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Abstract

Water shortage events negatively impact plant productivity, threaten ecosystem functioning, and are predicted to increase
dramatically in the coming years. Consequently, building a detailed understanding of how plants respond to water stress is
critical for improving predictions of ecological processes and species range shifts under climate change. Here, we character-
ized patterns of intraspecific variation in dehydration tolerance (DhT, also dehydration tolerant) across a variable landscape
in the tropical plant, Marchantia inflexa. DhT enables tissues to survive substantial drying (below an absolute water content
of — 10 MPa) and despite the ecological significance of DhT, many questions remain. We tested if DhT was correlated with
an environmental exposure gradient, if male and female plants had contrasting DhT phenotypes, and if variation in DhT had
a genetic component. To do so, we collected plants from five populations, spanning an environmental exposure gradient
in the forests of northern Trinidad, Republic of Trinidad and Tobago. We measured DhT immediately after collection, and
after growing plants for ~ 1 year in a common garden. We found that DhT varied significantly among populations and tracked
the characterized exposure gradient. Additionally, we showed that phenotypic differences among populations in DhT were
maintained in the common garden, suggesting that underlying genetic differences contribute to DhT variability. Finally, we
detected a fluctuating sexual dimorphism where males had lower DhT than females in less exposed sites, but not in more
exposed sites. Interestingly, this fluctuating sexual dimorphism in DhT was driven primarily by male variation (females
exhibited similar DhT across sites).

Keywords Fluctuating sexual dimorphisms - Ecophysiology - Desiccation tolerance - Intraspecific variation - Diversity
panel

Introduction

With climate change models predicting increased variation
in global weather patterns, including frequent and intense
droughts (Dai 2013), both ecological stability (Jentsch et al.
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2007) and food security (Schlenker and Lobell 2010) are
threatened. However, by drawing on natural variation in
water stress tolerance, we can enhance our understanding
of adaptive processes related to water scarcity and improve
predictions of the ecological consequences of drought.
Many mechanisms of water stress tolerance exist within
land plants, spanning diverse life histories, morphologies,
and physiologies, and this diversity represents a valuable
repository of information that can be mined to gain insight
into plant responses to water shortage.

Most plants are desiccation sensitive (DS) and die at
water contents from —5 to — 10 MPa (Proctor and Pence
2002; Proctor et al. 2007), but desiccation tolerant (DT,
also desiccation tolerance) plants have a unique ability
to survive extreme drying (to an absolute water content
of < — 100 MPa) (Bewley 1979). Dehydration tolerance
(DhT, also dehydration tolerant) is a less extreme version of
DT (DhT plants can survive drying to < — 10 MPa, but not
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— 100 MPa) (Oliver et al. 2010; Marks et al. 2016). Building
a comprehensive understanding of the ecology, physiology,
and genomics of DT and DhT will inform ecological predic-
tions, environmental management, and agricultural innova-
tions related to water shortage. Extant DT and DhT plants
are phylogenetically diverse, but tend to occupy similar eco-
logical niches, suggesting that environmental selection has
been a strong driving force in the retention and re-evolution
of DT and DhT (Alpert 2005; Le and McQueen-Mason
20006). Plants spanning the entire spectrum from DS to DT
have been identified, but the degree of intraspecific varia-
tion in DT and DhT is unclear, and whether this variation is
driven by genetic differences among populations has rarely
been tested. The limited studies on intraspecific variation in
DT and DhT indicate that DT and DhT can vary seasonally
(Farrant et al. 2009), among populations (Oliver et al. 1993;
Farrant and Kruger 2001), under specific culturing methods
(Stark et al. 2014; Brinda et al. 2016), among life stages
(Stark et al. 2007), and among the sexes (Marks et al. 2016).
Additional studies of intraspecific variation in DT and DhT
will provide critical insight into possible species range shifts
and population persistence.

In addition to abiotic stress, dioecious plants face the
threat of distorted population sex ratios, which can lead to
mate scarcity, and in extreme cases, a loss or reduction of
sexual reproduction. Sex differences in stress tolerance may
be an important driving force of population sex ratio dis-
tortions (Retuerto et al. 2018), and consequently, detecting
sex-specific responses to stress will enhance our understand-
ing of population dynamics in dioecious species. Broadly
speaking, sexual dimorphisms in both plants and animals
can arise due to distinct selective pressures on males and
females (Shine 1989; Badyaev and Hill 2003). This often
leads to unidirectional dimorphisms, but variable sexual
dimorphisms have also been documented (Alexander et al.
1979; Berry and Shine 1980; Woolbright 1983; Badyaev
et al. 2000). Although seemingly unlikely, complete rever-
sals of sexual dimorphisms have also been observed (Kahlke
et al. 2000). Taken together, this suggests that sexual dimor-
phisms are not fixed, and can in fact, fluctuate across space.
Understanding the patterns of fluctuating sexual dimor-
phisms in DhT and other stress tolerance traits will improve
predictions of local sex ratios, reproductive potential, and
population persistence for dioecious plants.

Here, we investigated intraspecific variation in DhT in
the tropical liverwort, Marchantia inflexa, to gain insight
into the evolutionary and ecological dynamics of DhT. Our
primary aims were to characterize variability in DhT across
environments, investigate if a previously identified sexual
dimorphism in DhT fluctuated among populations, test for
genetic differences in DhT among populations, and test if
variability in DhT predicted population sex ratios. Build-
ing on a previous study that measured DhT of plants from
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a limited number of populations (Marks et al. 2016), we
expanded the scope of our investigations to cover additional
sites, intentionally targeting natural, relatively undisturbed
streams. We collected plants from five populations, spanning
an environmental exposure gradient in the tropical forests of
northern Trinidad, Republic of Trinidad and Tobago. DhT
was estimated by measuring plant recovery from dehydration
events (either immediately after collection or after~1 year
of cultivation in a common garden). These data were ana-
lyzed to explicitly test the following four hypotheses: (1)
plants collected from more exposed sites will recover from
dehydration more consistently than plants collected from
less exposed sites; (2) the degree and direction of sexual
dimorphisms in DhT will fluctuate among populations, as a
consequence of male variability; (3) measurable phenotypic
variation in DhT will be retained under common conditions
due to underlying genetic differences among populations;
and (4) population sex ratios will be biased in favor of the
sex that has higher DhT in that population.

Methods
Study organism and sample collection

Marchantia inflexa is a New World liverwort with unisexual
individuals that is distributed from northern Venezuela to
the southern United States (Bischler 1984). The dominant
life stage of M. inflexa is the haploid gametophyte, which
grows as a bifurcating thallus. Sex is chromosomally deter-
mined with one U/V sex chromosome and eight autosomes.
Sexual reproduction produces spores, and asexual reproduc-
tion produces specialized asexual propagules (gemmae) or
occurs via thallus fragmentation. Marchantia inflexa typi-
cally occupies low light, high humidity sites along tropical
streams and rivers, but it can also colonize more exposed and
disturbed sites, such as road cuts within the forest (Brzyski
et al. 2014). Marchantia inflexa can recover from moderate
dehydration, and prior studies found that females had higher
DhT than males (Stieha et al. 2014; Marks et al. 2016).
Marchantia inflexa exhibits numerous sexual dimorphisms,
many of which vary among populations (Groen et al. 2010;
Brzyski et al. 2014; Marks et al. 2016), and in some of the
above examples, the fluctuation is driven by male variability.

Marchantia inflexa plants for the current study were
collected from five sites on the island of Trinidad, Repub-
lic of Trinidad and Tobago in May 2016. All sites were
located along separate streams (within 18 km of each other)
in the moist lowland tropical forests of northern Trinidad
(Table 1). Forty-eight samples (bifurcated thallus tips~ 1 cm
long) were collected from each site from May 20 to 27, 2016
(Fig. 1). Plants were sampled haphazardly along a roughly
linear transect following the stream, with the restriction that
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Table 1 Information on study sites in Trinidad, Republic of Trinidad and Tobago

Collection site Coordinates Elevation (m) Canopy openness (%) VPD (kPa)
2016 2019

N. Oropuche 10°40'09.4"N 71 9.4+ 0.06a 0.111+0.0075a 0.137+0.0093b
61°08'14.9"W

Rio Seco 10°43'29.3"N 125 7.5+0.17b 0.079+0.0051ab 0.128 +0.0058b
61°02'01.3"W

Quare 10°4029.7"N 145 6.9 +0.06bc 0.016+0.0017bc 0.169+0.0076a
61°11'47.5"W

West Turure 10°40'41.6"N 142 5.7+0.74 cd 0.006 +0.0008¢ 0.067 +0.0020c
61°10'03.0"W

East Turure 10°4122.7"N 140 4.5+0.38d 0.001 +£0.0003c 0.044 +0.0021d
61°09'37.6"W

Sites are ordered from most to least exposed. Coordinates and elevation were retrieved from a GPSMAP® 62sc (Garmin International, Inc,
Olathe, Kansas USA). Canopy openness was determined via analyses of three hemispherical photographs taken at each site. Vapor pressure
deficit (VPD) was quantified from local temperature and relative humidity data in both the rainy season (2016) and the dry season (2019). For
canopy openness and VPD, mean and standard error around the mean are listed. Sites with the same letter are not significantly different from

each other (p>0.05)

no two samples were within a meter of each other. This sam-
pling scheme was based on prior studies showing that the
probability of collecting duplicate genotypes drops to zero at
distances > 0.4 m (Brzyski et al. 2018). Upon collection, iso-
lates were placed directly into 24-well plates, hydrated with
stream water, and transported back to the William Beebe
Tropical Research Station.

Field site characterization

Environmental differences among collection sites were char-
acterized via mean canopy openness and mean vapor pres-
sure deficit (VPD). Canopy openness, which is a measure
of exposure that has been linked to plant responses in other
studies (Fuselier and McLetchie 2004; Groen et al. 2010),
was measured using hemispherical canopy photographs
(taken with a Nikon CoolPix 4500 camera with a 180° lens
attached). Three photographs were taken at each site ~0.5
meters above the plants at the beginning, middle, and end of
the sampling area. Canopy photographs were analyzed with
WinSCANOPY™ (Reagent Instruments, Québec, Canada),
following the manufacturer instructions to quantify canopy
openness (%).

VPD is a measure of the evaporative demand of the air
and was calculated from temperature and relative humidity
(RH) data monitored with sensors integrated in the Watch-
Dog™ models 450 and 1000 data loggers (Spectrum® Tech-
nologies, Inc. Plainfield, IL, USA). Data were collected at
the beginning of the wet season for 4-6 days in May 2016,
and during the dry season for 5 overlapping days in mid-
March 2019. Loggers, protected with radiation shields,
were deployed at each site by placement in the center of the
sampling area at ground level (~5 cm) to capture the local

conditions of M. inflexa. To visually characterize these sites,
we took aerial photographs in 2019 directly above each site
at equivalent vertical distances, using a Mavic Pro drone
(DJI, Shenzhen China) (Fig. 1).

Dehydration treatment

Changes in chlorophyll fluorescence were quantified to
estimate the ability of plants to recover from dehydration
and are expressed as F|/F,, recovery (%) (the percentage
of baseline F,/F,, regained after dehydration). F\/F,, is a
measure of the maximum potential quantum efficiency of
photosystem II (PSII), and F,/F,, declines under stress,
because PSII function is disrupted. F,/F,, is frequently used
in studies of bryophyte DT to estimate recovery after a dry-
ing event (Marschall and Proctor 1999; Proctor et al. 2007;
Bader et al. 2013; Hajek and Vicherova 2014). Here, F /F,
of dark-adapted tissues (Krause and Weis 1984) was meas-
ured with an OS5-FL modulated chlorophyll fluorometer
(Opti-Sciences, Tyngsboro, Massachusetts, USA). Meas-
urement parameters were set to a saturation intensity of 100
(4000 umol m~2 s!) and a pulse duration of 0.8 s. Gain and
modulation were adjusted to achieve an adequate signal per
manufacturer directions.

To account for baseline variation among sites, initial F,/
F,, was measured in a random subset of plants from each
collection site and used to estimate X(F /F Dinitia fOr €ach
site. All the remaining isolates were subjected to dehydration
treatment and (F/F,,)ecovered Was measured after re-wetting.
These two measures /'_Y(F/F winitial A0 (F/F,) recovered) WETE
used to compute F /F, recovery (%) with the following
equation:
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North Oropuche Rio Seco

[Most exposed

Field tested

Dehydration treatment

Hydrated Dehydrated Rehydrated
’ 7 4 *’
X (Fy/Fm)initial (Fo/Fm)renydrated
F,/Fyrecovery (%) = %{“—“—“ 100

Fig.1 This schematic outlines the experimental design of the cur-
rent study. Marchantia inflexa plants were collected from five field
sites that differed in environmental exposure in Trinidad, Republic of
Trinidad and Tobago. Aerial photographs of the five sites (in order
of most to least exposed) were taken with a Mavic Pro drone (DJI,
Shenzhen China) directly above collection sites at equivalent verti-
cal distances. Areas bordering the stream with an open canopy are
shaded blue to increase contrast (original photographs are provided in
supplementary information online). Plants were subjected to dehydra-

(F v/ F, m)recovered

F,/F ,recovered(%) =
(F v/ F m)initial

%100 (1)

Field dehydration treatment

A total of 240 isolates (n=48/site) were collected. Eight
isolates were randomly selected from each site and used to
estimate X'(F VF itz We did not take X(F S initia MEAS-
ures on experimental samples to minimize handling of tis-
sues. The remaining 200 isolates (n=40/site) were subjected
to dehydration treatment, and (F,/F,,)ccoverea Was deter-
mined for 196 isolates (4 samples were lost). Dehydration
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Bifurcated thallus

West Turure East Turure

% Least exposed

Common garden tested

Cultivate clones from gemmae

ey

tion treatment 24 h after collection in the field. Subsequently, clones
of each plant were propagated from gemmae in a common garden to
remove field effects. After~1 year of cultivation in a common gar-
den, these clones were subjected to dehydration treatment again.
The ability of plants to recover from dehydration was quantified by
chlorophyll fluorescence to measure the maximum potential quan-
tum efficiency of Photosystem II (F,/F,,) before and after dehydration
and is expressed as F,/F,, recovery (%) (the percent of baseline F ,/F,,
regained after dehydration treatment)

treatments were carried out following the protocol outlined
in Marks et al. (2016), with a few minor changes. Follow-
ing collection, plants were held in fully hydrated, low light
conditions (~ 10 umol m~2 s~!) at 25.8 +0.02 °C for 24 h
before dehydration treatment. To initiate dehydration treat-
ment, one side of the bifurcation (a thallus tip) was removed
and placed in a dehydration chamber (Fig. 1). Dehydration
chambers consisted of airtight plastic containers with tis-
sue samples in individual Petri dishes placed around the
interior perimeter of the chamber. Each chamber contained
a total of 20 samples (10 plants each from 2 sites). The
entire dehydration treatment was conducted under low light
(~10 pmol m~2 s7!) at 25.8 +0.02 °C. All samples were
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dehydrated to equilibrium with 85% RH (maintained with
a saturated KCI solution (Greenspan 1977)). Plants were
allowed to dehydrate until visibly dry (~ 105 h), after which
they were rehydrated and (F/F,,)ecovereda WaS measured 2
weeks after rehydration.

Confirmation that plants reached equilibrium with 85%
RH after 105 h was determined by measuring the change in
mass of an additional set of isolates from North Oropuche
and Quare streams over the course of the dehydration treat-
ment until no additional decrease in mass was observed.
Mass measurements were also used to calculate the water
content (WC) of dehydrated samples to estimate the intensity
of the dehydration treatment (see Eq. 2). The precision of
our scale (10 mg) at the field research station did not allow
us to detect changes in the mass of a single sample, so meas-
urements were made on four groups of ten tips. Sample fresh
weight (FW) was measured at the most dehydrated condition
(~ 105 h after assay initiation) and sample dry weight (DW)
was measured after drying samples for 3 days in an 80 °C
drying oven at the University of Kentucky, Lexington, KY,
USA. The mean WC of samples after field dehydration treat-
ment was 28.32+2.23 ¢ H,0 g™! dry weight:

WC = 100 # <M>

DW @

Common garden cultivation

Clones (the remaining side of the bifurcated thallus) of all
240 isolates were transported to the University of Kentucky,
Lexington, KY, USA and placed in a growth chamber at
16 °C with a light intensity of 30 umol m~2 s~! and 12-h
light/dark cycle to induce gemmae (asexual propagule) pro-
duction. A single gemmea was used to generate a new clone
of each isolate with the intention of removing field effects
(Fig. 1). These clones were planted on steam sterilized local
soil in 59 ml pots covered with neutral density acetate lids
and grown in a climate-controlled greenhouse. Plants were
watered daily and covered with a 15% shade cloth to mimic
field light conditions.

Common garden dehydration treatment

Plants were cultivated in a common garden for~ 1 year to
minimize the impact of any maternal effects. Subsequently,
thallus samples from each isolate were subjected to dehy-
dration treatment (Fig. 1). A randomly selected subset of
isolates (n=38) from each site were used to quantify j((F 4
F,Dinitial to control for any baseline variation among sites that
was retained in common garden conditions. Two hundred
and one isolates were assayed for DhT after being cultured
in a common garden. We targeted 40 samples per site, but
due to mortality of some samples from Rio Seco and North

Oropuche, we had less than 40 isolates from these sites, so
we included additional isolates from the other sites if they
were available. The dehydration treatment was designed to
replicate field treatments as closely as possible, but a slight
reduction in ambient temperature (from 25.8 +0.02 in the
field to 20.5+0.01 °C in the common garden) reduced the
VPD of dehydration treatments in the common garden rela-
tive to the field (from 0.500 kPa in the field to 0.363 kPa
in the common garden). Consequently, we made no direct
comparisons between relative recovery of field and com-
mon garden plants. Paralleling field work, thallus tips were
collected from isolates, hydrated in dH,O for 24 h, placed
into dehydration conditions, dehydrated until visibly dry
(~ 120 h), rehydrated, and recovery was quantified 2 weeks
after rehydration by measuring (F/F,,) ccovered- BECAUSE WE
had access to sufficient tissue to permit replication, isolates
were sampled multiple (1-3) times each for a total of 412
samples (Fig. 1).

To confirm that plants reached equilibrium with 85% RH
in the common garden dehydration treatments, we measured
the WC of a subset of dehydrated samples. Mass measure-
ments were made on a total of 57 samples at their most
dehydrated condition and again after 3 days in an 80 °C
drying oven using a Chan 29 electrobalance (0.1 ug). WC
was calculated using Eq. 2. The mean WC of samples after
laboratory dehydration treatment was 72.27 +7.23 g H,O
g~ ! dry weight.

Sex expression

We identified the sex of all isolates that were included in this
study though a combination of growth based and molecular
methods. There were 12 isolates that died prior to being
sexed, and these were removed from all analyses. Initially,
we observed natural sex organ development in the common
garden. This allowed us to determine the sex of the majority
of our isolates. However, some plants did not produce sex
organs under greenhouse conditions. For these specimens,
we induced sex organ development by exposing plants to
constant far-red light at 16 °C in a growth chamber. Plants,
that still failed to produce sex organs (n=7), were sexed
using DNA sex markers for M. inflexa as described in Marks
et al. (2019).

Statistical analyses

Statistical analyses were conducted in JMP12 (SAS Insti-
tute Inc. Cary, NC, USA). Canopy openness and VPD were
analyzed separately to test for differences among sites using
a mixed effects linear model. For VPD, the years were ana-
lyzed separately. In the statistical models, date and time were
considered random effects and site was the fixed effect. To
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test for a positive association between canopy openness and
VPD in the 2016 data, we used Pearson r correlations.

To address the four central hypotheses of this study, the
primary response variable analyzed was F /F,, recovery
(%), which corresponds to the ability of a plant to recover
from dehydration, and can be used to estimate DT and DhT
(Hajek and Vicherova 2014). Initially, we analyzed the com-
plete dataset to test for general patterns of DhT variability.
We used a mixed effects linear model to test the fixed effects
of sex, site, growth condition, and all second- and third-
order interaction effects on F/F,, recovery (%). To account
for different levels of replication in greenhouse and field
studies, isolate ID (nested within site) was included in the
model as a random effect. Dehydration chamber (nested
within growth condition) was also included as a random
effect and post hoc comparisons were made with Tukey’s
Honest Significant Difference (HSD) tests. To develop our
general characterization of the relationship between DhT
and local environmental conditions (hypothesis one), we
considered the effect of site on F,/F,, recovery (%), and we
tested for correlations between site means of F,/F,, recovery
(%), VPD, and canopy openness.

Subsequently, to drill down into different aspects of M.
inflexa’s biology, we considered data from field and com-
mon garden plants separately. We used separate mixed effect
linear models to test the fixed effects of sex, site, and their
interaction on F,/F,, recovery (%) in the field and common
garden assays. Isolate ID and dehydration chamber were
included as random effects and post hoc comparisons were
made with Tukey’s Honest Significant Difference (HSD)
tests.

We analyzed data from field collected plants to address
hypotheses one and two. To further characterize the rela-
tionship between DhT and local environmental conditions
(hypothesis one), we considered the effects that include
site on F\/F,, recovery (%), and we tested for correlations
between site means of F /F,, recovery (%) and VPD and
canopy openness. To investigate sex-specific responses to
the exposure gradient (hypothesis two), we tested for a sex

effect on F /F, recovery (%). Additionally, we computed
site-specific F,/F,, recovery (%) for each sex and tested for
correlations between canopy openness (%), VPD, and F,/
F,, recovery (%) in males and females. Finally, we tested if
the variance in DhT among sites was sex-specific using a
two-sided F test.

We used the common garden assay to test for the mainte-
nance of phenotypic variation in DhT under common condi-
tions. If detected, this would indicate that genetic differences
among populations contribute to DhT variability (assum-
ing that common garden cultivation removed any baseline
variation due to maternal effects of field plants) (hypothesis
three). To do so, we tested for a significant site effect on F,/
F,, recovery (%) in common garden plants. We built upon
this by specifically testing if patterns of sexual dimorphisms
identified in field-assayed plants were maintained in the
common garden.

To address hypothesis four, site-specific sex ratios (J/
(8 + Q) were calculated using the data from Table 2. We
used the Goodness-of-fit test to examine sex ratios within
each population (with the expected sex ratio of 0.5) and a
heterogeneity test to identify significant differences among
populations. Subsequently, the difference in DhT among the
sexes (FCGF /F,, recovery (%)—7(SP F /F,, recovery (%)) was
computed for each site. We predicted that sites with signifi-
cant sex differences in F/F,, recovery (%) would have sex
ratios significantly different from 0.5 and in favor of the
sex with higher DhT, and that sites with no significant sex
difference in F /F,, recovery (%) would have sex ratios not
significantly different from 0.5. We compared our observed
data to these expectations and considered the proportion of
cases in which our prediction was met.

Table 2 The difference in DhT

Collection site Sex difference in  Predicted sex Observed sex ~ Number & Number @
between males and females DhT (%) ratio ratio
was computed for each site (X
(F/F, recgvery (%)-Xg F\/F,, North Oropuche 9.15 >0.5 0.43 20 26
recovery (%)) Rio Seco 822 0.5 0.07* 3 39

Quare -1.76 0.5 0.18%* 8 37

West Turure —-7.24 0.5 0.68%* 32 15

East Turure —20.63* <0.5 0.21%* 10 38

Population sex ratios (3/(3 + @)) for each site were computed based on the number of male and female
isolates collected at each site. Sites with significant sex differences in DhT or population sex ratios signifi-
cantly different from 0.05 are indicated with an *. For predicted sex ratios, we expected that population sex
ratios would be biased in favor of the sex with higher DhT. This prediction was met in only two out of the
five cases (North Oropuche and East Turure), suggesting that DhT does not predict sex ratio
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Results
Field site characterization

The environmental parameters of canopy openness and
VPD varied significantly among sites. Canopy openness
ranged from 4.5+0.38% at East Turure to 9.4 +0.06%
at North Oropuche, with significant differences among
sites (F;g=27.93, P<0.0001, Table 1). In the rainy sea-
son (2016), VPD ranged from 0.001 +0.0003 kPa at
East Turure to 0.111 +0.0075 kPa at North Oropuche
(F4674=130.6, P<0.0001, Table 1). In the dry season
(2019), VPD ranged from 0.044 +0.0021 kPa at East Turure
t0 0.169 £0.05076 kPa at Quare (F, 745, =98.3 P <0.0001,
Table 1). In 2016, VPD was significantly positively asso-
ciated with canopy openness (R?>=0.78, F,;=15.19,
P=0.03).

General patterns of DhT across field and common
garden assays

Our analyses revealed that F,/F,, recovery (%) varied signifi-
cantly among sites (F, ;;5=3.05 P=0.02) (Fig. 2). Plants
from drier, more exposed sites had higher F,/F,, recovery
(%) than plants from moist, less exposed sites. Differences
among sites in F/F,, recovery (%) were tightly correlated
with environmental exposure. Mean F/F,, recovery (%) was
positively correlated with both canopy openness (R*=0.83,
F,3=14.2, P=0.033) and 2016 VPD (R*=0.94, F,3=55.6,

Fig.2 Marchantia inflexa plants 100
collected from five streams in

Trinidad, Republic of Trinidad

and Tobago (ordered from most

to least exposed based on can-

opy openness) differed in DhT. 80
There was a significant effect
of site on F,/F,, recovery (%).
Specifically, plants from more
exposed sites had higher DhT
than plants from less exposed
sites. Both field collected and
common garden specimens are
included in these analyses and
the reported sample sizes refer
to the number of unique isolates
included in analyses. There are
12 isolates that are not repre-
sented, because they died prior
to sex determination. Differ-
ences in DhT were tightly corre- 20
lated with canopy openness and

vapor pressure deficit. Bars are

standard error about the mean

60

recovery (%)

40

m

v

F /F

North Oropuche

P <0.005). There was a significant interaction between site
and sex on F./F,, recovery (%) (Fy ¢5=3.43 P=0.009), but
the effects of sex, growth condition, and all other second-
and third-order interaction effects were not significant (data
not shown).

Targeted characterization of site and sex effects
on DhT

In field-assayed plants, there was no significant effect of
site or sex on F,/F, recovery (%) (Fy,;=1.52 P=0.226;
F4173=1.8 P=0.174, respectively), but there was a signifi-
cant interaction between site and sex on F /F,, recovery (%)
(F4.178=3.52 P=0.009) (Fig. 3). Specifically, females had
higher F/F,, recovery (%) than males at East Turure, but the
sexes did not differ in DhT at the remaining sites. Site-spe-
cific F /F,, recovery (%) was not significantly correlated with
canopy openness or VPD (R2 =0.64, F3= 5.4, P=0.103;
R*=0.65, F,3=5.5, P=0.101, respectively), but sex-spe-
cific patterns were identified. F,/F,, recovery (%) in males
was positively associated with canopy openness (R?=0.82,
F,3=20.02, P=0.02), but not in females (R*=0.003,
F,3;=1.01, P=0.388). There was a similar pattern for VPD
in 2016, where F\/F,, recovery (%) was positively associated
with VPD in males (R*=0.93, F, ;=53.75, P=0.0052), but
not in females (R2= 0.52, Fi3= 5.41, P=0.102). Addition-
ally, males had significantly higher variance across sites in
mean F,/F,, recovery (%) than females (F, 4,=12.7 P=0.03).
F /F, recovery (%) ranged from 46.7 to 86.2% in males and
67.3 to 77.9% in females (Fig. 3).

ab

bc

Rio Seco Quare West Turure East Turure
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Fig.3 Relative DhT of March-
antia inflexa males and females
fluctuated among the sites. Only
field plants are included in this
analysis. Sites are ordered from
most to least exposed. Females 80 |
were significantly more DhT
than males at East Turure, but
the sexes did not differ at other
sites. This fluctuating sexual
dimorphism was driven primar-
ily by male variability. The
number of isolates is reported,
and bars are standard error
about the mean
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Fig.4 DhT of Marchantia
inflexa plants cultivated in a
common garden varied signifi-
cantly among sites. Collection

100 |

recovery (%)

m

v
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Genetic differences in DhT

To test if phenotypic variation in DhT was maintained
under common conditions, we analyzed F,/F,, recovery (%)
of common garden plants. There was a significant effect of
site on F'/F,, recovery (%) (Fy 143=3.8 P=0.006), which
was driven primarily by plants from the least exposed
site (East Turure) having reduced DhT relative to plants
from other sites (Fig. 4). F\/F,, recovery (%) ranged from
65.1 +£4.1% for plants from East Turure to 88.3 +3.8% for
plants from Rio Seco. The effects of sex, and the site and
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DhT than plants from the less 60 -
exposed sites even under com-
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by plants from the least exposed 40
site (East Turure) having
significantly reduced DhT rela-
tive to other sites. The number
of isolates from each site is 20
reported. Bars are standard error
about the mean
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sex interaction were not significant (¥ ;33=0.3 P=0.582;
F4143=12 P=0.300, respectively). However, focusing on
males that were found to be variable in the field assay, males
F/F, recovery (%) tended to differ by site, ranging from
54.5+9.9% in East Turure to 92.1 +13.6% Rio Seco.

Population sex ratios
Overall population sex ratios were heterogeneous, ranging

from 0.058 to 0.64 (G,=45.43, P<0.0001). The sex ratio at
North Oropuche did not differ from 0.5, Rio Seco, Quare, and
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East Turure were significantly female biased (P <0.0001), and
West Turure was male biased (P=0.012) (Table 2). Despite
the fluctuating sexual dimorphism in DhT, our prediction that
sex ratios would be biased in favor of the sex with higher DhT
was met in only two out of the five populations (Table 2).

Discussion

Our findings indicate that M. inflexa harbors substantial
intraspecific variation in the ability to recover from dehy-
dration. We found that plants collected from the drier of five
natural sites recovered from dehydration more consistently
than plants collected from the moister sites. This pattern
was driven, at least in part, by underlying genetic differences
among populations, as indicated by retention of population-
specific differences in DhT in the common garden. Interest-
ingly, we found that population differences in the ability to
recover from dehydration were sex-specific. In less exposed
sites, females recovered more consistently than males, but in
more exposed sites, there were no differences in DhT among
the sexes. This fluctuating sexual dimorphism was most evi-
dent in field collected plants and appeared to be driven by
male variability, suggesting that M. inflexa males may be
more responsive to environmental variation than females.
The fluctuating sexual dimorphism in DhT did not scale up
to population sex ratios.

Our data suggest that intraspecific variation in DhT is
linked to environmental exposure and that it has a genetic
component in M. inflexa. We characterized an environmen-
tal exposure gradient of canopy openness and VPD (also
evident in aerial photographs of field sites taken in 2019)
(Fig. 1). In general, we found that differences in the ability
to recover from dehydration were correlated with environ-
mental exposure. Furthermore, differences among sites in
DhT were retained under common conditions (plants from
the least exposed site (East Turure) had lower recovery
than plants from more exposed sites), suggesting that varia-
tion in DhT has a genetic component in M. inflexa. Studies
using other species have shown that variation in DT cor-
responds with environmental differences (Beckett and Hod-
dinott 1997; Dilks and Proctor 1976; Farrant et al. 2009;
Stark et al. 2007), but these studies did not explicitly test
for genetic differences among plants. Our study adds to this
body of work by utilizing a common garden design to iden-
tify genetic differences among populations in DhT. Previous
studies of M. inflexa have suggested that plasticity may also
play a role in DhT variation (Marks et al. 2016). However,
data from the current study were not used to explicitly test
for plasticity. Our analyses indicated that site differences in
DhT in M. inflexa were impacted by genetic variation among
populations and correlated with environmental exposure,

suggesting that spatially variable selection may drive local
adaptation in DhT.

We found that DhT was sexually dimorphic, but that sex
differences in DhT fluctuated among populations. Specifi-
cally, females exhibited higher recovery than males in less
exposed sites, but the sexes did not differ in DhT at more
exposed sites. Prior work in M. inflexa showed that females
had higher DhT than males at the least exposed site (East
Turure) (Marks et al. 2016) and that finding was confirmed
in the current study. However, here, we found that females
were not more DhT than males at other sites, indicating
that sex differences in DhT are more complex than pre-
viously appreciated. DhT is not the first trait to display a
fluctuating sexual dimorphism in M. inflexa (Groen et al.
2010; Brzyski et al. 2014), and we speculate that contrast-
ing selective pressures on males and females could drive
the fluctuating sexual dimorphisms observed in M. inflexa.
Differences in reproductive function between females and
males may lead to sex-specific tradeoffs between reproduc-
tion and other plant functions (Dawson and Geber 1999;
Dudley and Galen 2007; Retuerto et al. 2018), which could
be accentuated under stressful conditions and exacerbated by
intra-sexual competition (Eppley 2006). In the context of the
current study, we speculate that differences in the duration
of reproductive processes in males and females may impact
relative exposure to DhT selection. Females require more
time in hydrated conditions to complete their reproductive
cycle (gamete development through sporophyte maturation)
and may, therefore, be exposed to selection for DhT even at
the least exposed sites. In contrast, males require less time
to complete their reproductive cycle (gamete development)
and may experience little-to-no selection for DhT in the least
exposed sites because their reproductive processes are com-
pleted well before the onset of drying events. However, in
the more exposed sites, selection for DhT may be extended
to males, which could lead to a local increase in male DhT.
Over time, this may even result in a reduction of females in
stressful sites, as has been suggested in other taxa (Freeman
et al. 1976; Dawson and Ehleringer 1993; Eppley 2001).

Interestingly, we found that the fluctuating sexual
dimorphism in DhT was driven by male variability. Mean
male DhT was highly variable across sites and tightly
correlated with environmental exposure, whereas female
DhT was similar across all sites and not correlated with
environmental exposure. We speculate that females are
relatively constrained by the reproductive biology associ-
ated with offspring maturation, and therefore, exhibit low
variability in DhT. In contrast, the more permissive male
reproductive biology may facilitate rapid adaptation or
acclimation to local conditions. There are many examples
of animal taxa where multiple male “types” have been
identified (Liley 1966; Hayashi 1985; Sinervo and Lively
1996; Taborsky 1998; Zamudio and Sinervo 2000), but we
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are unaware of studies describing multiple male types in
dioecious plants (but see Moore et al. 2016). Our recent
genomic work in M. inflexa also points to high male vari-
ability, showing that genes on the male-specific V chromo-
some are diversifying (relative to M. polymorpha) faster
than genes on the female-specific U chromosome (Marks
et al. 2019). Diversification of male-specific genes and
high male variability in multiple phenotypic traits suggests
that M. inflexa males may be undergoing rapid adaptation.
We speculate that greater plasticity in males relative to
females may also contribute to the high male variability
observed, but we did not explicitly test for this here. We
detected the fluctuating sexual dimorphism in field plants
but not the common garden, which could be due to sex-
specific plasticity or the lower dehydration intensity in the
common garden (VPD ~0.363 kPa) relative to the field
(VPD ~0.500 kPa). Because we cannot distinguish among
these alternative explanations currently, we do not make
any conclusions on the mechanism (genetic vs. plastic) of
male variability.

It has been suggested that differences in male and female
responses to environmental conditions can favor spatial
segregation of the sexes (Bierzychudek and Eckhart 1988),
but we found that sex differences in DhT did not scale up
to population sex ratios. We found no relationship between
sex differences in DhT and population sex ratios, suggesting
that sex-specific DhT does not predict population sex ratio.
Marchantia inflexa population sex ratios can be highly vari-
able (they range from O to 1 in Quare stream (Brzyski et al.
2018)) and are likely impacted by numerous ecological and
stochastic factors, such as the size of the substrate (Brzyski
et al. 2018), sex-specific life-history traits (Garcia-Ramos
et al. 2007), and spatial distribution of populations (Stieha
et al. 2017). Sexual dimorphisms in colonization, establish-
ment, growth, and asexual reproduction also likely impact
population sex ratio, so the finding that sex differences in
DhT did not predict population sex ratios was not surprising.

In conclusion, this study builds on prior studies of DhT in
M. inflexa and demonstrates that patterns of DhT are more
complex than previously described. We showed that DhT
varied along an environmental gradient and that genetic
differences among populations contributed to differences in
DhT. Evidence of genetic variation among M. inflexa pop-
ulations in DhT suggests that local adaptation to an envi-
ronmental gradient may be occurring in this system. This
adaptive response could enhance population persistence and
contribute to ecological stability. Prior studies of M. infl-
exa found that females were more DhT than males (Sticha
et al. 2014; Marks et al. 2016), but these conclusions were
based primarily on a single population (Marks et al. 2016),
or specialized tissues (Stieha et al. 2014). Here, we found
that sex differences in DhT varied among populations, with
females exhibiting higher DhT than males in some, but not

@ Springer

all populations. This finding highlights the importance of
population-specific assessments of stress tolerance and dem-
onstrates that sexual dimorphisms can fluctuate in response
to environmental conditions.
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