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e Background and Aims Trait—environment relationships are commonly interpreted as evidence for local adapta-
tion in plants. However, even when selection analyses support this interpretation, the mechanisms underlying differ-
ential benefits are often unknown. This study addresses this gap in knowledge using the broadly distributed South
African shrub Protea repens. Specifically, the study examines whether broad-scale patterns of trait variation are
consistent with spatial differences in selection and ecophysiology in the wild.

e Methods In a common garden study of plants sourced from 19 populations, associations were measured between
five morphological traits and three axes describing source climates. Trait—trait and trait-environment associations
were analysed in a multi-response model. Within two focal populations in the wild, selection and path analyses
were used to test associations between traits, fecundity and physiological performance.

e Key Results Across 19 populations in a common garden, stomatal density increased with the source population’s
mean annual temperature and decreased with its average amount of rainfall in midsummer. Concordantly, selection
analysis in two natural populations revealed positive selection on stomatal density at the hotter, drier site, while fail-
ing to detect selection at the cooler, moister site. Dry-site plants with high stomatal density also had higher stomatal
conductances, cooler leaf temperatures and higher light-saturated photosynthetic rates than those with low stomatal
density, but no such relationships were present among wet-site plants. Leaf area, stomatal pore index and specific
leaf area in the garden also co-varied with climate, but within-population differences were not associated with fit-
ness in either wild population.

e Conclusions The parallel patterns of broad-scale variation, differences in selection and differences in trait—eco-
physiology relationships suggest a mechanism for adaptive differentiation in stomatal density. Densely packed sto-
mata may improve performance by increasing transpiration and cooling, but predominately in drier, hotter climates.
This study uniquely shows context-dependent benefits of stomatal density — a trait rarely linked to local adaptation
in plants.

Key words: Protea repens, Proteaceae, sugarbush, South Africa, Cape Floristic Region, stomatal density, func-

tional traits, trait—environment associations, local adaptation, leaf morphology, ecophysiology, photosynthesis, se-
lection analysis.

INTRODUCTION

Environmentally linked differences in leaf size and shape are
often thought to reflect a legacy of adaptive evolution in plants.
Broad-scale comparisons across plant communities, for exam-
ple, show that plants in arid or infertile sites often have thick,
tough leaves (Wright et al., 2004; Ordofiez et al., 2009) and
that plants in high-elevation sites often have shorter statures
and smaller leaves that are also thick and tough (Korner, 2003).
Although these trends are well established, their evolutionary
origins are less clear; community-wide correlations between
traits and environments could arise through a combination of
adaptive evolution in situ, differences in colonization success,
and phylogenetic constraints. Studies that control for phylogeny
or focus on single lineages or species are better able to disen-
tangle these effects (e.g. Lamont et al., 2002; Yates et al.,
2010) and they often, but not always, find that morphological
differences predominantly reflect adaptive rather than

non-adaptive divergence (adaptive: Verboom et al., 2004; Friar
et al., 2006; Ellis et al., 2006; Nakazato et al., 2008; Ramirez-
Valiente et al., 2009; Carlson et al., 2011; Frei et al., 2012;
Brouillette et al., 2014; non-adaptive: Comes et al., 2008;
Britton et al., 2014). Yet even when trait—-environment associa-
tions are linked to adaptation, this does not explain why a given
morphology works better in some sites than others. Despite
growing evidence for adaptive differentiation in plant morphol-
ogy, surprisingly few studies address its biological or physio-
logical impetus, i.e. the context-dependent effects of
morphological traits on plant performance (Dudley, 1996a;
Brouillette et al., 2014).

Morphological leaf traits that mediate environmental effects
on plant fitness are often regarded as ‘functional traits’ (Geber
and Griffen, 2003; Reich et al., 2003). These often easy-to-
measure traits, such as leaf shape, size or thickness, influence
plant physiological responses to their immediate environment
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(e.g. through photosynthetic rates), which in turn affect perfor-
mance, growth and survival. The ways in which functional
traits indirectly affect fitness will vary with the environmental
context, however, and this could be a starting point for adaptive
differentiation. For example, plants in relatively arid sites may
benefit from having densely packed, small stomata because of
their intrinsically higher rates of gas exchange, increased capac-
ity for transpirational cooling and more rapid stomatal closure
in response to desiccation (Hetherington and Woodward, 2003;
Franks and Beerling, 2009; Franks et al., 2009). In sites where
conditions are consistently moist, however, plants with fewer,
larger stomata may invest less energy in stomatal production
and maintenance, yet achieve equivalent rates of CO, assimila-
tion. Although these ideas are not new, there is relatively little
evidence for context-dependent functions of stomatal or leaf
traits, and even less evidence that such functional differences
lead to natural selection in the wild.

In this study we explore the links between trait-environment
variation, ecophysiology and context-dependent selection using
a widespread shrub, Protea repens, in the Cape Floristic
Region (CFR) of South Africa. This 90 000-ha region is charac-
terized by steep mountain ranges (0-2000m a.s.l.) and a
marked rainfall gradient, from winter-concentrated in the west
to aseasonal in the east. Such contrasts are attractive for studies
of trait environment associations, but they also present unique
challenges. Due to the covariance between rainfall seasonality
and distance eastward in particular, a legacy of drift or step-
ping-stone colonization could produce non-adaptive trait clines
that resemble adaptive ones. Our study addresses this challenge
by providing evidence of — and possible mechanisms for — ad-
aptation along environmental gradients, by measuring fecundity
selection and ecophysiology in two environmentally distinct
natural populations. We first identify several trait-environment
associations across 19 populations, using morphological traits
measured in common garden plants. We then assess whether
these traits are differentially associated with fecundity or with
ecophysiology in two wild populations that differ in water
availability. Differences in trait selection gradients between the
two populations indicate that morphology—fitness relationships
are context-dependent, and site-specific relationships with eco-
physiological traits could help explain why. The research ques-
tions of our study are as follows. (1) Do leaf traits and stomatal
morphology in a common garden co-vary with the climate from
which plants were sourced? (2) Do selection gradients on mor-
phological traits differ between two natural populations, as
would be expected if trait-environment associations evolved
through local adaptation? (3) Are there site-specific phenotypic
associations between morphology and ecophysiology, and, if
so, are differences consistent with any context-dependent
selection gradients that we identify?

MATERIALS AND METHODS
Study species

Protea repens is an evergreen, broad-leaved, woody perennial
of semi-arid shrub lands, i.e. fynbos, in southern South Africa
(Fig. 1). It is broadly distributed in comparison with most other
co-occurring Protea, spanning 800+ km east to west and from
sea level to 1500m (Rebelo, 2001). Like many Protea, P.
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repens has erect sympodial growth (reaching up to 4-5 m), with
annual flowering from May to October in western sites and
September to March in eastern sites (Rebelo, 2001).
Inflorescences contain an average of 90 protandrous florets
(range 39-172; J. E. Carlson, unpubl. res.) and are subtended
by showy involucral bracts that may be pink, white, or white
with pink tips. Each floret produces an achene (i.e. a single-
seeded fruit), although in the wild only about 27 % of achenes
contain a viable seed (Coetzee and Giliomee, 1987). Seed de-
velopment occurs over ~7 months (Jordaan, 1972; from Van
Staden, 1978), during which time the inflorescence closes and
hardens into a serotinous cone, henceforth ‘seed head’.
Achenes are retained in seed heads until fire kills adult plants
or stems are otherwise damaged. Fires occur at ~20-year inter-
vals in the fynbos, with some variation among regions (Forsyth
and van Wilgen, 2007).

Common gardens

Between February and April 2011, we collected seed heads
from 19 wild populations from across the distribution of P.
repens (Fig. 1). From 40-50 plants per population (mean n =45
plants; total N=871 plants), we collected one or two mature
seed heads from the previous year’s growth and allowed them to
air-dry until achenes were released. We retained all plump, non-
shrivelled achenes (~70 % of the total), which included both
viable, endosperm-containing seeds as well as indistinguishable
woody seeds that lacked endosperm. In May 2011 we sowed
five to ten achenes per plant into shallow trays (6 cm deep) filled
with low-nutrient sandy soil mix (1 part loam, 8 parts bark, 3
parts sand) in a completely randomized design within a green-
house at Kirstenbosch Botanical Garden, Cape Town, South
Africa. Watering occurred twice weekly until plants were trans-
planted into outdoor tilled beds at Kirstenbosch in July 2011.
Germination rates were low (21 % on average), probably be-
cause woody inviable seeds could not be distinguished from via-
ble seeds. At planting, each population was represented by an
average of 43 plants (range 12-81; total N =819) and 20 differ-
ent maternal lines (range 7-34). Some plants were dead or
unmeasurable by the time of our first sampling 2 years later, but
per population sample sizes remained high (June 2013: mean
per population n =36, range 12-75, total N =691; June 2014:
n =23, range 9-39, total N = 444).

In the austral winter of the second and third years post-
planting (June 2013 and 2014), we measured functional leaf
morphology in the common garden. We collected from each
plant one fully expanded leaf from the most recent growth in-
terval, which we scanned fresh and measured digitally for leaf
area, maximum length and maximum width. We also dried
leaves at 60 °C for 48 h and weighed them. These values were
used to calculate leaf length : width ratio (LWR; leaf length -
leaf width™") and specific leaf area, a measure of sclerophylly
or leaf thickness and toughness (SLA; fresh area - dry mass ).
From at least ten plants per source population per year, we also
collected a peel of clear acrylic nail polish from the abaxial sur-
face of the leaf (average n per population = 13; total N=511).
We viewed peels at x 40 using a light microscope and NIS
Elements 3.1 Imaging Software (Nikon, NY), and we counted
the number of stomata per square millimetre and measured
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FiG. 1. Seed source sites of Protea repens used in the common garden at Kirstenbosch, South Africa, and their respective annual rainfall and temperature

patterns from 30-year climate averages. For each of the 19 sites, the mean monthly rainfall and temperature are plotted on a consistent scale, following the inset for

the common garden (vertical height of shaded grey blocks is 30—55 mm rainfall or 8-14°C). The two ‘Selection in the wild’ sites were used for detailed study

of traits, ecophysiology and fecundity. For Kleinmond, seed collection and ecophysiology were from the same local population, but for De Hoop the two sites
were 13 km apart.

stomatal pore length on each of three views per leaf (see also
Carlson and Holsinger, 2012). The averages from three views
produced stomatal density, pore length, and stomatal pore index
(SPI; stomatal pore length” x stomatal density). As shown by
Reynoso-Castillo et al. (2001), P. repens has equivalent stoma-
tal densities on both leaf surfaces, and the sunken stomata are
within an epistomatal cavity covered by a projecting flange
with a small apical opening. The flange often obscured the sto-
matal aperture in peels (Supplementary Data Fig. S1), such that
stomatal pore length had to be approximated by measuring the
outer edge of one epistomatal cavity wall to the other, along its
longest axis.

Our study focused on five morphological measurements that
were relatively uncorrelated with each other: LWR, stomatal
density, SPI, SLA and leaf area. None of the trait pairs had
Pearson’s correlations coefficients (R) > 0-43 in the common
garden or wild population datasets. Stomatal pore length and
leaf width were excluded from most analyses, because each
was highly correlated with one or more of the preceding five
traits in all datasets. The strongest correlation coefficients for
these unused variables were as follows, in order of 2013 garden,
2014 garden, Kleinmond, De Hoop: pore length with SPI (0-64,
0-42, 0-83, 0-70), pore length with stomatal density (—0-44,
—0-53, —0-47, —0-33), leaf width with leaf area (0-79, 0-85,
0-68, 0-57) and leaf width with LWR (—-0-76, —0-80, —0-83,
—0-68).

Although common garden plants were sampled in earlier de-
velopmental stages than their wild adult parents, they strongly
resembled adult plants by the time of garden measurement.
Garden leaf sizes and shapes in both sampling years overlapped
in range with those of wild adults in their source populations,
although garden leaves were smaller on average
(Supplementary Data Appendix S1, Table S1 and Fig. S2). By
mid-2014, many plants had also reached reproductive maturity:
only eight plants had developed inflorescences by the 2013
sampling, in contrast to 324 plants by the 2014 sampling.

Traits and fecundity in the wild

Between June and July 2012 we visited two environmen-
tally contrasting sites to measure the traits and physiology of
wild adult P. repens. The cooler, moister site was in
Kleinmond Coast and Mountain Reserve and the hotter, drier
site was in De Hoop Nature Reserve (Fig. 1). Both sites were
within 5km of the coast and close to sea level (27 and 34 m
a.s.l., respectively), but De Hoop had hotter, drier austral sum-
mers with less rainfall annually, based on 30-year means
(mean annual temperature 17-3 versus 15-6 °C; rain/year 424
versus 746 mm; Schulze, 2007) (Fig. 1). Soil chemistry also
differed between sites, with the De Hoop population growing
in more shallow, alkaline, limestone-derived soil (pH 6-3,
phosphorus  16mgkg ™', potassium 56mgkg™') and the
Kleinmond population growing in deeper, more acidic, sand-
stone-derived soil (pH 4-2, phosphorus 4-2mgkg ™", potassium
41mgkg ™).

Within each population, we selected 20 adult P. repens for
study. Our focal plants represented intensive sampling within a
0-3 to 0-4 km? sampling area, which had a homogeneous most-
recent fire history and spanned observed variation in soils and
elevation. In De Hoop this area encompassed almost all plants
in an isolated stand, but in Kleinmond our sampling area cov-
ered less than a quarter of the total population area because of
differences in fire history. On each plant, we counted the total
number of reproductive heads, including both fresh inflores-
cences and seed heads, and we collected one or two seed heads.
We then selected two fully expanded leaves, each in full sun
and from a different apical shoot produced during the most re-
cent growth interval. Using the same techniques as the common
garden study, we measured LWR, stomatal density, SPI, SLA
and leaf area on each leaf. The seed heads were allowed to air
dry, and then we counted the total number of achenes per seed
head (including fertile and infertile fruits, most of which were
difficult to distinguish non-destructively). We multiplied this
count by the number of heads per plant as our measure of
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current lifetime achene production per plant, a relevant fitness
component for Protea.

Ecophysiology in the wild

On half of the morphology plants in each site (n=10), we
collected physiological data on two to four leaves per plant. On
two leaves sampled consecutively, we recorded the following
physiological measurements: light-saturated photosynthetic rate
per unit area (umol CO,m Zs '), transpiration (mol
H,Om 2s™ '), stomatal conductance to water vapour (mol
H,Om ?s™"), leaf surface temperature (°C) and photosystem
II quantum yield, which is an inverse measure of light-adapted
fluorescence (relative units). Instantaneous water use efficiency
(WUE) was calculated later as light-saturated photosynthetic
rate divided by stomatal conductance. Field-based measure-
ments were taken in order of increasing disturbance to the leaf,
beginning with temperature of the leaf’s adaxial surface using
an infrared thermometer (LS, Micro-Epsilon, Germany), fol-
lowed by light-adapted fluorescence using the Junior PAM por-
table chlorophyll fluorometer (Walz GmbH, Germany) and
ending with transpiration, conductance and photosynthetic rate
using a Li-Cor 6400 XT with CO, mixing system and red/blue
LED light source (Li-Cor, Lincoln, NE). The Li-Cor 6400 XT
was set at a CO, concentration of 400 p.p.m., photosynthetically
active radiation =1500 pmol m~2s~" and ambient air tempera-
ture and relative humidity, which were similar between
sites during the measurement period (20-3*=2-3°C
and 56:6 =72 9% for Kleinmond and 19-5*2.5°C and
52-8 284 % for De Hoop; mean *s.d.). After measuring
photosynthesis, each leaf was collected for the morphology
measurements described above.

All physiological measurements were taken between 1000
and 1400 hours on clear days during 2 weeks in mid-June
(weeks 1 and 2) and 2 weeks in mid-July (weeks 3 and 4). Up
to four plants were measured per day; plants in De Hoop were
measured in weeks 1 and 4, whereas those in Kleinmond were
measured in weeks 2 and 3. Most plants were measured on only
one day (two leaves per plant), but four plants were measured a
second time in the following sampling week (total of four
leaves per plant). There was slightly more rain during the 5d
preceding each measurement in Kleinmond than in De Hoop
(18 versus 6 mm on average), but rainfall totals for June and
July 2012 were similar between sites (165-4 and 173-8 mm re-
spectively; data from South African Weather Service and C.
Beattie, Cape Nature, South Africa, pers. comm.).
Physiological measurements were made in the austral winter to
get the best estimates possible of a plant’s true maximum pho-
tosynthetic rate. During the austral summer, heat and drought
cause Protea plants to reduce or halt stomatal conductance
early in the day, which results in lower light-saturated photo-
synthetic rates (Carlson and Holsinger, 2012).

Statistical analyses

Climate axes. We obtained seven environmental descriptors
for all 19 populations of common garden plants by intersecting
GPS coordinates with climate or elevation layers. Climate layers
came from the South African atlas of Agrohydrology and
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Climatology (Schulze, 1997, 2007), and elevation came from an
NASA digital elevation model (LPDAAC, 2011). The focal cli-
mate layers were mean annual rainfall, mean annual tempera-
ture, average daily maximum temperature for January, average
daily minimum temperature for July, an index of rainfall season-
ality (the percentage of annual precipitation to fall within a sin-
gle month) and an inverse measure of peak summertime drought
(mean monthly rainfall summed for December to February). We
reduced these seven environmental descriptors to three variables
using PC analysis (PRINCOM procedure in SAS 9.1.3).

Common garden We tested for significant associations between
leaf traits in the common garden and seed source climates using
a multi-response multiple regression (Mitchell ez al., 2015) im-
plemented in JAGS 3.4.0 (Plummer, 2003). The five morpho-
logical traits — LWR, stomatal density, SPI, SLA and leaf area
— were each regarded as a single, vector-valued response, and
plant was the sampling unit (one leaf per plant per year). The
multi-response model allowed us to account for co-variation
among traits, while simultaneously regressing each trait against
climate variables. Our model included the three PC axes as en-
vironmental predictors and the effects of source population and
sampling year (2013 or 2014). We did not account for differ-
ences associated with maternal lines or individual plants, be-
cause stomatal traits were measured on an average of one plant
per line per year (range for included lines: one to four), and dif-
ferent plants were measured each year. Source code and
data used for this analysis are available at https://github.com/
kholsinger/Protea-repens-physiology/releases/tag/v1.0.

Traits and fecundity in the wild We performed a separate selec-
tion gradient analysis for each site, using multiple regression of
fecundity (current lifetime achene production) on five morpho-
logical traits. We also calculated selection differentials using
single linear regressions between each trait and fecundity. Prior
to analysis, we averaged the two to four leaves per plant, and we
standardized each trait and fecundity to a mean of 0 and a stan-
dard deviation of 1, so that selection gradients (/) could be com-
pared among traits (Lande and Arnold, 1983). If a coefficient
was significant in our selection gradient analysis, we tested
whether patterns of selection on that trait differed between sites.
We did so with an additional regression for that trait using data
on both sites combined, with variables standardized within sites.
A significant interaction between site and trait fixed effects was
interpreted as evidence of differences in selection.

In selection gradient analyses, a significant coefficient (f3) in-
dicates directional phenotypic selection on the trait; however,
similar associations can arise from the influence of favourable
microsites on traits and fecundity (Rausher, 1992). To partially
control for this, we performed each selection gradient analysis
with and without a spatial random effect (Proc MIXED
Method = ML; type = sp(sph); SAS 9.3.1; Littell et al., 2006),
which was based on field-drawn maps and GPS locations (rela-
tive location accuracy =3 m). Because the results were indistin-
guishable and the non-spatially explicit model had lower
Akaike information criterion scores, we only present the output
of the non-spatial model.

Mean trait differences in the wild We compared site means be-
tween Kleinmond and De Hoop for seven leaf traits and five
physiology variables. Leaf traits included the five focal
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morphological traits (LWR, stomatal density, SPI, SLA and
leaf area) plus stomatal pore length and leaf width. Physiology
variables were photosystem II yield, stomatal conductance,
transpiration, light-saturated photosynthetic rate and instanta-
neous water use efficiency. To test for ecotypic differences be-
tween sites, we ran a separate ANOVA of each trait variable,
with site as the only fixed effect (Proc MIXED SAS 9.1.3). A
Bonferroni-adjusted P-value of 0-0038 (for 13 tests) was used
to determine significance.

Trait-ecophysiology associations in the wild We developed a
path-analysis model to explore associations between morpho-
logical traits and ecophysiology in each site (n = 10 plants per
site, total of 48 leaves). Although path analyses are often used
to test different causal structures (e.g. Shipley, 2009), our appli-
cation of these models is more basic: to account for associations
we know to be likely a priori and to better estimate the direct
associations between each pair of variables. This follows the
tradition of Wright (1934) and many others. In this context, we
consider all path coefficients significant ‘associations’ if they
are statistically distinguishable from 0, and we do not differenti-
ate between causal correlations and non-causal associations.

The two sites were analysed in separate models, allowing for
different slopes, intercepts and covariance matrices in each.
Within each model, five morphological traits were used to pre-
dict four physiological variables: transpiration, conductance,
leaf surface temperature and photosystem II yield. The latter
three physiology variables were then used to predict light-
saturated photosynthetic rates (excluding transpiration due to
autocorrelation with conductance). Relative humidity and ambi-
ent temperature were additional covariates predicting the four
physiology variables, and all associations between pairs of traits
and pairs of physiological variables were also estimated.
Individual leaves were the sampling unit and repeated sampling
on plants was accounted for with a random plant effect in the
models. See the repository cited above for source code and data
used for this analysis.

We excluded WUE from the path models because it is a de-
terministic function of photosynthesis and conductance. We
thought it important, however, to examine significant associa-
tions in our models in the context of WUE. We therefore se-
lected morphological traits that were significantly associated
with a physiological variable in either path model, and we used
these morphological traits in pairwise linear comparisons with
WUE (Proc MIXED in SAS 9.3; source plant as a random
effect).

RESULTS

Climate axes

The climate of the 19 seed source sites was described in three
PC axes, which together accounted for 87 % of the variabil-
ity. Axis 1 was a measure of the three temperature variables
and elevation (loading was 0-56 for mean annual temperature,
0-44 for average daily maximum temperature for January, 0-50
for average daily minimum temperature for July and —0-49 for
elevation); low values reflect cooler average annual tempera-
tures, cooler summers and winters, and higher elevations. Axis
2 was associated with rainfall seasonality and summertime
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rainfall (loadings, —0-67 and 0-69); low values reflect intense
summertime drought and a high percentage of total rain falling
in the winter. Axis 3 was positively associated with just one
variable, mean annual rainfall (loading, 0-84).

Common garden

There were four significant trait-environment associations in
the multi-response model, and three of these involved stomatal
morphology (Figs 2 and 3; statistical results are shown in
Supplementary Data Table S2). Stomatal density and SPI were
higher in plants sourced from warmer climates (positive with
Axis 1; Fig. 3A, B), and stomatal density was also higher in
plants sourced from climates with more intense summertime
drought (negative with Axis 2; Fig. 3C). Finally, leaf area was
higher in plants sourced from sites that received more rain an-
nually (positive with Axis 3; Fig. 3D). There was an additional,
marginally significant relationship between SLA and Axis 2
(Supplementary Data Table S1). Plants sourced from sites with
more arid summers appeared to have thicker, tougher leaves,
although the evidence for this association was weak. No signifi-
cant environmental associations were detected for LWR.

The multi-response model also showed that leaf traits were
strongly inter-correlated in the common garden (Fig. 2), and
each trait showed cross-year and cross-population differences
(Supplementary Data Table S2, Supplementary Data Fig. S2).
The population effect was significant for all five traits, providing
evidence for a genetic component to trait variation among sites
(see Supplementary Data Appendix S2 for detailed comparison
of cross-population differences). Between the 2013 and 2014
measurements, there was a decrease in SLA, SPI and stomatal
density and an increase in leaf area and LWR. For inter-trait cor-
relations, leaf area was significantly correlated with many other
traits: larger leaves tended to be broader (lower LWR), to be
more sclerophyllous (lower SLA), to have more stomata per
square millimetre and to dedicate more surface area to stomata
(higher SPI). Stomatal density and SPI had a strong positive re-
lationship when compared directly (Fig. 2), such that plants with
more stomata per square millimetre also dedicated more of that
area to stomatal structures, as opposed to pavement cells.
Thicker, tougher leaves also tended to have higher SPI.

Axis 2: Summer |[ Axis 1: Annual Axis 3: Annual
rainfall temperature rainfall

¥
SPI ]‘_,[ SLA ]4_’[Leaf ajea]

—

v
Stomatal
[ LWR ] [density

FiG. 2. Output of multi-response multiple regression testing relationships be-
tween population means of leaf traits of Protea repens, measured on plants
grown in the Kirstenbosch common garden, and the home climate for the 19
seed collection sites. The upper row of three climate axes are from a principal
components analysis of seven environmental variables measuring temperature
and rainfall for the seed source climate. See Materials and methods for descrip-
tions of climate variables and leaf trait abbreviations. Morphological leaf traits
are from 2 and 3 years post-planting, and year and source population are random
effects in the model. The thickness of the line is proportional to the regression
coefficient estimate. Only significant relationships are shown, with black and
grey lines representing positive and negative relationships, respectively. There
was also a marginally significant positive relationship between SLA and Axis 2,
which is not shown.
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Fic. 3. Population-averaged leaf trait values for Protea repens plants grown in a common garden at Kirstenbosch, South Africa, in relation to three principle compo-
nent axes describing seed source climates for (A) stomatal density versus Axis 1, which is positively correlated with mean annual temperature, (B) stomatal pore in-
dex versus Axis 1, (C) stomatal density versus Axis 2, which is positively correlated with the total amount of rainfall during December to February, and (D) leaf area
versus Axis 3, which is strongly correlated with mean annual rainfall. Plants were measured at 2 and 3 years post-planting (2013 and 2014), and both sets of measure-
ments were compared simultanously in a single multi-response model of five traits and the three climate axes (see Materials and methods for details). The trait-envi-
ronment relationships in (A)~(D) were significant in the model (Fig. 2), although plotted here are least-squares regressions lines and raw means =1 s.e.

If the trait-climate associations detected in the common gar-
den are adaptive, then traits associated with hot, arid sites
should be favoured in De Hoop and those associated with
cooler, moister sites should be favoured in Kleinmond. Thus,
we expect selection in De Hoop to favour increased stomatal
density, increased SPI and decreased leaf area, while selection
in Kleinmond should act in the opposite direction.

Traits and fecundity in the wild

In our selection gradient analysis of five traits simultaneously
regressed against fecundity, we detected significant selection
gradients on two morphological traits in the De Hoop site, but
no traits had significant selection gradients in Kleinmond
(Fig. 4A, B; Table 1). Current lifetime achene production in De
Hoop was positively correlated with stomatal density and nega-
tively correlated with LWR, i.e. plants with more stomata per
square millimetre and narrower leaves were more fecund.
Narrow-leaved plants also appeared more fecund in

Kleinmond, but the relationship was not significant (Fig. 4B).
Analyses of selection differentials, as opposed to selection gra-
dients, revealed no additional significant associations (Table 1).
When data for LWR and stomatal density were combined be-
tween sites and their selection differentials were re-analysed,
we detected a significant site X trait interaction for stomatal
density, but not for LWR (Table 1).

Mean trait differences in the wild

Morphological traits differed significantly between
Kleinmond and De Hoop, but eco-physiological measures did
not (Table 2). In De Hoop, leaves were smaller and broader for
their length, on average. Their stomata were also smaller and
denser, and SPI was lower, relative to Kleinmond. Leaf width
and SLA were statistically indistinguishable between sites, and
the same was true for all physiological measures except WUE
(Table 2). Leaves from De Hoop plants had greater WUE than
leaves from Kleinmond plants at P < 0-05, but, based on the
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FiG. 4. Stomatal density (A) and leaf length : width ratio (B) of adult Protea repens plants in De Hoop and Kleinmond reserves, in relation to the total number of

achenes produced over the plant’s lifetime thus far (n =20 per site). The single linear regression lines drawn here on raw data illustrate both significant (solid lines)

and non-signficant (dotted lines) slopes from selection gradient analyses, i.e. mulitple regressions of all five standardized morphological traits, which also included

SLA, SPI and leaf area. In these selection gradient analyses, stomatal density and leaf length : width ratio (LWR) were significantly correlated with achene produc-

tion at De Hoop (P < 0-05), but no traits were significant at Kleinmond (not significant, P > 0-05; results in Table 1). When the two sites were compared in a single
model for each trait, regression coefficients were significantly different between sites for stomatal density but not for LWR.

Table 1. Selection gradients and differentials from two wild Protea repens populations in the Western Cape of South Africa (see Fig. I

for locations). Gradients were estimated for each population using five morphological traits regressed simultaneously against current

lifetime total achene production as the fitness measure (achenes per seed head x seed heads per plant; n =20). Selection differentials

were estimated from single linear regressions of each trait against the fitness measure. Values in bold type are significant slopes, and

asterisks mark traits that had significantly different slopes between sites, based on individual trait regressions on fecundity in a dataset
of both sites

Effect Kleinmond (cooler, moister)

De Hoop (hotter, drier)

Selection gradients

Selection differentials

Selection gradients Selection differentials

p P-value p P-value p P-value p P-value
Length:width ratio (LWR) —0-186 0-13 —0-186 0-08 —0-311 0-02 —0-417 0-005
Stomatal density (mm ™ 2)* 0-086 0-71 —0-082 0-72 0-704 0-01 0-529 0-01
Stomatal pore index 0-107 0-62 0-214 0-34 —0-429 0-12 0-149 0-51
Specific leaf area (cm?g ") 0-100 0-63 0-095 0-66 0-0547 0-74 0-160 0-47
Leaf area (cm?) 0-030 0-89 0-130 0-57 —0-120 0-51 0-055 0-81

Bonferroni-adjusted P-value, this difference was

significant.

non-

Trait—ecophysiology associations in the wild

In our two path models, the number of associations (i.e. sig-
nificant coefficients) between morphological and physiological
traits differed notably between the two study sites, with most
associations being detected only at De Hoop (Fig. 5; Table 3A,
B). Stomatal density, SPI and SLA of De Hoop plants were all
associated with at least one physiological measure. Plants with
more stomata per square millimetre had higher stomatal con-
ductances, higher transpiration rates and higher photosystem II
quantum yield. Similarly, plants with higher SPI had increased
stomatal conductance and maintained lower leaf surface tem-
peratures (Fig. 5; Table 3A). Finally, plants with more sclero-
phyllous leaves (lower SLA) also had lower leaf surface
temperatures. As expected, photosynthetic rates increased with

stomatal conductances at both De Hoop and Kleinmond
(Table 3B), but at Kleinmond there were no significant associa-
tions between morphological traits and any physiological
measure.

Associations among morphological traits also differed be-
tween Kleinmond and De Hoop plants, and we detected
more associations at De Hoop than at Kleinmond (Fig. 5;
Table 3A). At De Hoop, stomatal density and SPI were
positively associated, and SLA and leaf area were negatively
associated, as was also observed in the common garden
dataset. At Kleinmond, stomatal density and SLA were
positively associated, i.e. more sclerophyllous leaves had fewer
stomata.

None of the morphological traits that were significantly asso-
ciated with physiology in a path model were significantly re-
lated to instantaneous WUE in pairwise comparisons.
Specifically, relationships with WUE in De Hoop were non-
significant for SLA (F 5=0-04, P=0-84), SPI (F; 5=2-23,
P =0-16) and stomatal density (F ;5 =0-25, P =0-62).
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TABLE 2. Trait and ecophysiology values from two wild Protea repens populations in the Western Cape of South Africa. Morphological

traits were measured on 20 plants per site, half of which were measured for ecophysiology (two to four leaves per plant) in June—July

2012. Data are raw means and standard deviations. Double asterisks indicate a significant difference between sites at the Bonferroni-
adjusted level of P < 0-0038 and a single asterisk is P < 0-05

Effect Kleinmond (cooler, moister) De Hoop (hotter, drier) P-value
Mean s.d. Mean s.d.

LWR (leaf length-leaf width ") 10-99 2-05 792 138 <0-0001%*
Stomatal density (mm ) 34.59 4.97 50-90 5-60 <0-0001**
SPI (stomatal density - stomatal pore length?) 0-14 0-03 0-11 0-02 <0-0001%*
SLA (em®g ™) 33.62 2:50 34-66 2:25 0-18
Leaf area (cm?) 6-94 1-20 4.92 0-84 <0-0001#*
Stomatal pore length (mm) 0-064 0-008 0-046 0-002 <0-0001**
Leaf width (mm) 9-90 1.28 10-39 1.87 0-34
Light-saturated photosynthetic rate (umol CO, m 25~ ") 16-84 2-88 17-43 3-00 0-50
Leat surface temperature (°C) 16-77 298 18-40 2:79 0-06
Photosystem II quantum yield 0-34 0-04 0-36 0-07 0-26
Stomatal conductance per unit area (mol H,Om 2s™ ') 0-224 0-051 0-206 0-063 0-30
Transpiration per unit area (mol H,Om2s™") 3-30 0-71 3-06 0-42 0-15
Instantaneous water use efficiency (light-saturated 77-30 14-45 88-54 15-52 0-014*

photosynthetic rate - stomatal conductance ")

[ LWR ] [Ségnms?ttil‘""’[ SP|¢] [ASLA l [Leafarea]

Photosystem - o Leaf surface
[ Il yield™ ][ Transpiration ]«»[Conductance ][ temperature* ]

Light-saturated
photosynthetic
rate

FiG. 5. Output of path models estimating associations between leaf morphologi-
cal traits and ecophysiology of Protea repens in two sites with distinct climates.
The relatively arid De Hoop Reserve has solid lines and the relatively moist
Kleinmond Reserve has dotted lines. The thickness of each line is proportional
to the estimated regression coefficient. Only significant relationships are shown,
with black and grey lines representing positive and negative relationships, re-
spectively. Relative humidity and air temperature were included as covariates
on the four middle ecophysiological variables, and they showed significant asso-
ciations in De Hoop only. Asterisks mark variables that had negative correla-
tions with relative humidity (*) or air temperature (**). Coefficients and 95 %
CI from this diagram are in Table 3A and B.

DISCUSSION

This study provides strong and multifaceted evidence that cross-
populational trait differences in P. repens evolved adaptively.
First, we identified several trait—-environment associations in
common garden plants, including an increase in stomatal density
with mean annual temperature and summertime drought inten-
sity. Second, we detected a positive relationship between stoma-
tal density and fecundity in the hotter, drier De Hoop but not in
the cooler, moister Kleinmond, which was the direction ex-
pected based on trait-environment relationships. Third, we
showed that denser stomata in De Hoop were associated directly
or indirectly with increased stomatal conductances, increased
photosystem II output, cooler leaf temperatures and higher pho-
tosynthetic rates during the austral winter, providing a mecha-
nistic explanation for the significant selection gradient on
stomatal density in that site. In combination, these three findings
suggest that among-population differences in stomatal density in

P. repens may evolve through positive selection in hotter, drier
sites, where dense (and relatively small) stomata are favoured
for their improved transpirational leaf cooling and gas exchange
capacity. For traits other than stomata, evidence is equivocal for
any mechanisms promoting differences. Even so, the environ-
mental associations we document for leaf size and sclerophylly
are parallel to patterns found within other Protea species (Yates
et al., 2010; Carlson et al., 2011; Mitchell et al., 2015) and
within Proteaceae in South Africa and Australia (Lamont et al.,
2002; Thuiller et al., 2004).

The generality of trait—environment relationships across and
within species

Across species The trait—-environment associations we detected
for leaf area and SLA in P. repens are consistent with most
broad-scale, cross-species analyses of these traits. Although the
decline in SLA with aridity was only weakly supported in our
study, this pattern is well-documented in many cross-species
studies (e.g. Cunningham et al., 1999; Wright et al., 2004), in-
cluding a recent, phylogenetically explicit study of Protea and
Pelargonium by Mitchell et al. (2015). Similarly, leaf area and
leaf width both tend to decline with decreasing rainfall in cross-
species studies (leaf area: McDonald et al., 2003; Thuiller
et al., 2004; leaf width: Cunningham et al., 1999; Fonseca
et al., 2000; Yates et al., 2010; but see Mitchell er al., 2015). In
P. repens, we detected an aridity-related decline for leaf area
but not for LWR. These parallels reveal a surprisingly uniform
response to aridity both within and across species. In other
words, plants appear to exhibit similar trait values under arid
conditions across several phylogenetic scales. If the trait—
environment associations found in P. repens are representative,
it also suggests that ecotypic variation may influence commu-
nity mean trait values more than is sometimes assumed (e.g.
Merow et al., 2011). If among-species differences are much
larger than within-species differences, this effect may be small,
but variability within species and its contribution to community
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means is often overlooked (see also Cornwell and Ackerly,
2009; Albert et al., 2010; Jung et al., 2010; Messier et al.,
2010).

Within species Beginning with the foundational work by Hiesey
et al. (1942), ecotypic differences among populations have
been linked to environmental differences within many plant
species. Cross-population studies of other Protea species paral-
lel our findings for P. repens for leaf area and SLA, and to a
lesser extent for stomatal density. In a study of 35 populations
from seven species in Protea section Exsertae, Carlson et al.
(2011) found that leaves of common garden seedlings sourced
from drier climates were thicker (lower SLA) and smaller
(lower area) than those from moister climates, which is the
same pattern seen in P. repens. Carlson et al. (2011) also found
that stomatal density was positively associated with rainfall sea-
sonality in common garden plants and with dry-season drought
across wild populations. Our results for P. repens were similar,
in that plants sourced from hotter sites with stronger summer
drought had higher stomatal density, and those from hotter sites
also dedicated more leaf surface area to stomata.

The patterns that Carlson et al. (2011) detected in Protea sec-
tion Exsertae were driven by both cross-species and within-
species differences. Even so, the same trait—environment rela-
tionships have been found in several single-species studies. In a
greenhouse study of Protea section Exsertae, Prunier et al.
(2012) showed that leaf area was positively associated with
winter temperature and rainfall across five P. mundii popula-
tions and LWR was negatively associated with rainfall across
five P. aurea populations, i.e. leaves were narrower in drier en-
vironments. Within non-Protea species, low SLA and low leaf
area are commonly linked to drier climates (e.g. Etterson, 2004;
Ramirez-Valiente et al., 2009), but high stomatal density is less
often linked with drier sites. Some studies detect no associa-
tions between stomatal density and measures of increasing arid-
ity (Franks et al., 2009; Skelton et al., 2012), and for those that
detect associations the relationship is sometimes positive (Clay
and Quinn, 1978; Pearce et al., 2006; Maes et al., 2009; Carins
Murphy et al., 2014) and sometimes negative (Ashton and
Berlyn, 1994; Pidkkonen et al., 1998; Stenstrom et al., 2002;
Yu et al., 2008). In a study by Xu and Zhou (2008), both stoma-
tal density and stomatal pore index were highest at intermediate
levels of drought, but then declined as drought intensity
strengthened.

Context-dependent selection can reveal the evolutionary
underpinnings of trait—environment relationships

The selection regimes on stomata differed significantly be-
tween De Hoop and Kleinmond, suggesting that a history of di-
vergent selection may contribute to the distribution-wide
patterns of stomatal variation. Specifically, selection on stoma-
tal density was positive in the drier climate of De Hoop and in-
distinguishable from zero in the moister climate of Kleinmond,
consistent with the observation that common garden plants
from hotter, more drought-prone sites had higher stomatal den-
sity. Dudley (19964, b) also detected positive or non-linear se-
lection in a drier site but no selection in a moister site. In two
experimental populations of Cakile edulenta, selection favoured
high WUE and small — but not the smallest — leaves in the dry

Carlson et al. — Local adaptation along aridity gradients

site, which was interpreted as evidence of adaptive differentia-
tion. Condition-dependent relationships between traits and fit-
ness measures have been linked to local adaptation in other
studies as well (Ackerly et al., 2000; Etterson, 2004; Agrawal
et al., 2008; Donovan et al., 2009; Carlson et al., 2011).

Relationships between traits and physiological responses are
also context-dependent

Populations that have long grown under contrasting condi-
tions may differ in how traits relate to performance, and these
differences may reflect plastic responses, genetic divergence or,
most probably, some of both (Ackerly et al., 2000; Picotte
et al., 2007). In P. repens, plasticity is presumed to influence
site-specific relationships in Kleinmond and De Hoop to some
degree, likely following local differences in soil chemistry,
weather and microclimate. Even so, common garden results
show that morphological differences in the traits we measured
include a genetic component. We thereby infer that mean trait
values in Kleinmond and De Hoop are subject to ongoing selec-
tion and have been shaped by past selection, as has been sug-
gested in other studies (Dudley, 1996a, b; Brouillette et al.,
2014). Future studies are needed, however, to clarify the rela-
tive contribution of plasticity in the observed site-specific eco-
physiological responses. Unravelling these complex interac-
tions may require direct manipulation of soil moisture, soil
chemistry or ambient temperature in a laboratory setting (e.g.
Shane et al., 2008) or outdoor measurement of trait—physiology
relationships at different times of year (e.g. Carlson and
Holsinger, 2012; West et al., 2012).

Photosynthetic performance of dry-site P. repens plants in-
creased with stomatal density, but we did not detect such a rela-
tionship in Kleinmond. Stomatal density and the rate at which
molecules enter and exit the leaf are often thought to co-vary,
although additional variables, like pore size, pore depth and pu-
bescence, can weaken this relationship (Reich, 1984). Indeed, a
tight relationship is not consistently found (stomatal density not
related to CO, uptake or H,O loss: Carlson et al., 2011;
Carlson and Holsinger, 2012; stomatal density related to H,O
loss: Pearce et al., 2006; Galmez et al., 2007; Franks et al.,
2009). Yates et al. (2010) attributed variation in these relation-
ships to the influence of leaf size on transpiration, and in partic-
ular to narrow leaves having thinner air boundary layers at the
leaf surface, which allows greater stomatal control over transpi-
ration (see also Gutschick, 1999). They posit that water loss
from larger leaves is limited by thicker boundary layers and is
therefore less responsive to differences in stomatal density or
size.

The interplay described by Yates et al. (2010) between leaf
morphology and boundary layer thickness could contribute to
physiological differences between Kleinmond and De Hoop.
De Hoop leaves are smaller than Kleinmond leaves (though
leaf widths are similar), which could promote thicker boundary
layers in Kleinmond and thinner boundary layers in De Hoop.
If so, this would explain why stomatal density and conductance
(or conductance and air temperature) are correlated in De Hoop
but decoupled in Kleinmond. An ability to lose water rapidly
may at first appear maladaptive for dry site plants, yet these
dense, small stomata should also respond more rapidly to
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changing conditions, thus reducing desiccation risk
(Hetherington and Woodward, 2003; Drake et al., 2013; Giday
et al., 2013; Raven, 2014). This may be particularly important
in De Hoop, where stem water potentials were more negative
(mean * s.d. measured at mid-day on 13 plants per site in De
Hoop versus Kleinmond: —0-60*0-15 versus -
0-54 = 0-18 MPa; J. E. Carlson, unpubl. data), possibly because
the shorter depth to bedrock limits soil water retention (e.g.
Richards et al., 1995).

In De Hoop there is a second potential advantage to having
many small, dense stomata (i.e. higher SPI): these plants main-
tained cooler leaf temperatures, likely because of their higher
stomatal conductances. When leaves experience temperatures
above their optimum for photosynthesis, CO, is captured less
efficiently, membranes loosen, electron transport slows and
thermal damage may occur (Gutschick, 1999; Lambers et al.,
2008; Heschel et al., 2014). Assuming that both P. repens pop-
ulations reach maximum photosynthesis at similar tempera-
tures, high rates of transpirational cooling may be more
beneficial in hotter, drier De Hoop and less beneficial in cooler,
moister Kleinmond (e.g. Yates et al., 2010; Skelton et al.,
2012). Franks et al. (2009) also suggest that maintaining many
stomata increases metabolic costs, meaning that fewer, larger
stomata will be favoured when transpirational cooling is less
important.

Summary

Trait—environment relationships are often presumed to reflect
environmental adaptation, yet studies showing direct evidence
of context-dependent fitness consequences are relatively rare.
Even rarer are studies that begin to dissect the mechanisms be-
hind fitness differences or identify the traits that have different
physiological or functional consequences in different environ-
ments (but see Dudley, 1996a). Our study addresses this
gap by demonstrating parallel patterns of trait—physiology—
environment matching at broad and narrow geographical scales.
We show that, across populations of P. repens, higher stomatal
densities are associated with more arid climates. We also show
that, within a more arid population, but not a more mesic one,
higher stomatal densities are associated, directly or indirectly,
with higher rates of conductance and photosynthesis, cooler
leaf temperatures and higher fecundity. Our use of interlinking
datasets makes a unique and strong case that natural selection
rather than drift is driving trait divergence in P. repens, thus
highlighting the importance of adaptive evolution in one of the
richest, most unique floras in the world.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: stomatal
structures of the adaxial leaf surface of Protea repens as seen
under light microscope and SEM. Figure S2: traits of Protea
repens plants from 19 wild populations and of their offspring in
a common garden at Kirstenbosch Botanical Gardens, South
Africa. Table S1: model output to assess whether Protea repens
leaves in the common garden differ significantly from those of
wild plants. Table S2: results of a multi-response multiple
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regression comparing seed source climate with functional traits
of Protea repens seedlings from 19 populations grown in a
common garden. Appendix S1: comparing leaf traits between
wild adults and common garden plants at 1, 2 and 3 years post-
planting. Appendix S2: comparing mean trait values across
populations in the common garden.
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