treatment*Sex
Error(Phase)
Time
Time*Treatment
Time*Sex
Time*Treatment*Sex
Error(Time)
Phase*Time
Phase*Time*Treatment
Phase*Time*Sex
Phase*Time*Treatment*Sex
Error(Phase*Time)

DF

F Value

Pr > F

1
1
1
19

5.6
7.63
0.49

0.0287
0.0124
0.4926

1
1
1
1
19
1
1
1
1
19
1
1
1
1
19

0.14
13.04
0.01
0.76

0.7154
0.0019
0.9273
0.3951

0.21
1.47
2.17
0.46

0.655
0.2406
0.1568
0.5076

0
2.06
4.1
0.09

0.9487
0.1671
0.0572
0.7645

Table 1. Repeated measures ANOVA for Ψl.of vegetative S. glauca. Significant Pvalues noted in bold.
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Effect
Sex
Treatment
Phase
Sex*Treatment
Sex*Phase
Treatment*Phase
Sex*Treatment*Phase
Genotype(Sex)

Photosynthesis
DF (n/d) F-value
1/26.5 0.01
1/26.9 0.16
1/51.9 0.74
1/26.9 1.91
1/51.9 0.99
1/51.9 8.92
1/51.9 0
Z-value
1.42

Pr>F
0.9147
0.6928
0.3947
0.1779
0.3241
0.0043
0.9935
Pr>Z
0.0776

Conductance
DF (n/d) F-value
1/29.8 0.22
1/29.9 7.25
1/54
1.61
1/29.9 4.63
1/54
0.59
1/54
7.36
1/54
0.74
Z-value
2.58

Pr>F
0.6410
0.0115
0.2103
0.0397
0.4460
0.0089
0.3932
Pr>Z
0.0049

WUEi
DF (n/d)
1/27.3
1/80.7
1/80.7
1/80.7
1/80.7
1/80.7
1/80.7

F-value
0.24
2.34
4.38
0.37
0.92
0.07
0.02
Z-value
0.88

Pr>F
0.6265
0.1296
0.0395
0.5470
0.3398
0.7977
0.8755
Pr>Z
0.1889
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Table 2. ANOVA of gas-exchange; photosynthesis, conductance, and instantaneous water-use efficiency (WUEi,); for
vegetative S. glauca. Degrees of freedom based on Sattherwaite approximations. Signficant P-values noted in bold.

Effect
Sex
Stage
Time of day
Sex*Stage
Sex*Time
Stage*Time
Sex*Stage*Time

DF (n/d)
1/28
1/57
1/57
1/57
1/57
1/57
1/57

F-value
8.00
10.45
215.92
7.63
10.32
13.91
7.04

Pr>F
0.0085
0.0020
0.0001
0.0077
0.0022
0.0004
0.0103

Table 3. ANOVA of Ψl between vegetative and flowering plants of the same genotypes.
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Pr>F
0.3905
0.0001
0.2001
Pr>Z
0.0001

Conductance
DF (n/d)
1/17.6
1/17.6
1/17.6
F-value
0.49
19.8
2.4
Z-value
-0.05

Pr>F
0.4951
0.0003
0.1387
Pr>Z
0.9575

WUEi
DF (n/d)
1/52
1/52
1/52
F-value
0
0.01
0.01
Z-value
5.1

Pr>F
0.9943
0.9414
0.9431
Pr>Z
0.0001

Sattherwaite approximations. Signficant P-values noted in bold.

water-use efficiency) between vegetative and flowering plants of the same genotypes. Degrees of freedom based on

Table 4. ANOVA for comparison of gas-exchange parameters (A, photosynthesis; g, conductance; WUEi, instantaneous

Photosynthesis
Effect
DF (n/d)
F-value
Sex
1/52
0.8
Stage
1/52
20
Sex*Stage
1/52
1.7
Z-value
Genotype(Sex)
5.1

Pre-treatment leaf water potentials (MPa)

A
A

0

-0.2

-0.2

-0.4

-0.4

-0.6

-0.6

-0.8

-0.8

-1

-1

-1.2

-1.2

-1.4

-1.4
C

Post-treatment leaf water potentials (MPa)

0
-0.2
-0.4

a

B

0

D

0
-0.2

a,c
b

b,c

-0.4

-0.6

-0.6

-0.8

-0.8

-1

-1

-1.2

-1.2

a
a

a

b

-1.4

-1.4

Female Male Female Male

Dry down
Control
Pre-dawn

Female Male Female Male

Control
Dry down
Mid-day

Figure 1. Pre-dawn (A, C) and mid-day (B, D) leaf water status of female (shaded
bars) and male (open bars) vegetative plants in control and dry-down treatments.
Pre-treatment (A, B) and post-treatment (C, D) averages (±1SE) are shown.
Different letters indicate significant difference in pair-wise comparisons at α=0.05.
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Conductance (mol m-2 sec-1) Photosynthesis (µmol m-2 sec-1)
Water use efficiency (µmol mol-1)

A

14
12

12

10

10

8

8

6

6

4

4

2

2

0
0.7

0
0.7

C

0.6

0.6

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0

0

E

70

60

50

50

40

40

30

30

20

20

10

10

0

0

Control

Male

Dry down

D

F

70

60

Female Male Female

B

14

Female Male Female Male
Control

Pre-treatment

Dry down

Post-treatment

Figure 2. Photosynthesis (A, B), conductance (C, D), and water use efficiency (E,
F) of female (shaded bars) and male (open bars) vegetative plants grown in
control and dry down treatments and measured before (A, C, E) and after
experimental drought (B, D, F). Bars show means and brackets ±1SE. Different
letters represent significant difference in pair-wise comparsions at α=0.05.
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A

0
-0.2
-0.4
-0.6
-0.8
-1
-1.2
-1.4
B

0
-0.2
-0.4
-0.6
-0.8

b

-1
-1.2
-1.4

a

a

Vegetative
Flowering
ramet
genet
Female

a
Vegetative
Flowering
ramet
genet
Male

Figure 3. Pre-dawn (A) and mid-day (B) leaf water status for vegetative (grey bars)
and flowering plants (open bars) of female and male S. glauca. Bars show means and
brackets ±1SE with different letters representing significant difference in pair-wise
comparisons at α=0.05.
62

-1
-2

25

A

20
15
10
5
0
B

-2

-1

0.7
0.6

a

a

0.5
0.4
0.3 a,b

b

0.2
0.1
0

C

-1

60
50
40
30
20
10
0

Vegetative Flowering
ramets
genets

Vegetative Flowering
ramets
genets

Female
Male
Figure 4. Photosynthesis (A), conductance (B), and WUEi (C) for vegetative
(shaded bars) and flowering (open bars) female and male S. glauca. Bars show
means and brackets ±1SE with different letters representing significant difference in
pair-wise comparisons at α=0.05
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CHAPTER 4: NO EVIDENCE OF DIFFERENCES IN FOLIAR DEFENSE
INVESTMENT OR COSTS OF HERBIVORY BETWEEN SEXES OF SALIX GLAUCA
CHAPTER SUMMARY:

The vigor hypothesis for plant defense predicts that plants that grow more slowly
should be more heavily defended than those that grow more quickly. In a dioecious
species in which sexes allocate resources disproportionately to reproduction as males (via
flowers and pollen) and females (via fruits and seeds), growth of females is likely to be
slower than growth of males. Under such a constraint, the vigor hypothesis predicts that
females will be more highly defended than male plants. I examined differences in leaf
phenolic content between male and female plants. Results show that under both
greenhouse and field conditions, the sexes are similar in constitutive and induced
components of total phenolic content. There is also no suggestion of a cost to
constitutive phenolic defenses for either sex. The vigor hypothesis also predicts that the
faster grower (assumed to be males) should support more herbivores than slower growers
(females). I examined natural patterns of herbivore abundance on male and female S.
glauca, and showed that males and females exhibit similar herbivore abundances.
However, some herbivore species affect male growth disproportionately while other
species have larger effects on female growth. Overall, I found little support for the idea
that selection has resulted in intrasexual dimorphism, as predicted under the vigor
hypothesis. This finding may reflect the alpine habitat of Salix glauca: a habitat in
which abiotic stress is severe, but biotic interactions are relatively moderate.
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INTRODUCTION:

The vigor hypothesis predicts that slower growing plants should have greater
defense levels compared to fast growing plants (Coley et al. 1985, de Jong 1995). For
dioecious plant species, it is likely that female plants grow more slowly than male plants
because females typically allocate greater resources to flowers and seed production than
males allocate to flowers and pollen production (Charlesworth and Charlesworth 1978,
Charnov 1982, Charlesworth and Charlesworth 1987, Stanton and Galloway 1990,
Charlesworth 1999). Thus, if reproductive allocation comes at the expense of growth,
tissue lost to herbivores by females should be relatively more expensive than tissue lost
by males, driving females towards higher defense levels compared to males. Several
patterns are predicted by this idea: (1) females should invest more heavily in defense
against herbivory; (2) males should exhibit a higher capacity to replace tissue lost to
herbivores (higher tolerance); (3) herbivores should exhibit a preference for less defended
male plants. Here I address each of these ideas in turn, for the dioecious shrub, Salix
glauca.
In general, female plants are of lower forage quality than conspecific males
(Polhemus 1988, Price et al. 1989, Boecklen et al. 1990, Jing and Coley 1990, Ågren et
al. 1999). For example, females of Acer negundo (Sapindaceae) have higher levels of
several defenses, including leaf toughness, tannins, and total phenolic compounds and
lower nutritional reward (e.g., leaf nitrogen, and water content), compared to males (Jing
and Coley 1990). In Salix rigida (Salicaceae), females contain higher concentrations of
two feeding deterrents, tannins and the phenolic glycoside salicortin, compared to males
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(Elmqvist et al. 1991). However, exceptions to this trend are common (Ågren et al. 1999
and references cited therein). For example, concentrations of salicortin and 2’-cinnamoyl
salicortin in Salix sericea are similar between males and females (Nichols-Orians et al.
1993). In Rhamnus alpinus (Rhamnaceae), males possess higher concentrations of
anthroquinones than females (Bañuelos et al. 2004). Here, I examined sex-specific
patterns of defense in Salix glauca. The goal was to ascertain whether differences in
defense production between sexes are consistent with predictions based on sex allocation
theory.
I compare defense allocation between male and female S. glauca, focusing on one
class of secondary, defensive chemicals, phenolics. There are several reasons that
phenolics, carbon-based ring structures, were chosen. First, they are important defense
compounds in a diverse array of plant taxa, including soybean, Glycine max (Fabaceae)
(Piubelli et al. 2005); chrysanthemum, Dendranthema grandiflora (Asteraceae)
(Kielkiewicz and Vandevrie 1990); several coffee species, Caffea sps. (Rubiaceae) (Melo
et al. 2006); lupins, Lupinus sps. (Fabaceae) (Cardoza et al. 2005); and others (Bennett
and Wallsgrove 1994 and references therein). Second, not only do Salix species often
have high levels of phenolic-based compounds (Julkunen-Tiitto 1986), but these
compounds have been shown to deter several herbivore species (Zucker 1982,
Tahvanainen et al. 1985, Rowell-Rahier et al. 1987, Soetens et al. 1991, Glynn et al.
2004). Third, variation in phenolics is heritable in a at least one Salix species, Salix
sericea, a pre-condition for evolution through natural selection (Nichols-Orians et al.
1993). And fourth, in accordance with the vigor hypothesis and in another congener,
Salix rigida, fruiting decreases salicortin and tannin, indicating a trade-off between
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allocation to reproduction and defense (Elmqvist et al. 1991).
If, as the vigor hypothesis predicts, females are more heavily defended than
males, herbivores should preferentially attack male plants. Several herbivore species
show greater attack rates on male plants compared to female plants, supporting this
prediction in other dioecious species (Bawa and Opler 1978, Danell et al. 1985, Ågren
1987, Elmqvist et al. 1987, Polhemus 1988, Alliende 1989, Boecklen et al. 1990, Jing
and Coley 1990, Danell et al. 1991, Wolfe 1997). For example, Atteva punctella larvae
feed more frequently on male flowers lacking two flavonoid compounds compared to
female flowers of Simarouba glauca (Simaroubaceae) (Bawa and Opler 1978).
However, exceptions to this trend are not infrequent. For example, Åhman (1997) found
no difference in rates of herbivory by lepidopterans or cecidomyiids on males and
females of Salix viminalis.
Even low levels of tissue lost to herbivores can have an impact on fitness
(Crawley 1985). In a simulation of Mompha albapalpella attack on Epilobium latifolium
(Onagraceae), Doak (1992) showed that damage to perennials can have a significant
impact on growth and reproduction even with little tissue loss in any given year. This
long-term impact may be due in part to the multiple time scales at which tissue loss may
act in long-lived perennials. For example in Primula veris (Primulaceae), a long-lived
herb, leaf removal early in the season reduced future growth during the current season
while leaf removal late in the season affected growth the following year (Garcia and
Ehrlen 2002). Since future reproduction and survival are highly correlated with growth,
growth reduction in perennials may be particularly damaging. Timing of damage,
seasonally as well as with life history stage, may also affect its relative impact on the
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sexes (Watson 1995). Vegetative tissue damage prior to or concurrent with flowering
may affect male fitness the most while damage prior to or concurrently with fruit
maturation may more greatly affect female fitness (Delph et al. 1993).
Here, I address three predictions of the growth rate hypothesis in Salix glauca. I
ask 1. Do sexes differ in allocation to defense, specifically via phenolics and/or in the
timing of defense production 2. Does the impact of herbivory on future growth differ
between the sexes? 3. Do sexes differ in susceptibility to and/or timing of insect
herbivore damage?

MATERIALS AND METHODS:

Study system: Salix glauca is a dioecious willow shrub with a circumboreal distribution.
It forms a dominant feature in the krummholz habitat, delineating alpine from subalpine
zones and is used by bird, rodent, ungulate and insect species for forage and habitat. The
study population occurs from 3620-3890m in elevation on Pennsylvania Mountain (Park
County, CO, USA; N 39:15 W 106:07), in the Park Range (Pike National Forest) of the
Rocky Mountains. Observations were made during four summers (June-September)
2000-2003.
Allocation to sexual reproduction in S. glauca differs between males and females;
females allocate more nitrogen and phosphorus per catkin than males (Chapter 2).
Furthermore, the sexes differ in timing of allocation to reproduction: flowering (pollen
production) occurs concurrently with bud break early in the growth season (mid-June)
while fruits mature at the end of the season in late August for Salix glauca (pers. obs.).
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Male and female S. glauca contain qualitatively similar secondary metabolite
compounds: salicin, neochlorogenic acid, chlorogenic acid, salicortin, disalicortin,
quercetin-di-glycoside, apigenin-diglycoside, myricetin-3-galactoside, quercetin-3galactoside, quercetin-3-glucoside, quercetin-3-arabinoside, quercetin (Julkunen-Tiitto,
R., unpublished). Males and females have similar levels of foliar nitrogen (pooled mean
+ 1SE, here and elsewhere, 2.9±0.08%) and foliar carbon (x=47.5±0.3%, n=55, P>0.91
for differences between sexes in both constituents; Dudley, unpubl. data). Specific leaf
area is also similar between the sexes (x=0.0117±0.0003 g⋅cm-2, n=149, P>0.5).
Sources of variation in foliar phenolic production:
Seasonal variation: In 2001, male and female plants of similar size and in close
proximity (within 1m and often touching) were selected at ten random points along two
50m transects (n=10 total per sex). Approximately 100 leaves were selected haphazardly
from each plant, excluding leaves with signs of herbivory or necrosis. Leaves were
immediately placed into small plastic bags, sealed, and stored on ice in a cooler. Leaves
were dried the same day for 10 hrs (overnight) at 25°C, then stored in a freezer until
chemical analyses could be completed. Sampling was repeated for the same plants on
June 7, June 16, June 27, July 8, July 16, Aug. 7, and Aug. 24. Chemical analysis was
performed by first, grinding the leaves into a fine powder using a coffee blade grinder
(Krups 196 Boston Avenue; Medford, MA 02155; USA). Ground samples were stored in
film canisters in a –20°C freezer. The Prussian Blue method was used to analyze total
phenolic content of the ground tissue (Price and Butler 1977). Ground sample was
placed in methanol, vortexed and filtrated to extract phenolics. Timed additions of FeCl3
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and K3Fe(CN)6 were then made to oxidize sample, and color change read on a uv/vis
spectrophotometer to indicate concentration of total phenolics.
To investigate variation in total phenolic content between sexes over the growing
season, the effects of sex and collection date were tested using a repeated measures
mixed model ANOVA with plant pair as a random effect and plant within pair as the
subject for repeated measures (SAS Institute 2003). The sex by collection date interaction
tests whether the difference in phenolic levels between male and female plants varies
through the season. Changes in phenolic level with leaf age, reproductive status, or other
ontogenetic shifts would produce a significant main effect of collection date. In order to
determine if total phenolic content for males and females differed during specific periods
of the growing season, planned contrasts between sexes on each collection date were
tested (SAS, Proc MIXED, LSMEANS option).
Phenological and developmental variation: Patterns of variation in total foliar phenolics
between sexes in the field may reflect constitutive and/or induced defense production, as
well as changes due to leaf age (resorption or metabolic break down). Phenolic content
was compared between leaves with evidence of damage vs. undamaged as a test for local
induction (Agrawal et al. 1999, Inbar et al. 1999). I sampled damaged and undamaged
leaves from 58 pairs of male and female plants from among 100 pairs of previously
selected willows (see Chapter 2 for initial sampling details). Damaged and undamaged
leaves were chosen haphazardly on each plant and collected from July 9-16 2002.
Damaged leaves showed evidence of caterpillar feeding and undamaged leaves were
green and without signs of feeding.
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To ascertain if willows resorb or break down phenolic components to recycle
resources used in defense production before leaf abscission, green leaves and yellow
leaves without evidence of herbivory were collected from the same 58 plant pairs (as
damaged and undamaged leaves) on August 25. Phenolic analyses of damaged,
undamaged, green, and yellow leaves were conducted as before except dried leaves were
ground into a fine powder using liquid nitrogen, mortar, and pestle.
Leaf phenolic content was compared using two repeated model ANOVA’s (one
for the comparison of damaged and undamaged leaves and one for the comparison of
yellow and green leaves) with leaf type and sex as fixed effects, plant pair as a random
effect and individual plant (two leaves were taken from the same plant) as the repeated
(subject) effect (SAS, Proc MIXED, RANDOM statement, REPEATED statement).
Genetic variation between sexes in constitutive and inducible phenolic production:
Patterns of variation between sexes in the field may reflect environmental influences
(e.g., differences in history of herbivory or in access to resources) or genetic divergence.
To examine phenolic defense production in a common environment, cuttings were taken
from male and female plants in the study population in 2000 and grown in the greenhouse
(Columbia, MO). Two cuttings from each of 16 genotypes (8 female, 8 male) were
selected based on similar sizes for the greenhouse study. On 20 December 2004, new
cuttings, taken from the original transplants, were rooted in a 1:1:1 v/v/v peat (Pro-Mix
BX Professional General Purpose Growing Medium; Premier Horticulture, Red Hill,
Pennsylvania, USA), fritted clay (Hi-Dri clay absorbent, Sud-Chemie Absorbents, Meigs,
Georgia, USA) and sand, placed into plastic cone-tainers, 4cm x 13.5cm (each holding
about 100cm3 of the soil mix), and randomly arranged. Cone-tainers were immersed to
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1cm depth in water to maintain soil moisture at saturation throughout the growing
medium until the end of the experiment and kept on a 14 h day length throughout. Plants
were grown for 3 months before herbivory trials. One cutting from each of the sixteen
genotypes was randomly assigned to a herbivory treatment and the other to a control
treatment (no herbivory).
Larvae of Vanessa cardui (painted lady butterflies), a generalist herbivore
observed feeding on willows in the study population, were obtained from Carolina
Biological Supply Company: Catalogue #14-4026. One larva was placed directly onto a
leaf of each plant in the herbivory treatment on 27 January 2005. Plants in both
treatments were enclosed in mesh bags to prevent movement of larvae among plants.
Larvae and bags were removed 30 January 2005. At this time, plants possessed on
average 26 leaves of which 66% showed evidence of feeding damage in the herbivory
treatment. From 2-15% of leaf area was removed per damaged leaf. On 1 February
2005, plants were transplanted into larger pots (13x15cm) to prevent root binding, taking
care not to disturb the root mass. Transplants were watered every other day. New leaves
emerged in a first flush (22 February 2005) and a second flush (24 March 2005). Three
mature and fully expanded leaves at each flush were collected, placed into a plastic bag,
sealed, and immediately transported to the lab. Leaves that had not been exposed to
herbivory were chosen to sample to investigate a possible systemic response as I found
no evidence for local induction in the field (see results, phenological variation in phenolic
content). In the lab, the fresh weight of all three leaves was obtained using an analytical
balance (Sartorius #R160P). One leaf was placed into an envelope to dry at 25°C for 24
h. A second leaf was pressed and its area measured using a CI-202 Area Meter (CID,
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Inc., Vancouver, Washington, USA). The third leaf was frozen with liquid nitrogen,
ground to a fine powder and analyzed for total phenolic content as described above.
Leaf total phenolic content was analyzed using a mixed model ANOVA (SAS
Institute 2003). To investigate sexual differences in inducibility of leaf phenolics, effects
of sex and its interaction with treatment were examined. Because sexes may react
differently over time to herbivory, measurements repeated on leaves produced during the
first and second flush were further investigated by testing for an interaction between flush
sequence, sex ,and treatment. Because two individuals of each genotype were used (one
control plant and one treatment plant), genotype nested within sex was entered as a
random effect. In order to standardize leaf phenolic content, an estimate of dry weight
was obtained from fresh weight of leaves using a regression formula based on an earlier
sample of 87 leaves (dry weight (g) = 0.2484 fresh weight (g)-0.001 g; R2=0.9;
P<0.0001). Estimated dry weight was then used to standardize leaf phenolic content as:
phenolic content per g dry leaf tissue. Planned contrasts were used to test for significant
sex differences in phenolic content of leaves produced during each flush in the presence
and absence of herbivory (LSMEANS, Proc MIXED).
Growth cost of defense: Possible trade-offs between allocation to total phenolic defense
production in 2002 and subsequent stem growth in 2002 and 2003 were evaluated for
plants sampled for induced and resorbed leaf phenolic content in the field. Terminal bud
scale scars along the length of the main shoot axis were used as bounds to measure
incremental shoot growth in 2003 and 2002 (Figure 1). 5% (selected at random) of each
plant’s shoots were subsampled and measured for incremental shoot growth.
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Phenolic content in 2002 was averaged for leaves collected on each plant (those
collected for undamaged and damaged comparison as well as those collected for the
green versus yellow leaf comparison). These plant means were used in a test for possible
negative correlations (tradeoffs) between stem growth and defense. Average shoot
growth (averaged over the 5% subsampled per plant) for each plant was used as a
dependent variable in two separate analyses (one for 2002 shoot growth and one for 2003
shoot growth) of covariance (ANCOVA). The model included sex as the categorical
variable, average leaf phenolic content in 2002 as a covariate, their interaction, and basal
diameter (entered as a second covariate to account for possible size-related differences in
growth rate). All interactions with basal diameter were found to be non-significant (all
P>0.2) and thus were dropped from the final models in order to strengthen the error
degrees of freedom. Average phenolic content was angularly transformed to fit with
normality assumptions.
Comparison of natural herbivore patterns on the two sexes: During 2001, 10 male and
10 female willows were randomly selected without replacement on each of seven days:
June 7, June 16, June 27, July 8, July 16, Aug. 7, and Aug. 24, from 100 previously
marked plants of each sex in the study area. One shoot was chosen at random on each
plant and exhaustively surveyed for herbivores. Diversity of herbivores on males vs.
females was compared by estimating species richness based on the presence of herbivore
morphospecies with an observed range from 0-9 (5 caterpillars, 1 mirid, 1 mite, 1 aphid,
and 1 scale). Estimates of herbivore abundance necessarily varied among
morphospecies. For scale, the number of individuals per shoot was counted. For mites I
counted the number of domatia per stem, and for caterpillars, I noted the number of leaf
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mines, shoot tips with the leaf edge damage, and shoot tips with leaves rolled or webbed
together. One leaf mine was counted per leaf even if disparate tracks were noted. Each
leaf roll was counted as one caterpillar as earlier investigations had shown one larva per
roll greater than 95% of the time (L. Dudley pers. obs.). Leaves webbed together were
counted as one caterpillar for similar considerations as the leaf rolls. Several damaged
terminal tips on a shoot were counted as damage by one caterpillar because larvae at this
life-history stage had greater mobility. Indirect measures for abundance were necessary
due to the high mobility of the leaf chewers (often seen dropping from the shoot as
mechanical stimulation of the shoot occurred during counting) and difficulty of locating
microarthropods. To standardize comparisons between sexes on a per unit plant biomass
basis, I recorded the basal diameter of each shoot surveyed for herbivore diversity and
abundances. Additionally, to test for an impact of herbivore diversity or abundance on
subsequent growth, average yearly elongation growth per shoot for each plant was
estimated from 2001-2003. Internode lengths were measured for a random sample of 5%
of each plant’s shoots using methods described above.
Sex specific patterns of herbivore diversity were analyzed using a logistic model
(Proc LOGISTIC, SAS Institute 2003). Although I surveyed insects on different dates
during the growing season, I pooled observations across the growing season to test for an
overall difference between sexes in insect diversity. Because different willows were
sampled on each census date, observations across the season should be independent of
one another. Sex was used as a main fixed effect and basal diameter as a covariate to
account for size related variation in herbivore frequency.

75

Sexual differences in herbivore abundances (log10-transformed) were analyzed in
several ANCOVA’s. Similar to diversity measures, abundances across the season as a
whole were of interest, so variation due to date of observation was removed from
abundance estimates by using residuals from models of date effects. Abundance residuals
were analyzed by ANCOVA using sex as a fixed effect and basal diameter as a covariate.
The interaction between basal diameter and sex was found to be non-significant for all
abundance models (all P>0.3) and so was removed from final models in order to
strengthen the error degrees of freedom.
Growth cost of herbivore diversity and abundance: Herbivore diversity and abundance
residuals from 2001 were also used as causal factors in an r-ANCOVA of year of stem
growth in 2001, 2002, and 2003. Herbivore diversity (categorical) and sex were used as
fixed effects with basal diameter as the covariate. All interactions with basal diameter
were found to be non-significant (all P>0.3) and so were removed from the final model in
order to strengthen the error degrees of freedom.
The backward elimination procedure was used for building the best-fit regression
models for stem growth in 2001, 2002, and 2003 based on herbivore abundances in 2001.
Basal diameter (entered to account for size/age based differences) as well as abundances
(residuals with variation due to observation date removed) of leaf chewers, leaf mines,
edge feeding, scale, and mite-domatia were used as possible predictors of growth.
Collinearity between predictor variables was also checked. Effects with an α<0.1 were
eliminated in a stepwise fashion. Models were built separately for male and female
plants in each year in order to ascertain if insects were important correlates for growth of
one sex but not the other.
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RESULTS

Sources of variation in phenolic defense production
Seasonal variation: Leaf phenolic content did not vary significantly between sexes of S.
glauca (for all main and interaction effects with Sex P>0.1; Table 1). However, phenolic
content varied with collection date (F5,77.8=20.33; P<0.0001). Total leaf phenolic content
peaked at the beginning of the season then declined towards the end of the season (Figure
2). The only collection date at which the sexes differed significantly in defense level was
on the final collection day, August 2, when females had greater mean leaf phenolic
concentration than males (respectively, x=0.022±0.002g⋅g-1 and x=0.017±0.001g⋅g-1;
t=2.92; P=0.0056).
Phenological and developmental variation: Contrary to expectations, undamaged leaves
(x=0.045±0.002 g g-1) possessed comparable phenolic content to damaged leaves
(x=0.043±0.002 g g-1; F1,183=1.50; P=0.2; Table 2). Similarly, green leaves had similar
phenolic content to yellow, senescent leaves (respectively, x=0.051±0.002 g g-1,
x=0.056±0.003 g g-1; F1,117=0.98; P=0.3). Furthermore, foliar phenolic content was not
significantly different between the sexes (all P>0.4; Table 2; Figure 3).
Genetic variation in total phenolic content: In the greenhouse, sex did not explain a
significant proportion of the variation in leaf phenolic content (all main and interaction
effects P>0.2; Table 3). However, control plants had greater leaf phenolic content
(x=0.012±0.001 g⋅g-1) compared to plants exposed to herbivory (x=0.011±0.001 g⋅g-1;
F1,20.2=4.76; P=0.04). Timing of leaf production significantly affected phenolic content.
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The first set of new leaves produced in the greenhouse had greater phenolic content
(x=0.014±0.001 g⋅g-1) than the second set of leaves for both sexes (x=0.0096±0.0008 g⋅g, F1,38.1=12.82; P=0.001) (Figure 4).
Growth cost of defense: Phenolic content in 2002 was not related to shoot growth in
either of the subsequent two years (all P>0.1; Table 4). This indicates negligible growth
cost to defense in either sex.
Natural herbivore patterns on sexes: Herbivore diversity was similar between the two
sexes (χ2=0.8, P=0.4). However, diversity decreased slightly with shoot basal diameter
(β=-0.08±0.04, χ2=4.4, P=0.04). Herbivore abundances were also similar between the
sexes (P>0.2; Table 5).
Growth cost of herbivore diversity and intensity: Herbivore diversity in 2001 was not
related to subsequent shoot growth in any of the three years (all P>0.5; Table 6). In 2001
and 2002, leaf roller abundances were positively correlated with male growth. Also in
2001, leaf-edge feeder abundances were positively correlated with male growth.
However in 2002, leaf miners were negatively correlated with male growth. For
females, scale abundances negatively influenced stem growth in 2002, but not in other
years. For females, basal diameter affected shoot growth positively in all three years
(2001-2003, Table 7; Figure 5). For males, basal diameter had no significant impact on
annual shoot growth.
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DISCUSSION:

Based on sexual allocation theory, females were expected to display greater
allocation to defense compared to males. However, constituitive defense levels were
similar between the sexes throughout much of the growing season with the exception of
the final sampling date in which females displayed greater concentrations of foliar
phenolics just prior to seed dispersal. There is also no evidence that females retrieve
some of the resources devoted to foliar defense via resorption based on a comparison of
phenolic content between senescent and green leaves. Both sexes also maintain phenolic
levels despite foliar damage both in the field and under greenhouse conditions, indicating
a lack of inducibility. Furthermore, a trade-off between phenolic production and
subsequent growth was lacking for both male and female willows. The similarity between
the two sexes suggests that herbivore pressure has not led to secondary sexual
dimorphism in leaf phenolics.
Both males and females hosted similar diversity and herbivore abundances of
morphospecies. However, the relationship between the abundance of specific herbivore
morphospecies and subsequent shoot growth varied between males and females. Leafrollers were found on male plants which achieved greater subsequent growth; however,
leaf mines were abundant on males which grew less the following year. Growth of
female plants the year after attack was negatively influenced by scale abundance,
otherwise female growth was most often associated to size -related differences. This
provides some evidence that foliar damage by distinct herbivores leads to unique fitness
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consequences through reduced shoot growth and has the potential to favor specialization
in defense by the two sexes.
Other studies have also shown similarity between the sexes in foliar defense
characters such as tannins (Hjältén 1992), phenolic glycosides (Hjältén 1992, NicholsOrians et al. 1993), acetone-soluble resin (Krischik and Denno 1990), and astringency
(Jing and Coley 1990). The variable results of studies investigating sexual dimorphism in
defense may in part be due to the currency used (Ashman and Baker 1992, Ashman
1994a, Delph and Meagher 1995). For example, the phenolic defenses I chose to study
are carbon-based compounds that may be relatively inexpensive in an environment with
little or no shading of willow shrubs (Bryant et al. 1983, but see Hamilton et al. 2001).
I found no evidence for inducible phenolic defense between the sexes, either in
damaged leaves in the field or in new leaves under greenhouse conditions. For two other
species of willow, Salix myrsinifolia and Salix pentandra, induction of phenolics was
found for only salicortin and this increase was slight (Julkunen-Tiitto et al. 1995). The
analysis of total phenolics would lack the sensitivity to detect such a small increase of
one phenolic constituent. Additionally, the field collection of damaged leaves may not
have shown an increase in phenolics to undamaged leaves if damage causes a systemic
response rather than a localized response. For example, in Salix myrsinifolia an increase
in salicylates in response to herbivory was found in new unwounded leaves but not in
wounded ones. Nevertheless, the relatively high levels of constitutive phenolics may
preclude induction of phenolics if there is a trade-off between high constituitive levels
and induction. Yet, S. myrsinifolia clones which had high constituitive levels of
salicylates also had greater induced levels of these compounds post herbivory (Ruuhola et
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al. 2001). Optimal defense theory argues that plants with a high probability of attack
should have high constitutive defense levels while those with unpredictable or rare
occurrences of attack are more likely to benefit from inducible defenses (Rhoades 1979,
Zangerl and Rutledge 1996). During the six years of investigating several populations of
Salix glauca, I observed no plant without herbivore damage. So arguably, the probability
of attack is large, and the benefit of high constitutive levels of defense is greater than that
of inducible defenses for either sex.
Phenolic concentrations displayed by both sexes showed no trade-off with
growth. This may in part be due to the limited time scale of the analyses. A multiple
year study of allocation to both defense and growth, while beyond the scope of the
current study, is more likely to reveal long-term allocation costs for an iteroperous
perennial. Because I took a correlative approach, tradeoffs between growth and defense
allocation may have been masked by environmental heterogeneity, with individuals in
favorable microsites allocating more to both functions (Rausher 1992b).
Male and female leaves had similar probabilities of attack by many herbivores.
Although I did not consider vertebrate herbivores (Bryant and Kuropat 1980, Bryant et al.
1985, Bryant et al. 1989), grazing damage is rare in populations of S. glauca that I have
studied. Similar to this study, Boecklen et al. (1994) found that male and female Salix
lasiolepis possessed comparable densities of two leaf-mining lepidopterans, a gallforming mite, and a gall-forming fly. Though the majority of studies of plant-herbivore
interactions in dioecious species show males having higher herbivore loads (Ågren et al.
1999, Cornelissen and Stiling 2005), discrepancies are common and many more studies
are needed to form a general view of sexual differences in defense (Boecklen et al. 1994).
81

Although herbivore abundances were similar between the sexes, their effects had
unique consequences for growth. While tissue loss due to herbivory is thought to
decrease growth, male growth in 2001 was positively correlated with both leaf-edge
feeding and leaf rolls earlier in the season. This could be interpreted as males having
greater tolerance to foliar herbivory, as sexual allocation theory predictions. However, it
is also possible that female insects prefer to oviposit on fast-growing genotypes. In Salix
lasiolepis as shoot length increases so does sawfly density (Boecklen et al. 1990).
Moreover, evidence for tolerance is balanced against the negative correlations of 2002
shoot growth with leaf mine abundances in males and scale abundances in females. The
ecological interactions among diverse herbivores may also vary between sexes,
contributing to complex patterns of variation in the field. Such multi-species interactions
have been rarely addressed for dioecious plant species. S. glauca, with its rich diversity
of herbivores, provides an excellent opportunity for future studies of this kind.
In conclusion, male and females show little difference in constituitive or induced
defenses, leaves of both sexes experienced similar herbivore intensities, and patterns of
tolerance appeared to be species and sex specific. Overall, I found little support for the
idea that herbivore selection has resulted in intrasexual dimorphism, as predicted under
the vigor hypothesis. This may reflect the alpine habitat of Salix glauca: a habitat in
which abiotic stress is severe, but biotic stress is relatively moderate.
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Source
Sex
Date
Sex*Date

nf/df
1/55.5
5/77.8
5/66.6

Pair

F
0.32
20.33
1.90
Z
2.15

Pr>F
0.5757
<0.0001
0.1063
Pr>Z
0.0158

Table 1. Mixed model ANOVA for comparison of variation in leaf phenolic content
between male and female plants of S. glauca through the growing season. The
Satterthwaite approximation was used to estimate degrees of freedom.
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Effect
Sex
Leaf
Sex*Leaf
Plant(Sex)
Pair

Green vs Yellow
nf/df
F-value
1/79.3
0.00
1/117
0.98
1/117
0.63
Z-value
6.54
1.04

Pr > F
0.9593
0.3231
0.4290
Pr>Z
0.0001
0.1503

Undamaged vs Damaged
nf/df
F-value
Pr > F
1/188
0.05
0.8300
1/183
1.50
0.2225
1/182
0.37
0.5414
Z-value
Pr>Z
9.34
0.0001
3.04
0.0012

Table 2. Mixed model ANOVA of phenolic content in four kinds of S. glauca leaves
(green or yellow-senescent, and damaged by herbivores or not) in male and female
willow plant pairs. The Satterthwaite approximation was used to estimate degrees of
freedom.
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Source
Sex
Treatment
Time
Sex*Treatment
Sex*Time
Treatment*Time
Sex*Treatment*Time

nf/df
1/14.4
1/20.2
1/38.1
1/20.2
1/38.1
1/29.7
1/29.7

Genotype

F
1.41
4.76
12.82
0.26
0.24
2.76
1.48
Z
2.33

Pr>F
0.2548
0.0411
0.0010
0.6143
0.6306
0.1072
0.2336
Pr>Z
0.0100

Table 3. ANOVA test for phenolic induction in leaves of male and female S. glauca
subjected to herbivory in a common environment. Time refers to leaves in the first and
second flush after herbivory. Signficant P-values shown in bold. The Satterthwaite
approximation was used to estimate degrees of freedom.
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Source
Sex
Phenolic content
Basal diameter
Sex*Phenolic content
Model
Error

2002
df
1
1
1
1
4
118

MS
418.81
328.05
574.11
535.51
381.72
195.29

F
2.14
1.68
2.94
2.74
1.95

Pr>F
0.1457
0.1975
0.0891
0.1004
0.1059

2003
df
1
1
1
1
4
118

MS
179.77
649.98
1280.19
270.15
627.67
726.49

F
0.25
0.89
1.76
0.37
0.86

Pr>F
0.6198
0.3461
0.1869
0.5432
0.4876

Table 4. ANCOVA to test for a sex-specific cost of phenolic defense production in 2002
on shoot growth in 2002 and 2003. Shoot basal diameter was included as a covariate to
account for differences among shoots in initial size.

86

87

Domatia
df MS
1 0.14
1 0.12
2 0.15
128 0.08
F
1.7
1.3
1.8

P>F
0.19
0.26
0.17

Scale
df MS
1 0.00
1 0.25
2 0.13
128 0.14
F
0.03
1.78
0.89

P>F
0.86
0.18
0.41

Edge-feeders
df MS F
1 0.01 0.22
1 0.25 4.99
2 0.13 2.5
128 0.05
P>F
0.64
0.03
0.09

Leaf-Miners
df MS F
1 0.00 0.04
1 0.07 2.14
2 0.03 1.07
128 0.03
P>F
0.8
0.1
0.3

Leaf Rollers
df MS F
1 0.22 1.35
1 0.22 1.35
2 0.62 3.73
128 0.20

P>F
0.25
0.25
0.27

analysis.

insect herbivore species on S. glauca. Variance in herbivore abundance among observation dates was removed prior to the

Table 5. ANCOVA’s to test for effects of willow sex and basal diameter (all interactions not significant) on abundances of

Herbivore Type:
Effect
Sex
Basal Diameter
Model
Error

Effect
A. Between Subjects
Sex
Diversity
Sex*Diversity
Basal Diameter
Error
B. Within Subjects
Time
Time*Sex
Time*Diversity
Time*Basal Diameter
Time*Sex*Diversity
Error

df

MS

F

P>F

1
1
1
1
123

68.6
264.5
260.5
6763.2
628.94

0.11
0.42
0.41
10.75

0.7418
0.5179
0.5211
0.0014

2
2
2
2
2
245

789.7
16.3
130.1
278.1
262.6
208.3

3.79
0.80
0.62
1.33
1.26

0.0239
0.4513
0.5363
0.2651
0.2853

Table 6. r-ANCOVA to test for the relationship between herbivore diversity in 2001 with
subsequent growth of male and female willows in 2001-2003.
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Year of Growth
A. Female
2001

Effect

2002
2003
B. Male
2001
2002

Estimate±1SE

F

P>F

Basal diameter

1.1±0.3

11.03

0.0015

Scale
Basal Diameter
Basal Diameter

-10±5
0.9±0.5
2.0±0.9

3.89
4.19
5.35

0.0530
0.0449
0.0241

Leaf-rollers
Edge-feeders
Leaf-rollers
Leaf-miners

9±4
16±9
7±4
-16±10

4.02
3.43
3.68
3.12

0.0495
0.0688
0.0598
0.0824

Table 7. Backward selection regression models for growth of male and female willows
in 2001-2003 as influenced by size (basal diameter) and herbivore abundances (residuals
corrected for observation date).
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2003

2002

2001

Figure 1. Incremental growth of S. glauca. Arrow points to a bud scale scar, which
were used to delineate successive year’s growth in 2002-2003.
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Leaf Phenolic Content (g g-1)

0.03

0.02

0.01

0.00
30-May

9-Jun

19-Jun

29-Jun

9-Jul

19-Jul

29-Jul

8-Aug

Collection Date
Figure 2. Leaf phenolic content of female (closed symbols) and male (open
symbols) S. glauca. Points represent means±1SE. Significant differences between
sexes (P<0.006) is denoted by *.
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0.06

A

Leaf Phenolic Content (g g-1)

0.05
0.04
0.03
0.02
0.01
0
Damaged

Undamaged

0.06

B

Leaf Phenolic Content (g g-1)

0.05
0.04
0.03
0.02
0.01
0
Green

Yellow

Figure 3. Leaf phenolic content of (A) damaged and undamaged leaves and (B)
green and senescent (yellow) leaves in female (filled bars) and male (open bars) S.
glauca. Bars represent means ±1SE.
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First Flush Phenolic Content (g/g)

-1
-1

Second Flush Phenolic Content (g/g)

0.025

A

a
0.02

ab
a

0.015

b

0.01
0.005
0
0.025

B

0.02
0.015
0.01
0.005
0
Treatment
Treatment

Control
Control

Figure 4. Foliar phenolic content of S. glauca during the first (A) and second set
(B) of new leaves after herbivory by Vanessa cardui and in uneaten plants of the
same genotypes. Females are designated by filled bars and males by open bars.
Bars represent means±1SE. Groups differing significantly at P<0.05 are indicated
by different superscripts.
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Figure 5. Relationships of 2001, 2002, and 2003 shoot growth in S. glauca females (filled symbols) and males (closed
symbols) with abundances of different herbivore species in 2001 and with shoot basal diameter.
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CHAPTER 5: THE IMPACT OF DIOECY ON MULTI-TROPHIC INTERACTIONS

CHAPTER SUMMARY:

The key character of dioecy in plants is the separation of male and female gametes into
separate individuals. Yet, little is known about how the organs holding these gametes,
flowers, may indirectly affect other species interacting with dioecious plants, including
herbivores and the enemies of those herbivores. Here, I explore the role that flowers of
different sexes may play in a trophic web comprised of dioecious Salix glauca willow
shrubs, insect herbivores, and a wasp parasitoid. In a field experiment, it was shown that
herbivores do not respond to flowering status; whereas, parasitoids potentially prefer
plants in flower over those not in flower. Furthermore, herbivores and parasitoids
preferred groups of manipulated sex-ratios with unisexual individuals over mixed-sex
groups. This study provides evidence that a potential mutualistic relationship between
willow and parasitoid may depend on sex ratio of the plant population and sex of the
individual plant. Although the precise mechanism behind patch level preferences by
herbivores and parasitoids is unknown, the key to understanding this relationship will
require a more detailed investigation into each part of this web: plant-parasitoid, plantherbivore, and herbivore-parasitoid.
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INTRODUCTION:

In dioecious plants, male and female gametes are produced on separate
individuals. The organs holding these gametes, the flowers, are known to play key roles
in a plant’s biotic interactions with multiples types of species including pollinators,
florivores, herbivores, and parasitoids. Floral display differences between males and
females may alter pollinator behavior and in some cases have substantial consequences
for species persistence (Vamosi and Otto 2002). Yet, little is known about how flowers
may indirectly affect other species interacting with dioecious plants, including herbivores
and the enemies of those herbivores. Here I explore the role that flowers of different
sexes may play in a trophic web comprised of dioecious willows, insect herbivores, and a
wasp parasitoid.
Flowers of male and female plants may differ in their impact on biotic
interactions for several reasons. From the consumer perspective, male flowers possess
different resources compared to female flowers (i.e. pollen vs. ovules) (Kay 1985a,
Dobson and Bergstrom 2000). Consequently, insects using flowers as a resource may
visit only one sex, prefer one sex, or require both sexes. This behavior may characterize
both herbivores and their natural enemies since many natural enemies feed on flower
resources (Gilbert and Jervis 1998, Jervis 1998).
Flowers also provide olfactory and visual cues to insect herbivores and predators.
These cues may differ between male and female flowers, causing biased visitation. In the
genus Salix, cues provided by male and female catkins (tightly packed clusters of
flowers) differ to varying degrees depending on the species and mode of pollination
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(Tollsten and Knudsen 1992). In gynodioecious Fragaria virginiana, pollen provides
scent cues which female flowers lack, leading to pollinator discrimination against female
plants (Ashman 2005). I am unaware of any studies that focus on natural enemy behavior
in relation to differences in floral cues associated with gender dimorphism (i.e. qualities
of pollen versus ovaries). However, parasitoid discrimination between male and female
flowers is a plausible mechanism generating differences in visitation rates by natural
enemies to male versus female plants. If visitation rates of natural enemies differ
between males and females, then enemy preferences could lead to differences in
herbivore attack rates between sexes.
In addition to floral differences, the spatial and ecological distribution of the sexes
may alter insect visitation frequency (de Jong et al. 2005). Because herbivores and
natural enemies forage in a density and frequency dependent manner (Hassell 1975), the
apparency/attractiveness of a plant might change depending on the sex of its neighbors. It
may be that one sex provides a stronger signal/cue to insect predators while the other
harbors greater density of prey. Alternatively, if signal and prey aggregation covary
between sexes, then unisexual patches may provide more intense signals and rewards,
increasing long- and short-range enemy attraction.
Here, I ask if herbivores and their enemies respond to the sex of individual
willows and to the defining character of dioecy, differential male and female floral
display. While holding genetic variation within each sex constant, I vary sex ratio and
floral display. I ask four specific questions. 1) Do herbivore and parasitoid visitation
frequencies depend on the sex of an individual willow? 2) Do herbivore and parasitoid
visitation frequencies depend on the flowering status of willows? 3) Do herbivore and
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parasitoid visitation frequencies vary according to the sex ratio of the neighborhood
surrounding an individual willow plant? 4) Is there evidence for asymmetric parasitoid
attack rates on herbivores of male and female plants?

MATERIALS AND METHODS:
Study system: Salix glauca is a shrubby dioecious willow with a circum-polar
distribution. It is a dominant member of the krummholz flora at my study site on
Pennsylvania Mountain, Colorado (~3500 m elevation, Park CO, N 39:15 W 106:07).
Male and female willows possess similar foliar phenolic defense levels and do not
increase phenolic production due to inducement by insect herbivory (Chapter 4).
Herbivores do not differentiate between males and females on the basis of foliage traits.
However, in the field, herbivore density peaks at the time of flowering in S. glauca with
males exhibiting higher herbivore density per shoot than females, coincident with pollen
production (Figure 1; see Chapter 3 for a more detailed explanation). Experiments
described in this study were conducted in the field on Pennsylvania Mountain during the
growing season of 2003.
Herbivore and parsitoid distributions: Stem cuttings were taken in November 2001
from randomly sampled flowering plants in mixed stands on Pennsylvania Mountain and
brought back to the greenhouse, University of Missouri (Columbia, MO). Each was
rooted in 1:1 (vol/vol) mixture of soil-less potting medium (Pro-Mix BX Professional
General Purpose Growing Medium; Premier Horticulture, Red Hill, Pennsylvania, USA)
and sand. The 7.6x7.6x7.6 cm plastic pots were placed into tubs with shallow water to
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keep soil moist under a 14:10 hour day:night cycle to break shoot dormancy. After
dormancy was broken and plants were well rooted, watering to saturation was reduced to
once per day and then once every other day. In the spring of 2002, plants were
transplanted into larger pots (27cm diameter x 25 cm depth) to prevent root-binding.
Plants were grown for two years in the greenhouse environment and then transported
back to the field in Colorado on June 14, 2003. Plants were held in a screen-house at
3111m until June 28 to harden off, then moved to tree line at 3583 m on Pennsylvania
Mountain on July 5 2003. All plants used in the experiment were small vegetative
individuals.
Plants were repotted and sorted into groups of four, representing three sex ratio
combinations: all male, all female, and two male: two female. The groups were placed
into 15 replicate blocks. Blocks were located in open meadows flanked by established
willows (3-10m away) and each block was separated from others by approximately 50 m.
Within each block there were a total of 6 groups: 2 all male, 2 all female, and 2 two
male. One replicate of each sex ratio was augmented with a catkin bearing shoot cutting
(see below) arranged at the tip ends of lines radiating 60° apart in a circular design and
separated from one another by 1.5 m (based on the average distance between neighboring
willows in the source population). Destinations were assigned among groups at random.
The four plants in each group were randomly selected from all propagated plants
subject to the constraint that each represented a unique genotype. One focal male
genotype that was repeated in each of the four male groups. Similarly, groups with
female plants all had one focal female genotype in common. The other three plants in
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each group were unique genotypes not repeated within or among blocks. This design
maintained 4 genotypes in each group (Figure 2).
Plants in each group were placed together in one large pot (27cm diam x 25 cm
deep). Underground competition between the four plants per group was restricted by
placing invidiual root-balls within 3.8L plastic bags with holes in the bottom to allow for
drainage. Soil was then placed on top of all four root-balls so that from above ground the
arrangement appeared to be one clump. Soil consisted of 15mL Osmocote fertilizer (1414-14 N:P:K) in a 1:1:1 v/v/v of pro-mix, fritillated clay, and sand. Plants were watered
every other day to saturation.
The experiment was timed to coincide with the flowering interval for willows in
the natural source population. Flowering of S. glauca on Pennsylvania Mountain began
approximately one week before the experiment and continued in scattered patches until to
late July. Groups in each block were assigned at random between two flowering
treatments in a balanced randomized design. All plants in each group either received
flowering branches (+ flowers) or vegetative branches (control) at the start of the
experiment. Branches 10 cm in length were cut from the original parental genets
represented in the group, immediately inserted through holes in the lids of water-filled
plastic film canisters (one branch per canister) and placed in holes in the soil next to
transplants of the same genotype (four total branches per group). This yielded six sex
ratio by flowering treatment combinations in total. Occasionally a cut branch wilted and
was replaced with a fresh one. Insect visitation to groups was observed from 26 June-15
August, at 2-3 d intervals between 0800-2000 MDT, yielding 17 observation periods.
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Observations were continued past the flowering of the cut shoots. Male catkins are
abscised while most female catkins persist to fruiting maturity.
Insect observations were randomized temporarily among blocks and then among
groups within a block. Each group within a block was observed for 1 min at each census
and all insect visitors to each transplant were counted (0.28 person hr observation per
group). Herbivores were identified to ‘morphospecies’ and included caterpillars,
homopterans, and hemipterans. One wasp in the family Encyrtidae (Hymenoptera:
Chalcidoidea) was observed repeatedly engaging in typical searching behavior and was
distinguished from other non-herbivore visitors. Members of the Encyrtidae are common
parasitoids of caterpillars (Tachikawa 1981). For all visitors, I recorded which plant(s) in
the group were visited, whether visitors switched from one plant to another within the
group, and the type of organ (leaf, flower, and stem) visited.
Statistical analysis: Herbivore and parasitoid counts per plant were pooled across all
morphspecies and totaled for the 17 observation periods. Switching of plants was rare (2
occurrences) as was visitation to flowering and vegetative branch cuttings (4 occurrences
of 772 total visits). Because preliminary analysis of visitation to specific male and female
genotypes replicated within each block showed no evidence of genetic variation in
attractiveness to herbivores or parasitoids (P>0.3), genotype was removed from the final
statistical models to increase error degrees of freedom. Visitation rates were analyzed in
two (one for herbivores and one for parasitoids) mixed model ANOVA’s (Proc MIXED;
SAS). Both the sex of the plant within a group and the sex ratio of the group were
included in the ANOVA models. To investigate whether visitors used floral cues to
locate host plants and whether cues depend on plant sex or group sex ratio, flower
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treatment and its interactions with sex ratio and individual plant sex were also included in
the models. The block term was used as a random effect. Non-significant three-way and
two-way interactions (all P>0.4) were removed from the final model in order to increase
the error degrees of freedom.
To further explore the relationship between herbivore and parasitoid abundance, a
linear regression was performed. The total herbivore abundance (summed across
morphospecies) and parasitoid abundance was log10 transformed to meet with model
assumptions. The model specified that parasitoid abundance was dependent on herbivore
abundance (Proc REG; SAS).
Herbivore attack frequency: In July 2003, larvae of Acleris implexana (Tortricidae:
Tortricini; pers. comm., James Brown, Systematic Entomology Laboratory, USDA) on
male (28) and female (36) willows were haphazardly collected from throughout the
Pennsylvania Mountain krummholz population. This species causes 20-40% of the foliar
damage observed on Salix glauca at the field site (L. Dudley, pers. obs.). Larvae were
placed in ethanol-glycerin preservative solution for later dissection in the laboratory to
inspect for parasitoid eggs. Counts of egg presence versus absence were totaled for
larvae from male and female willows and the parasitism frequency was compared
between sexes using a Fisher’s two-tailed exact test.

RESULTS:

Herbivores responded to the sex ratio of the group (F1,342=4.70; P<0.03; Table 1).
Plants in unisexual groups experienced more visitation (x=0.25±0.05 visits plant-1) than
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plants in mixed groups (x=0.12±0.03 visits plant-1; Figure 3). Within mixed groups,
males and females had similar visitation rates (x=0.13±0.04 and x=0.12±0.04 visits
plant-1, respectively). Similarly, males and females in unisexual groups were both visited
at relatively high, but comparable rates (respectively x=0.23±0.05 and x=0.23±0.05 visits
plant-1).
Parasitoid frequency also varied according to sex ratio (F1,342=4.64; P=0.03; Table
1; Figure 3). Like herbivores, parasitoids were more common on plants in unisexual
groups (x=0.84±0.08 visits plant-1) than plants in mixed-sex groups (x=0.53±0.07 visits
plant-1). There was no difference between parasitoid visitation to females (x=0.5±0.1
visits plant-1) and males (x=0.5±0.1 visits plant-1) in mixed sex groups. In unisexual
groups, parasitoid visitation tended to be higher to females than males though the trend
was not significant (respectively, x=0.9±0.1 and x=0.7±0.1 visits plant-1). Groups with
flowers (x=0.26±0.04 visits plant-1) tended to have more parasitoid visits than groups
without flowers (x=0.16±0.03 visits plant-1; F1,344=2.97; P=0.0855).
Overall, parasitoid abundances increased with herbivore abundances
(F1,358=28.65; P=0.0001; r=0.27) indicated by linear regression analysis (Log10(Parasitoid
abundances+1) = (0.47±0.09) * Log10(Herbivore abundance +1)+ (0.14±0.01)).
Parasitoid attack frequency tended to be greater on A. implexana larvae collected
from female plants (16.7%) than on larvae collected from male plants (3.6%) (DF=1;
χ2=2.773; P=0.125).
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DISCUSSION:

Herbivores in this study cued in on plant sex ratio and preferred unisexual
neighborhoods to mixed (50:50) sex neighborhoods. There may be several mechanisms
driving this pattern. One is that herbivores may be choosing the least variant group
(Shelton 2000). Similar to what Karban, Agrawal, and Mangel (1997) proposed when
considering induced defenses, variability in resource quality between sexes may reduce
herbivore fitness, leading to herbivores preferring unisexual groups. In S. glauca and
other dioecious plant species, plant resource quality is likely to differ by sex, given that
water use and susceptibility to water vary between male and female individuals (Dawson
and Bliss 1989b, Dawson and Ehleringer 1993, Dawson and Geber 1999 and references
therein). Another possibility is that unisexual group preference may be a learned
behavior. In several populations of S. glauca, male and female willows are highly
segregated (Chapter 2). Herbivores in this experiment were likely experienced foragers
that colonized experimental plants from the surrounding willow community with a
predisposition towards unisexual groups. A possible benefit to specializing on unisexual
groups may be provided if sex specific cues and architecture of S. glauca (Chapter 2)
reduce foraging, handling time, or search time.
If herbivores provide selective pressure on willows and consistently choose
unisexual groups, then I would expect plant patches to either be highly segregated or
highly intermixed depending on plant density and the spatial scale of herbivore choice. If
plant densities are sufficiently high, segregated patches could promote herbivore
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satiation. Under this scenario, individual plant fitness would be greater for an individual
in a large unisexual patch than in a mixed sex patch (Crawley 1989, Aide 1991, Mooring
and Hart 1992, Raghu et al. 2005). In other words, when herbivores choose among plants
within a patch, plants in patches with more even sex ratios would be disadvantaged due to
a diminished satiation effect. Replicating the experiment with patches of different sizes
would test this idea. Alternatively, herbivory could promote mixed-sex patches if insects
choose among patches instead of among plants within patches. Herbivory, in this case
would provide a unique mechanism of selection for a 50:50 population sex ratio at a local
level.
Similar to herbivores, the frequency of the encyrtid parasitoid was greater on
unisexual groups. The parasitoids could be cuing in on the herbivore-related signals, so
that a correlation between parasitoid frequency and herbivore frequency may explain the
observed plant visitation patterns (van Loon et al. 2000). Alternatively, the parasitoids
may be specializing on a particular sex, perhaps allowing for increases in searching
efficiency and herbivore handling time due to associative learning during foraging (Vet et
al. 1991). If green leaf volatiles or floral fragrances (Whitman and Eller 1992) differ
between male and female willows, this could explain parasitoid preference for unisexual
groups. Unisexual groups may provide a more accurate signal than mixed-sex groups if
the cue from one sex interferes with the detection of a cue from the other sex. Although
several volatiles have been found to be species specific in Salix (Inui et al. 2003), further
study into volatile compound production between sexes is needed to explore this
possibility.
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The presence of flowers did not appear to affect either herbivore or parasitoid sex
preference, but tended to enhance parasitoid visitation frequency. One possible
explanation is that these organs, which are more ephemeral than leaves and patch sizes
(along with their particular cues), are not used as cues to herbivores due to their lack of
reliability over the growing season (Vet et al. 1991). Perhaps it is not surprising that
flowers had little impact on visitation frequencies given few herbivores or parasitoids
were observed on the willow catkins. However, the trend for parasitoids to gravitate to
groups with flowers may indicate the usefulness of catkins as a nectar resource; whereas,
herbivores show no tendency due to the lack of catkin resources for foliage feeders.
For S. glauca, larvae tend to be parasitized more often on female plants compared
to male plants, though they (and the adult wasps) are equally abundant on both sexes.
This asymmetric association may put additional pressure on males, possibly contributing
to the female biased sex ratios seen in several populations (Chapter 2). Females tend to
be smaller than males of S. glauca, potentially affecting prey capacity to hide from
parasitoids. To the best of my knowledge, architectural differences between sexes of
dioecious plants, while common, have seldom been considered for their impact on tritrophic interactions.
This study provides evidence that a potential mutualistic relationship between
willow and parasitoid wasp may depend on sex ratio of the plant population and sex of
the individual plant. Although the precise mechanism behind patch level preferences by
herbivores and parasitoids is unknown, the key to understanding this relationship will be
a more detailed investigation into each part of this web: plant-parasitoid, plant-herbivore,
and herbivore-parasitoid. Plant enlistment of parasitoids as bodyguards is becoming
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increasingly well known. For example in Arabidopsis thaliana, plants that had been fed
on by parasitized caterpillars had higher fitness compared to plants being eaten by
unparasitized caterpillars (van Loon et al. 2000). A. thaliana produces volatiles in
response to caterpillar feeding which not only attract the caterpillar’s parasitoids but also
increases the parasitoid’s search efficiency (van Loon et al. 2000). Enlistment of
parasitoids offers a defense mechanism that may prove to be more important for one sex
than the other. In this light, the lack of difference in phenolic content between sexes of S.
glauca (Chapter 3) may not accurately reflect susceptibility to herbivory in the sexes.
Understanding the part that the third trophic level may play is crucial to understanding
population dynamics in dioecious plant species.
While herbivore effects on dioecious plants have been investigated in several
species, the impact that dioecy has on insect communities requires further investigation.
Because many dioecious populations are sexually biased (Delph 1999 and references
therein), and many herbivores show a preference for one sex over another (Ågren et al.
1999 and references therein), plant population dynamics are likely to influence the insect
communities that are harbored by these plant species. The current study indicates that
unisexual patches of willows support higher densities of insects than mixed sex patches.
This result shows that sex ratio (a genetically based trait) can influence biodiversity and
abundances of second and third trophic levels. In a situation in which herbivores are not
choosy, but performance differs between hosts, insect populations could decline in nonsegregated populations (Hendricks and Collier 2003). In the extreme, the possibility
exists that insects of low mobility, which specialize on one sexual host through learning,
could be subject to disruptive selection and allopatric speciation.
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Visitor type:
Effect
Sex Ratio
Flowering Treatment
Plant Sex
Block

Herbivores
nf/df
F
1/342
4.70
1/345
2.71
1/342
0.30
Z
1.11

Pr > F
0.0308
0.1007
0.5845
Pr>Z
0.1329

Parasitoid
nf/df
F
1/342
4.64
1/344
2.97
1/342
0.55
Z
1.36

Pr > F
0.0320
0.0855
0.4593
Pr>Z
0.0863

Table 1. ANOVA table for separate analyses of herbivore and parasitoid visitation to
male and female willows in three different sex ratio combinations, with and without
flowers. All non-significant interaction terms (P>0.4) were removed from the final
models. Significant P-values are noted in bold.
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Figure 1. Herbivore frequency in 2001 on female (filled symbols) and male (open
symbols) willows growing on Pennsylvania Mountain. The black line indicates the
flowering period in 2001, a year of lower snowpack than 2003. Flowering and
insect activity began about a month earlier in 2001 than in 2003. Points represent
means (n=10) ±1SE.
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Figure 2. Experimental design of a block of plants used for observations of insect
visitors on female (F) and male (M) willows of different genotypes (1, 2, 3, etc) in
unisexual and mixed-sex groups with flowers (filled) or without flowers (clear).
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Figure 3. Herbivore (A, B) and parasitoid (C, D) visits to female (filled) and male
(open) willows with and without flowers in unisexual and mixed sex groups. Bars
represent means ±1SE.
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CHAPTER 6: DISCUSSION

This thesis addressed the dimorphic niche hypothesis of ecological causation as a
phenomenon and as an adaptive force resulting is sexually dimorphic traits in Salix
glauca. I did this by first examining the main assumption of sexual allocation theory in a
comparison of nutrient costs of male and female organs (Chapter 2). Then I examined
possible divergence in traits related to a species’ fundamental niche: resource acquisition
and tolerance of abiotic stress at two size stages, mature adults and small vegetative
daughter clones (Chapters 2 and 3). Last, I examined whether sexes have diverged in
defensive traits that are related to the realized niche in the presence of insect herbivores
(Chapters 4 and 5).
The evolution of secondary sexual dimorphism through the pathway of dimorphic
niches is brought about by differences between male and female reproductive roles. For
Salix glauca, this prerequisite is dependent upon not only scale but also how reproductive
allocation is assessed. Seeds of females exhibited greater phosphorus concentrations than
pollen of males at both the catkin and whole plant level. In contrast, nitrogen, although
greater in seed than pollen, was equivalent between the sexes at the whole plant level
(Chapter 1). I would reason that it only requires one allocational difference to provide
impetus for the chain reaction towards dimorphism provided that the difference involves
a limiting resource. Because nutrients are broadly limiting in the alpine habitat of S.
glauca, I conclude that this study’s results support unique reproductive requirements.
An organism’s fundamental niche is defined by its resource use and/or the
environmental conditions under which it persists in the absence of competitors and
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natural enemies (Silvertown 2004). For S. glauca, females and males have diverged in
their fundamental niche with respect to water use (Chapters 2 and 3). In adult willows,
this was especially apparent only in extreme drought years when females have reduced
photosynthesis compared to males (Chapter 2). For smaller vegetatively propagated
plants, males reduced conductance in response to experimentally induced dry-down
conditions while females maintained conductance rates (Chapter 3). These physiological
differences are reflected in incremental growth rates of willows mesic and xeric
microhabitats. Females possess the greatest incremental growth under mesic conditions,
whereas, males show similar growth rates under both conditions (Chapter 2). This
indicates that female willows may have a smaller niche breadth than males over a water
gradient.
Because immature plants are thought to be less tolerant of extreme environmental
conditions, all else being equal, small plants should portray a smaller niche breadth.
However, smaller male willows maintained higher leaf water potentials compared to
adult plants (Chapter 3). This result suggests that reproductive costs may reduce niche
breadth as much or more than juvenile size. For small as well as large female plants
niche breadth is smaller and restricted to wetter conditions. Although not fully explored
in this thesis, trade-offs for small male plants which possess drought avoidance
mechanisms via the efficient use of water may occur in more moisture rich environments,
perhaps leading to a smaller realized niche with competitors.
An organism’s realized niche is defined by its resource use and/or environmental
conditions under which it persists in the presence of competitors and natural enemies.
For S. glauca, females and males showed similar levels of insect herbivore intensity
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(Chapter 4). Furthermore, phenolic concentrations related to herbivore defense showed
no differences between the sexes (Chapter 4). Both results indicate that the sexes have
responded similarly to herbivore pressures, have experienced little selective pressure
from natural enemies, and/or have been constrained from diverging. Yet depending on
the context of herbivory (i.e. year and species of herbivore), willow shoot growth showed
sex-specific correlations with past herbivore frequency (Chapter 4). Thus, a full
comparison of the realized niche of sexes in S. glauca requires more detailed study of the
complex interactions among the herbivores and fitness consequences to willows of
different herbivore assemblages.
Given the disparate physiological responses of willow sexes to water-gradients
(Chapters 2 and 3), future studies should incorporate both herbivore assemblage and
water stress. In such a case, several scenarios are possible. If I assume that the negative
impacts of herbivory will disproportionately increase mortality of individuals living at the
extremes of their environmental tolerance, four possible scenarios are: 1) herbivory is
similar between females and males in wet and dry conditions, 2) herbivore pressure is
greater in dry (or wet) habitats regardless of plant sex, 3) herbivore pressure is greater on
female (or male) plants regardless of habitat, and 4) herbivore pressure changes on
female (or male) plants depending on the environment.
Consistent with preliminary evidence in this thesis (Chapter 5), herbivore
assemblages might also be controlled from the top-down, i.e. by the natural enemies of
herbivores. Larvae of Acleris implexana tended to be parasitized more often on female
plants than male plants (Chapter 5). Parasitoids may be agents reducing herbivore
pressure on S. glauca and may do this asymmetrically with regard to plant sex. This
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could balance susceptibility of females to drought, with enemies assisting in the defense
of the more slowly replaced and costly tissue of females under dry conditions.
In this consideration of realized niche space, I have not yet mentioned the role
that competitors may play. In the context of al alpine species, it is helpful to consider the
absence of competitors as in the colonization of islands. The distribution of S. glauca is
very reminiscent of that for an island species but instead of water populations are
surrounded by the sub-alpine habitat. During colonization of an island there are many
empty niches. These empty niches may provide dioecious taxa with greater flexibility if
there are divergent pressures on males and females. One possibility for the
preponderence of dioecy on oceanic islands is that dioecy allows greater exploitation of
empty niches. Dioecy has a high incidence on many islands such as Hawaii with 28%
and New Zealand with 13% (Bawa 1980 and references therein). If the dimorphic niche
hypothesis explains divergent selection pressures, then I would predict that males and
females on islands would almost always possess secondary sexual dimorphisms while the
incidence of such characters are reduced for mainland dioecious taxa. This prediction
would also be true for sexes in island-like habitats such as mountaintops or lakes. Further
species comparisons would show that niche breadth should be broader for dioecious taxa
than non-dioecious relatives.
Although it was beyond the scope of this thesis to test the predictions of
alternative mechanisms to secondary sexual dimorphism, I would like to discuss these
briefly in relevance to Salix glauca. First, sexual selection could be operating on floral
display size of willows since males produce many more catkins than females (Chapter 2).
Second, fecundity selection may select for female catkins to open slightly later in the
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season than male catkins (perhaps 1d, pers. obs.), providing better conditions for the
developing ovules such as slightly warmer air temperatures. Other ecological niche
modes of segregation may also be plausible. A bimodal niche due to genetic variation
and covariation is conceivable in physiological parameters that possess a significant
genetic component (Chapter 3). Finally, competitive displacement may be acting in this
system. The highly female biased sex ratios of several S. glauca populations (Chapter 2)
may in part reflect superior competitiveness of females. This may also be hinted at by
the adage: jack-of-all-trades, master of none. Males appear to be more plastic and/or
have a broader niche breadth in relation to water than females. This ability may come at
the cost of competitive superiority (Baldwin and Hamilton 2000).
This thesis demonstrates that Salix glauca possesses secondary sexual
dimorphism likely as a result of natural selection for dimorphic niches due to ecological
conditions. Using one system to explore the fundamental and realized niche has provided
a background for further exploration of alternate mechanisms for this species, a
beginning to the understanding of the role of sexual dimorphism within species in
community level dynamics, and how communities or trophic webs may be shaped by
dioecy.
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