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Abstract Synergistic regulation in leaf architecture and photosynthesis is essential for 23 

salt tolerance. However, how plant sex and inorganic nitrogen sources alter salt 24 

stress-dependent photosynthesis remains unknown. Leaf anatomical characteristics 25 

and photosynthesis of Populus cathayana Rehder females and males were 26 

investigated under salt stress conditions combined with NO3
− and NH4

+ supplies to 27 

clarify the underlying mechanisms. In salt-stressed females, we observed an increased 28 

mesophyll spongy cell density, a reduced chloroplast density, a decreased surface area 29 

of chloroplasts adjacent to the intercellular air space (Sc/S) and an increased 30 

mesophyll cell area per transverse section width (S/W), consequently causing 31 

mesophyll conductance (gm) and photosynthesis inhibition, especially under NH4
+ 32 

supply. Conversely, males with a greater mesophyll palisade tissue thickness and 33 

chloroplast density, but a lower spongy cell density had lower S/W and higher Sc/S, 34 

and higher gm and photosynthesis. NH4
+-fed females had a lower CO2 conductance 35 

through cell wall and stromal conductance perpendicular to the cell wall, but a higher 36 

chloroplast conductance from the cell wall (gcyt1) than females supplied with NO3
−, 37 

while males had a higher chloroplast conductance and lower CO2 conductance 38 

through cell wall when supplied with NO3
− instead of NH4

+ under salt stress. These 39 

findings indicate sex-specific strategies in coping with salt stress related to leaf 40 

anatomy and gm under both types of N supplies, which may contribute to sex-specific 41 

CO2 capture and niche segregation. 42 

 43 
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Introduction 46 

 47 

Salt stress reduces plant biomass and crop production, and these changes are typically 48 

strongly correlated with a decreasing rate of photosynthesis (Praxedes et al. 2010, 49 

Wankhade et al. 2013). Photosynthesis is a critical factor that determines energy 50 

conversion efficiency, thereby regulating plant productivity and performance 51 

(Pinheiro and Chaves 2011, Ort et al. 2015). It has been suggested that CO2 stomatal 52 

limitations, including stomatal (gs) and mesophyll (gm) conductance limitation, are 53 

primary factors restricting leaf photosynthesis (A) in salt-stressed leaves (Flexas et al. 54 

2016, Zait et al. 2019, Veromann-Jürgenson et al. 2020). Leaf dehydration induced by 55 

drought and/or salt stress reduces gs to control the transpirational water flow from 56 

leaves (Golldack et al. 2014). However, lower gs reduces CO2 flux into leaves, and 57 

then results in the limitation of A and carbon starvation in plants. The gm value 58 

indicates CO2 diffusion from the sub-stomatal cavities to the sites of carboxylation. 59 

According to a previous simulation performed by Zhu et al. (2010), doubling of gm 60 

could improve photosynthetic rates by nearly 20% under normal growth conditions. In 61 

stressed plants, the photosynthetic limitation due to gm can be much greater than in 62 

non-stressed plants (Martins et al. 2014, Niinemets and Keenan 2014). Therefore, it is 63 

important to clarify, whether and how salt stress affects gm and then leaf A in 64 

dioecious plants. 65 
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 66 

The gm values of given genotypes or species are associated with changes in leaf 67 

anatomical traits, especially under environmental stresses (Niinemets et al. 2009a, Lu 68 

et al. 2016). Generally, leaves with a robust structure and higher LMA show lower gm 69 

and photosynthesis (Niinemets et al. 2009b, Tomás et al. 2013). Plants with higher 70 

LMA usually have a greater biomass investment in supporting tissues, thicker cell 71 

walls, a lower cytoplasm and higher stroma conductance to CO2 diffusion inside 72 

leaves (Niinemets 2007, Tomás et al. 2013). Inside a leaf, CO2 from substomatal 73 

cavities diffuses through the intercellular air space and liquid phase consisting of the 74 

cell wall, cytoplasm, plasma membrane, chloroplast stroma and envelope (Tosens et al. 75 

2012b, Cano et al. 2013). The CO2 liquid-phase resistance accounts for 80-90% of 76 

mesophyll resistance (Lu et al. 2016, Tosens et al. 2016). 77 

 78 

Among CO2 liquid-phase diffusion components, the cell wall thickness of the leaf 79 

mesophyll and the chloroplast surface area exposed to intercellular air space (Sc/S) 80 

have been considered as the strongest limiting factors of gm, but these traits are highly 81 

different among species (Tomás et al. 2013, Berghuijs et al. 2016). An increased 82 

mesophyll cell wall thickness and decreased Sc/S can probably increase the CO2 83 

diffusion path length and area, which will limit gm in plants (Terashima et al. 2011, 84 

Tomás et al. 2013). In addition, the increased mesophyll surface area exposed to the 85 

intercellular air space (Sm/S) facilitates CO2 diffusion from the cytosol into 86 

chloroplasts, which promotes photosynthesis via greater gm (Ren et al. 2019, Hu et al. 87 
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2020). Other cellular components, such as chloroplasts, plasmalemma and cytoplasm 88 

also affect CO2 diffusion into leaves (Tomás et al. 2013, Lu et al. 2016). A higher 89 

mesophyll cell density typically decreases the air space size, which probably 90 

decreases the CO2 gas-phase conductance (Tomás et al. 2013, Lu et al. 2016). Also, a 91 

recent study has indicated that a large total mesophyll cell area per transverse section 92 

width (S/W) is advantageous as balancing the leaf structure and CO2 assimilation (Hu 93 

et al. 2020). Therefore, knowledge of leaf structural and anatomical traits affecting gm 94 

is crucial for understanding photosynthetic efficiency, especially under abiotic 95 

stresses. 96 

 97 

Generally, salt stress induces leaf dehydration and leads to the reduction of gm and gs 98 

in plants (Wang et al. 2018, Zait et al. 2019). Leaf dehydration reduces the internal air 99 

space volume and increases the cell wall thickness (Henry et al. 2000, Tosens et al. 100 

2012a). The size and shape of chloroplasts and mesophyll cells are also strongly 101 

affected by leaf dehydration (Scoffoni et al. 2017). Such changes probably have major 102 

implications for gm (Tosens et al. 2012a) and suggest that salt stress may lead to 103 

analogous changes. How gm is affected by salinity is still an open question, especially 104 

in trees. Moreover, little is known about the effects of salt stress on leaf anatomy and 105 

photosynthesis under different inorganic N sources, e.g. NH4
+ vs. NO3

−. 106 

 107 

Poplars are dioecious species, in which females and males have significant differences 108 

in biomass partitioning, photosynthesis, carbon-nutrient balance and leaf anatomical 109 
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traits when exposed to abiotic stresses, including salt stress (Li et al. 2016, Chen et al. 110 

2016, Liu et al. 2020a, Liu et al. 2021), which is further affected by N forms (Chen et 111 

al. 2011, Liu et al. 2020b). Poplars preferentially take up NO3
− when both NH4

+ and 112 

NO3
− are given at the same concentration, and growth may be accelerated despite high 113 

energy requirements (Bi et al. 2020). Energy costs do not differ between NO3
− and 114 

NH4
+ when the assimilation of NO3

− occurs in the shoots, especially under abiotic 115 

stress (Guo et al. 2007). Interestingly, poplar females have a higher specific root 116 

length (SRL), which indicates a lower carbon cost but a weaker root exploration 117 

capacity compared to males, while lower SRL in males may facilitate the utilization 118 

of less-mobile NH4
+ (Xia et al. 2020). Sex- and N form-dependent root system 119 

architecture investments largely reflect energy requirement for foliage construction 120 

and, thereby, may affect gm and photosynthesis. Niinemets (1999) has proposed that 121 

the fraction of the annual biomass invested in foliage decreases in older trees, which 122 

results from biomass being largely invested in roots and stems. As discussed above, 123 

we hypothesize that N forms affect root biomass allocation with further modifications 124 

of leaf anatomy and gm. 125 

 126 

In this study, we employ Populus cathayana to examine sex-specific adaptive 127 

strategies to salt stress under NO3
− and NH4

+ supplies with the following hypotheses: 128 

(1) sex-specific trade-offs between leaf anatomical properties and gm determine 129 

sex-specific differences in salt adaptation; (2) N forms affect root energy allocation, 130 

with further modifications in leaf anatomy and gm under salt stress in a sex-dependent 131 
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manner. This study will not only help us to improve understanding of the response of 132 

foliar architecture to photosynthesis under salt stress and different N forms, but it will 133 

aid to predict photosynthetic behaviour in tree species with different N source 134 

preferences and spatiotemporal changes in N assimilation at rising atmospheric CO2. 135 

 136 

Materials and methods 137 

 138 

Plant material and experimental design 139 

 140 

Cuttings of P. cathayana were obtained from different trees of each sex from 141 

populations in riparian and valley flat habitats of the Qinghai Province, China (30° 67′ 142 

N, 104° 06′ E), as explained in detail by Liu et al. (2020a). The cuttings were planted 143 

in March 2019 at the Hangzhou Normal University, China, (30° 01′ N, 104° 07′ E). 144 

The seedlings were cultivated in a semi-controlled greenhouse with a daytime 145 

temperature of 21-25 °C, a night-time temperature of 15-18 °C, a photoperiod of 146 

12-14 h, and a relative humidity of 76-81% throughout the growth period. After 147 

growing for 5 weeks, 32 uniform and healthy seedlings (16 females and 16 males) 148 

with heights of 30-40 cm were transplanted into 10-l plastic pots with a 10-kg mixture 149 

of sand, vermiculite and perlite (1:1:1). 150 

 151 

The experiment was completely randomized with two sexes (males, females), two N 152 

regimes (NO3
−, NH4

+), and two NaCl levels (−NaCl, +NaCl). Each treatment was 153 
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replicated four times. The plants were fertilized every 2 days with 200 ml nutrient 154 

solution (pH = 6.0) containing either 3.75 mM NH4
+ or 3.75 mM NO3

− as the N 155 

source (see Table S1 for the full composition of nutrient solutions). After the seedlings 156 

had grown for a further 30 days, half of the cuttings were treated with 200 ml NaCl 157 

(200 mM) administered every day until the final NaCl concentration reached 50 mM 158 

kg−1 growth substrate. Each day, the control cuttings received the same amount of 159 

distilled water. 160 

 161 

Gas exchange and fluorescence measurements 162 

 163 

Chlorophyll fluorescence and gas exchange characteristics of mature leaves were 164 

measured with a portable photosynthesis measuring system (Ll-6400; Li-Cor Inc., 165 

Lincoln, NE, USA) equipped with an integrated leaf chamber fluorometer 166 

(LI-6400-40). The measurements were conducted between 09:00 h and 16:30 h. The 167 

standard environmental conditions during measurements of leaf photosynthetic 168 

characteristics were as follows: leaf temperature of 25 °C, saturating photon quantum 169 

flux density (PPFD) of 1200 μmol m−2 s−1 (with 90% red light and 10% blue light), 170 

relative humidity of 75%, air flow rate of 500 μmol s−1 and CO2 concentration in the 171 

cuvette (Ca) of 400 μmol mol−1. After leaf gas exchange rates stabilized, typically in 172 

20-30 min, the steady-state fluorescence yield (Fs) was recorded, and a saturating 173 

light flash of 8000 μmol m−2 s−1 for 0.8 s was given to measure the maximum 174 

fluorescence yield at the light-adapted state (Fm’). For measurements of chlorophyll 175 
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fluorescence, leaves were adapted to the dark for 30 min using an aluminium foil 176 

cover. The minimum fluorescence (Fo) and maximum fluorescence (Fm) were 177 

measured. After these measurements, CO2 response curves were measured with Ca 178 

lowered stepwise from 400 to 300, 200, 100 and 50 μmol mol−1, and then raised from 179 

50 to 400, 600, 800 and 1000 μmol mol−1, while all other environmental conditions 180 

were maintained. The chlorophyll fluorescence characteristics, FS and Fm’, were also 181 

measured at each Ca. 182 

 183 

Estimation of gm by chlorophyll fluorescence and gas exchange 184 

 185 

The photochemical efficiency of photosystem II (ФPSII) was calculated according to 186 

Genty et al. (1989): 187 

 188 

ΦPSII = (Fm’ - Fs) / Fm’ (1) 189 

 190 

The electron transport rate from chlorophyll fluorescence (J) was calculated as 191 

follows: 192 

 193 

J = ΦPSII·Q·α·β (2) 194 

 195 

where the product αβ (β is the fraction of light absorbed by PSII, and α is leaf 196 

absorptance) is obtained from the correlation between photosynthetic rate (A) and Q 197 
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•ΦPSII/4 using the light response curve under non-photorespiratory conditions ([O2] < 198 

1.0%) (Yin et al. 2009). The light response curve under low [O2] was measured based 199 

on the method of Lu et al. (2016). Q is PPFD. 200 

 201 

The CO2 response curves were used to estimate gm according to the variable J method 202 

proposed by Harley et al. (1992); gm was calculated as follows: 203 

 204 

gm = 
A

Ci -
Γ*(J + 8(A + Rd))

J - 4(A + Rd)

 (3)  205 

 206 

where Rd is the dark respiration rate continuing in light, and Γ* is the hypothetical 207 

CO2 compensation point in the absence of Rd (Bernacchi et al. 2001, Tosens et al. 208 

2012b). Then, gm was used to transform A/Ci response curves into A/Cc response 209 

curves by the equation Cc = Ci − A/gm and Γ* = Ci* + Rd/gm. Cc was used to calculate 210 

the maximum velocity of carboxylation and the photosynthetic electron transport 211 

according to the method of Bernacchi et al. (2002). Each gm was replicated four times 212 

for every specimen. Rd and Ci* were measured according to Brooks and Farquhar 213 

(1985). Briefly, the A/Ci curve was generated at PPFD of 150, 300 and 600 μmol m−2 214 

s−1, with each having four Ca chambers (50, 75, 100 and 150 μmol CO2 mol−1). The 215 

x-axis and y-axis of the intersection point of three A/Ci curves represented Ci
* and Rd, 216 

respectively. 217 

 218 

Estimation of leaf construction costs 219 
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 220 

Leaf construction costs [CC, g glucose (g dry mass)−1] were calculated from ash [g 221 

g−1(d.m.)], N [g g−1(d.m.)] and Hc [kJ g−1(d.m.)] according to Williams et al. (1987): 222 

 223 

CC = {[(0.06968 × Hc - 0.065) (1 - ash)] + [(K × N/14.0067)(180.15/24)]}/0.89 (4) 224 

 225 

where K is the substrate of nitrogen oxidation state, +5 for nitrate and −3 for 226 

ammonium. Hc is the ash-free heat of combustion. 227 

 228 

Microscopic observations and anatomical measurements 229 

 230 

Leaf segments (1×1 mm) were taken from leaves avoiding major veins, and fixed in a 231 

formaldehyde, acetic acid and alcohol solution (1:1:8 v/v) under vacuum for 20 min. 232 

Thereafter, the samples were thoroughly washed three times with deionized water and 233 

dehydrated in a graded ethanol series. Sections were embedded in glycol methacrylate 234 

under vacuum. Semi-thin cross-sections were stained with safranin-fast green and 235 

viewed under a light microscope (Nikon Corporation, Kyoto, Japan) at 20× 236 

magnification. The following characteristics were measured from light micrographs: 237 

the thickness, size and density of leaf palisade and spongy tissues, and the sum of 238 

spongy and palisade tissue cell area per transverse section. 239 

 240 

In addition, leaf samples were cut and fixed in 4% (v/v) glutaraldehyde in sodium 241 
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phosphate buffer (0.2 M, pH = 7.2) overnight. The samples were thoroughly washed 242 

three times with a sodium phosphate buffer and then post-fixed in 1% (w/v) osmium 243 

tetroxide for 1 h. After dehydration in a graded ethanol series, the samples were 244 

immersed in 1:3 (v/v) Spurr’s resin and acetone. The dehydrated samples were 245 

embedded in Spurr’s resin and dried on glass slides. Ultrathin (90 nm) cross sections 246 

were stained with 2.0% uranyl acetate (w/v) and lead citrate, and viewed with a 247 

transmission electron microscope (H-7650, Hitachi, Tokyo, Japan). Cell wall 248 

thickness (Tcw), the distance between two neighbouring chloroplasts (ΔLchl), 249 

cytoplasm thickness (Tcyt), chloroplast distance from the cell wall (ΔLcyt,1), and 250 

chloroplast thickness (Tchl) and length (Lchl) were measured at 20,000-40,000× 251 

magnification. Each anatomical characteristic per specimen was determined from four 252 

to six different fields of view for each section and calculated based on the method of 253 

Tomás et al. (2013). All photographs were analysed with Image J (Wayne 254 

Rasband/NIH, Bethesda, MD, USA). 255 

 256 

Sc/S and mesophyll surface area (Sm/S) exposed to intercellular air space per leaf area 257 

were calculated as follows: 258 

 259 

Sc/S =
Lmes

W
F (5) 260 

 261 

Sm/S =
Lc

Lmes
Sm/S (6) 262 

 263 
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where Lc and Lm are the distances of the chloroplast surface area and the mesophyll 264 

cells facing the intercellular air space, respectively; W is the width of the measured 265 

section; and F is the cell curvature correction factor, which is calculated according to 266 

the method of Thain et al. (1983). The values of F ranged from 1.4-1.5 for palisade 267 

cells and 1.16−1.4 for spongy cells. 268 

 269 

The fraction of intercellular air space (fias) in leaf mesophyll, fias was estimated as: 270 

 271 

fias =1 -
∑ Ss

tmes W
 (7) 272 

 273 

where tmes is mesophyll thickness. 274 

 275 

All parameters were analysed at three different fields and at three different sections. 276 

The weighted average was calculated based on tissue volume fractions according to 277 

Tomás et al. (2013). 278 

 279 

Determination of leaf area, leaf dry mass per unit area, and leaf sodium content 280 

 281 

Leaf samples were washed three times with deionized water and dried at 75 °C to a 282 

constant mass. Dry samples were ground and digested with 3:1 (v/v) HNO3 and 283 

HClO4. Na concentration was determined using inductively coupled plasma mass 284 

spectrometry (Agilent 7500a, Agilent Technologies, CA, USA). 285 



 

14 
 

 286 

Quantitative photosynthetic limitation analysis 287 

 288 

A quantitative limitation analysis was used to distribute the relative controls on A 289 

among stomatal limitation (SL), mesophyll conductance limitation (MCL) and 290 

biochemical limitation (BL) (Grassi and Magnani 2005), as modified by Tomás et al.  291 

2013). The relative changes in photosynthesis are expressed as: 292 

 293 

dA

A
= SL + MCL + BL = ls 

dgsc

gsc
+ lmc 

dgm

gm
+ lb 

dVcmax

Vcmax
 (8) 294 

 295 

ls= 
gtot/gs · ∂A / ∂Cc

gtot + ∂A / ∂Cc
 (9) 296 

 297 

lm= 
gtot/gm · ∂A / ∂Cc

gtot + ∂A / ∂Cc
 (10) 298 

 299 

lb= 
gtot

gtot + ∂A / ∂Cc
 (11) 300 

 301 

where lm, ls and lb are the corresponding relative limitations due to gm, gs and 302 

biochemical capacity (Vcmax), respectively; (ls + lm + lb = 1). The total CO2 diffusion 303 

conductance, gtot, was given by: 304 

 305 

gtot = 
1

1/gsc +1/gm
 (12) 306 

 307 
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∂A/∂Cc was estimated as the slope of A/Cc curves with the range of Cc at 50-100 μmol 308 

mol−1 (Tomás et al. 2013). At least three A/Cc curves of each treatment were used, and 309 

average values were calculated. 310 

 311 

Relative changes in A, gm, Vcmax and stomatal conductance to CO2 (gsc) due to the salt 312 

treatment were estimated as follows (Chen et al. 2015): 313 

 314 

dA

A
 ≈

 Amax
ref

- A

Amax
ref

 (13) 315 

 316 

dgm

gm
 ≈ 

 g
m
ref - gm

g
m
ref

 (14) 317 

 318 

dVcmax

Vcmax
 ≈ 

 Vmax
ref - Vcmax

Vcmax
ref

 (15) 319 

 320 

dgsc

gsc
 ≈

 g
sc
ref- gsc

g
sc
ref

 (16) 321 

 322 

where g
m
ref, g

sc
ref , Amax

ref  and Vcmax
ref  are the reference (maximum) values of gm, gsc, A 323 

and Vcmax, respectively (Grassi and Magnani 2005). The reference values for A, gsc, gm 324 

and Vcmax correspond to NO3
− and NH4

+ treatments without salt stress. 325 

 326 

The CO2 liquid-phase diffusion conductance in cytosol, cell wall and stromal 327 
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conductance were calculated according to a general formula: 328 

 329 

gi = 
1

ri
 = 

rf,1 · Dw · pi

Δ Li
 (17) 330 

 331 

where gi denotes the individual component conductance (ri is the CO2 liquid-phase 332 

diffusion resistance), and Dw, pi (m3 m−3) and ΔLi (m) are the CO2 aqueous-phase 333 

diffusion coefficient (1.79 × 10−9 m2 s−1 at 25 oC), effective porosity for the given 334 

diffusion pathway component and the length of the diffusion path in the 335 

corresponding diffusion component, respectively. The dimensionless factor rf,1 336 

considers the reduction of diffusion in different cellular components due to the 337 

presence of solutes and macromolecules; rf,1 was taken as 0.3 for cytosol and stroma, 338 

and 1.0 for cell walls (Niinemets and Reichstein 2003, Rondeau-Mouro et al. 2008). 339 

The effective porosity was 1.0 for stroma and cytosol. The pi value of the cell wall 340 

was estimated by a least-squares iterative analysis to obtain the best fit between the 341 

modelled and measured gm values (Tosens et al. 2012b, Tomás et al. 2013). The pi 342 

value of the cell wall was set at 0.3 for the thinnest cell walls and 0.028 for the 343 

thickest cell walls (Nobel 1991, Tosens et al. 2012b). In this study, the conductance of 344 

the chloroplast envelope (genv) and plasma membrane (gpl) was set to 0.0035 m s−1 345 

(Tosens et al. 2012a). 346 

 347 

The total liquid-phase conductance consisted of two parallel pathways and was 348 

calculated as follows (Tomás et al. 2013): 349 
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 350 

gliq = 
Sc

(rcw + rpl + rcel,1)
+ 

Sm - Sc

(rcw + rpl + rcel,2)
 (18) 351 

 352 

where rcw, rpl, rcel,1, and rcel,2 are the resistances of cell wall, plasma membrane, cell 353 

wall parts with chloroplasts and the interchloroplastial areas, respectively (Tomás et al. 354 

2013). The rcel,1 and rcel,2 were calculated as follows: 355 

 356 

gcel,1 = 
1

rcyt,1 + renv + rst,1
 (19) 357 

 358 

gcel,2 = 
1

rcyt,2 + renv + rst,2
 (20) 359 

 360 

where rst,1 and rst,2 are the stromal resistance perpendicular and parallel to the cell 361 

walls, respectively. The rcyt,1 value is defined as the CO2 resistance through the 362 

plasmalemma inner surface to the outer surface of chloroplasts, and rcyt,2 as the 363 

resistance from interchloroplastic cell wall portions to the outer surface of 364 

chloroplasts (Tomás et al. 2013). These equations give gm in m s−1. The conversion to 365 

molar units is given as follows: 366 

 367 

gm [mol m-2 s-1] = gm [m s-1] 44.6 [273.16/(273.16 + T)(P/101325)], where T is leaf 368 

temperature in oC and P is air pressure in Pa. 369 

 370 

Quantitative analyses of anatomical limitations of gm 371 



 

18 
 

 372 

The quantitative contributions of different anatomical traits to gm were separated 373 

according to Tosens et al. (2012b) and Tomás et al. (2013). The share of gm in the gas 374 

phase was calculated as follows: 375 

 376 

lias = 
gm

gias
 (21) 377 

 378 

The limitations of gm by different liquid-phase components (li, where i stands for a 379 

diffusion pathway component, including cell wall, cytosol, chloroplast stroma, 380 

chloroplast envelope and plasmalemma) were calculated as follows: 381 

 382 

li = 
gm

gi
Sm

S

 (22) 383 

 384 

where gi is the corresponding CO2 conductance of the diffusion pathway. 385 

 386 

Estimation of gm by a curve-fitting method 387 

 388 

Estimation of gm was performed by the method of Ethier and Livingston (2004). The 389 

gm estimation was performed with the A/Ci curves with a non-rectangular hyperbola 390 

version of the Farquhar’s biochemical model for leaf photosynthesis (Farquhar et al. 391 

1980). The gm value from the fitting of A/Ci and measured from combined gas 392 

exchange (gm) and chlorophyll fluorescence measurements (gm-gas exchange) were 393 
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significantly correlated (r2 = 0.79, P < 0.05; Figure S1). 394 

 395 

Statistical analyses 396 

 397 

Statistical analyses were conducted using the SPSS software (version 22.0). Before 398 

analyses of variance (ANOVAs), the data were checked for normality. The differences 399 

between mean values were compared by Duncan’s tests at a significance level of P < 400 

0.05. Three-way analyses of variance were performed to examine the effects of sex, N 401 

forms and salt levels. Structural equation modeling was used to evaluate the indirect 402 

and direct relationships between leaf structure, biomass allocation, chloroplast 403 

exposed surface to leaf area ratio (Sc/S), mesophyll cell area per transverse section 404 

width (S/W), CO2 mesophyll conductance (gm) and photosynthesis (A). Before the 405 

construction of the structure equation modeling, we conducted a principal component 406 

analysis (PCA) to create the multivariate functional index due to the correlations 407 

among the factors within each group. The structural equation modeling analyses were 408 

performed using the R package “lavaan” v. 0.6−1 (Rosseel 2012). 409 

 410 

Results 411 

 412 

Morphological and anatomical traits of leaves 413 

 414 

Salt stress significantly decreased leaf A, gm, gs, leaf area, leaf biomass, Fv/Fm, 415 
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chlorophyll concentration, the rate of photosynthetic electron transport (J, Eq. 2) and 416 

Vcmax in females and males grown under both N forms (except for Fv/Fm under NH4
+ 417 

supply and leaf biomass under both N forms in males). The salt effects were greater in 418 

females than in males (Figure 1; Table 1; Table S2). Salt stress increased leaf dry mass 419 

per unit area (LMA) and leaf thickness (Figure 1; Table 1). Compared with control 420 

conditions, salt stress increased LMA by 37% and 59% in females, and by 21% and 16% 421 

in males under NO3
− and NH4

+ supply, respectively. Leaf thickness increased by 59% 422 

and 56% in females, and by 26% and 19% in males by salt stress under NO3
− and 423 

NH4
+ supply, respectively (Table 2). The leaf construction cost with salt stress 424 

exposure was slightly higher in males than in females under NH4
+ supply, but it was 425 

similar in both sexes under NO3
− supply (Table 1). The leaf dark respiration rate (Rd) 426 

increased by salt stress, and the effect of salt stress on Rd was greater in females than 427 

in males under both N forms. Salt stress induced Rd more in females under NO3
− 428 

supply than under NH4
+ supply; there was no significant difference in Rd in males 429 

between the two N forms (Table S2). The SRL value in females was greater than that 430 

in males, and the increase in SRL was more significant under NO3
− supply in males 431 

(Table 1). The contrary was true for root length density (RLD) under salt stress. The 432 

root biomass and the ratio of root to shoot were higher in females than in males with 433 

salt stress under both N forms (Table 1; Table S2). 434 

 435 

The density of both mesophyll palisade and spongy tissue cells was higher in females 436 

than in males exposed to salt stress under both N forms (Table S2). The contrary was 437 
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true for the thickness of palisade and spongy tissues. Palisade and spongy cells were 438 

denser in NH4
+-fed females than in those supplied by NO3

− under salt stress, while a 439 

higher density of palisade and spongy cells was found in males with NO3
− supply 440 

under salt stress (Table S2). Leaf thickness, fias, Sm/S, Sc/S, and chloroplast density and 441 

length were higher in males than in females with salt stress under both N forms (Table 442 

2). NH4
+-fed males with salt stress had lower S/W and chloroplast density but higher 443 

fias under NO3
− supply (Table 2). In contrast, there was no significant difference in leaf 444 

thickness, Sm/S, S/W, or chloroplast density and length in females with salt stress 445 

under either N form, but Sc/S and fias were lower under NH4
+ supply (Table 2). Tcw, 446 

Tchl, lcyt,1 and lcyt,2 in salt-stressed plants were higher under NO3
− and NH4

+ supply in 447 

both sexes compared with control plants (Figure 1; Table 2). In males, salt stress 448 

increased Tcw, Tchl, lcyt,1 and lcyt,2 by 23%, 15%, 43% and 20%, respectively, under 449 

NO3
− supply, and by 15%, 24%, 66% and 28%, respectively, under NH4

+ supply 450 

(Table 2). In contrast, in females, Tcw, Tchl, lcyt,1,and lcyt,2 increased by 19%, 34%, 62% 451 

and 37%, respectively, under NO3
− supply, and by 29%, 40%, 32% and 39%, 452 

respectively, under NH4
+ supply in salt-stressed plants (Table 2). 453 

 454 

Correlations of gm with physiological characteristics of leaves 455 

 456 

The net photosynthesis rate (A) exhibited a significant positive correlation with gm and 457 

gs in both sexes under both NO3
− and NH4

+ supply (Figure 2a, b). Under both N forms, 458 

A at a given gs and gm was higher in males than in females irrespective of salt stress 459 
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(Figure 2, P < 0.05, Duncan’s test), reflecting a greater photosynthetic capacity in 460 

males. With an increasing Na+ concentration in leaves, gm decreased significantly in 461 

both sexes, especially in males under NH4
+ supply (Figure 2c). Both gm and the CO2 462 

drawdown from intercellular air space to chloroplasts (Ci-Cc) decreased under salt 463 

stress, but the reductions were greater in females than in males, especially under NH4
+ 464 

supply (Figure 2d). 465 

 466 

Correlations of gm with anatomical traits of leaves 467 

 468 

Strong positive correlations between gm and fias were observed in females and males 469 

under all treatments (P < 0.001, Duncan’s test) (Figure 3a). In males, fias decreased by 470 

salt stress more under NO3
− than under NH4

+ supply, whereas lower fias was observed 471 

under NH4
+ than under NO3

− supply (Figure 3a). According to multiple regression 472 

analyses, gm was positively associated with Sm/S and Sc/S in all treatments in both 473 

sexes (P < 0.001; Duncan’s test, Figure 3b, c). At given Sm/S, gm was greater in males 474 

than in females, but a similar relationship between gm and Sc/S was observed in both 475 

sexes (Figure 3b, c). A strong negative relationship was observed between gm and Tcw 476 

in both sexes under both N forms (P < 0.001; Duncan’s test, Figure 3d). The slopes of 477 

gm vs. Tcw were similar in males and females, but because salt stress led to higher Tcw 478 

in females than in males (see above), the gm vs. Tcw line was shifted towards higher 479 

Tcw values along the common slope (Figure 3d). Sc/S and Tcw better explained the 480 

sexually differential gm relative to fias and Sm/S. In contrast, fias and Sm/S explained the 481 
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differences among treatments for each sex. 482 

 483 

Limitation of photosynthesis under salt stress 484 

 485 

According to the quantitative limitation analysis, salt stress changed the share of 486 

mesophyll, stomatal and biochemical limitations in both sexes under NH4
+ and NO3

− 487 

supply (Figure 4a). In particular, biochemical and mesophyll diffusion limitations 488 

(Eqs 10-11) restricted photosynthetic capacity more than stomatal limitations (Eq. 9) 489 

under salt stress (Figure 4a). Mesophyll diffusion limitations due to salt stress were 490 

higher in females than in males under both N forms, and the extent of inhibition due 491 

to salt stress was greater under NH4
+ than under NO3

− supply (Figure 4a). Salt stress 492 

strongly increased biochemical limitations in females under both N forms, but the 493 

extent of such limitations was more significant in males under NO3
− than under NH4

+ 494 

supply. Stomatal limitations were higher under NO3
− than under NH4

+ supply, 495 

especially in females (Figure 4a, P < 0.05, Duncan’s test). Positive relationships were 496 

observed between leaf Na and SL, and Na and MCL in both sexes (Figure 4b). 497 

 498 

Limitations of gm resulting from diffusion pathway components 499 

 500 

In all cases, CO2 liquid phase diffusion represented a higher proportion of the total 501 

diffusion pathway limitation than did gas phase diffusion (Figure 5a-d). For the liquid 502 

phase, decreases in the absolute values of CO2 diffusion conductance due to salt stress 503 



 

24 
 

were greater in females than in males under both N forms (Figure 5d). Moreover, the 504 

salt stress-dependent increase in the absolute liquid phase conductance was lower 505 

under NH4
+ than under NO3

− supply in females but not in males (Figure 5d). 506 

 507 

The analysis of different liquid phase components indicated that the chloroplast 508 

stroma and cytoplasm were the most limiting components in females and males 509 

(Figure 6a, b). In salt-stressed females, the share of overall limitation due to 510 

chloroplast stroma was reduced under NH4
+ but unaffected under NO3

− supply. In 511 

contrast, salt stress increased the CO2 diffusion limitation due to cytoplasm in both 512 

sexes. Salt stress did not affect chloroplast stromal limitation under either N form in 513 

males (Figure 6a, b). The limitation of liquid phase conductance due to cell walls was 514 

not affected by salt stress under either N supply in either sex. However, salt stress led 515 

to 43% and 109% increases in the relative chloroplast envelope limitation under NO3
− 516 

and NH4
+ supply, respectively, in females, while the limitation of the chloroplast 517 

envelope did not change by salt stress in males under NH4
+ supply (Figure 6a, b). 518 

 519 

The absolute values of diffusion conductance differed among sexes and treatments 520 

(Figure 6c, d). Salt stress decreased gcyt1, gcyt2 and gst1 in both sexes under NO3
− and 521 

NH4
+ supply, and the effects of salt stress on cytoplasm conductance were greater in 522 

males than in females (Figure 6c, d; Figure S2). The gst2 value of females also 523 

decreased by salt stress under NH4
+ supply, but there was no significant difference in 524 

males under either N form (Figure 6c, d; Figure S2). Compared with control 525 
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conditions, salt stress had higher gst1 and gcw, and lower gcyt1 in females under NO3
− 526 

than under NH4
+ supply, whereas no significant differences were found in gst2 and gcyt2 527 

values between the two N forms (Figure S2). In males, greater gcw and gst2, and lower 528 

gcyt1 and gcyt2 induced by salt stress were found under NH4
+ supply than under NO3

− 529 

supply (Figure 6c, d; Figure S2). There was no significant difference in gst1 between 530 

the two N forms in males. 531 

 532 

Structural equation modelling 533 

 534 

As shown in Figure 7, structural equation modelling suggested that leaf S/W and gm 535 

had direct effects on leaf photosynthesis (r2 = −0.49 and 0.51, respectively). The leaf 536 

photosynthesis was positively correlated with leaf gm but negatively correlated with 537 

leaf S/W. Leaf Sc/S had a direct positive effect on gm (r2 = 0.41), while leaf S/W had a 538 

direct negative effect on gm (r2 = −0.60). Leaf structure had a direct positive effect on 539 

biomass allocation (r2 = 0.47) and S/W (r2 = 0.34), but a direct negative effect on Sc/S 540 

(r2 = −0.30). By contrast, biomass allocation had a direct positive effect on Sc/S (r2 = 541 

0.36). 542 

 543 

Schematic modes showing the sexual difference in gm 544 

 545 

As shown in Figure 8, under salt stress, females had less chloroplast and more 546 

mesophyll spongy cells; the contrary was true for males under both N forms. The CO2 547 
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stroma (gst) and cytoplasm conductance (gcyt) were the lowest among the CO2 liquid 548 

conductance levels. The CO2 cell wall conductance of females was lower with NH4
+ 549 

supply, but lower with NO3
− supply when compared to males under salt stress. The 550 

gst1 and gcyt1 values of males were higher than those of females under both N forms 551 

and salt stress. Under salt stress, gst2 was higher in females than in males with NH4
+ 552 

supply, but it showed no significant difference between the sexes under NO3
− supply. 553 

NH4
+-fed females had greater gcyt1 but lower gst1 and gcw, and similar gst2 and gcyt2 than 554 

those under NO3
− supply, while males had higher gcyt1 and gcyt2, lower gcw and gst2, 555 

and similar gst1 under NO3
− supply than under NH4

+ supply under salt stress (Figure 556 

8). 557 

 558 

Discussion 559 

 560 

The present study clearly demonstrated that salt stress imposes sex-specific restraints 561 

on CO2 assimilation, mainly deriving from the restraint of gm relative to gs under 562 

NO3
− and NH4

+ supply. Generally, stomatal closure is the first response to salt stress 563 

in plants (Wang et al. 2018). Salt stress could disturb stomatal function, leading to a 564 

decreased photosynthetic capacity (Tavakkoli et al. 2011, Pérez-López et al. 2012, 565 

Chen et al. 2015). Improving stomatal regulation has been regarded as the most 566 

effective approach to alleviate salt stress in plants (Chen et al. 2015, Qiu and Katul 567 

2020). In this study, both gm and gs were positively correlated with A in females and 568 

males under both N forms (Figure 2). The relationship of gm and gs was stronger in 569 
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females than in males (Figure S3). However, we found that the gm, gs and J 570 

significantly decreased by salt stress under both N forms, especially in females (Table 571 

1; Table S2). 572 

The variable gm was the main limiting factor for the sexual difference in A under salt 573 

stress. This result was a little inconsistent with a previous study on Ziziphus 574 

spina-christi trees suggesting that gm plays a critical role in controlling A only under 575 

severe salinity stress (Zait et al. 2019). This could be explained by the different way 576 

of calculating ls and lm, as well as by the plant species. In the study by Zait et al. 577 

(2019), the authors investigated drought-tolerant Ziziphus spina-christi trees, which 578 

exhibited strong tolerance to salt stress. The concentration of NaCl used in our study 579 

was moderate for males but not for females. In this study, the net photosynthetic rate 580 

A and stomatal conductance gs decreased by salt stress more significantly in Populus 581 

cathayana females than in males. Additionally, gs was dynamic and changed in 582 

response to environmental conditions rapidly or even faster than gm (Flexas et al. 583 

2008). These results suggested that the photosynthetic limitation from gm might be 584 

higher than that from gs under our experimental conditions. 585 

 586 

Salt stress affects those morphological and anatomical traits of leaves that are 587 

associated with CO2 diffusion into the leaves and leaf photosynthesis (Wankhade et al. 588 

2013, Wang et al. 2018). A higher LMA value is correlated with a greater dry mass 589 

investment and it has a negative effect on gm (Tomás et al. 2013, Onoda et al. 2017). 590 

Consistently, females with higher LMA had lower gm under salt stress (Table 1). It is 591 



 

28 
 

noteworthy that males with higher A and gm had higher LMA than females, which 592 

suggested that it was not possible to precisely determine gm and A only from leaf LMA 593 

(Figure 7), because of the effects of the chemical composition of leaves (John et al. 594 

2017). The S/W value included the total cell area of palisade and spongy tissues per 595 

transverse section width, representing the leaf structural investment per area, which 596 

would be a more advantageous and convenient trade-off between the leaf structure 597 

and photosynthesis (Hu et al. 2020). The results of the structural equation modelling 598 

suggested that S/W plays a critical role in determining gm and A (r2 = −0.60 for gm and 599 

−0.49 for A) (Figure 7). A lower chloroplast density and a greater mesophyll spongy 600 

density in females would reduce light energy capture and CO2 diffusion conductance 601 

in leaves, especially under NH4
+ supply (Table 2). 602 

 603 

Cell wall thickness and chloroplast distribution are critical fort setting gm limitation in 604 

plants (Terashima et al. 2011). Consistently, Sc/S and Tcw were those anatomical 605 

variables that best explain differences in gm between sexes (Figures 3, 7, 8). A greater 606 

increase in chloroplast numbers observed in males compared to females facilitated an 607 

increase in Sc/S (Figure 8). Higher Sc/S and a lower cell wall thickness led to an 608 

increased CO2 diffusion conductance into male leaves, which was consistent with 609 

previous studies (Peguero-Pina et al. 2017, Wang et al. 2018). Indeed, the 610 

quantification of gm limitation showed that gcyt was higher in females than in males 611 

during salt stress under both types of N supplies (Figure 6). The proportion of gcyt in 612 

the CO2 diffusion conductance increases along with a reduced contact between 613 
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chloroplasts and cell surfaces (Lu et al. 2016). Modifications in the chloroplast shape 614 

and structure affect the distance of cytosolic CO2 diffusion under abiotic stress (Shu et 615 

al. 2012). Changes in the shape of female chloroplasts caused by salt stress probably 616 

decreased the gcyt value and, thus. gm as well.  617 

 618 

Generally, the distance has little effect on CO2 diffusion when the cellular stromal 619 

distance between the plasma membrane and chloroplast envelope is relatively short. 620 

However, intracellular CA could convert CO2 into HCO3
−, having the highest activity 621 

in the stroma and, thus, affecting gm (Evans et al. 2009). The effects of N forms on gst 622 

and gcyt were sex-dependent under salt stress. NH4
+-fed females had greater gcyt1 but 623 

lower gcw and gst1 than those under NO3
− supply, while males had higher gcw and 624 

lower gst2 under NH4
+ than under NO3

− supply (Figures 6, 8; Figure S2). Additionally, 625 

nitrogen availability and forms have been found to affect CA activities under salt 626 

stress (Siddiqui et al. 2010, Nawaz et al. 2020). Therefore, CA may increase its effect 627 

on gm inside chloroplasts. In addition, increasing evidence suggests that aquaporins 628 

are capable of transporting CO2 in plants and the aquaporin activity is associated with 629 

gm in leaves (Maurel et al. 2008, Heckwolf et al. 2011). Some studies have suggested 630 

that salt stress or nitrogen availability increase aquaporin activities (Qi et al. 2009), 631 

which indicates that the variation in aquaporin activities under salt stress and N 632 

availability might partially affect gm. 633 

 634 

The effects of N forms on gm and A largely depend on salt stress tolerance and the 635 



 

30 
 

energy allocation of plants. N forms affect matter distribution and carbohydrate 636 

consumption in plants (Guo et al. 2007, Ashraf et al. 2018). A greater investment in 637 

the leaf area and cell wall thickness results in a lower allocation of resources to leaf 638 

photosynthesis in females. Net photosynthesis could be reduced not only by a greater 639 

energy investment in structures but also by higher maintenance costs, including the 640 

effects of abiotic stresses (Guo et al. 2007). Females show a higher respiration rate 641 

than males under drought stress in Populus cathayana (Han et al. 2013). The higher 642 

dark respiration rate in P. cathayana females under salt stress found in the present 643 

study was probably associated with the leaf photosynthesis (Table S2). NO3
− 644 

assimilation in plants requires more energy than NH4
+ assimilation, while carbon 645 

losses through leaf and root respiration are higher under NH4
+ than under NO3

− supply. 646 

Whether or how N assimilation in plants affects photosynthesis under salt stress was 647 

not clear. In the future, it will be important to clarify the sexually different leaf 648 

photosynthesis under salt stress with different N form supplies based on the 649 

relationship between photosynthesis and respiration consumption. 650 

 651 

Importantly, the sex- and N form-specific investment in the root system architecture 652 

largely reflects energy requirements for foliage construction, thereby, affecting gm and 653 

photosynthesis. In this study, the biomass allocation did not directly explain leaf A, 654 

whereas the biomass allocation had indirect effects on leaf A through leaf structural 655 

traits (Figure 7). NH4
+-fed males with a higher root biomass had high root 656 

construction costs, while NO3
−-fed males with a higher leaf biomass had high energy 657 
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cost from NO3
− assimilation without salt stress. Such energy trade-offs between 658 

biomass and A in males led to similar gm and photosynthesis under both N forms. 659 

Females produce thinner roots than males and they intensively facilitate the 660 

exploration of thesurrounding soil and Na+ uptake (Xia et al. 2020). Certainly, the 661 

larger root system and ion uptake enhanced the energy consumption of females 662 

exposed to salt stress, especially under NH4
+ supply. 663 

 664 

Conclusions 665 

 666 

This study suggested that leaf gm relative to gs under salt stress was the main restraint 667 

on leaf A under NO3
− and NH4

+ supplies. Among leaf structural components, Sc/S and 668 

S/W were critical factors affecting gm and A (Figure 7). Salt stress increased S/W, and 669 

reduced intercellular air space and Sc/S, resulting in an increased length of 670 

cytoplasmic and stromal paths, and inhibition of gm and A in females (Figure 8). 671 

Conversely, males had a better tradeoff between leaf structure and photosynthesis 672 

(more chloroplasts and fewer spongy cells), and they have a good ability to regulate 673 

leaf CO2 diffusion and light capture into the leaf, thereby alleviating gm and A 674 

decreases under salt stress and both N forms (Figure 8). The low CO2 diffusion 675 

conductance in NH4
+-fed females was mainly due to gst1 and gcw, while NO3

−-fed 676 

males had a higher cytoplasm conductance (Figure 8). Moreover, biomass allocation 677 

in both sexes indirectly affected leaf structural traits and A under both N forms. This 678 

study will not only help us to predict potential climate change impacts on dioecious P. 679 
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cathayana populations, but also to predict the photosynthetic behavior of tree species 680 

with different N-source preferences and spatiotemporal changes in N assimilation at 681 

rising atmospheric CO2. 682 
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Figure legends 893 

 894 

Figure 1 Representative light microscopy images (a, b) and transmission electron 895 

microscopy images (c, d) of the leaves of P. cathayana females and males grown with 896 

NO3
− or NH4

+ supply, and with or without salt stress (50 mM NaCl addition for 14 897 

days). Bar = 50 μm for images a and b. Leaf upper epidermis (ue), leaf mesophyll 898 

palisade tissue (pl), leaf mesophyll spongy tissue (sp), leaf lower epidermis (le), leaf 899 

vascular tissue (v), cell wall (cw), chloroplast (ch) and starch granule (s). 900 

 901 

Figure 2 Relationships of the light-saturated rate of photosynthesis with stomatal 902 

conductance (gs) (a) and mesophyll conductance (gm) (b), and the relationships of gm 903 

with leaf Na+ concentration (c) and CO2 drawdown (Ci–Cc) (d) from sub-stomatal 904 

cavities (Ci) to chloroplasts (Cc) in P. cathayana females (F) and males (M) grown 905 

with NO3
− or NH4

+ supply, and with or without salt stress. Salt stress application as in 906 

Figure 1. 907 

 908 

Figure 3 Relationships of CO2 mesophyll conductance (gm) with the volume fraction 909 

of intercellular air space (fias) (a), the surface area of mesophyll cells adjacent to 910 

intercellular air space (Sm/S) (b), the chloroplast surface area exposed to intercellular 911 

air space per leaf area (Sc/S) (c) and the cell wall thickness (Tcw) (d) in P. cathayana 912 

females (F) and males (M) grown with NO3
− or NH4

+ supply, and with or without salt 913 

stress. Salt stress application as in Figure 1. 914 



 

43 
 

 915 

Figure 4 Quantitative photosynthetic limitations in leaves of P. cathayana females (F) 916 

and males (M) grown with NO3
− or NH4

+ supply, and with or without salt stress. The 917 

photosynthetic limitation dA/A = SL + MCL + BL. SL, stomatal limitation; MCL, 918 

mesophyll conductance; BL, biochemical limitation. Salt stress application as in 919 

Figure 1. 920 

 921 

Figure 5 The share of limitations of gm among gas-phase (a) and liquid-phase (b) 922 

pathways, and absolute values of gas- (c) and liquid-phase (d) conductance in leaves 923 

of P. cathayana females and males grown with NO3
− or NH4

+ supply, and with or 924 

without salt stress. Salt stress application as in Figure 1. 925 

 926 

Figure 6 Anatomical limitations of CO2 mesophyll conductance (gm) and CO2 927 

conductance in leaves of P. cathayana females (F) and males (M) grown with NO3
− or 928 

NH4
+ supply with or without salt stress. The share of CO2 liquid-phase diffusive 929 

limitation (a, b) and absolute values of conductance among cytoplasm (gcyt1) and 930 

chloroplast stroma (gst1) (c), cell wall (gcw), chloroplast envelope (genv) and plasma 931 

membrane (gpl) (d). The gst1 variable is the stromal conductance perpendicular to cell 932 

walls, and gcyt1 is the cytosolic conductance from the plasmalemma inner surface 933 

towards the outer surface of chloroplasts. A constant value of 0.0035 m s-1 was used 934 

for both plasmalemma and chloroplast envelope conductance. Additional components 935 

of the diffusion pathway are provided in Figure S2. Salt stress application as in Figure 936 
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1. 937 

 938 

Figure 7 Direct and indirect effects of leaf structure, biomass allocation and the 939 

surface area of chloroplast exposed to intercellular air spaces per unit leaf area (Sc/S), 940 

mesophyll cell area per transverse section width (S/W), CO2 mesophyll conductance 941 

(gm) and photosynthesis (A) in P. cathayana females and males grown with NO3
− or 942 

NH4
+ supply, and with or without salt stress. Multiple-layer rectangles represent the 943 

first component of PCA conducted for the leaf structure and biomass allocation. The 944 

arrows indicate the hypothesized direction of causation. The arrow width represents 945 

the strength of relationships. Black solid and dotted arrows represent positive and 946 

negative relationships, respectively. Grey arrows represent nonsignificant 947 

relationships. The leaf structure traits include mesophyll palisade cell area (Apl), the 948 

volume fraction of intercellular air space (fias), leaf thickness (Tl), mesophyll surface 949 

area exposed to intercellular air space per unit leaf area (Sm/S), cell wall thickness 950 

(Tcw), mesophyll length (Lm), mesophyll palisade tissue length (Lpl), mesophyll 951 

spongy tissue length (Lsp), leaf dry mass per unit area (LMA), mesophyll spongy cell 952 

density (Dsp), chloroplast length (Lcl), mesophyll palisade cell density (Dpl), 953 

chlorophyll content (Chl), chloroplast width (Wcl), and mesophyll spongy cell area 954 

(Asp). The biomass allocation includes specific root length (SLR), root length density 955 

(RLD), stem dry mass (Ws), leaf dry mass (Wl), root dry mass, shoot dry mass/root 956 

dry mass (S/R), and leaf dry mass/(stem and root dry mass) (L/(S+R)). The numbers 957 

adjacent to the arrows are the standardized path coefficients. The significance values 958 
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are shown as follows: ns, not significant; * 0.01< P ≤ 0.05; ** 0.001< P ≤ 0.01; *** P 959 

≤ 0.001. Χ2 = 7.48, p = 0.006, RMSE = 0.19. 960 

 961 

Figure 8 A schematic model for leaf anatomical traits, CO2 diffusion pathway and 962 

conductance inside leaves of P. cathayana females and males with salt stress under 963 

NO3
− or NH4

+ supply. The width of the red line represents the strength of CO2 964 

diffusion conductance into leaves. Blue dots indicate CO2. gcw, CO2 transfer 965 

conductance through cell wall; genv, CO2 transfer conductance through chloroplast 966 

envelope; gpl, CO2 transfer conductance through plasma membrane; gst1, the stromal 967 

conductance perpendicular to cell wall; gst2, the stromal conductance parallel with the 968 

cell wall; gcyt1, CO2 transfer conductance through cytoplasm from the plasmalemma 969 

inner surface to the outer surface of chloroplasts; gcyt2, cytosolic conductance from the 970 

plasmalemma inner surface to the outer surface of chloroplasts; Tleaf, leaf thickness; P, 971 

mesophyll palisade tissue; S, mesophyll spongy tissue; C, chloroplast. Salt stress 972 

application as in Figure 1. The relative values of the liquid-phase components based 973 

on the Figure 6 and Figure S2. Values of gcyt2 and gcyt1 under NO3
− supply, andgst1, 974 

gcyt1, gcyt2 and gcw under NH4
+ supply were lower in females than in males. The values 975 

of gst2 under NO3
− supply were higher in females than females. 976 
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 980 



 

46 
 

 981 

Figure 1 982 

 983 

 984 

 985 

 986 

 987 

 988 

 989 

 990 

 991 

 992 

 993 



 

47 
 

 994 

Figure 2 995 

 996 

 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 



 

48 
 

 1007 

Figure 3 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 



 

49 
 

 1020 

Figure 4 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 



 

50 
 

 1034 

Figure 5 1035 

   1036 



 

51 
 

Figure 6 1037 

 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 



 

52 
 

Figure 7 1050 

 1051 

 1052 

 1053 

 1054 

 1055 

 1056 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 



 

53 
 

Figure 8 1064 

1065 



 

54 
 

Table 1 Leaf biomass and area, leaf structural and gas exchange characteristics, leaf construction cost and root traits in P. cathayana females and 1066 

males under NO3
− or NH4

+ supply, and with or without salt stress. 1067 

Salt N 

form 

Sex Leaf 

biomass  

Leaf area LMA Leaf CC  Fv/Fm J  Vcmax SRL RLD Root 

biomass 

0 NO3
− Female 14.14±0.93a 85.14±5.90a 37.83±3.57d 1.39±0.01a 0.814±0.01a 47.45±3.86a 65.99±1.68b 6.91±0.50cd 1.70±0.15a 8.04±0.44a 

0 NO3
− Male 8.69±0.28cd 51.65±6.57d 45.20±2.18c 1.39±0.01a 0.808±0.01a 50.95±2.72a 74.44±4.43a 7.27±1.08cd 0.671±0.06e 4.08±0.35d 

0 NH4
+ Female 12.83±1.46b 72.09±5.54b 36.62±2.78d 1.37±0.06ab 0.815±0.01a 35.18±3.85b 58.18±5.12c 8.25±0.78c 1.24±0.13b 6.87±0.44b 

0 NH4
+ Male 8.41±0.74cd 43.77±1.20d 45.54±1.10c 1.39±0.01a 0.794±0.01b 47.78±0.99a 66.17±3.44b 6.87±1.41cd 0.847±0.06d 5.38±0.25c 

50 NO3
− Female 9.54±0.45c 68.28±4.15bc 51.67±3.09b 1.37±0.004ab 0.769±0.01cd 17.93±2.81d 51.47±4.09d 13.611.15a 1.29±0.05b 7.12±0.56b 

50 NO3
− Male 8.06±0.60de 50.60±5.96d 54.58±2.44ab 1.39±0.01a 0.773±0.01c 35.13±3.90b 65.79±3.12b 6.51±0.67d 1.56±0.10a 4.54±0.28d 

50 NH4
+ Female 8.44±0.95cde 63.10±4.61c 58.33±4.46a 1.35±0.06c 0.757±0.01d 13.88±1.59d 42.10±2.53e 10.75±1.09b 0.784±0.06de 4.57±0.31d 

50 NH4
+ Male 6.64±1.02f 45.93±2.18d 53.06±2.40b 1.41±0.01a 0.790±0.01b 24.18±2.16c 58.68±2.64c 7.39±0.92cd 1.01±0.14c 3.25±0.40e 

  Pse *** *** ** *** ns *** *** *** *** *** 

  Psa *** *** *** ns *** *** *** *** ns *** 

  Pn *** *** ns ns ns *** *** ns *** *** 

  Pse×sa *** * *** *** *** ** ** *** *** ** 

  Pse×n Ns ns ns *** ns ns ns ns *** *** 

  Psa×n Ns ** Ns ns ns ns ns * *** *** 

  Pse×sa×n Ns ns * ns ** *** ns *** *** * 

 1068 
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Leaf biomass (g); leaf area (cm2); LMA (g m−2), leaf dry mass per unit leaf area; leaf CC (g glucose g−1), leaf construction cost; Fv/Fm, maximum 1069 

quantum efficiency of PSII photochemistry; J (μmol m−2 s−1), photosynthetic electron transport rate from chlorophyll fluorescence (Eq. 2); Vcmax 1070 

(μmol m−2 s−1), the maximum carboxylase activity of Rubisco; SRL (m g−1), specific root length; RLD (cm cm−3), root length density; root 1071 

biomass (g). Pse, sex effect; Psa, salt effect; Pn, N form effect (NO3
− and NH4

+); Pse×sa, the interaction effect of sex and salt stress; Pn×sa, the 1072 

interaction effect of N forms and salt stress; Pse×n, the interaction effect of sex and N forms; Pse×n×sa, the interaction effect of sex, N forms and 1073 

salt stress. Different letters indicate significant differences between treatments (P＜0.05, three-way ANOVA followed by Duncan's tests). Data 1074 

are mean ± SE (n = 4). The significance values are shown as follows: ns, not significant; * 0.01< P ≤ 0.05; ** 0.001< P ≤ 0.01; *** P ≤ 0.001. 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 
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Table 2 Leaf thickness and anatomical traits in P. cathayana females and males grown under NO3
− or NH4

+ supply, and with or without salt 1082 

stress. Data are mean ± SE (n = 4). 1083 

Salt N 

form 

Sex fias (%) Sm/S Sc/S S/W Tl  Tcw Dchl Lchl Tchl ΔLcyt,1  ΔLcyt2  

0 NO3
− Female 28.21±0.93a 9.60±0.77ab 7.36±0.99bc 71.5±6.0b 171.3±3.2b 0.139±0.004d 12.8±0.9cd 5.9±0.6ab 1.7±0.09c 0.106±0.13e 0.864±0.040e 

0 NO3
− Male 28.28±1.67a 7.76±0.22c 7.01±0.24c 35.6±4.7d 220.6±17.8a 0.123±0.001e 16.3±1.0a 6.1±0.6a 1.3±0.06e 0.093±0.002e 0.821±0.004e 

0 NH4
+ Female 22.35±1.78b 10.04±0.36a 7.98±0.63ab 72.9±0.91b 177.8±8.8b 0.144±0.004d 11.5±0.6d 4.7±0.6c 1.7±0.06c 0.138±0.10d 0.969±0.025d 

0 NH4
+ Male 23.90±2.58b 8.54±0.66bc 8.45±0.65bc 42.5±5.7d 216.1±44.2a 0.116±0.007e 13.8±1.0bc 6.2±0.5a 1.6±0.09cd 0.074±0.003f 0.877±0.034e 

50 NO3
− Female 18.14±0.74c 6.93±0.46d 5.93±0.69d 82.7±1.5a 177.3±1.9b 0.171±0.004b 8.8±1.0e 5.2±0.6bc 2.6±0.2b 0.202±0.016b 1.38±0.042b 

50 NO3
− Male 22.90±2.62b 8.40±1.09bc 6.31±0.75c 52.5±8.9c 212.3±2.7a 0.160±0.007c 16.3±1.3a 5.9±0.2ab 1.4±0.05de 0.162±0.016c 1.02±0.058d 

50 NH4
+ Female 14.49±0.67d 6.22±0.16d 4.96±0.63e 89.2±2.6a 177.6±3.9b 0.203±0.009a 9.0±0.8e 5.2±0.5bc 3.2±0.3a 0.279±0.018a 1.59±0.11a 

50 NH4
+ Male 23.29±2.55b 8.97±1.45abc 7.13±0.68c 41.0±4.4d 212.5±9.2a 0.137±0.005d 14.5±0.6b 6.3±0.5a 1.6±0.1cd 0.218±0.007b 1.22±0.078c 

  Pse *** ns *** *** *** *** *** *** *** *** *** 

  Psa *** *** *** *** ns *** *** ns *** *** *** 

  Pn *** ns ns ns ns ns *** ns *** *** *** 

  Pse×sa *** *** ns ns ns *** *** ns *** ns *** 

  Pse×n *** ns ns * ns *** * * ns *** ns 

  Psa×n *** ns ns * ns ns ns ns * *** ** 

  Pse×sa×n Ns ns * *** ns *** ns ns ** ns ns 

 1084 
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fias (%), the volume fraction of intercellular air space per unit leaf area; Sm/S (m2 m−2), mesophyll surface area exposed to intercellular air space 1086 

per unit leaf area; Sc/S (m2 m−2), chloroplast surface area exposed to intercellular air space per unit leaf area; S/W (μm2 μm−1), mesophyll cell 1087 

area per transverse section width; Tl (μm), leaf thickness; Tcw (μm), cell wall thickness; Dchl (no. no), chloroplast density; Lchl (μm), chloroplast 1088 

length; Tchl (μm), chloroplast thickness; ΔLcyt,1 (μm), the vertical distance between the chloroplasts and cell walls; ΔLcyt2 (μm), the distance 1089 

between the neighboring chloroplasts. Pse, sex effect; Psa, salt effect; Pn, N form effect (NO3
− and NH4

+); Pse×sa, the interaction effect of sex and 1090 

salt stress; Pn×sa, the interaction effect of N forms and salt stress; Pse×n, the interaction effect of sex and N forms; Pse×n×sa, the interaction effect of 1091 

sex, N forms and salt stress. Different letters indicate significant differences between treatments (P＜0.05, three-way ANOVA followed by 1092 

Duncan's tests). Data are mean ± SE (n = 4). The significance values are shown as follows: ns, not significant; * 0.01< P ≤ 0.05; ** 0.001< P ≤ 1093 

0.01; *** P ≤ 0.001. 1094 


