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Plant can alter reproductive strategies for adaptation to different environments. However, alterations
in flowering strategies and sexuval allocation for the same species growing in different environments
still remain unclear. We examined the sexual reproduction parameters of Caragana stenophylla across
four climatic zones from semi-arid, arid, very arid, to intensively arid zones in the Inner Mongolia
Steppe, China. Under the relatively favorable climatic conditions of semi-arid zone, C. stenophylla
took a K-strategy for flowering (fewer but bigger flowers, and higher seed set). In contrast, under the
harsher climatic conditions of intensively arid zone, C. stenophylla took an r-strategy for flowering
(more but smaller flowers, and lower seed set). In arid and very arid zones, C. stenophylla exhibited
intermediate flowering strategies between K- and r-strategies. In semi-arid, arid and very arid zones,
sexual allocation and sexual allocation efficiency (SAE) of C. stenophylla were high, and the population
recruitment might be mainly through sexual reproduction; in intensively arid zone, however, sexual
allocation and SAE were very low, seed production was very limited, and clonal reproduction might
compensate for the decrease in sexual reproduction. Our results suggested that C. stenophylla adapted
to the climatic aridity gradient by alterations in flowering strategies and reproductive allocation.

Plant can shift the balance between sexual and asexual reproduction for adaptation to different environmental
conditions!?. Populations of the same plant species inhabiting contrasting environments can have various bal-
ances between sexual and asexual reproduction forms*°. Shifting balances between reproduction forms is, in
fact, a result of trade-off in reproductive allocation. Nicholls” found that for clonal plants, allocation to clonal
growth would increase in nutrient-rich environments, while sexual allocation would increase in resource-poor
environments. Chen et al.® found that Carex brevicuspis allocated more resources to sexual versus asexual repro-
duction in disturbed habitats with fertile soils. Liu® suggested that Potamogeton species had increased sexual
reproduction but decreased clonal reproduction in resources-limited environment, which could increase the
resource utilization for offspring production and spread. Gao et al.! found that in environments with drought
and high temperature, Stipa grandis allocated more resources to sexual reproduction, while reduced investment
in vegetative growth and asexual reproduction. Although these studies shed light on the trade-offs in sexual and
asexual reproduction, the alterations in sexual and asexual allocation for the same species growing in contrasting
climate environments remain unclear.

Moreover, flowering plants can also take various flowering strategies to adapt to their habitats. For example,
some plants produce “excessive” flowers but with fewer fruit sets!! for wider choice ranges'?, or more out-crossing
opportunities'®, or increase pollen donation'*!%; some plants flower in synchrony for effective pollination and
escaping seed predation'$; and some plants increase flower color diversity'” and floral longevity'® to compen-
sate low pollinator visitation frequency. However, only a few studies have explored the alteration in flowering
strategies of a species growing under different environmental conditions!”"®. Aguilera and Valenzuela'® hypoth-
esized that olive trees tended to increase their pollen production rate as altitude increases to ensure fertilization.
Mu et al.'” found that for the perennial Himalayan herb Gentiana leucomelaena, high water availability and low
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temperature favor white flowers, while warming and dry habitats favor blue flowers, which is conducive to effec-
tive pollination.

The climate of Inner Mongolia Steppe in northern China is characterized as a strong gradient of climatic
aridity from the northeast to the southwest, along which there are semi-arid, arid, very arid, intensively arid, and
extremely arid zones®. Therefore, it provides an ideal system to explore the variations in reproduction strategies
of a plant species growing along a climatic aridity gradient.

Caragana stenophylla is one of the Caragana species with the largest distribution range in the Inner Mongolia
Steppe. It is distributed across five moisture zones (semi-arid, arid, very arid, intensively arid, and extremely arid
zones), predominately from semi-arid zone to intensively arid zone*"?2. Distribution of C. stenophylla across wide
range of climatic aridity is closely related to its diversity of ecological adaptability. C. stenophylla is the main shrub
species in the grasslands in the north China. It has not only economic value as fodder, green manure, and honey
resource, but also environmental protection value for wind erosion, sand fixation, and water and soil conserva-
tion, and plays increasingly important roles in mediating grassland ecosystem functions and services.

Our previously studies have explored the geographic distribution of C. stenophylla along the climatic aridity
gradient® and investigated how C. stenophylla adapted to climatic aridity gradient®*-?, especially the variation
in population spatial patterns and population expansion strategies??>?2_ We found that with the increase of
climatic aridity, the populations of C. stenophylla changes from more sexual reproduction individual to more
clonal propagation individual*'?2. We hypothesized that as climatic aridity increased from the semi-arid to the
intensively arid zone, the sexual allocation and sexual allocation efficiency of C. stenophylla gradually decreased.

MacArthur and Wilson (1967) proposed that organisms can take r-strategies or K-strategies to adapt to their
habitats. Organisms that take r-strategies have relatively high fecundity, and produce large number of offspring
with relatively small body size; organisms that take K-strategies have relatively low fecundity, and produce small
number of offspring with relatively large body size and strong compatibility. In benign environment, organ-
isms prefer to K-strategies; whereas in stress environment, organisms prefer to r-strategies. In field surveys, we
observed that C. stenophylla had fewer flowers but more seedlings in the semi-arid zone versus the intensively arid
zone. We hypothesized that for C. stenophylla there was an alternation in flowering strategies along the climatic
aridity gradient, i.e. C. stenophylla took a K-strategy for flowering in the semi-arid zone and took an r-strategy for
flowering in the intensively arid zone.

To test our hypotheses, we examined the sexual reproduction parameters (e.g., flower number, flower biomass,
mature pod number, seed number per pod, fruit set, seed set, sexual allocation and sexual allocation efficiency) of
C. stenophylla across four climatic aridity zones in the Inner Mongolia Steppe where C. stenophylla was predom-
inately distributed (semi-arid, arid, very arid, and intensively arid zones). Our study provides insight into how
plant species adapt to contrasting environmental conditions by altering sexual reproduction strategies.

Results

Quantity characteristics of flower and fruit. As climatic aridity increased from the semi-arid to the
intensively arid zone, the number of flowers of C. stenophylla gradually increased, except that the number of
flowers decreased from the very arid to the intensively arid zone in 2013 (F; 5,, = 86.35, P < 0.01, Fig. 1a,b). There
was a negative relationship between number of flowers and aridity index (AI) (Table 1). The number of flowers
in 2013 (relatively dry year) were lower than that in 2012 (relative wet year) (F, 3;,=56.77, P <0.01, Fig. 1a,b).

The flower biomass of C. stenophylla gradually decreased from the semi-arid zone to the intensively arid zone
(F5,1,=98.88, P<0.01, Fig. 1¢c,d). There was a positive relationship between flower biomass and AI (Table 1),
and a negative relationship between flower biomass and number of flowers (Table 1). Flower biomass showed no
significant differences between 2012 and 2013 (F, ,=0.81, P=0.39, Fig. 1¢,d).

The number of mature pods of C. stenophylla showed no significant differences from the semi-arid zone to
the very arid zone, and sharply decreased from the very arid zone to the intensively arid zone in both years
(F33,,=76.88, P<0.01; Fig. 1e,f). The number of mature pods in the intensively arid zone was only 7.1-9.3%
of those in other zones. The number of mature pods was significantly lower in 2013 than in 2012 (F, 3, = 8.02,
P<0.01, Fig. Le,f).

Climatic aridity had significant effects on the fruit set of C. stenophylla (F; ,=102.71, P <0.01, Fig. 1g,h). The
fruit set sharply decreased from the semi-arid zone to the intensively arid zone. There was a positive relationship
between fruit set and AI (Table 1). Fruit set in the semi-arid zone was 1.26-1.48 times of those in the arid zone,
1.53-2.07 times of those in the very arid zone, 29.00-31.00 times of those in the intensively arid zone, respectively.
Fruit set showed no significant differences between 2012 and 2013 (F, ;, = 1.86, P=0.198, Fig. 1g,h). Fruit set had
a positive relationship with flower biomass (Table 1).

The seed number per pod of C. stenophylla gradually decreased from the semi-arid zone to the intensively arid
zone (F; 50, =46.99, P < 0.01, Fig. 1i,j). The seed number per pod in the intensively arid zone was ~40% lower
than that in the semi-arid zone. There was a positive relationship between seed number per pod and Al and a
positive relationship between seed number per pod and flower biomass (Table 1). The seed number per pod were
significantly lower in 2013 than in 2012 (F, ;, =4.18, P < 0.05, Fig. 11,j).

As the number of flowers gradually increased from the semi-arid zone to the intensively arid zone, the number
of mature pods did not increase from the semi-arid zone to the very arid zone and sharply decreased from the
very arid zone to the intensively arid zone, and the seed number per pod gradually decreased from the semi-arid
zone to the intensively arid zone, the seed set (seed/flower) of C. stenophylla, which is determined by the factors
above, sharply decreased from the semi-arid zone to the intensively arid zone (F;,=116.07, P <0.01, Fig. 1k,]).
Seed set in the semi-arid zone was 1.29-1.87 times of those in the arid zone, 2.02-2.71 times of those in the very
arid zone, and 42.0-42.5 times of those in the intensively arid zone, respectively. Seed set showed a positive rela-
tionship with AI, and a positive relationship with flower biomass (Table 1). The seed set in the arid and very arid
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Figure 1. Quantity characteristics of flower and fruit of C. stenophylla across the four climatic aridity
zones. Abbreviation: SA, semi-arid zone; A, arid zone; VA, very arid zone; IA, intensively arid zones. In
each year, different lowercase letters indicate significant differences between climatic zones (P < 0.05). For a
particular climatic zone, asterisks indicate significant differences between 2012 and 2013 (P < 0.05).

Flower Flower Seed number Sexual allocation
Number biomass Fruit set per pod Seed set efficiency
AT r=—0.89, r=0.99, r=0.94, r=0.94, r=0.96, _
Aridity index P<001 | P<001 | P<001 P<0.01 P<0ol | F=092P<001
Flower biomass | T= 088 _ r=0.94, r=0.93, r=0.98, _
P<0.01 P<0.01 P<0.01 P<0.01

Table 1. Correlation analyses between sexual reproduction indexes and aridity index, flower number and
flower biomass, fruit set and flower biomass, seed number per pod and flower biomass, seed set and flower
biomass.

zones was significantly lower in 2013 than in 2012 (F, ;,=22.85, P< 0.01), and it in other zones did not show
significant differences between 2012 and 2013 (Fig. 1k,]).

Sexual allocation and sexual allocation efficiency (SAE). The sexual allocation of biomass for
C. stenophylla gradually increased from the semi-arid zone to the very arid zone, but it then decreased sharply in
the intensively arid zone (F;,,=92.92, P <0.01, Fig. 2a,b). The sexual allocation in the intensively arid zone was
46.4% lower than that in the very arid zone. The sexual allocation in 2013 (relative dry year) was about 27-37%
lower than those in 2012 (relatively wet year) (F, ;, =408.83, P < 0.01, Fig. 2a,b).
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Figure 2. Sexual allocation and sexual allocation efficiency (SAE) of C. stenophylla across the four climatic
zones. Abbreviation: SA, semi-arid zone; A, arid zone; VA, very arid zone; IA, intensively arid zones. In

each year, different lowercase letters indicate significant differences between climatic zones (P < 0.05). For a
particular climatic zone, asterisks indicate significant differences between 2012 and 2013 (P < 0.05).

Sexual allocation efficiency (SAE, seed/g sexual allocation) of C. stenophylla sharply decreased as climatic
aridity increased from the semi-arid zone to the intensively arid zone (F;;, =91.58, P < 0.01, Fig. 2¢,d). SAE in
the semi-arid zone was 1.3 times of that in the arid zone, 1.6 times of that in the very arid zone, and 13.6 times
of that in the intensively arid zone, respectively. There was a positive correlation between SAE and AI (Table 1).
SAEs showed no significant differences between 2012 and 2013 (F, ;,=0.18, P=0.682, Fig. 2¢,d).

Discussion

Alterations in flowering strategies of C. stenophylla along a climatic aridity gradient.  Studies
have shown that aridity>>*!, extreme lower or higher temperatures®, and heat waves® could reduce number of
flowers. Similarly, our results showed that the number of flowers of C. stenophylla in the relatively dry year (2013)
was lower than that in the relatively wet year (2012). No studies have found that aridity increased the number of
flowering. These suggested that the increase of number of flowers from the semi-arid zone to the intensively arid
zone might not be caused by present aridity and high temperature, but was an evolutionarily stable strategy'* of
C. stenophylla formed through long-term adaptation to environments with increasing climatic aridity. Elmqvist
et al.** and Bos et al.** suggested that “flower excess” may insure against unpredictable, external factors that limit
reproduction. Torres and Galetto'® found that Mandevilla pentlandiana (vine) produce a large number of flow-
ers but initiate only a few fruits (~9%), and suggested that pollen donation might be the primary evolutionary
factor behind the phenomena of having excess flowers. We suggested that the increase of flower numbers of
C. stenophylla with the increase of climatic aridity was to insure seed production, and thereby maintain sexual
reproduction component.

Floral water costs may be substantial®, so in arid environments, moisture may indirectly constrain flower size
and integrity, because large flowers are physiologically difficult to support>>=8, and heat stress strengthen the con-
straints imposed by water to flower size*. Moreover, maintaining large flowers are highly costly*, thus resource
availability can influence floral evolution®*!. The constraint of resource availability on flower size also reflected in
the fact that flower size was negatively correlated with number of flowers*2. Our results showed that in the rela-
tively dry year, number of flowers decreased, but flower biomass did not significantly decrease. This suggested that
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Annual average | Annual average | Sunshine | Aridity
Longitude Latitude Altitude Pprecipitation temperature duration index Moisture types
Site (°E) (°N) (m) (mm) (°C) (h/year) (AD) (zones)
Xilinhaote 115°55'19" 44°28/31" 990 281 2.35 2932 0.174 Semi-arid
Siziwang 111°53/22" 41°47'28" 1492 240 3.40 3065 0.128 Arid
Etuoke 107°58/02" 39°07'02" 1500 210 6.40 3050 0.070 Very arid
Alashanzuo 105°41'34" | 38°19'47" 1561 110 7.80 3200 0.034 Intensively arid

Table 2. Location and environmental data of the study sites. Aridity index (AI) = precipitation/potential
evapotranspiration?®.

flower biomass of C. stenophylla was not so sensitive to present aridity stress, thus it is also an evolutionarily stable
strategy. We propose that two mechanisms may lead to the decrease in flower biomass of C. stenophylla from the
semi-arid to the intensively arid zones. First, under the condition of limited sexual allocation, decrease in flower
biomass is the result of increase in flower number, i.e. the result of the trade-off between flower number and
flower biomass. Our results showed that the decrease of flower biomass was significantly related to the increase
of flower number from the semi-arid zone to the intensively arid zone (Table 1), which suggested that flower bio-
mass and flower number were co-evolutionary traits. Second, increasing aridity, high temperature (Table 2), and
resource scarcity*® from the semi-arid to the intensively arid zones had influence on natural selection on floral
traits, and actuated floral evolution towards to producing small flower.

Flower size is closely associated with reproductive assurance, and intact flowers would produce significantly
more seeds than emasculated flowers*. Aridity stress could reduce pollen viability, pistil function and number of
pods*>#® and increase abortion of pods and seeds®!. High temperatures would decrease fruit set®, and increased
resource availability would increase fruit set*!. Our results showed that the number of flowers of C. stenophylla
gradually increased from the semi-arid to the intensively arid zones, but the number of mature pods showed no
significant differences from the semi-arid to the very arid zones. Moreover, there was a sharp decrease in number
of mature pods in the intensively arid zone. Our results also showed that seed number per pod of C. stenophylla
gradually decreased from the semi-arid zone to the intensively arid zone. These results were due to decreased fruit
set and seed set from the semi-arid zone to the intensively arid zone, which was driven by both flower characteris-
tics and environmental factors. On the one hand, decreasing flower size of C. stenophylla from the semi-arid zone
to the intensively arid zone might result in the gradual decrease of fruit set and seed set from the semi-arid zone to
the intensively arid zone (significant positive relationships for both fruit set and seed number per pod with flower
biomass, Table 1). On the other hand, increasing climatic aridity, high-temperature stress (Table 2), and resource
scarcity® from the semi-arid zone to the intensively arid zone might lead to the increase of flower, pod and seed
abortion percentage, and consequently low fruit set and seed set (significantly positive relationships for both fruit
set and seed number per pod with AL, Table 1).

Our results suggested that there was an alteration in flowering strategies of C. stenophylla along the climatic
aridity gradient from the semi-arid zone to the intensively arid zone. In the semi-arid zone, C. stenophylla had
fewer flowers but greater flower biomass. More robust flowers together with relatively benign climatic conditions
might lead to the high fruit set and seed set. In contrast, in the intensively arid zone, C. stenophylla had more
flowers but lower flower biomass. Smaller flowers combined with harsher environmental conditions might lead to
the high abortion rate of flower, pod and seed, thus the very low fruit set and seed set. Therefore, in the relatively
favorable semi-arid zone, C. stenophylla appeared to take a “K-strategy” for flowering (i.e., fewer but bigger flow-
ers, and high seed set). In contrast, in the much harsher intensively arid zone, C. stenophylla appeared to take an
“r-strategy” for flowering (i.e., more but smaller flowers, and low seed set). While, in the arid and very arid zones,
C. stenophylla exhibited flowering characteristics between the K- and r- strategies, which reflects the continuous
nature of flowering strategies. So far, no study had reported plant adaption to varying environmental conditions
by such peculiar flowering strategies. The alterations in flowering strategies of C. stenophylla were well-matched to
their positions along the climatic aridity gradient in the Inner Mongolia Steppe in northern China. These results
indicated that plants can adapt to their habitats by r-strategy or K-strategy not only in the stage of producing
new individuals, but also in each reproduction stage, such as flowering stage. Our results further suggested that
different populations of the same plant species living in contrasting habitats could take different strategies for
flowering. Thus, the balance between r-strategy and K-strategy may exist in every life history stage of organisms,
which deserves further study.

Flowering plants can take the strategy of having “excessive” flowers to adapt to biotic factors'*"!> and abiotic
environment®. Our results suggested that C. stenophylla populations could take different flowering strategies to
adapt to various aridity conditions along the climatic aridity gradient, which might be a reason why C. stenophylla
has strong adaptive ability and can distribute across broad geographic range. The alterations in flowering strate-
gies may be driven by diversity of environment, and thus should be the results of adaptation of flowering plants to
environment. Caragana stenophylla in the semi-arid zone took K-strategy for flowering to ensure enough resource
allocated to seeds; while C. stenophylla in the intensively arid zone took r-strategy for flowering to increase the
chance of successful reproduction in the stressful environment, and prepare for population bloom in a wet year.

12-15

Alterations in sexual allocation of C. stenophylla along a climatic aridity gradient. Our results
showed that sexual allocation efficiency of C. stenophylla decreased from the semi-arid zone to the intensively arid
zone. This indicated that costs of reproduction of C. stenophylla increased as climatic aridity increased, which was
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consistent with Sletvold and Agren’s” finding that costs of reproduction of plant depend on the local climate, and
climate warming could result in increased reproductive effort.

Sexual allocation of biomass for C. stenophylla in the intensively arid zone was lower than those in other zones,
and sexual allocation efficiency of C. stenophylla in the intensively arid zone was also much lower than those in
other zones. These resulted in that the consequent pod number and seed number per pod were much lower than
those in other climatic zones. Number of mature seeds in the intensively arid zone was only ~10% of those in
other climatic zones. This indicated that the seed production capability of C. stenophylla greatly reduced in the
intensively arid zone. Our previous studies have shown that the proportion of sexual reproduction individual was
70.6% in the C. stenophylla population in the semi-arid zone, but was 24.1% in the C. stenophylla population in
the intensively arid zone?!. This result might be due to low sexual allocation and low sexual allocation efficiency in
the intensively arid zone. However, plants can shift the balance between sexual and clonal reproduction in order
to adapt to local environments®®. There was an associated increase in asexual reproduction via ramets, which
may compensate for the decrease in seed production by C. stenophylla in intensively arid conditions?!. Therefore,
in the semi-arid zone, arid zone and very arid zone, a large amount resource allocated to seed production, thus
C. stenophylla’s recruitment was mainly by sexual reproduction. In contrast, in the intensively arid zone with low
resource availability, C. stenophylla did not invest a large amount of resource allocation to low-efliciency sexual
reproduction, thus population recruitment was mainly by clonal reproduction. Such alterations in reproductive
allocation strategies reflected the principle of optimal resource allocation under resource-limited conditions. Our
results are not consistent with the results of Nicholls’, Liu et al.® and Gao et al.'’.

In the intensively arid zone, asexual reproduction of C. stenophylla may assure population maintenance; in
contrast, sexual reproduction might be a luxury investment, and responsible for species evolution and population
restoration from extreme events.

Conclusions

Based on our results, we concluded that: (1) Under the relatively favorable climate conditions of semi-arid zone,
C. stenophylla took a “K-strategy” for flowering (fewer but bigger flowers, and higher seed set). In contrast, under
the harsher climate of intensively arid zone, C. stenophylla took an “r-strategy” for flowering (more but smaller
flowers, and lower seed set). While, in the arid and very arid zones, C. stenophylla exhibited intermediate flow-
ering characteristics between K- and r-strategies. (2) In the semi-arid zone, arid zone and very arid zone, sexual
allocation and sexual allocation efficiency of C. stenophylla was high, seed production capacity was good, and the
population recruitment might be mainly through sexual reproduction; in contrast, in the intensively arid zone,
sexual allocation and sexual allocation efficiency of C. stenophylla was very low, seed production was very limited,
and clonal reproduction might compensate for the decrease in sexual reproduction.

Methods
Study species and study sites. Caragana stenophylla was leguminous, xeromorphic, spinose, and decid-
uous shrub. It has sexual and clonal reproduction. C. stenophylla was androgynous, and belongs to melittophilae
cross-pollinated plants.

We conducted field studies in Xilinhaote in semi-arid zone, Siziwang in arid zone, Etuoke in very arid zone,
and Alashanzuo in intensively arid zone of the Inner Mongolia Steppe in northern China. The environmental data
for the study sites is shown in Table 2.

Field surveys. The field surveys were conducted from April to August of 2012 and 2013. In 2012, annual
precipitation was ~20% higher than the long-term average, and thus it was a relative wet year. In 2013, annual
precipitation was 10-30% lower than the long-term average, and thus it was a relative dry year.

As severe grazing would significantly limit sexual reproduction, so we carried out the study only in non-grazed
and mildly grazed grassland. Within each study site, we established four plots (two non-grazed plots; two mildly
grazed plots), with plot size ranging from 1 to 3 hectares. Since vegetation cover decreases gradually with the
increase of climatic drought stress from the semi-arid zone to the intensively arid zone, the plots with mildly
grazed at each site was set according to local vegetation conditions for logistical reasons. The overall grazing
intensity at each study site was: Xilinhaote (in semi-arid zone): 1.2 sheep per hectare; Siziwang (in arid zone): 1.0
sheep/ha; Etuoke (in very arid zone): 0.8 sheep/ha; Alashanzuo (in intensively arid zone): 0.4 sheep/ha.

In each plot, we selected 10 C. stenophylla shrub clusters using the line transect method. For each C. steno-
phylla shrub cluster, we marked a representative sampling branch. Then, we counted the total number of flowers
on each sampling branch in the flowering season (record flowering events every 3 days.), and the numbers of
young pods and mature pods on each sampling branch during the fruiting season (record fruiting events every 3
days). After all pods matured, we harvested the sampling branch to measure dry biomass (dried at 80 °C for 72 hr).
We standardized number of flowers, young pods and mature pods by dividing each of these numbers by the dry
biomass (g) of the corresponding sampling branch. Therefore, the number of flowers, young pods and mature
pods in the analyses were values per gram of dry biomass of the corresponding sampling branch.

In each plot, we randomly collected 100 flowers in the flowering season, 50 young pods in the early fruiting
season and 50 mature pods during the pod ripening period from at least 20 shrub clusters, and measured dry
biomasses (dried at 80 °C for 72 hr), and calculated averages of flower biomass, young pod biomass and mature
pod biomass for the plot, respectively. We also randomly collected 50 mature pods, and counted the seed number
within each pod, then calculated the average seed number per pod for the plot.

We calculated fruit set, seed set (seed number per flower), sexual allocation (biomass allocated to sexual
reproduction structures), and sexual allocation efficiency (per gram sexual allocation procreative seed number)
for each plot according to following formulas. All variables in following formulas are average values of each plot.

Fruit set (pod/flower) = number of mature pods/number of flowers
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Seed set (seed/flower) = (number of mature pods x seed number per pod)/number of flowers.

Sexual allocation (g/g biomass) = number of flowers x average flower biomass 4 (number of young pods —
number of mature pods) x average young pod biomass + number of mature pods x average mature pod biomass.

Sexual allocation efficiency (SAE, seed/g sexual allocation) = (number of mature pods x seed number per
pod)/sexual allocation.

Data analysis. We performed analyses using GLMM:s with sampling shrubs within plot and plots within
zone as random variables (sampling shrubs were nested in plot; plots were nested in zone; n = 10 shrubs/plot) to
examine the differences of number of flowers, number of mature pods, and seed number per pod among climate
zones and across years (2012 and 2013). We performed analyses using LMMs with plots within zone as random
variables (plots were nested in zone; n =4 plots/zone) to examine the differences of flower biomass, fruit set, seed
set, sexual allocation, and sexual allocation efficiency among climate zones and across years (2012 and 2013).
We conducted correlation analyses between sexual reproduction indexes and aridity index (AI), flower number
and flower biomass, fruit set and flower biomass, seed number per pod and flower biomass, seed set and flower
biomass. All data analyses were performed with SPSS 21.0 (SPSS Inc).
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