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27 ABSTRACT

28 » Background and Aims While genome size limits the minimum sizes and imax
29 numbers of cells that can be packed into a givahMelume, mature cell sizes can be
30 substantially larger than their meristematic preows and vary in response to abiotic
31 conditions. Mangroves are iconic examples of hbwetac conditions can influence
32 the evolution of plant phenotypes.

33 » Methods Here, we examined the coordination between gersizee leaf cell sizes,
34 and cell packing densities, and leaf size in 13grare species across four sites. Four
35 of these species occurred at more than one ditjiad) us to test the effect of

36 climate on leaf anatomy.

37 * Results We found that genome sizes of mangroves weresreall compared to

38 other angiosperms, and, like other angiospermsgroaa cells were always larger
39 than the minimum size defined by genome size. &singg mean annual temperature
40 of a growth site led to higher packing densitiesaifis D,) and stomatalys) and

41 smaller epidermal cells but had no effect on stahste. Contrary to other

42 angiosperms, mangroves exhibited (1) a negatietioakhip between guard cell size
43 and genome size; (2) epidermal cells that werelsnthlan stomata, and (3)

44 coordination betweeB, andDs that was not mediated by epidermal cell size.

45 Furthermore, mangrove epidermal cell sizes andipgaensities covaried with leaf
46 size.

47  Conclusions While mangroves exhibited coordination betweems@nd stomata
48 and attained a maximum theoretical stomatal coradheet similar to other

49 angiosperms, the tissue-level tradeoffs underlyirege similar relationships across
50 species and environments was markedly differemhgmes indicative of the unique

51 structural and physiological adaptations of mangsaw their stressful environments.
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52 Key words: Environmental factors; genome size; cell sizenstta; vein density; stomatal
53 density
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INTRODUCTION
One of the more iconic examples of how the envirenincan select for plant phenotypes are
mangroves. The mangrove habitat is characterigeduitiple stresses, including osmotic
and drought stress, tidal inundation, high windghhemperature, and high ultraviolet (UV)
radiation, which influence gas exchange ratesafds and plant survivlomlinson, 1986;
Ball, 1988; Krausst al., 2008) Together, these abiotic conditions make the moaveg
habitat particularly stressful and suggest thatgnares are a valuable resource for
understanding plant adaptation to extreme environs{€cholandeet al., 1964; Reef and
Lovelock, 2015) The mangrove habit has evolved repeatedly im 20dineages of vascular
plants(Duke, 1992; Heet al., 2022)and encompasses both convergent evolution of gimila
traits as well as the evolution of multiple novednphological, anatomical, and physiological
strategies to survive under similar environment@llenges. These adaptations include
diverse leaf morphologies (e.g., leaves with glahds secrete salt), extensive support roots,
buttress roots, and viviparous water-dispersedggoles(Tomlinson, 1986; Ball, 1988; Reef
and Lovelock, 2015) The mangrove habitat is often considered extravith warm
temperatures characteristic of the tropics, frequamd characteristic of coastal shores, and

near constant saltwater inundation from the ocean.

Because growth and survival depend on maintainimgiplogical function in the face of
often stressful environmental conditions, leaf amatal traits that influence rates of
photosynthetic carbon gain may show plastic respotsthe environment within species
and vary among species associated with their hafftaities. Of particular importance are
the leaf anatomical traits that limit diffusion©O, across the leaf surface and into the
mesophyll cells where photosynthesis oc¢tranks and Beerling, 2009; Brodribbal .,

2010; Boyce and Zwieniecki, 2012; Frargksl., 2012a; Frankst al., 2012b; Théroux-


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

available under aCC-BY-NC-ND 4.0 International license.

Rancourtet al., 2021) Leaf surface conductance and the anatomicés titeat control
maximum potential C@diffusion into the leaf act as first-order consits.on photosynthetic
capacity and, therefore, define an upper limitdaimuch carbon can be allocated to growth,
reproduction, and defengeranks and Beerling, 2009; Rodetyal., 2020) Increasing leaf
surface conductance to ¢fas occurred predominantly by decreasing the(Sizand
increasing the packing densi®d of stomatgFranks and Beerling, 20090pening stomata
to allow CQ diffusion into the leaf exposes the wet surfadat® leaf mesophyll cells to a
dry atmosphere, resulting in evaporative water tbasmust ultimately be replaced in order
to maintain water balance and physiological functids a result, increasirigs is generally
associated with a higher density of leaf veidg,(which efficiently supply liquid water
throughout the legfSack and Frole, 2006; Brodrilebal., 2007; Boyceet al., 2009;

Brodribb, 2009; de Boesat al., 2012)

Coordination between veins and stomata is thoughetcritical to maintaining leaf water
balance, and correlations betwd2yandD, suggest coordinated development across
multiple cell types and tissues during developmédcause more cells and cell types can be
packed into a given space if these cells are smadiducing cell size has been a primary way
of increasing the packing densities of multiplsuis types, including stomata, veins, and
mesophyll cell§Franks and Beerling, 2009; Brodribbal., 2013; Simonin and Roddy,

2018; Théroux-Rancouet al., 2021) How small a cell can be (i.e. meristematic silé)—
and, by extension, the maximum number of cells ¢thatbe packed into a given space—is
fundamentally limited by the volume of the nuclems,as is more commonly measured,
genome siz¢Cavalier-Smith, 1978; Beauliest al., 2008; Simovéa and Herben, 2012;
Simonin and Roddy, 2018; Rodeyal., 2020) Smaller cells and mesophyll tissues

composed of smaller cells have higher surface x@atume ratios, which allow for higher
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105 rates of CQdiffusion into photosynthetic tissu€héroux-Rancourt al., 2021) While

106 genome downsizing, particularly among angiospenmdges during the Cretaceous, was
107 critical in reducing minimum cell sizes and allogifor smaller, more densely packed cells
108 (Simonin and Roddy, 2018yenome downsizing also allows for a greater rarigeature

109 cell sizes and packing densitiggoddyet al., 2020; Théroux-Rancouet al., 2021) Mature
110 cells are often considerably larger than their stematic precursors, and the process of cell
111 expansion allows cell sizes and packing densitidxettuned to environmental conditions.
112 For example, differential expansion of epidermalgmaent cells during leaf development can
113 lead to coordinated changes in the densities ofsvand stomatéCarins Murphyet al., 2012,
114 2014, 2016, 2017)Thus, while minimum cell sizes and maximum peltking densities are
115 limited by genome size, deviation from these ex&adimits may be driven by differential

116 expansion of leaf cells in response to variablarenmental conditions (i.e. trait plasticity).
117 Thus, abiotic factors that influence plant watdabee, and by extension of cell expansion,
118 can cause deviation in leaf anatomical traits afn@y the extreme limits imposed by

119 genome size.

120

121 Here we sought to characterize (1) how genomelisizts cell sizes and packing densities in
122 mangrove leaves, (2) how abiotic conditions inflceemtraspecific variation in anatomical
123 traits, and (3) how traits of different cell typtbat influence leaf function are coordinated
124  within and among mangroves compared to other namgno&e angiosperms. We sampled a
125 total of 13 species (one of them is a naturallyuodog hybrid) from four sites (Fig. 1), with
126 four of these species occurring at more than dee Ve explicitly incorporated previously
127 published data for comparison to mangroves anddecl phylogenetically corrected

128 regressions. Our results showcase that while soalmg relationships defined for

129 angiosperms apply to mangroves as well, mangroeestheless deviate in other
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130 relationships, and these deviations may be dugetonique conditions of the mangrove
131 habitat. Understanding leaf trait coordinatiomardy plants like mangroves provides an
132 important test of current theory linking leaf stiwre to leaf function.
133
134 MATERIALSAND METHODS
135 Sudy sitesand plant material
136 Mangrove plants were sampled in five natural resealong a latitudinal gradient in
137 Southern China (Fig. 1; Table 1): Fuding Mangroauxal Reserve (FD; 27° 20° N/ 120°
138 12’ E), Longhai Mangrove Natural Reserve (LH; 28° R / 118° 04’ E), Shankou
139 Mangrove Natural Reserve (SK; 21° 28’ N/109° 43’ &nya Tielu Port Mangrove Natural
140 Reserve (SYTL; 18° 15" N/109° 42’ E), and Sanyadei Port Mangrove Natural
141 Reserve (SYQM; 18° 14’ N/ 109° 36’ E), the lati@p are located about 7 km from each
142 other and so were grouped as the same site Saxyan(8ur analysis. In total, 13 species
143 were collected across all sites, and all taxa exX€apdelia obovata occurred at the
144  southernmost site SY (Table . obovata was the only species that occurred at the
145 northernmost site (FD). Three species were foarttree sites, and another species occurred
146 in two sites (Table 2). These four species locatadultiple sites were used to test for
147 environmental effects on anatomical traits.
148
149 At least three randomly selected individuals pecss per site were selected for sampling.
150 Sun-exposed branches were cut and sealed in &glagtwith wet tissues, then transported
151 back to the laboratory at Guangxi University fobsequent sample processing and

152 measurements.
153

154 Anatomical traits
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All measurements were made on three to six randseicted, fully expanded, healthy, sun-
exposed leaves of each species at each site. fthseeapproximately 1-cfrsections of
lamina were sampled from each leaf, avoiding théneargin and midrib. These sections
were cleared in a 1:1 solution of 30%(4 and 100% CECOOH and incubated at 70 °C
until all pigments had been removed. The sectiogi®when rinsed in water and the
epidermises separated with forceps from the medlogig veins, allowing these three layers
(upper epidermis, lower epidermis, and mesophytthweins) to be stained and mounted
separately. To increase contrast, all samples staneed with Safranin O (1% w/v in water)
for 15 min and Alcian Blue (1 % w/v in 3 % acet@d) for 1 minute, then washed in water
and mounted on microscope slides. We found that@iaf O and Alcian Blue did not both

readily bind to the mangrove leaves.

Images were taken at 5x, 10x, or 20x magnificatwdmch had fields of view of
approximately 3.99 mMm0.89 mmd, and 0.22 mi respectively, using a compound
microscope outfitted with a digital camera (DM3008ica Inc., Germany). Both abaxial
(lower) and adaxial (upper) leaf surfaces were ddgr all species becauksaguncularia,
Lumnitzera, andSonneratia species were known to have stomata on both s@ifatéhe
following analysis, we used only abaxial (bottomface)Ds for packing densities, and the

sum of adaxial and abaxial stomatal densities @€efn ) for analyses related to fluxes.

All anatomical measurements from images were maggumageJRuederet al., 2017)
From images of paradermal sections, vein denBifywas measured as the total length of
leaf vascular tissue per mMirof leaf area, epidermal pavement cell s&g) (vas quantified by
measuring the two-dimensional area of individuadlepnal cells in an epidermal image,

guard cell lengthl§) was measured as the maximum length of one gedirth@ pair,
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180 stomatal densityl¥s) was measured by counting the number of stomateeiimage and

181 dividing by the area of the field of view, and egrichal cell packing densityp¢:) was

182 measured by counting the number of epidermal oebs image and dividing by the area of
183 the field of view. Partial stomata and epiderneiscwere included in the density counts if
184 they were partially bisected by the top and lefdess of the image and ignored if they were
185 partially bisected by the bottom and right bordgrthe image.Sc was measured on

186 approximately ten randomly chosen epidermal cbls were not touching stomata in each
187 image. Measurements lgfwere made on ten stomata per image.

188

189 We compared two methods for estimating the two-dsianal projected surface area of
190 stomata (i.e. stomatal siz®) in the plane of the leaf epidermis. First, we oally measured
191 the area of each of 10 stomata per image. Secandaloulated the two-dimensional area of
192 one guard cell as:

193 Sy =15 -wy (ean 1)

194 wherely is the length of one guard cell awglis the width of one guard cell, which can be
195 estimated ag, = [, - 0.36 (de Boeret al., 2016) DoublingSy is equivalent to the size of a
196 pair of guard cells, i.e. one ston®&)( Species’ average estimatesspiising these two

197 methods were strongly correlate®f € 0.90, P < 0.0001) with a standard major axipeslo

198 not significantly different from unity (P = 0.119nd so for subsequent analyses we used the
199 measured values &.

200

201 Epidermal cell sizeSx) was quantified in two ways. First, the aver&gdor an image was

202 calculated according to Carins-Murphy et(@D17)as:

— 1- (Dsss)

203 S, = — (egn 2)
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whereDs is stomatal densityss is stomatal size, ard,. is the epidermal cell density.
Second, we directly measured the two-dimensionéhese area of five randomly chosen
epidermal cells in each image. These two methodweth strong agreement in quantifying
the two-dimensional epidermal cell surface aréa=(R.86, P < 0.0001) with a slope not
significantly different from unity (P = 0.93), asd for subsequent analyses we used the

direct measurements of pavement cell surface area.

Genome size

The genome sizes of the mangrove species studiedieee taken from the literatufieyu et

al., 2018; Huet al., 2020; Heet al., 2022) Measurements of genome size in megabases (Mb)
were converted to picograms (pg) following the diqual pg = 1 Mb / 978Dolezelet al .,

2003.

Environmental data for the four sampling sites
Climate data (mean annual temperature, MAT, anchraeaual precipitation, MAP) for each

site were downloaded frohitp://data.cma.crClimate data were long-term averages of

monthly collected raw data from January 1951-Deaam2016. Estimates of soil water
salinity were obtained from published referenced=o (Lin et al., 1998)and LH(Cao,

2008) while data for SK and SY were provided by the @@ Mangrove Research Center,
Guangxi Academy of Sciences (previously unpublistheta). At all sites, soil samples of O-
50 cm depth were sampled throughout the area whenglants were growing, from inland to
the seashore, during low tide. At least 5 soil@aswere collected for each site with PVC
tubes, then the soils were stored in plastic bagd transported back to the laboratory. Soil

water was collected by filtering the soil from thvater(Cao, 2008)
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Modeling gas exchange capacity from anatomical traits
Using these anatomical data, we modeled maxingdm.d stomatal conductance using
previously published methods. Maximum theoretgzavas calculated according to Franks

and Beerling2009)as:

dH,0

Dsamax v

=—F— (egn
gs,max dp+§m ( q 3

wheredio is the diffusivity of water vapor in air (0.000247 s%), v is the molar volume
of air normalized to 25°C (0.0224%mol™), Dsis the stomatal densitg, is the depth of the
stomatal pore, anal.x is the maximum area of the open stomatal pores depth of the
stomatal pored,, was assumed to be equal to the width of one guelkdwhich was taken as
0.36- Iy (de Boeret al., 2016) The maximum area of the open stomatal pasg, was
approximated as(p/2)° wherep is stomatal pore length and is approximateld/as Thus,

Osmax COUld be calculated from measurements ahdDs.

Leaf mass per area (LMA) measur ements

For LMA determination, 15 leaves were randomly cteleé per species, and their areas were
measured with an LI-3000A (LI-COR, USA). Afterwardamples were oven-dried at 70°C
for 72 hours, weighed, and LMA was calculated a$ dey mass divided by fresh leaf area.

Leaf size values were obtained from these leaf data

Previously published data

To generate a broad, phylogenetically diverse datafsangiosperm leaf anatomical traits,
we compiled data from Beaulieu et @008) Blonder and Enquig2014) Boyce et al.
(2009) Brodribb and Feild2010) Brodribb et al(2013) Jordan et al2013) Coomes et al.

(2008) Feild et al(Feild et al., 2009; Feildet al., 2011) Fridley and Craddoci015)
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Gleason et al2016) Sack et al(2012) Carins Murphy et al2016) Bongers and Popma
(1990) and McElwain et al2016) Taxonomic names were corrected by comparing
querying The Plant List using the R package "Tatem'(Cayuelaet al., 2012) We

merged these data with the Kew Plant DNA C-Valwegsiobse (version 6), after using the
same procedure to check taxonomic names in thabdse. Because our focus was on plants
with capsule-shaped guard cells, we removed moadomh the dataset because they are
known to have dumbbell-shaped guard cells. Thdtneg database encompassed 836
species from 126 families. Of these species, tivere 300 species from 68 families with
guard cell length data, 274 species from 62 familéh stomatal density data, and 638
species from 111 families with vein density datéere were 289 species with bd§landDs
measurements. Meristematic cell volumes as aifimof genome size were taken from
Simova and Herbef2012) Using these measured volumes of meristematis, veé
approximated the maximum two-dimensional crossiseat area of a spherical meristematic

cell by calculating the cross-sectional area gffeese with the same volume.

Data analysis

All statistical analyses were conducted in R (0.3).(R Core Team 2020)We used linear
regression and standard major axis (SMA) regreqsiguackage 'smatr’) to determine the
relationships between traifg/artonet al., 2012) SMA regressions were used on log-scaled
traits. For visualization, confidence intervalsward SMA regressions were calculated from
bootstrapping the SMA regressions 1000 times. ¥éel slope tests, implemented in 'smatr’
to compare slopes and report P-values for wheklteeslbpes are significantly different or

not. For the relationships between genome sizdhandizes of guard cells and epidermal
pavement cells, we calculated the SMA regressiadsagsociated statistics using species

means (i.e. averaged across sites) because specigsed at different numbers of sites, but
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278 we plot points representing the species x site maabetter visualize the variation in cell
279 size within species across sites. Because wealitheasure leaf size and LMA on the same
280 leaves on which anatomical measurements were raad§ses of leaf size use species x site
281 mean data for each variable and rely on linearesgons.

282

283 To determine the effects of climate variables cat@mical and physiological traits, we

284 constructed linear mixed effects models for eaai &ind climate variable, using the four
285 species that were present at more than one sitamelnding measurements from individual
286 plants (i.e. not using species x site mean trditesd. We used the R package ‘Ime4’ to

287 construct models that had a fixed effect of theiremmental variable and a random effect of
288 speciegBateset al., 2014) This random effect allowed each species to bhadiferent

289 intercept. Because ‘Ime4’ is unable to incorpotateertainty about the random effects into
290 predictions, confidence intervals around the firffdcts cannot be calculated. We report
291 two R values: (1) the margin&’ and P-value of the environmental variable afteoanting
292 for the differences among species (i.e. randontesffeand (2) the condition®f that

293 indicates how much variation is explained by theremmodel (i.e. both the environmental
294 variable and species identity).

295

296 To account for the statistical non-independencgaaipling related species, we incorporated
297 phylogenetic covariance into our regression analy$®r mangroves, we used a recently
298 published chloroplast phylogeny that included fhecges sampled here (&tial. 2021a; Liet
299 al. 2021b), and we used trait data for the southerhpusulation of each species (i.e. Sanya
300 for all species exceptandelia obovata, for which the southernmost population was located
301 at Shankou Natural Reserve). For non-mangrove apgims, we constructed a broad

302 phylogeny based on the large dated seed plant géryjoof Smith and Brown (2018),
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hereafter the ‘reference phylogeny'. Approxima8&l% of our species were included in the
reference phylogeny. We placed the remaining 4€isp®nto the reference phylogeny using
a randomization procedure based on known taxonoetationships. Forty-five of the 47
species were placed within a congeneric clade r@imaining two species were placed with
other members of the same trilRsgudol media glabrata within the Castilleae and
Trichosper mum mexicanum within the Grewieae). Rather than just placingateandomly

(i.e. uniformly) within the clade, the procedure idacement attempted to preserve the
relative distribution of branch-lengths within @ifent clades, which is becoming the standard
practice (Changt al., 2020, Thomast al., 2013). Rather than resolving the branch-lengths
using a fitted diversification model, such as d@hbideath model (as in Chaegal., 2020), we
used a non-parametric approach with the goal afgrung clade-level branch-length
distributions. Based on the reasoning that theftipad in a clade on the reference tree
represent a sample drawn from the true diversiodtistory of a clade, we placed missing
species by replacing randomly chosen species fhentarrget clade on the reference
phylogeny with the target missing species. Thiisceptually a bootstrapping approach to
missing species placement. The one exceptions@pproach were 7 species in the genus
Trimenia, for which the reference phylogeny had/amrle member. Since we had no other
phylogenetic data for this genus, these species placed in a polytomy with zero branch-
lengths between them. After all missing speciesvpdced, we pruned the reference tree of
all species that were not in our dataset. We aleatdistribution of trees representing
phylogenetic uncertainty by repeating this proddX3¥0 times, generating 1000 equally likely

alternative placements for missing species.

For mangroves and non-mangrove angiosperms weplsdaolyenetically corrected

regressions between pairwise trait combinationsguie R packages ‘ape’ (Paradis and
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Schliep, 2019) and ‘picante’ (Kembetlal., 2010). We calculated phylogenetically corrected
generalized least squares regressions for paitveigeeombinations using the R functigls
with a correlation structure equivalent to the plggnetic relatedness under a Brownian
motion model of evolution (R functiozor Brownian). In order to account for the
phylogenetic uncertainty of the non-mangrove amgass in the previously published data,
we calculated these phylogenetic regressions d0al equally likely phylogenies and
report the distributions of test statistics (sldp&tatistics, P-value) in the supplemental

information.

RESULTS
Rel ationships between genome size and cell size in mangroves and non-mangrove
angiosperns
Among non-mangrove angiosperms, there was a signifj positive relationship between
guard cell sizeS, unf) and genome size (Fig. 2; slope = 0.50 [0.44,]0B%= 0.62, P <
0.0001) that remained highly significant after agtiing for shared phylogenetic history
(Figure S1). However, among mangroves the relatiprisetween guard cell siz&, pnt)
and genome size was negative (Fig. 2; slope = {11181, -0.74], R= 0.34, P = 0.02), such
that species with larger genomes had smaller geedisl (Fig. 2), but this relationship was not
significant after accounting for shared evolutignlaistory (P = 0.27). Moreover, there was
no effect of genome size on epidermal pavemensizlamong mangroveS pnt; non-
phylogenetic P = 0.37; phylogenetic P = 0.08),@ltih among a broader sampling of
angiosperms epidermal cell size and genome size steangly and positively correlated
(slope = 0.50 [0.44, 0.56],°R 0.59, P < 0.0001) even after accounting forethar

evolutionary history (Figure S1). Additionallg was generally greater th& among
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353 mangroves %/ Sc= 2.91 + 0.55, compared 8./ Sc= 0.18 + 0.02 among non-mangrove
354 angiosperms) and both cell types were always ldhgar the minimum cell size defined by
355 the sizes of the genome (Fig. 2).

356

357  Relationships between mean annual temperature and |leaf anatomical traits

358 The final sizes of mature cells are often muchdatban their meristematic precursors,

359 allowing final cell size to be influenced by enviroental variation. For the four species that
360 occurred at multiple sites, we tested the effettdimate on leaf anatomical traits by

361 incorporating intraspecific variation in traits amdandom effect of species (Fig. 3). The
362 conditionalR that indicates the amount of variation explaingdhe entire model (i.e. the
363 fixed effect of the environmental variable and thedom effect of species) were all above
364 0.50 and often above 0.75, indicating that theetlveas substantial variation among species
365 in how traits responded to environmental variafieigs. 3, S2; Table S1). The margifd)
366 which indicates the amount of variation explaingdhe environmental variable alone, were
367 much lower though often still significant. Increagitemperature (MAT) had significant

368 effects on the packing densities of stomata (matd#= 0.07, P < 0.01) and leaf veins

369 (marginal R =0.03, P < 0.01) and the sizes of epidermal ¢elrginal B = 0.03, P < 0.01),
370 but not on the sizes of stomaf®) (or the packing densities of epidermal cebg) (Fig. 3).
371 The small marginal fcombined with high conditional®eported here indicate that climate
372 did have a significant but very small effect ontsrgbut species identity had a much larger
373 effect on the traits. In other words, each spewis very different even at the same site, and
374 the species responded similarly but by a small antmuthe environmental differences

375 across sites. There were no significant effectdAP on any of the anatomical traits (all P >
376 0.05; Fig. S2, Table S1). Because MAT and salwitye strongly correlated across sites

377 (Fig. 1), higher salinity significantly increasdutpacking densities of stomata (marginal R
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=0.08, P < 0.001) and leaf veins (marginaH0.03, P = 0.001), but salinity had no
significant effect on the sizes of stomata or epige cells or on the packing densities of

epidermal cells (Fig. S2).

Rel ationships among leaf anatomical traits: S;, Ds, Dy, and Sc

We compared inter- and intra-specific coordinatletween epidermal cell size, stomatal
size, stomatal density, and vein density to dagaipusly reported for angiosperr{ideaulieu

et al., 2008; Carins Murphgt al., 2012, 2014, 2016 test for common allometric scaling
relationships. The data from Carins Murphy e{2012, 2014, 2016ncluded intraspecific
variation driven by growing plants in high and lbght or VPD environments. We
computed SMA regressions and confidence intervaia the broader selection of
angiosperms and compared these to the relationshgeved for the 13 mangrove species in
this study. In addition, we tested for coordinaiadt evolution by calculating generalized
least squares regressions among traits that inthineexpected covariance due to
phylogenetic relatedness. Overall, mangroves dicdcanform to the scaling relationships
previously observed for a broader selection of espgrms (Fig. 4). While most
angiosperms had larger epidermal cells than stqrepéies with smaller cells overall (i.e.
both smaller guard cells and epidermal cells) hisblarger stomata than epidermal cells,
and all of the mangroves sampled here had epidaexaiialsmaller than stomata (Fig. 4a).
While S strongly and positively scaled wify among non-mangrove angiosperms (slope =
0.77 [0.68, 0.88], R= 0.49, P < 0.001) even after accounting for shas®lutionary history
(Fig. S4), the relationship betwe&nandS,. among mangroves was negative (slope = -0.97
[-1.41, -0.66], R = 0.37, P < 0.01; Fig. 4a) and only marginallynifigant after accounting
for shared evolutionary history (P = 0.068). Takationship betweebs andS. was

significant and negative among non-mangrove angiosg (slope = -0.85 [-0.95, -0.76]* R
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403 =0.62, P <0.001) even after accounting for shakedutionary history (Fig. S3), but for
404 mangroves the relationship between these traitasisive, though only marginally

405 significant (slope = 0.88 [0.57, 1.36]°R 0.17, P = 0.07; Fig. 4b) and non-significaneaft
406 incorporating shared evolutionary history (P = ).2Removing the one species

407 (Lagunculariaracemosa) that had the largest epidermal cells resultem significant,

408 positive relationship betweey. andDs (slope = 1.00 [0.68, 1.48],°R: 0.40, P < 0.01) that
409 remained significant after accounting for shareol@ionary history (P = 0.03). Because
410 these relationships are fundamentally about paatatig into a two-dimensional space, we
411 used theéDs only of the abaxial leaf surface and not the tBigper leaf area (i.e. the sum of
412 abaxial and adaxial surfacé3s). Including instead the tot8ls (sum of adaxial and

413 abaxial) for the three amphistomatous speciestesbinl a positive, significant relationship
414  betweerDs andSy (slope = 0.89 [0.61, 1.29],°R 0.41, P < 0.01) that was marginally

415 significant after accounting for shared evolutigniaistory (P = 0.06). There was a strong
416 and significant negative relationship betw&@randS. for non-mangrove angiosperms
417 (slope = -0.47 [-0.59, -0.38],°R 0.81, P < 0.001; Fig. 4c), but this relationshigs positive
418 though not significant for mangroves either exahgdfP = 0.22) or including shared

419 evolutionary history (P = 0.87). Across sites apécges, the relationship between stomatal
420 size &) and densityds) for mangroves was consistent with the relatigmsitiross a broader
421 sampling of angiosperms (Fig. 4d; Fig. S3). Lealesys had smaller stomata or fewer
422 stomata than the maximum theoretical packing I{sotid line in Fig. 4e). Mangrove species
423  with higherDs had smalle, (non-phylogenetic SMA: R= 0.42, P < 0.01; phylogenetic
424  GLS: P = 0.03), and the slope of this relationgkippe = -0.91 [-1.32, -0.63]) was not

425 significantly different (P = 0.44) from the sloperass all angiosperms (non-phylogenetic:
426 slope =-0.85 [-0.91, -0.79],°R 0.65, P < 0.0001; phylogenetic: Fig. S3). Hoarev

427 intraspecific variation across sites revealed tthaiverall negative relationship betwen


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

428 andDswas not always apparent within species (Fig. Sétjn For example, at intermediate
429 MAP, Kanddlia obovata had largeiS; and lowelDg than at both low and high MAP, but
430 across all three sites where this species occutrerk was a negative relationship between
431 DsandS.. We further tested whether tradeoffs betweensiedl and packing densities

432 extended to leaf veins (Fig. 4e). While acrossafliosperms species with smathad

433  higherD, (R* = 0.13, P < 0.0001) even after accounting forath@volutionary history (Fig.
434  S3), among mangroves there was no significantioalship betweeis andD, whether (P =
435 0.54) or not (P = 0.07) shared evolutionary histeag included, though the relationship was
436 negative and the mangroves fell within the rangeaif values occupied by non-mangrove
437 angiosperms (Fig. 4e).

438

439  Coordination between D,, Ds, 1o: and maximum theoretical stomatal conductance

440 AlthoughDs: andD, were coordinated among all the mangrove specsite xombinations
441 sampled here (slope = 1.63 [1.08, 2.45]=F0.28, P = 0.02)Ds:« Was generally lower for a
442 givenD, than it was among a broader sampling of angiospésiope = 1.53 [1.37, 1.71]?R
443 =0.37, P <0.001; Fig. 5a). For non-mangrove apgans, the relationship betwdBg

444  andD, remained as strong after accounting for sharetliggnary history (Fig. S5), but for
445 mangroves there was no coordinated evolutiddsgf andD, (P = 0.84). Mangroves

446 maintained a similar maximum theoretical stomataidtictance for a giveDs: as other
447 non-mangrove angiosperms (mangrove slope = 0.88,0.75], B = 0.68, P < 0.0001,

448 angiosperm slope = 0.64 [0.60, 0.68],4R0.68, P < 0.0001, slope test P = 0.39; Fig. &hy),
449 there was evidence for coordinated evolution betvizag,: and maximum theoreticgl for
450 both mangroves (P < 0.01) and non-mangrove angiospg-ig. S5).

451

452  Relationships between leaf size, LMA, Sy, and Dec
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We also tested how these anatomical traits maglaéed to intra- and interspecific variation
in leaf size, which varied approximately five-f@dross the mangrove species sampled here.
Across species, larger leaves were significantpeisted with higher LMA (R= 0.23, P =
0.02; Fig. 6a), smaller epidermal cells'(R0.20, P < 0.05; Fig. 6b), and a higher packing
density of epidermal cells {R: 0.46, P < 0.001; Fig. 6¢). The relationshipissn leaf size
and epidermal cell size was even stronger wheorikanangrove species with very large
epidermal cellsl{aguncularia racemosa) was removed (R= 0.27, P < 0.05). However,
these pairwise relationships were weaker or notifstgnt after accounting for shared
evolutionary history: there was no significant tiglaship between LMA and leaf size (P =
0.34), there was no significant relationship betw&gand leaf size (P = 0.25) though
excludingL. racemosa improved the relationship (P = 0.065), and theas & marginally

significant relationship betwedd and leaf size (P = 0.073).

DI SCUSSION
Our analysis of 13 mangrove species, four of wioicturred at more than one site, provides
strong evidence that the allometry of cells ansligs in mangrove leaves is distinct from
other G angiosperm species. Our results highlight thatevmiangroves exhibit some of the
same trait relationships exhibited by non-mangavgiosperms, they deviate in some
potentially important ways, most notably that tieye unusually small epidermal pavement
cells and large guard cells. Despite these dewiatirom other angiosperms, mangroves
nonetheless attained similar maximum theoreticahsatal conductance. Because leaves are
composed of multiple cell types and because gersimadimits only minimum cell size,
there can be numerous combinations of final ce#siand packing densities that allow for
variation in leaf structure that lead to similarximaum potential gas exchange.

Understanding the implications of these differermmdd further shed light on how the
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478 unique selective pressures of the mangrove hdiats resulted in novel anatomical and
479 physiological adaptations.

480

481 The mangroves we sampled from four sites in Chitig (L) had relatively small genomes
482 compared to other terrestrial vascular plantsthe@y did not necessarily have smaller cells.
483 While interspecific analyses of genome size andstat have repeatedly shown positive
484 scaling between genome size and minimum cell #izeabsolute range of cell sizes is

485 negatively related to genome size, with smallerogegs allowing for a greater range of final
486 cell sizegBeaulieuet al., 2008; Simonin and Roddy, 2018; Rodal., 2020; Théroux-

487 Rancourtet al., 2021) The mangroves sampled here highlight this ingménhuance in the
488 genome size-cell size relationship: smaller genoafiess for smaller cells, but smaller

489 genomes do not necessarily mean that cells withgdwe smallSimonin and Roddy, 2018;
490 Roddyetal., 2020) The interspecific relationship between stomgtedrd cell size and

491 genome size among mangroves was actually negagvepecies with larger genomes had
492 smaller guard cells (Fig. 2). It is important tote that this negative relationship does not
493 contradict previous analyses (e.g. Beaudieal., 2008) because a random sampling of any
494  subset of species in these previous analyses—yartica set of species that exhibits little
495 variation in genome size—could produce the samativegrelationship. Furthermore, the
496 inter- and intraspecific variation in guard cellesreported here all occurred within the range
497 of sizes defined by previously published data (Bigt), and all of these guard cells were
498 larger than the minimum cell volume modeled fromaee size. Similarly, while epidermal
499 cells were smaller than guard cells in all speclesy were always larger than the minimum
500 cell size modeled from genome size (Fig. 2), furtke@erating that genome size is associated
501 with strict limits on minimum cell size but hasdedirect impact on maximum or mature cell

502 sizes(Roddyet al., 2020)


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

503

504 Above the minimum cell size defined by the sizéhef genome, leaf cell sizes and packing
505 densities can vary in response to abiotic condit{Btonderet al., 2017, Veselgt al., 2020,
506 Wangetal., 2020, Zhaet al., 2020) Using the four species that occurred in more thze
507 site (Table 2), we calculated the effects of MATAR] and soil water salinity on each

508 anatomical trait (Fig. 3 and S2, Table S1). Irggngly, MAT and soil water salinity, which
509 were strongly correlated among the four sites cééfd most traits, whereas MAP had no
510 effect. Overall these environmental effects werakyeavith no single environmental variable
511 explaining more than 8% of the variation in a trsiinilar to the relatively weak effects on
512 leaf traits of mangrove seedlings grown under ciffé temperaturegnoueet al., 2021)

513 Some of the significant effects of MAT were drivieynthe coldest site (FD), where only one
514 speciesKandelia obovata) was present (Fig. 1, Table 2). Although thea# torrelations
515 with climate showcase that cell and tissue traiegpdastic and that this plasticity is limited
516 by the minimum cell size defined by genome size dimate effects were relatively weak
517 with differences among species explaining a grgatgportion of the trait variance (Table
518 S1).

519

520 While there is typically a tradeoff between storhatze and densit{Franks and Beerling,
521 2009)that is driven largely by genome size variatioroagspecie§Beaulieuet al., 2008;
522 Simonin and Roddy, 2018; Roddyal., 2020; Veselet al., 2020; Théroux-Rancouet al.,
523 2021) individual species can move through this bivarfgtenotype space in different ways
524 (Fig. S4). Althougts; andDs for the 13 mangrove species showed a negativearethip

525 that overlapped with previous observations of asggoms (Fig. 4d, Fig. S4), a strict,

526 mechanistic tradeoff betwe&@andDs occurs only at the packing limit (solid line ingFéd),

527 and as species move farther away from this padkimgthe potential for a strict tradeoff
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528 Dbetween size and density becomes less likely. speeies-specific responses to MAT

529 highlight that because bo8 andDs are far from their packing limit (solid line indzi4), a

530 relatively wide range dDs can occur for a givef. For example, itKandelia obovata,

531 decreasing temperature from the warmest site causgxrease ibs with almost no change
532 in S, but decreasing MAT to the coolest site causeslaation inDs and a large increase in
533 S (Fig. S4 inset). These intraspecific patterns hlgbalight that traits do not necessarily

534 covary within species across habitats the sametheaydo among species. Furthermore,
535 while genome size determines minimum cell sizesraadimum cell packing densities (Fig.
536 2), acclimation and adaptation of mature cell seed cell packing densities can be driven by
537 the environment independent of genome &izedanet al., 2015)or vary due to other

538 species-specific traits or constraints.

539

540 Despite the cell type-specific and species-speponses of leaf anatomy to

541 environmental conditions (Figs. 3, 4, SR) andD, were strongly and positively related
542 (Fig. 5a)-though not after accounting for sharealgionary history—and mangroves attained
543 the same maximum theoretiaglfor a givenDs as other angiosperms (Fig. 5b). The

544  coordination betweeBDs;: andDy across environments occurred among species and,

545 generally, within species, although there was ti@aneamong species in the intraspecific

546 trends (Figs. 4, 5). The coordination betwBgrandD, within and across species has been
547 attributed to changes in the size and density mfegmal pavement cellarins Murphyet

548 al., 2012, 2014, 2016, 2017 5pecifically, epidermal cell size is thought&pend on

549 environmental conditions, such that differentigbaxsion of epidermal cells modulates the
550 spacing of stomata and bundle sheath extensionstfre veins. For the angiosperms studied
551 so far, inter- and intraspecific coordination betwepidermal cell size&sf) and bottDs and

552 D, have been taken as evidence in support of thisipa dilution’ mode(Carins Murphyet


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

553 al., 2012, 2014, 2016)In contrast to sun and shade leaves of nineoapgims species

554 (Carins Murphyet al., 2012)and a broader sampling of angiospe(Bsaulieuet al., 2008)
555 mangroves deviated in the relationships betw&eand bothDs andS; (Fig. 4). While larger
556 epidermal cells are typically associated with laggemata, among mangroves this

557 relationship was negative, due at least partialithe fact that mangrove epidermal cells were
558 substantially smaller than their stomata (Fig2,4a). The one mangrove species that had
559 epidermal cells larger than stomata Wwaguncularia racemosa, and excluding this one

560 species revealed a significant, positive relatigmbletweerS. andDs, in contrast to the

561 negative relationship betwe&s andDs reported from other angiosperms (Fig. 4b).

562 Additionally, there was no relationship betwe&pnandD, in mangroves, in contrast to the
563 negative inter- and intraspecific relationship poesly reported for nine non-mangrove

564 angiosperm species (Fig. 4c). Contrary to the tdadorrelation betweeBy and bothDs and
565 D,, the 13 mangroves studied here overlap with tbader group of angiosperms showing a
566 negative correlation betwe&and bothDs andD, (Figs. 4d and 4e). Therefore, while there
567 is coordination betweeld, andDs among mangroves (Fig. 5a), variation in epiderced!

568 size is likely not responsible for maintaining tb@ordination either within species across
569 environmental conditions or among species. Thitsmme of these leaf traits exhibited
570 correlated evolution among mangroves could be diieet relatively small sample size of
571 only 13 species and to the relatively small vaoiain traits exhibited by mangroves

572 compared to the full range of trait values exhiibity non-mangrove angiosperms.

573 Nonetheless, these patterns in mangrove anatongestthat the unusually small epidermal
574 cells and the variation i&, within and between species may influence otheeaspof leaf
575 function important to the mangrove habit, suchsaaatic balance or leaf biomechanics.

576
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All else being equal, smaller cells are more rasisto mechanical buckling than larger cells
(Terashimaet al., 2001) Additionally, cellular biomechanics is intimateklated to cell
water balance via the effects of wall thicknesshenbulk elastic modulus and the sensitivity
of turgor pressure to changes in water contensdasing small and numerous epidermal
cells may be particularly advantageous for plamisd in saline conditions that impose an
osmotic stress on cells throughout the plant. ddd®&. decreased with increasing
temperature and salinity (Figs. 3 and S2), as wbalgredicted if osmotic balance and cell
mechanics were linked to epidermal cell size. Camag to freshwater and coastal plants,
marine plants have much stiffer cell walls thabwalthem to maintain the high turgor
pressures necessary to tolerate low osmotic patefifiouchettest al., 2014) While we do
not have water potential data or pressure-volunneecparameters for the mangroves studied
here, previous studies suggest that mangroveslyisaake lower water potentials than other
terrestrial angiospern{dianget al., 2017, 2021, 2022Based on these lines of evidence, we
predict that lower osmotic potentials would be agged with hotter, more saline conditions
and would be related to epidermal cell size. Farrdvidence that epidermal cells may be
important for the biomechanics of mangrove leawses from the strong—and unexpected—
relationships betweef. andD¢ and leaf size (Fig. 6). Larger leaves, which alsee

higher LMA, have smaller and more densely packedegmal cells (Fig. 6). However, there
were no significant relationships between leaf sizé eitheS; or Ds (data not shown), in
contrast to relationships seenRhizophora mangle across salinity gradient®eelet al.,

2017) In addition to being small, epidermal cells iamgrove leaves were also more
circular (Fig. 1) than epidermal cells of most ataAegiosperms, which are often highly
invaginated and puzzle-shap@tbfely et al., 2019) Puzzle-shaped cells seem to develop in

order to reduce mechanical stress without requiekagssively thick wall§Sapaleaet al.,
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601 2018). The small, densely packed epidermal cells in mareg may be advantageous

602 because they increase mechanical stiffness, alipf@iniarger leaves.

603

604 The warm, windy, saline environments of the mangroabitat have driven the evolution of
605 a variety of physiological strategies, includintgtance to low osmotic potentials, salt

606 exclusion, and salt secretion, all of which inflatermangrove hydraulics and photosynthesis
607 (Ball, 1988; Sobrado, 2000, 2002; Jiasal., 2017, 2022) Mangroves had high&, for a
608 givenDsthan non-mangrove angiosperms, yet their environimed physiology are

609 amenable to foliar water uptake, which is expettetlax selection for high vein densities.
610 Deliquescence of salts on mangrove leaves caritéaeifoliar water uptake even when

611 atmospheric humidity is unsaturatgtbopmaret al., 2021) The mean relative humidities at
612 the four sites where we sampled were all withinrtirege in which deliquescence of salts is
613 likely (Zenget al., 2013) Thus, foliar water uptake may play an importalg in mangrove
614 leaf water balancéchreekt al., 2019) potentially relaxing the role of leaf venation in

615 efficiently providing all of the water to the leat.he likelihood that mangrove leaves may
616 use both root-derived and atmospheric water todtgdeaves may relax selection on the
617 xylem to efficiently supply water and result in grer variation in leaf structure-function

618 relationships. Furthermore, that mangroves hadlsnepidermal cells than their stomata, in
619 contrast to non-mangrove angiosperms, highlightsheen adaptation of mangrove anatomy
620 that may be advantageous in the warm, saline maadrabitat. Understanding the

621 implications of small epidermal cells on mangroydraulics, gas exchange, and

622 biomechanics would be an important advance in @taeding mangrove leaf adaptations.
623

624 CONCLUSION
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Our results show that mangroves attain similar maxn theoretical gas exchange capacity
to other angiosperms despite deviating in manycmiagl relationships well-characterized
for angiosperms. This highlights that there aretiplel anatomical solutions with the same
functional outcome. The small genomes of mangra¥less for large variation in cell sizes
and cell packing densities in response to abiaidions. The unusually small epidermal
cells of mangrove leaves may help them toleraterteehanical and osmotic demands of
their saline environments and their leaf size. \Waethe extremely small epidermal cells
that enhance cell packing is an adaptation tottessful mangrove environment deserves

further investigation.

SUPPLEMENTARY DATA
Additional Supporting Information may be found iretonline version of the article at the
publisher’'s website.

Table S1: Linear mixed effects model results of each emuimental parameter
(MAP, soil salinity, MAT) on each anatomical tréor the four species that occurred at
multiple sites.

Figure S1: Phylogenetic regression statistics (sldpP) of non-mangrove
angiosperms for relationships presented in Figure 2

Figure S2: The effects of mean annual precipitation (MAR)| salinity, and mean
annual temperature (MAT) on leaf anatomical traftthe four species that occurred at
multiple sites.

Figure S3: Phylogenetic regression statistics (sldpE) of non-mangrove

angiosperms for relationships presented in Figure 4
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648 Figure $4: The relationship between stomatal si@¢ &nd stomatal densitypf) for

649 non-mangrove angiosperms (grey points) and the roaagpecies samples here (yellow-red
650 points).

651 Figure S5: Phylogenetic regression statistics (sldpf) of non-mangrove

652 angiosperms for relationships presented in Figure 5
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Figure Legends

Fig. 1 Sites and species sampled. Map of southeastena Ghows the four sites in the
provinces of Fujian, Guangxi, and Hainan where {glarere sampled. Points on the map are
colored according to their mean annual tempergM#eT), and colors for site means of
annual temperature (MATC), soil water salinity (g Kg), and annual precipitation (MAP,
mm), are shown to the right. Note these colorsuaesl in subsequent figures to color points.
Images of exemplary leaves of each species shodivthesity in leaf size among the species.
Scale bar next to the leaf bfimnitzera racemosa is 1 cm and applies to all leaf images.
Microscopic images below each leaf are exemplagges of abaxial epidermises for each
species, and each epidermal image is 250 um onséseh The bottom row of images shows
exemplary images of veins for each species, anul\&sin image is 1000 um on each side.

Fig. 2 Two-dimensional sizes of (a) stomatal guard d&jg and (b) epidermal pavement
cells &) as a function of genome size. The solid linedatés the maximum two-
dimensional cross-sectional area of meristematis based on data from Simova and
Herben (2012) (see methods for details about catiounl). S,c was calculated from
measurements of guard cell length assuming thatiguedls were shaped as capsules (see
methods for detailsk. was measured from epidermal images. Note thatp@r

mangroves represent species x site means and stardars, though standard error bars are
small enough that they are mostly obscured by tietsa Grey points represent published
data from angiosperms.

Fig. 3 Effects of mean annual temperature (MAT) on lesftamical traits of the four species
that occurred at multiple sites: (a) epidermal sk &), (b) abaxial stomatal densitp4),

and (c) leaf vein densityX). Blue lines and the margingf values were calculated by

linear mixed effects models based on individuahplavel data and indicate the effect of
MAT on each trait after accounting for the randdfect of species (i.e. each species has a
different intercept). For easier visualizationing® and error bars represent species X site
means and standard error. Note that all traite@xeein densityld,) are plotted on log-
scaled y-axes and that slight jitter has been adtied) the x-axis to better distinguish points.
**P < 0.01

Fig. 4 The scaling of epidermal cell sizZ&4) and (a) stomatal siz&], (b) stomatal density
(Dy), and (c) vein densityD), and the scaling of stomatal si&) @nd (d) stomatal density
(D) and (e) vein densityp). In (a-c), grey circles represent data from Hieaet al.

(2008), and grey triangles represent data fromnSaviurphy et al. (2016), with lines
connecting conspecific plants grown under diffei@nditions. In (a), the solid line
represents the 1:1 line. In (d) the thick solictInepresents the maximum packing limits
whereDs = 1/5; (Franks and Beerling, 2009). In (d) the inset shavWocused view of
mangrove data colored according to site MAP (Fid)revith solid lines connecting species
across multiple sites and dashed lines connectlagial and abaxial data for
amphistomatous species. In (d-e), grey points srequsly published data from a variety of
sources (see methods). (b,d) Oblyof the abaxial (lower) surface is plotted for
amphistomatous species because this relationshgsid on cell packing. In all panels, grey
dashed lines and shading are standard major ayisssons and confidence intervals for
angiosperms, and dashed lines and red shadin¢ggaasd major axis regressions and
confidence intervals for mangroves.

Fig. 5 Coordination between (a) vein densidy) and total stomatal densit{., the sum of
adaxial and abaxid)s, relevant for fluxes) and (b) total stomatal dgnés;.;) and


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996

available under aCC-BY-NC-ND 4.0 International license.

maximum stomatal conductanag)(for mangroves (yellow/red points, colored accogdio
site MAT, and connected by solid lines for specesurring in multiple sites) compared to a
broader sampling of angiosperms (grey points)cl€rrepresent species with
hypostomatous leaves, and triangles representespeth amphistomatous leaves. The
solid, grey lines and shading are the SMA regressemd 95% CI for angiosperms, and the
dashed, black lines and red shading are the SMessmns and 95% CI for mangroves.

Fig. 6 Relationships between leaf size and (a) leaf ipessrea (LMA), (b) epidermal cell
size &), and (c) packing density of epidermal cells;f. Connected points represent
species that occur across multiple sites, and pair# colored according to site-specific
MAT.

Figure S1. The effects of mean annual precipitation (MAP)| salinity, and mean annual
temperature (MAT) on leaf anatomical traits of tber species that occurred at multiple
sites: (a,f,k) stomatal siz&], (b,g,) epidermal cell siz&g), (c,h,m) abaxial stomatal
density Ds), (d,i,n) epidermal cell packing densi«), and (e,},0) leaf vein densitpy).

Blue lines indicate the effect of each environmevdigiable on each trait after accounting for
the random effect of species (i.e. each speciea diterent intercept). Note that all traits
except vein density),) are plotted on log-scaled y-axes. Points reptasdividual plants,
whereas in Figure 3 points represent species xstns. See Table S1 for complete
marginal and conditiond® values.

Table S1. Linear mixed effects model results of each envitental parameter (MAP, soll
salinity, MAT) on each anatomical trait for the fapecies that occurred at multiple sites.
Note that the margin&? is the proportion of the variance explained byfiked effects

alone (i.e. the environmental variable) and thatdbnditionalR? is the proportion of the
variance explained by both the fixed and randomogsf(i.e. the environmental variable and
the species identity). *P < 0.05; **P < 0.01, *420.001
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997 Tablel. Site names, locations, and mean climate varialded in the analyses.
998

Ste name Latitude, longitude Mean annual Mean Annual Mean | Salinity
temperature precipitation relative | (g/kg)
(MAT) from (MAP) from humidity
years 1955- years 1955- (%)
2016 (°C) 2016 (mm)
Fuding Mangrove | 27°20'N, 120° 18.7 78.1 11.4
Natural Reserve 12'E 1730.3
(FD)
Longhai Mangrove| 24°29'N, 118° 20.8 77.0 15.8
Natural Reserve 04'E 1266.8
(LH)
Shankou Mangrove 21°28'N, 109° 22.8 80.4 26.0
Natural Reserve 43'E 1762.0
(SK)
Sanya Tielu Port | 18° 15'N, 109° 255 1395.6 79.2 28.5
Mangrove Natural 42'E
ReservaandSanya
Qingmei Port
Mangrove Natural| 18°14'N, 109°
Reservesy) 36'E

999
1000


https://doi.org/10.1101/2022.09.12.507581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.12.507581; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1001 Table2. Taxa sampled, their taxonomic authorities, andsttes at which they occurred.
1002 Location abbreviations are as follows: FD, Fudingnigrove Natural Reserve; LH, Longhai
1003 Mangrove Natural Reserve; SK, Shankou Mangrove fdbReserve; SYTL, Sanya Tielu
1004 Port Mangrove Natural Reserve; SYQM, Sanya Qindpoei Mangrove Natural Reserve.

1005

Family Soecies Location
Rhizophoraces Kandelia obovata (S., L.) Yong FD
Rhizophoraces Kandelia obovata (S., L.) Yong LH
Rhizophoraces Bruguiera gymnorrhiza (Linn.) Savigny  LH
Acanthacee Avicennia marina (Forsk.) Vierh LH
Rhizophoraces Kandelia obovata (S., L.) Yong SK
Rhizophoraces Bruguiera gymnorrhiza (Linn.) Savign'  SK
Rhizophoraces Rhizophora stylosa Griff. SK
Acanthacee Avicennia marina (Forsk.) Viert. SK
Rhizophoraces Rhizophora apiculata Bl. SYTL
Rhizophoraces Bruguiera sexangula (Lour.) Poir SYTL
Rhizophoraces Bruguiera x rhynchopetal W. C. Ko SYTL
Rhizophoraces Bruguiera gymnorrhiza (Linn.) Savign'  SYTL
Meliacea Xylocar pus granatum Koenig SYTL
Combretace: Lumnitzera racemosa Willd. SYTL
Combretaces Lumnitzera littorea (Jack) Voig SYTL
Combretaces Lagunculariaracemosa (L.) C.F.Gaertr SYTL
Acanthacee Avicennia marina (Forsk.) Vierh SYTL
Sonneratiace: Sonneratia caseolaris (L.) Engl SYTL
Rhizophoraces Ceriopstagal (perr.) C. B. Rol SYQM
Rhizophoraces Rhizophora stylosa Griff. SYQM
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