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DO THE SEXES OF THE DESERT MOSS SYNTRICHIA CANINERVIS DIFFER IN
DESICCATION TOLERANCE? A LEAF REGENERATION ASSAY
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Disparate sex ratios are a widespread pattern in dioecious bryophytes, with female-biased ratios especially
prevalent in arid environments. The absence of male plants in environments experiencing high desiccation
pressure prompted the hypothesis that male plants may be less desiccation tolerant than female plants in the
desert moss Syntrichia caninervis. This hypothesis was investigated by exposing detached leaves to consecutive
wet/rapid-dry treatments and monitoring viability, protonemal emergence time, shoot production, growth rate
of secondary protonemata, and microbial infection frequency over a 56-d period. The desiccation treatment
consisted of exposure of mature 1-yr-old leaves to zero, two, four, and six wet/rapid-dry cycles. Hydrated
leaves were then allowed to regenerate. Desiccation stress level was significantly correlated to reduced
protonemal emergence, reduced growth rates, and reduced shoot production. Female detached leaves produced
protonemata more quickly, and these protonemata grew twice as rapidly and eventually produced more shoots
than male detached leaves. Male leaves were also more subject to mortality and microbial infection, although
these trends were not statistically significant. No sex x desiccation stress interactions occurred in the stress
responses measured. The disparity in growth rates between female and male leaf regeneration, under both
stressed and nonstressed conditions, may play a significant role in male rarity. We conclude (i) that the leaf
regeneration assay works well as a response variable for desiccation tolerance (DT) studies and (ii) that sex-
based DT, at least with respect to responses to rapid drying cycles in the lab, while not indicated in Syntrichia,
may yet operate under field conditions.
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Introduction

A common attribute among many bryophytes is the quick
and fully reversible switch from the hydrated, metabolically
active state to the dry, inactive, fully desiccated state (Proctor
2001). This form of vegetative desiccation tolerance (DT)
evolved early in the land plants; while subsequently lost dur-
ing tracheophyte evolution, it was retained in the bryophytes
(Oliver et al. 2000) and actually represents a highly evolved
strategy of coping with desiccation (Proctor and Tuba 2002).
This initial evolution of vegetative DT was thus critical in the
colonization of land by plants, albeit metabolically costly,
with a diverse array of repair proteins synthesized both con-
stitutively and inducibly that likely function to repair mem-
brane damage incurred on rewetting (Oliver 1991). However,
photosystems of desiccation-tolerant mosses essentially sur-
vive desiccation intact, returning to a functional state in min-
utes and without significant mediation from repair proteins
(Proctor and Smirnoff 2000).

A variety of assessments of DT among bryophytes has been
recently employed, including viability, chlorophyll concentra-
tion or carotenoid content (Hearnshaw and Proctor 1982;
Seel et al. 1992), protein synthetic response (Dhindsa and
Bewley 1977; Oliver et al. 1993), color degradation (Glime
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1971; Sollows et al. 2001), chlorophyll fluorescence (Hamer-
lynck et al. 2000; Robinson et al. 2000; Takécs et al. 2000;
Cleavitt 2002), photosynthetic or dark respiration rate
(Arscott et al. 2000), rate of loss of antioxidant metabolites
(Dhindsa 1987; Takacs et al. 2001), membrane leakage
(Dhindsa and Bewley 1977), cell ultrastructure and pigment
composition (Gerdol et al. 1996), and sugar content (Robin-
son et al. 2000). The ability of bryophyte leaves to regenerate
new plants led Egunyomi (1979) to suggest that leaf regener-
ation be used to comparatively assess DT among species of
bryophytes. This approach has value because it focuses on
the ability of a propagule, the detached leaf, to be a likely
primary colonization agent among bryophytes, producing new
individuals after a stress event. Indeed, as noted by Cleavitt
(2002), fragments of shoots and leaves probably serve as the
dominant means of asexual reproduction in mosses (Longton
and Schuster 1983; Longton 1994, 1997).

Most hydrating events in the desert are short, especially
during the warmer portions of the year (Alpert 1979), which
may span 9 mo in hot deserts (Smith et al. 1997). Rapid des-
iccation, along with tolerance of high temperatures, is there-
fore likely to represent one of the most severe stresses faced
by desert mosses and may thus serve as a major evolutionary
selection force in harsh climates. Rapidly dried plants of
Syntrichia ruralis, when rehydrated, suffer more extensive
damage than slowly dried plants, as exhibited along at least
five avenues: (i) they exhibit higher resaturation rates of
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metabolism; (ii) they leak more solutes from their external
membranes; (iii) they exhibit slower rates of protein synthe-
sis; (iv) they take longer to repair membrane damage to mito-
chondria and chloroplasts; and (v) they suffer greater loss of
chlorophyll from tissues (reviewed in Bewley 1995). Follow-
ing prolonged desiccation in S. ruralis, recovery of the photo-
synthetic system on rewetting is efficient, with recovery of
F/F, (fluorescence) nearly instantaneous (Csintalan et al.
1999; Proctor 2001) and a positive carbon balance regained
within 1-2 h of rewetting (Proctor 2002). Although the com-
plete recovery of membrane systems and cellular constituents
on the basis of protein synthetic patterns may take up to 24 h
(Oliver 1991), there is evidence that reassembly and reacti-
vation (rather than repair) of internal cell machinery is as
critical as repair-mediated processes, especially in photosyn-
thetic pathways (Proctor and Smirnoff 2000).

A link between the often-observed phenomenon of male rar-
ity (relative to the female) and desiccation stress was made by
Newton (1972). Male rarity has also been indirectly linked to
gender-specific DT in the liverwort Riccia frostii (Pettet 1967)
and in the moss Syrrbopodon texanus (Reese 1984). Newton
(1972) presented preliminary data prompting the hypothesis
that the sexes of dioecious bryophytes respond differently to
desiccation stress. Following leaf regeneration in the moss
Mmnium undulatum, the effect of desiccation on regenerants
had a pronounced effect on sex; 1 mo of air desiccation killed
all male leaves, but female leaves survived desiccation at a rate
of 77%, prompting Newton to hypothesize that male leaves
may be less desiccation tolerant than female leaves. Although
we employ wet/dry cycles in place of extended desiccation pe-
riods and use field-collected rather than regenerant leaves, this
work is the first attempt to follow up on her hypothesis.
Could sex ratio patterns in Syntrichia caninervis, where female
individuals routinely outnumber males by ratios in excess of
six female : one male, reflect sex-specific DT in the clonal re-
generation of individual plants? If females of a dioecious spe-
cies are able to recover from damage more quickly than males
and produce a greater carbon gain than males (the carbon bal-
ance hypothesis; Ried 1960; Alpert and Oechel 1985), this
could help explain both the dominance of females in deserts
and the restriction of males to favorable microsites (Bowker
et al. 2000). In this article, we explore potential sex-specific
regeneration rates following exposure to desiccation stress in
this desert moss and pose the following hypothesis: detached
mature female leaves exhibit more vigorous leaf regeneration
in some traits, given that they are the majority sex, after expo-
sure to levels of desiccation stress. We predict that female
detached leaves, relative to male leaves, will produce protone-
mata earlier, eventually produce more shoots, and grow at
a faster rate than male detached leaves and that this difference
will be stress dependent.

Material and Methods

Patch Sampling and Sex Determination

On May 29, 2002, 15 sporophytic patches from a single
metapopulation (sensu Husband and Barrett 1996) of Syntri-
chia caninervis were collected from the northern Mojave
Desert at the Nevada Test Site, Frenchman Flat, adjacent to

the Mojave Global Change Facility (a study site investigating
the effects of global change on Mojave Desert vegetation; lat.
36°45'36"N, long. 115°59'24"W). Sporophytic patches were
intentionally targeted because the presence of sporophytes in-
dicates that both sexes are likely to be present (Bowker et al.
2000). At this site, S. caninervis represents the dominant moss
in the landscape. These patches (defined as a series of more or
less contiguous clumps of stems separated from other such se-
ries) were physically separated from one another by at least
5 m. Ten of these patches yielded at least two male and two
female shoots from a nonintrusive sexing of 25 shoots per
patch carried out using a dissecting microscope. Two shoots of
each sex per patch were randomly selected for use. In all, 20
female and 20 male shoots (ramets) were used in the experi-
ment, with all 40 shoots kept in the lab air dry and in the
dark before the experiment. From each hydrated shoot, the
first four mature, chlorophyllous leaves were removed and al-
lowed to air dry in micropackets. During the leaf removal,
preexperimental hydration intervals were kept fairly constant
at ca. 5 min. These leaves were located just proximal to juve-
nile leaves near the shoot apex (pictured in Stark et al. 2004)
and were ca. 1 yr old at the time of collection, produced dur-
ing the most recent growth period. To estimate initial leaf bio-
mass, 10 shoots were randomly selected (one per patch) and
hydrated, and up to five mature, 1-yr-old leaves were detached
from each stem. These groups of leaves were dried to constant
mass at 40°C for 3 d and weighed to the nearest microgram.

Initial Hydration Period

Soil was collected from the native habitat, sieved through
a 500-um mesh, dry autoclaved for 60 min at 131°C, and
apportioned into 160 mini petri dishes (35 mm i.d.) to a level
about half filled (substrate depth = 4-5 mm). Distilled water
was applied to the edge of the dish, wetting the entire surface,
and the water level was blotted down to the soil surface. Each
leaf was hydrated and placed on the substrate, adaxial surface
up, in the growth chamber for 72 h (Percival E30B, Boone,
IA). This initial hydration period is consistent with Schonbeck
and Bewley (1981b), who found that after 3 d of continuous
hydration of Syntrichia ruralis ramets dehardening to DT oc-
curs. Growth chamber settings were a 12-h photoperiod and
day/night temperatures of 20°/8°C, approximating winter/
early spring conditions in the Mojave Desert (National
Weather Service 1994) and consistent with physiological op-
tima for a variety of xeric and mesic bryophytes from the
United States and the United Kingdom (Furness and Grime
1982; Alpert and Oechel 1987). Light levels ranged from
89 to 128 umol m~2 s ! on the upper shelf and from 33 to
44 pmol m~2 s™! on the lower shelf (PAR sensor, LI-COR LI-
250, Lincoln, NE).

Desiccation Treatments

After 72 h of hydration, each leaf was rinsed in dH,O and
transferred into a 48-hole wellplate (one leaf per well), which
was placed inside a glass desiccation chamber wherein rela-
tive humidity was maintained at <10% using a desiccant
(Drierite). Leaves treated in this manner desiccated in
<30 min. Following leaf desiccation, individual leaves were
rehydrated by pipetting 1.5 uL of dH,O into each well, and
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the wellplate was lidded and placed into the lighted growth
chamber for 2 h. After this hydration period, the wellplate
was removed from the growth chamber, the lid was removed,
and the wellplate was placed into the desiccation chamber. In
this manner, leaves were subjected to zero (control), two (low
stress), four (middle stress), and six (high stress) repetitive
cycles of wet/rapid drying/wet (termed a “rapid-dry,” or RD,
cycle). Intervening hydration periods of 2 h occurred between
RD treatments, following Schonbeck and Bewley (1981b),
who found that rapidly dried ramets of S. ruralis required ca.
2-3 h to recover to zero net oxygen exchange, experiencing
a negative net oxygen exchange until 2-3 h had passed. These
treatment levels were decided after four separate pilot trials in
which hydration time and number of RD cycles were varied.
After the appropriate number of RD cycles, individual leaves
were hydrated in the wellplate, placed in petri dishes contain-
ing hydrated substrate (one leaf per dish), adaxial surface
upward, and transferred into the growth chamber. On day 1,
leaves were repositioned and rinsed of sand grains as necessary
to ensure clear visibility of the basal and lateral leaf edges
(where protonemata commonly emerge).

Dishes were moved from one shelf to a random position
on the other shelf every day through the first 9 d of the ex-
periment, every third day from day 10 to day 21, and twice
a week thereafter (days 22-56). Each leaf was examined un-
der a dissecting microscope at 60x; protonemal production,
shoot number, and any fungal or algal contamination were
noted on days 4, 5, 6, 7, 8, 9, 12, 15, 18, and 21 and once
per week thereafter. Dishes were watered weekly with dH,O
to bring the water level to the substrate surface. RH in the
chamber was 60%-70% for the duration of the experiment.

At the conclusion of the experiment (56 d), dishes were al-
lowed to air dry inside the chamber by removing the lids. On
desiccation (ca. 24 h), the surface area colonized by second-
ary protonemata was determined using image analysis soft-
ware (SPOT, Diagnostic Instruments, Sterling Heights, MI).
Final dry biomass produced by each leaf was determined
as follows: (i) the dry protonemal/shoot complex (hereafter
called the “protonemal complex,” or complex) was exca-
vated as it was viewed under a dissecting microscope; (ii) the
complex was rinsed up to 10 successive times in dH,O as it
was viewed under the dissecting microscope, which removed
most sand grains; (iii) the complex was blotted dry and
placed in a micropacket made of weighing paper; (iv) the
complex was dried to constant mass at 40°C for 3 d; and (v)
the complex was weighed on a microbalance to the nearest
0.001 mg. Known average values for fully expanded leaves
were then subtracted, yielding an approximation of biomass
produced from each regenerated leaf.

Statistics

Analyses were performed to test for sex, cycle level (desicca-
tion), and/or sex and desiccation interaction effects on (i) the
time to emergence of protonema, (ii) protonemal extension
rate after emergence, (iii) biomass accumulation rate after
emergence, (iv) time to shoot production, (v) probability of
shoot production, and (vi) number of shoots. For emergence
(initial regeneration), we used a two-way ANOVA to deter-
mine the effect of sex, desiccation treatment, and the interac-

tion of sex and desiccation treatment on protonemal emergence
time. Tukey’s Student range test was used to compare desic-
cation treatment means. Protonemal extension and biomass
accumulation rate for each plant were determined as the size
of the protonemata (in square millimeters) or the amount of
biomass (in milligrams) divided by the number of days from
emergence to the end of the experiment (day 56). Biomass
used in the above calculation was the final biomass minus
an average initial biomass for mature leaves. Average initial
biomass of mature leaves was estimated from weighing
37 mature leaves at one time, yielding a mean leaf mass of
0.014 mg. We used a two-way ANOVA to determine the ef-
fects of sex, desiccation, and the interaction of sex and desic-
cation on protonemal growth and biomass accumulation
rates. Tukey’s Student range test was used to compare desic-
cation treatment means. Shoot responses were treated in two
ways. First, for the probability of shoot production, we used
log-linear analysis to determine whether shoot occurrence
was associated with sex and desiccation treatment; i.e., sex
and desiccation treatment were considered explanatory vari-
ables for shoot occurrence. An association was indicated by a
significant interaction between shoot occurrence and one or
both of these factors (sex or desiccation). The statistical signif-
icance of an interaction was determined by assessing the
change in the log-likelihood ratio (G?) after addition or dele-
tion of that term from the model (Sokal and Rohlf 1995).
This analysis was accomplished using categorical data analysis
(CATMOD procedure; SAS 1994). Second, for the number of
shoots, we used a two-way ANOVA to determine the effects
of sex, desiccation treatment, and the interaction of sex and
desiccation treatment on shoot production at day 56; x* tests
were employed to test differences between gender and stress
level for infection and mortality. All statistical analyses were
performed using the Statistical Analysis System (SAS 1994).

Results

Leaf Viability and Microbial Infection

At the conclusion of the experiment, some leaves failed to
produce protonema, and some had microbial activity. Leaf
mortality, as judged by an inability to produce protonema,
was more likely to occur in the medium and high stress levels
(four and six RD cycles) than in the control and low stress
levels (zero and two RD cycles: 12.5% vs. 0%, respectively,
x> =9.26, df =1, P < 0.005; table 1). Although no female
mortality occurred in the four-cycle treatment and three male
leaves died, there was no significant relationship between sex
and mortality. The incidence of leaves having microbial (usu-
ally fungal or algal) infection was higher under the medium-
and high-stress treatments than in control and low stress levels
(25% vs. 10%, respectively, x> = 6.2, df =1, P < 0.125).
Across all treatments, males tended to have more microbial
infections than females, a tendency that was marginally sig-
nificant (24.7% vs. 13.0%, respectively, x> = 3.36, df =1,
P =0.0667).

Time to Protonemal Emergence

Female leaves produced protonemata earlier than males
(fig. 1; P < 0.05), and there was a significant stress-level
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Table 1

Leaf Viability of Syntrichia caninervis as a Function of
Desiccation Treatment and Leaf Gender

Number of RD cycles

0 (control) 2 4 6

Male 20 20 17 16
Female 20 20 20 17
Total 40 40 37 33

Note. Values represent the number of leaves producing secondary
protonemata after 56 d in the growth chamber (of 20). RD = rapid-
dry (wet/rapid-dry/wet).

effect, with leaves subjected to higher stress levels taking lon-
ger to emerge (P < 0.0001; table 2). There was no interac-
tion effect between sex and stress.

Protonemal Expansion Rate and Biomass
Accumulation Rate

Overall, female leaves produced protonemata that ex-
panded in area and accumulated biomass at approximately
twice the rate of males (figs. 2, 35 2.54 =0.32 vs. 1.20 = 0.17
mm? d~% 0.019+0.002 vs. 0.008*+0.001 mg d°% P<
0.0001; table 2). There was also a significant desiccation-
level effect, with leaves subjected to higher stress levels (more
cycles) having slower protonemal growth and biomass accu-
mulation rates than controls (figs. 2, 3; P < 0.003). However,
only the highest stress level (six RD cycles) was significantly
different from the control for both response variables. There
was no interaction effect between sex and stress for protone-
mal growth and biomass accumulation rates.

Shoot Production

Female leaves were more likely to produce shoots (both
from protonemata and directly from leaf tissue) than male
leaves (0.48 vs. 0.18; P < 0.001), and as the number of RD
cycles increased, the occurrence of shoots decreased (zero
cycles =0.52; two cycles =0.32; four cycles = 0.32; six
cycles = 0.12; P < 0.01; table 3). In addition, female leaves
produced more shoots per leaf than males (fig. 4; P <
0.0002). For both likelihood of producing a shoot and the
number of shoots per leaf, there was a significant stress-level
effect, with leaves subjected to higher stress levels having
fewer shoots (P < 0.0002; table 2). However, there was no
interaction effect between sex and stress on shoot produc-
tion. The mean time to produce the first shoot varied from
34 to 47 d and was unrelated to stress level or gender
(P > 0.10; data not shown).

Discussion

Syntrichia caninervis exhibits both an extremely female-
biased sex ratio and probable spatial segregation of the sexes,
with males restricted to upper elevation sites that are shaded,
moist, and of low light intensity (Stark et al. 1998; Bowker
et al. 2000). Such habitat preferences indicated the possibility

of a gender-based difference in stress response, in particular
the response to desiccation tolerance (DT), because low-
elevation and exposed sites, where males are absent, typically
desiccate more quickly than higher-elevation and shaded sites
(Walker et al. 2001; Hamerlynck et al. 2002). Given the low
frequency of sexual reproduction and the capacity of bryo-
phytes to expand clonally (Newton and Mishler 1994), we
elected to test the regenerational capacity of detached leaves
of each sex after exposure to increasing levels of stress in
the form of consecutive wet/rapid-dry events (RD cycles). We
hypothesized that female detached leaves should respond to
desiccation stress more favorably than male detached leaves
and that this response would help us understand the unusu-
ally biased sex ratios and habitat preferences exhibited by
this plant.

Regeneration Response to Stress

The ability of desiccation-tolerant bryophytes to recover
from rapid drying events sets them apart from desiccation-
tolerant vascular plants, which survive gradual drying rates
but die when exposed to desiccation rates commonly experi-
enced by aridland bryophytes (Bewley and Krochko 1982;
Phillips et al. 2002). Even so, one can view DT among all
plants as a continuum from low-inertia (bryophytes and li-
chens) to high-inertia (vascular plants) desiccation-tolerant
plants (Proctor and Tuba 2002). Survival and regeneration
following consecutive episodes of rapid desiccation are re-
quired of desert bryophytes and represent perhaps the most
severe stress commonly experienced by these plants. As noted
by Proctor and Pence (2002 p. 217), “Very short moist peri-
ods will lead to net carbon loss. Moist periods long enough
for a positive net carbon balance may be insufficient for cell
division and growth, but might perhaps allow significant DNA
repair.” In the Mojave Desert (classified as a hot desert),

Desiccation

Stress

6 cycles g‘

4 cycles g

2 cycles g!
0 cycles g

L e e s e e e B B L e LA B e e e e |

0' - 5 10 15 20 25 30 35
Time to Protonemal Emergence (Days)

Fig. 1 Time to first protonemal emergence from leaves as a
function of desiccation treatment and leaf sex in Syntrichia caninervis.
Values are calculated from untransformed data (means + 1 SE). Cycles
with different letters are significantly different (P < 0.05, Tukey’s
treatment comparisons).
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Table 2

ANOVAs of the Effect of Sex and Desiccation from Leaves
in Syntrichia caninervis

Source df F P

Time to protonemal
emergence (d):*

Sex 1 6.14 0.0144
Desiccation 3 9.33 <0.0001
Sex x desiccation 3 0.89 0.4497
Error 141
Protonemal expansion rate
(mm? d~1):2
Sex 1 16.63 <0.0001
Desiccation 3 4.89 0.0029
Sex x desiccation 3 0.58 0.6306
Error 141
Biomass accumulation rate
(mg d71):®
Sex 1 13.72 0.0003
Desiccation 3 4.88 0.0029
Sex x desiccation 3 0.79 0.5012
Error 141
Shoot production (shoots
leaf !):
Sex 1 14.89 0.0002
Desiccation 3 7.11 0.0002
Sex x desiccation 3 2.41 0.0696
Error 141

2 Data were log transformed before analysis.
b Data were square root transformed before analysis.

mosses are fully hydrated for only several consecutive days
and can desiccate in a matter of minutes. The treatment em-
ployed in this experiment of a 2-h hydration period followed
by rapid drying in under 30 min thus imposes a realistic
stress on these plants.

Rapid drying is normally considered the complete desicca-
tion of plant tissue within a 1-2 h period (Oliver and Bewley
1984). However, shortened drying times (e.g., 20-30 min)
have been used (Dhindsa and Bewley 1977; Schonbeck and
Bewley 1981a; Takacs et al. 2001). As noted in the “Intro-
duction,” desiccation damage to bryophytes is greatest when
the rate of desiccation is fastest (Schonbeck and Bewley
1981b), when the period of hydration is shortest (Bewley
1979; Bewley and Krochko 1982; Oliver and Bewley 1997),
and when temperatures are highest (Hearnshaw and Proctor
1982). Although recovery of positive carbon gain is rapid (in
minutes; Phillips et al. 2002) and normal internal organelle
structure is restored within a few hours (Proctor 1984), full
cellular recovery from a drying event may take 24 h or longer
(Oliver 1991). After a slow-dry event, respiration levels are
several times higher than rates before desiccation for at least
2 h in Syntrichia ruralis (Tuba et al. 1996). This contrasts
with rapidly dried ramets of S. ruralis requiring 2-3 h to re-
cover to zero net oxygen exchange, as noted by Schonbeck
and Bewley (1981b), who suggested that rapid drying in Syn-
trichia disrupts thylakoid membranes and ultimately causes
a breakdown of chlorophyll a (degreening). Such rapidly dried
ramets were allowed to grow under normal conditions for

14 d and exhibited an 84% inhibition of growth relative to
controls (Schonbeck and Bewley 1981a). Therefore, our
treatment of consecutive RD episodes with an intervening hy-
dration period of only 2 h compounds the damage incurred
by interrupting the repair processes. This may explain the rel-
atively few consecutive wet/RD events tolerated by detached
leaves of S. caninervis in this experiment and the strong corre-
lation found between stress level and reduced regenerational
vigor.

Sex Differential Response to Stress

Previous evidence for a gender-specific response to DT in
bryophytes is preliminary. Following Briggs’s (1965) sugges-
tion that male plants of Dicranum scoparium may prove to
be more drought sensitive than the female plants, Newton
(1972) presented the first experimental evidence that male re-
generant leaves of Mnium are more vulnerable to desiccation
stress than female leaves. In addition, sex differential desicca-
tion stress was postulated as responsible for the higher mor-
tality observed in expressing males of Polytrichum commune:
all 50 of the plants that had recently expressed maleness
(produced an antheridial cup) died by the end of the study
(1 yr), compared with a 34% survival rate of nonexpressing
stems; however, female stems were not assessed, and sex-
specific comparisons were limited. In P. commune, mortality
reached a maximum during the summer drought in Connecti-
cut (Watson 1975). Quite possibly, the production of a rela-
tively expensive antheridial cup may compromise the ability
of the plant to withstand severe desiccation stress. Further-
more, male rarity (relative to the female) has been indirectly
linked to gender-specific DT in the liverwort Riccia frostii
(Pettet 1967) and in the moss Syrrhopodon texanus (Reese
1984). Similarly, in species of bryophytes known only from
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Fig. 2 Protonemal expansion rates from regenerating leaves as
a function of leaf desiccation and leaf sex in Syntrichia caninervis,
after 56 d in culture. Values are calculated from untransformed data
(means = 1 SE). Cycles with different letters are significantly different
(P < 0.05, Tukey’s treatment comparisons).
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Fig. 3 Biomass accumulation rates of regenerating leaves as
a function of leaf desiccation and leaf sex in Syntrichia caninervis.
Values are calculated from untransformed data (means + 1 SE). Cycles
with different letters are significantly different (P < 0.05, Tukey’s
treatment comparisons).

a single sex in the arid southwestern United States, all five
such species are female-only (Syntrichia chisosa, Syntrichia
bartramii, Syntrichia pagorum, Pseudocrossidium crinitum,
and Didymodon nevadensis), consistent with the hypothesis
of the male’s becoming either extinct or unable to disperse
into regions of high desiccation stress.

Although female leaves of S. caninervis responded signifi-
cantly better than male leaves in all measures of regeneration
used here, the absence of a sex x stress interaction for any re-
generational response indicates against an association be-
tween gender and DT (we thus reject our hypothesis).
However, it is possible that the stress levels we used were not
stressful enough compared with field conditions such that at
extremely high stress levels females are much more likely to
recover than males compared with the female advantage at
the stress levels tested here or that so few regenerations occur
at extreme stress levels that the sex with the slightest regener-
ation advantage will more likely survive. Thus, high stress
levels are also ecologically relevant to explain male rarity, as
are the sex differences in regeneration.

Clearly, females are at an intrinsic advantage in regenera-
tional growth rate over males, and this advantage is preserved
when plants are exposed to increasing desiccation stress in the
form of RD cycles. Sex differences in growth rates are not un-
precedented among dioecious plants. In dioecious seed plants,
female plants, relative to male plants, generally have lower
growth rates (Jing and Coley 1990; Garcia and Antor 1995;
Obeso et al. 1998). Such patterns have been associated with
the higher cost of sexual reproduction in female plants relative
to male plants. However, the reverse growth rate pattern is
also known (Grant and Mitton 1979; Sakai and Burris 1985;
Williams 1995). Some bryophyte species are characterized by
extreme sexual size dimorphisms where male plants are dwarf
and epiphytic on female plants (Loveland 1956; Wallace 1970;
Une 1985) or, while not dwarf, obviously smaller than females,

as in the genus Sphaerocarpos and in some Riccia species
(Schuster 19924, pp. 811-826; 1992b, pp. 421-710). In these
species, females are expected to have significantly higher
growth rates than males to achieve such a size differential. In
species that are not obviously dimorphic with respect to size,
females are known to have higher growth rates, as indicated
by more biomass production (Shaw and Gaughan 1993) or
greater change in area (McLetchie and Puterbaugh 2000). In
the two latter studies, male plants had either higher shoot
production or higher asexual reproduction than female plants,
respectively. Clearly, S. caninervis belongs in the latter group of
plants, without obvious size dimorphism yet having higher
growth rates in females. When this growth rate advantage is
combined with a superior shoot production, it is apparent
that females are potentially capable of locally displacing
males.

Table 3

Results of Log-Linear Analysis of Leaf Desiccation and Sex
Associations with Shoot Production of
Syntrichia caninervis

Association tested with

shoot occurrence/model df G?
Sex (SO):
DS, O 7 30.64
-DS, SO -6 —15.83
Total 1 14.817""
Desiccation (DO):
DS, O 7 30.64
-DS, DO —4 —17.66
Total 3 12.98""
Sex within desiccation (SO):
DS, DO 4 17.66
-DS, DO, SO -3 -1.12
Total 1 16.54"""
Desiccation within sex (DO):
DS, SO 6 15.83
-DS, SO, DO -3 -1.12
Total 3 14.717"
Desiccation sex combinations
(DSO):
DS, DO, SO 3 1.12
DSO -0 -0
Total 3 1.12

Note. The statistical significance of an interaction is determined
by assessing the change in the log-likelihood ratio G* after addition
or deletion of that term from the model. Models include all lower-
order terms, e.g., the model DS, O includes D, S, O, and DS, where
D = desiccation level (n=4), S=sex (n=2), O = occurrence/ab-
sence of shoots (7 =2), and DS = interaction of desiccation level
and sex. See text for further descriptions of categorical data. The dif-
ference between the two models (DS, O) (G? = 30.64) and (DS, SO)
(G? = 15.83) is the interaction term SO (G? = 14.81), which is the
effect of sex on occurrence of shoots. Analyses with the three interac-
tion terms in the models test the effect of one explanatory variable
while controlling for the other.

* P < 0.01.

P < 0.001.
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Fig. 4 Shoot production by regenerating leaves as a function of
leaf desiccation and leaf sex in Synmtrichia caninervis. Values are
calculated from untransformed data (means + 1 SE). Data were log
transformed before analysis. Cycles with different letters are
significantly different (P < 0.05, Tukey’s treatment comparisons).

The general pattern of higher growth rates of males in seed
plants relative to females and the reverse trend in bryophytes
is not inconsistent and relies on the same conceptual argu-
ment of sex-specific differences and costs of reproduction. In
seed plants, females are expected to have higher costs be-
cause of the combination of sex expression (flower produc-
tion in the case of angiosperms) and offspring (fruit)
maturation. This cost is reflected as lower growth and sur-
vival rates in females relative to males (Delph 1999 and refer-
ences therein). Growth rate differences are predicted and
usually found after reproduction episodes (Lloyd and Webb
1977; Delph 1999). In dioecious bryophytes, females are less
likely to produce sexual offspring because of sperm limita-
tion, and in fact, many dioecious species have low levels of
sexual reproduction because of a lack of males. Thus, fe-
males only incur their total cost if males are present (and
even then very rarely; Stark et al. 2000). However, sex-
expressing males incur their total cost in the presence or
absence of females, and thus on average, males, relative to
females, are expected to have higher costs of sexual repro-
duction, successful or not (Stark et al. 2000). Two studies on
bryophytes (Shaw and Gaughan 1993; McLetchie and Puter-
baugh 2000) and this study used parts (fragments or asexual
propagules) from plants that were once expressing sex. We
may consider these derived plants as juveniles, i.e., plants
that have not yet incurred the cost of sexual reproduction.
Nevertheless, these juvenile, nonexpressing individuals mani-
fest sex differences in growth rates. These results, coupled
with the extreme size-dimorphic pattern in other bryophytes,
indicates that there may be underlying sex-specific selection
that favors larger females and thus higher growth rates, as-
suming similar germination times, whereas in males, selection
favors higher production in ramets (shoots/new asexual off-
spring, as documented in Shaw and Gaughan 1993 and

McLetchie and Puterbaugh 2000 but not this study). This
sex-specific selection might be driven by an advantage for fe-
males to be competitive in occupied sites and/or a size advan-
tage to mature offspring and for males to increase gamete
dispersal by producing more ramets, each capable of frag-
mentation/asexual reproduction and subsequent dispersal
(McLetchie et al. 2002). However, we are not aware of data
documenting a positive correlation of female size with female
fitness or male regeneration/asexual reproduction capacity
with male fitness. Such data will be needed to support these
hypotheses. The key point is that for both seed plants and
bryophytes the main driving forces for sex-specific patterns
in growth rates ultimately link to sex-specific selection for
trait values that increase female and male fitness, given that
the sexes play different roles in the sexual process. Previous
assessments of shoot extension rates in field patches of S.
caninervis yielded equivalent male and female growth rates
(Stark et al. 2001; Bonine 2004). However, in this study, the
leaf regenerational growth rates widely differed between the
sexes, suggesting that a qualitative difference may be operating
between conventionally measured growth rates and the rate of
fragment regeneration. Clearly, a need exists to determine
shoot extension rates among regenerant plants in the lab.

In an earlier experiment on the regeneration of detached
leaves of different ages in S. caninervis, we found shorter
emergence times for mature male leaves and less of a differ-
ence in biomass accumulation rate between the sexes under
conditions of no desiccation stress (Stark et el. 2004). Al-
though constants between the two experiments include
patch, time of collection, and observer, leaves in this experi-
ment were subjected to 12 mo of additional dry storage.
Such extended periods of desiccation negatively affect recov-
ery (Alpert and Oechel 1985); data from this experiment are
consistent with a slight negative effect on regenerational be-
havior of males (especially). Although we found no evidence
of a sex differential stress response in this study, it is possible
that such a response may yet lie along avenues of stress alter-
native to the consecutive RD cycles explored here. Therefore,
future experiments will address additional aspects of DT,
such as hardening and dehardening to DT and exposure of
both regenerant shoots and protonemata to DT, as well as
the effects of heat exposure and nutrient depletion on the re-
generation potential of each sex.
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