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* Background and Aims Most crop species are glycophytes, and salinity stress is one of the most severe
abiotic stresses reducing crop yields worldwide. Salinity affects plant architecture and physiological functions by
different mechanisms, which vary largely between crop species and determine the susceptibility or tolerance of a
crop species to salinity.

* Methods Experimental data from greenhouse cucumber (Cucumis sativus), a salt-sensitive species, grown
under three salinity levels were interpreted by combining a functional-structural plant model and quantitative
limitation analysis of photosynthesis. This approach allowed the quantitative dissection of canopy photosynthetic
limitations into architectural and functional limitations. Functional limitations were further dissected into stomatal
(L,), mesophyll (L ) and biochemical (Ly)-

* Key Results Architectural limitations increased rapidly after the start of the salinity treatment and became
stronger than the sum of functional limitations (L, + L_ + L,) under high salinity. Stomatal limitations resulted from
ionic effects and were much stronger than biochemical limitations, indicating that canopy photosynthesis was more
limited by the effects of leaf sodium on stomatal regulation than on photosynthetic enzymes. Sensitivity analyses
suggested that the relative importance of salinity effects on architectural and functional limitations depends on light
conditions, with high light aggravating functional limitations through salinity effects on stomatal limitations.

* Conclusions Salinity tolerance of cucumber is more likely to be improved by traits related to leaf growth and
stomatal regulation than by traits related to tissue tolerance to ion toxicity, especially under high light conditions.

Keywords: Canopy photosynthesis, FvCB model, quantitative limitation analysis, Cucumis sativus, functional—
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INTRODUCTION

Salinity stress is one of the most severe abiotic stresses reducing
crop yields worldwide (Munns and Tester, 2008). It affects both
plant architecture and physiological functions. Typical salinity
effects on whole plant architecture are a reduction in organ size,
e.g. leaf area (Rawson and Munns, 1984; Rajendran et al., 2009),
which limits canopy light interception, and affects light distribu-
tion within the canopy and the size of the photosynthetic appa-
ratus (referred to as architectural limitations). Salt in the soil and
salt accumulation in the leaves (mainly Na*; Savvas et al., 2005;
Stepien and Ktobus, 2006; Pérez-Lopez et al., 2012) disturb sto-
matal regulation, increase diffusional resistance to CO, transport
to the chloroplast, and reduce biochemical capacity and light use
efficiency (referred to as functional limitations). Architectural
and functional limitations of salinity reduce whole plant photo-
synthesis and consequently crop yields.

In the literature, speculations about the relative importance
of different mechanisms related to architectural and functional
limitations can be found. For example, it has been proposed that
the reduction of leaf area and stomatal closure due to the osmotic
components of salinity have greater impact on growth than

physiological disturbances due to ion accumulation in the plant
(Munns and Tester, 2008). In contrast, it has also been proposed
that ion exclusion and tolerance to toxic ions in leaves are the main
mechanisms maintaining plant growth under salinity (Rajendran
et al., 2009). The prevailing opinion is that stomatal conductance
constitutes the primary photosynthetic limitation under salinity
(Centritto et al., 2003; Flexas et al., 2004; Pérez-Lopez et al.,
2012), while there are data showing that biochemical limitations
are equally or even more prominent than stomatal limitations
(Drew et al., 1990; Chen et al., 2015a). Despite these different
opinions about the relative impacts of different physiological
effects of salinity, no quantitative assessment of these impacts
at the whole plant level exists in the literature, except for one
study dissecting the combined effects of salinity and high tem-
perature into architectural and functional limitations by combin-
ing a dynamic architectural model of tomato with a simple light
response of photosynthesis (Chen et al., 2015b). By using a more
sophisticated biochemical model of photosynthesis (Farquhar
et al., 1980), it is possible to further dissect the functional limi-
tations quantitatively into stomatal, mesophyll and biochemical
(Grassi and Magnani, 2005). This approach, referred to as quan-
titative limitation analysis, has been demonstrated to be a useful
tool for dissecting the contributions of physiological parameters
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to photosynthetic limitations under saturating light conditions
(Egea et al., 2011; Flexas et al., 2013; Cano et al., 2013).
Recently, quantitative limitation analysis has been extended to
non-saturating light conditions (Chen et al., 2014a) and to parti-
tion photosynthetic limitation into more variables (Buckley and
Diaz-Espejo, 2015). These new approaches allow us to study the
effects of diurnal and seasonal climatic variations on photosyn-
thetic limitations and to up-scale photosynthetic limitations from
leaf to canopy level by implementing them in a functional—struc-
tural plant model (FSPM). In a canopy, there are drastic gradients
and heterogeneity of light and variations in leaf functional traits
(Niinemets, 2012), which have complex effects on the composi-
tion of photosynthetic limitations at the leaf level (Chen et al.,
2015a). This is in agreement with both theoretical (Chen ef al.,
2014a) and experimental (Cano et al., 2013) results showing that
the composition of photosynthetic limitations varies between dif-
ferent canopy layers. Furthermore, canopy architecture responds
to environmental stress in a dynamic way, which should be taken
into account when quantifying the impact of architectural traits
on canopy photosynthesis (Chen et al., 2014b).

Altogether, different opinions about the relative importance
of physiological mechanisms on salinity tolerance might have
been due to the complex interactions between stress and envi-
ronmental conditions, plant architecture and physiological
functions, since the stress tolerance conferred by a certain trait
may vary depending on the environmental scenario (Tardieu,
2012). In this work, we built FSPMs based on digitized cucum-
ber canopies throughout a greenhouse experiment with three
salinity levels and a validated leaf photosynthesis model. These
FSPMs allowed us to interpret the salinity effects on cucumber
growth in that experiment in the context of architectural and
functional limitations. We further dissected the functional limi-
tations into stomatal, mesophyll, biochemical and light limita-
tions. This approach aims to give a systematic understanding
of the important traits conferring salinity tolerance at different
developmental stages, under different light environments and
severity of salinity.

MATERIALS AND METHODS
Plant material and experimental design

Cucumber seeds (Cucumis sativus ‘Aramon’ Rijk Zwaan,
De Lier, the Netherlands) were sown in rock-wool cubes
(36 x 36 x 40 mm) on 12 June 2013. Seven days after sow-
ing, seedlings were transplanted into larger rock-wool cubes
(10 x 10 x 6.5 cm). On 25 June, plants were transplanted
on rock-wool slabs (Grodan, Grodania A/S, Hedehusene,
Denmark) in two greenhouses (two replications) of the Institute
of Horticultural Production Systems, Leibniz Universitit
Hannover, Germany (52°23'N, 9°37’E). The greenhouses were
heated to maintain 22/20 °C day/night temperature and roof
ventilation was opened when the inside temperature was higher
than 24 °C during the whole experiment. Each litre of the
standard nutrient solution contained 0.5 g Ferty Basisdiinger
2 (Planta GmbH, Regenstauf, Germany, 0.9 mm NO,, 1.5 mm
NH,~, 2.8 mm K+, 3.0 mm Ca’*, 0.4 mm Mg+, 0.4 mm H,PO,,
as well as adequate amounts of the micronutrients) and extra
0.9 g Ca(NO,), was added to the solution (5.5 mm Ca’*and 11
mMm NO,") after the first fruit set.
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In each greenhouse, 50 cucumber plants were grown in five
rows (orientated north—south), with plant and row distances
equal to 60 and 120 cm, respectively. The plants of the left and
right border rows were not used for measurements and irrigated
with the standard nutrient solution. Three different salinity lev-
els, obtained by adding 0, 25 and 50 mm NacCl to the standard
nutrient solution, were randomly applied to the three rows in
the middle on 8 July 2013. The northernmost and southernmost
plants in the three middle rows were also considered border
plants and were not used for measurements. All side shoots
were removed to maintain monopodial growth and plants were
decapitated at the 25th leaf to maintain a canopy height of 2
m. Whole plants were harvested on day 35 after exposure to
salinity (DAS). Leaf area (measured by LI-COR 3100 area
meter, LI-COR, Lincoln, NE, USA), and fresh weight of leaves,
fruits, internodes and petioles were measured. Dry weights
were measured after drying at 70 °C for at least 72 h. Weather
data during the experiment were recorded by sensors above and
inside the greenhouse (see Supplementary Data Fig. S1).

Reconstructing 3-D cucumber canopies to obtain light
interception at the leaf level

The architectures of cucumber plants were digitized weekly
using a 3-D digitizer (Fastrak, Polhemus, Colchester, VT,
USA). For internodes, petioles and fruits, the 3-D coordinates
of the beginning and end points were recorded and their lengths
were calculated by these coordinates. For leaves, 13 points per
leaf lamina were digitized. Using these points, a leaf lamina
was reconstructed with 10 predefined triangles (Wiechers et al.,
2011). Three plants per salinity level were digitized on 0, 7,
14, 21, 28 and 35 DAS. At the end of the experiment, the leaf
area measured with a leaf area meter and the areas estimated
by plant digitization were compared to ensure the accuracy of
plant digitization.

Using the digitized data, cucumber plants were reconstructed
in GroIMP (Kniemeyer, 2008) according to Chen et al. (2014a).
For setting up the virtual canopy structure, 50 cucumber plants
were distributed in five rows. Distances between virtual plants
in a row and between rows were 60 and 120 cm, respectively, as
in the experiment (1.39 plants m~2). Two reconstructed one-row
canopies are shown in Supplementary Data Fig. S2. To simu-
late the light environment, the virtual canopy was surrounded
by sun and sky providing direct and diffuse light, respectively
(79 % direct light and 21 % diffuse light). The sun was a single
object providing light in the direction of the corresponding loca-
tion (Hannover, Germany, 52°23’N, 9°37'E) and time (at 1200 h
on the dates of digitizing). The sky was approximated by an
array of 72 directional light sources arranged in a hemisphere.
For computing the light distribution a ray-tracer, integrated into
GroIMP, was used with 10 million rays and a recursion depth
of 10 reflections (Buck-Sorlin et al., 2011). Leaf absorption,
transmission and reflection of photosynthetically active radia-
tion (PAR) were 87, 7 and 6 %, respectively (Kahlen et al.,
2008). The ground in the model (30 x 30m), above which the
virtual canopy was constructed, was assumed to absorb 80 %
and reflect 20 % of the incident PAR. Only the simulated results
from the two plants in the middle of the middle row were taken
for statistical analysis. Simulations for each digitized plant were
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repeated 10 times, each run with a slight difference in plant ori-
entation (+30°) in the virtual canopy. The intercepted PAR was
used as input for the leaf photosynthesis model.

Modelling leaf photosynthesis

The measured ambient CO, concentration (C,, ppm) tempera-
ture (°C) and water vapour pressure deficit (VPD) (D, kPa) in
the greenhouses, together with the incoming PAR above the can-
opy (umol m~2 s7!), were used as environmental inputs for simu-
lating leaf photosynthesis. Cucumber leaf photosynthesis was
modelled by embedding the salinity effects on photosynthetic
parameters (Chen et al., 2015a) into a photosynthesis model for
non-stressed conditions (Chen et al., 2014a). All parameters and
their values are listed in Supplementary Data Table S1.

In short, stomatal conductance, g_, was simulated as shown
by Medlyn et al. (2011):

+ (1 +&/VD)(4/C,) (1)

where g and g, are the minimum stomatal conductance and an
empirical parameter, respectively, and A_ (nmol CO, m™s™")is
the minimum of the RuBP-regeneration-limited and Rubisco-
carboxylation-limited photosynthesis rate (A, and A , respec-
tively, pmol CO, m™* s™', Farquhar et al., 1980):

sc?

8sc = 8o

Ay =V (C.=T#)/(C.+ K, (1 +0/K,)) =Ry (2)
4;=J-(C,—T*)/(4C, + 8I.) —R, 3)
where V_is the maximum rate of Rubisco carboxylation

(umol CO, m™ s™"), I'** is the CO, compensation point in the
absence 0f dark respiration (for cucumber: 43.02 umol mol™';
Singsaas et al., 2003), K_ (404 pmol mol™") and K, (278 mmol
mol') are Michaelis—-Menten constants of Rubisco for CO, and
0,, O (210 mmol mol™") is the mol fraction of O, at the site of
carboxylation and R, is the respiration rate. C_ (chloroplastic
CO, concentration, pmol mol~') and J (electron transport rate,
pmol m~2s7!) were calculated by:

Cc = Ca - (Anet /gsc> - (Anet /gm) (4)

2
K Ia +Jm
O e vt (U

where g is mesophyll conductance (mol m~s7"), 1 isabsorbed
PAR (umol photons m=2 s7!) obtained from the ray-tracing
light model and 3-D canopy model, J__is the maximum elec-
tron transport rate (umol e~ m=2 s7!), K'2LL and O are constants
describing the conversion efficiency of 7 to J (0.425 mol e~
mol~! photons) and convexity factor describing the response of
J to I, (0.7), respectively. The dependency of V. J . g
and R, on leaf age is fitted to a log-normal curve (Irving and
Robinson, 2006; Chen et al., 2014a):

Xn ([) _ Xref -exp (—05(10g (l / tmax )/Csd )2) (6)

where X () is the photosynthetic variable on day # under non-
stressed conditions, X is the maximum of the variables, ¢

max
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is the time (day) when the X! occurs, and ¢, 1s curve standard
deviation. Because of the good coordination between Ve e
g, and R, (Egea et al., 2011; Buckley et al., 2013; Chen et al.,
2014a) t " and ¢ ” for them are the same. Finally, A A, 8.
and C_ were obtained by solving eqns (1)—(4) analytrcally To
avoid the discontinuity at the transition point between functions
Aj and A , if the difference between AJ. and A was smaller than
5 % of their average, photosynthesis was considered to be co-
limited by both Rubisco-carboxylation and RuBP-regeneration
rate (Yamori et al., 2010, 2011). In this case, A __ is the inter-
polation between A and A, similar to other modellmg studies
(Peltoniemi et al., 2012 Buckley etal.,2013).

The effects of osmotic and ionic stresses on photosynthetic

variables X are assumed to be additive and can be described by
(Chen et al., 2015a):

Kgiress (1555, 8)) = (l JrmxSs+nxSl)"Xn (t> @)

where X (1) and X (¢) are the photosynthetic variables X
(8> & Vi a0d J_ ) under stressed and non-stressed condi-
tions, respectively; S_and S, are the sodium concentrations in
the nutrient solution and in the leaf water (mm), respectively;
and m_and n_are empirical parameters for osmotic and ionic
effects of salt, respectively. Temperature effects on photosyn-
thetic parameters were taken from the literature (Sharkey et al.,

2007; Caemmerer and Evans, 2015).

Evaluation of the photosynthesis model

The 3rd and 8th leaves of the plants were measured using a
portable gas exchange system (Li-6400; Licor) at C, = 380 pmol
mol~!, leaf temperature = 25 °C, incoming light = 600 and
1300 pmol m2s~! (average daily light intensity and saturat-
ing light mtensrty, respectively) and relative humidity = 65-70
%. Eight leaves per treatment were measured 3, 6, 9, 12, 15, 19
and 23 DAS. All measurements were conducted between 0900
and 1400 h. After gas exchange measurements, the measured
part of the leaf was cut (approx.. 300 cm?) and the fresh weight
and cut area were recorded. Leaf samples were weighed after
drying at 70 °C for 72 h for recording dry weight, then ground
into fine powder. For sodium analysis, 50—-100 mg of the powder
was dry ashed at 500 °C and subsequently dissolved in nitric
acid before being measured by an atom absorption spectrometer
(1100B; Perkin Elmer, Waltham, MA, USA). Na* concentration
in the leaf water (mm) was used as input for the photosynthesis
model. Furthermore, Na* concentrations in leaves 3, 6, 8, 10, 13,
15, 18, 20, 23 and 25 were also measured on day 35 after the
whole-plant harvest. The measured relationships between the
time of a leaf grown under salinity (d) and Na* concentrations in
that leaf (Supplementary Data Fig. S3) were used to estimate the
Na* concentrations in leaves of the simulated canopies.

Disentangling the architectural and functional effects of salinity
on canopy photosynthesis

Architectural limitations (L Ay 7o) and functional limitation
(L, %) of salinity on cucumber canopy photosynthesis under
x mm NaCl were quantified by (Chen et al., 2015b):
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Ly = (Pc,o ¢,ax ) / Fo (8A)

LFx: ( caxipc,x)/Pc,O (8B)
where P, P, and P__are the simulated whole plant photo-
synthesrs rate (umol per plant s7!) of plants under non-stressed
conditions, plants with x mM NaCl architecture but non-stressed
photosynthetic capacity, and plants under x mM NaCl, respec-
tively. Whole plant photosynthesis rate was the sum of pho-
tosynthesrs from all leaves of the plants The term P_, o
in eqn (8A) represents the difference in photosynthes1s rates
between stressed and non-stressed canopies having the same
photosynthetic capacity but different size of the photosynthetic
apparatus. Therefore, architectural limitations are a result of
reduced leaf area and changed plant architecture under salin-
ity. The term P___— P__in eqn (8B) represents the reduction
of photosynthes1s due to the salinity effects on photosynthetic
function and is therefore defined as the functional limitations.
Furthermore, canopy light interception efficiency (g, unitless)
and light use efficiency (g ) were calculated by:

&=1D, /I, ©OA)

e, =Py /1, (9B)
where Ip is the light absorption per plant (nmol photon per plant
s, D is the plant density (plant m™ ground area), I, _is the
total 1ncom1ng radiation (umol photon m™2 ground area s 1) and

w 18 the whole plant photosynthesis rate [P, in eqn (8), pmol
per plant s7).

Quantitative limitation analyses at leaf level

The relative change of photosynthesis under RuBP-
regeneration-limited (dA./Ai) and Rubisco-carboxylation-
limited conditions (dAC/ACS can be described as (Chen et al.,
2015a)

dd; / Ay = Ly + Ly + Ly + Ly = I -dg. / g,
i 48 /8 Hl g /S 1Ty /T

(10A)
dAc/Ac :Lsc+me+Lbc :l dgsc/gsc
+lmc dgm /gm +lbc chmax /chax (IOB)

where the subscripts j and ¢ denote the RuBP-regeneration-
limited and Rubisco-carboxylation-limited conditions, respec-
tively; the subscripts s, m, b and I indicate the contributions
of stomatal conductance, mesophyll conductance, biochemical
capacity and light to photosynthetic limitation, respectively; [,
[ 1 and [ are the relative limitations of stomatal and mesophyll
conductance electron transport rate and biochemical capacity,
respectively; and J,; and J are the changes of electron trans-
port rate due to biochemical capacity and irradiance, respec-
tively. A complete description of eqns (10) can be found in
Chen et al. (2015a). Under Rubisco-carboxylation and RuBP-
regeneration co-limited conditions, limitations were calculated
by the linear interpolation between L and L . Furthermore, we
have noticed that using numerical integration of dA instead of
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partial differentiation of eqns (2) and (3), eqn (10) provides dif-
ferent results of dissecting photosynthetic limitations (Buckley
and Diaz-Espejo, 2015). Therefore, systematic comparisons of
the potential differences between both approaches were con-
ducted using our data (see Supplementary Note S1).

Revised approach of quantitative limitation analyses at whole
plant level

Whole plant photosynthetic limitation is the sum of the limi-
tation of all leaves on a plant (Chen et al., 2014a). For example,
the stomatal limitation of a plant with n leaves (L ,, nmol CO,
per plant s7!) can be calculated by:

Ly = Amaxref DI L - LA, (11)
where A " (umol CO, m™s™") is the reference photosynthesis
rate, calculated by assuming that all photosynthetic parameters
reach their maxima simultaneously, LA, is the area of leaf k
(m?) and L_, is the stomatal limitation of leaf k (% of A__ ).
L, represents the whole plant stomatal limitation. Since the
magnltude of L, depends on the total leaf area of a plant,
which differs between developmental stages and salinity levels,
L, between salt treatments and developmental stages are not
comparable. Therefore, the whole plant stomatal limitation was
normalized by the whole plant leaf area:

LsP = (Amaxrelc : Zk:ln Ls,k : LAk ) / (Amaxlref : Zkzln LAk)

— (zk:;‘ Ly .LAk)/(Zkzl“ LAk) (12)

where L, represents the average of the whole plant stomatal
hmltatlon (%). Whole plant mesophyll (L_.), biochemical (L)
and light (L) limitations were calculated 51milarly. Using the
experimental data, compositions of whole plant limitations were
quantified for different salinity levels (0, 25 and 50 mm NacCl in
the nutrient solution) and developmental stages (0, 7, 14, 21, 28
and 35 DAS). Moreover, sensitivity analyses of light intensity
above the canopy were conducted. Since there were strong corre-
lations between light environment and VPD, CO, concentration
and air temperature (Supplementary Data Fig. S1), these correla-
tions were considered for the sensitivity analyses. The photosyn-
thesis model and all data processing were coded in R (v.3.3.0; R
Foundation for Statistical Computing) to ensure the traceability
of the analyses. These codes are available on demand.

RESULTS
Architectural and functional limitations of salinity

At the end of the experiment (35 DAS), measured shoot dry
weights of plants grown under control (0 mm NaCl), low (25 mMm
NaCl) and high (50 mm NaCl) salinity were 291 £9, 223 + 5 and
140 = 5 g, respectively. This corresponded to a reduction in bio-
mass by 23 % under low salinity and by 53 % under high salinity.
By integrating the whole plant photosynthesis rate throughout the
experimental period, our model predicted a 16 % reduction in can-
opy photosynthesis under 25 mm NaCl (Fig. 1A) and a 52 % reduc-
tion under 50 mm NaCl (Fig. 1B), similar to the measurements.
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FiG. 1. Architectural limitations (dark grey area) and functional limitation (light grey filled with forward diagonal lines) of canopy photosynthesis rate under (A)

25 mm NaCl and (B) 50 mm NaCl conditions (n = 3, each replication represents the average value of 10 simulations). Black circles represent canopy photosynthesis

under non-stressed conditions (P_, in eqn 8); grey rhombuses represent photosynthesis rate of a canopy with architecture under stress but non-stressed photosyn-
thetic capacity (P, in eqn 8); black squares represent photosynthesis of the stressed canopy (P, in eqn 8).

This, together with the accurate plant digitizing (Table 1) and
photosynthesis model at the leaf level (Supplementary Data Fig.
S4), are the prerequisites for our interpretation of the experimental
data by dissecting salinity effects into architectural and functional
limitations. Integrated architectural and functional limitations
throughout the experimental period (the dark grey area and the
light grey area filled with forward diagonal lines in Fig. 1, respec-
tively) were 6.3 and 9.9 % under low salinity and 19.9 and 32.2 %
under high salinity, respectively.

Under both low and high salinity conditions, architectural
limitations had similar magnitude to the reduction in size of
photosynthetic apparatus (leaf area, Table 1, Fig. 2A). The
reduction in light interception due to salinity (Fig. 3A) was
related to the architectural limitations, but of a smaller mag-
nitude under high salinity. After the start of salinity stress,
functional limitations increased rapidly but fluctuated with
time (Fig. 2B). Fluctuations of light use efficiency were also
observed, which was due to the fluctuations in light intensity
above the canopy (Fig. 3B). On the day when functional limi-
tations were low (e.g. on 21 and 35 DAS), light use efficiency
was high. Therefore, we tested the dependencies of functional
and architectural limitations to the light intensity above the
canopy by simulations using the canopy architecture of both
salinity levels on 14, 21, 28 and 35 DAS. In general, architec-
tural and functional limitations increased with light intensity
above the canopy, but the increases in functional limitations

TABLE 1. Measured whole plant leaf area (LA, m?)

Day after salinity start LA

0 mm NaCl 25 mm NaCl 50 mm NaCl
0* 027+0.02 0.27x0.02 0.27 £0.02
7* 0.66+0.14  0.72+0.10 0.56 £0.11
14* 1.56 = 0.03 1.37+0.11 1.18 £ 0.08
21% 2.07+0.13 1.55+0.11 1.36 £0.07
28* 2.02+0.12 1.80 + 0.09 1.06 +0.13
35% 2.10 £0.02 1.76 £ 0.03 1.07£0.14
357 2.16 £0.10 1.77 £ 0.06 0.94 +0.02

* Measured by plant digitizing.
* Measured by leaf area meter.

with light were more drastic than those in architectural limita-
tions (Fig. 4). For example, architectural limitations under low
and high salinity were relatively constant (around 9 and 13 %,
respectively) but functional limitations increased from 2 to 19
% and from 9 to 55 %, respectively (Fig. 4A). On 14 and 21
DAS, architectural limitations under high salinity were lower
than functional limitations (Fig. 4A, B), but the reverse pattern
was observed on 28 and 35 DAS (Fig. 4C, D).

Salinity effects on the components of functional limitations —
leaf level

Salinity enhanced the stomatal (L, Fig. 5A) and mesophyll
limitation (L _, Fig. 5B) of most leaves but decreased the light
limitation (L,, Fig. 5SD). Salinity effects on biochemical limita-
tion (L,) depended on leaf age (Fig. 5C), light intensity (Fig. 6C)
and developmental stage (Fig. S5). For example, on 21 DAS,
low salinity increased L and L _ by 5-10 and 1-2 %, respec-
tively, while high salinity reduced photosynthesis by 15-45 and
1-5 % due to stomatal and mesophyll limitation, respectively
(Fig. 5A, B). The increase of L, under salinity occurred only in
the middle of the canopy (Fig. 5C).

Similar to the functional limitations at the plant level (Fig. 4),
there were complex interactions between developmental stage,
light intensity above the canopy and the different components of
functional limitations (Fig. 6 and Supplementary Data Fig. S5).
For example, on 21 DAS, stomatal limitation of the 15th leaves
of the plants increased rapidly with light, especially under high
salinity (Fig. 6A). Mesophyll limitations were less sensitive
to light intensity (Fig. 6B). The negative effects of salinity on
biochemical limitations were only significant under low light
(Fig. 6C). Salinity reduced the light limitations (Fig. 6D).

Salinity effects on the components of functional limitations —
whole plant level

At the whole plant level, the compositions of photosynthetic
limitation changed with developmental stages and salinity
levels. Under non-stressed conditions, whole plant stomatal
(L, Fig. 7A) and mesophyll limitation (L _,, Fig. 7B) were
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low (around 10 and 3 %, respectively). In contrast to the small
increases (5 %) in L, under low salinity, high salinity enhanced
L, by more than 30 %. Low salinity effects on whole plant
b10chem1ca1 limitation (Fig. 7C) were small. The increase
in biochemical limitations only occurred on 14 and 21 DAS
under low salinity. Surprisingly, biochemical limitation under
high salinity was smaller than control. Salinity stress reduced
the whole plant light limitation (Fig. 7D), especially between
14 and 28 DAS. The dependencies of canopy photosynthetic
limitations to the light condition above the canopy were similar
to those of the 15th leaf in the canopy (Supplementary Data
Fig. S6 and Fig. 6). In all components of the functional limi-
tations, stomatal limitation increased most significantly with
light intensity, indicating that the dependencies of functional
limitation to light (Fig. 4) resulted from the stomatal limitation.

DISCUSSION

Although the salinity effects on photosynthesis at the leaf level
have been studied for a long time in many different species
(Drew et al., 1990; Delfine et al., 1999; Centritto et al., 2003;

James et al., 2006; Tavakkoli et al., 2010), there are very few
data reporting salinity effects on whole plant photosynthesis or
light use efficiency (but see Wang et al., 2001; Qian and Fu,
2005). It is well known that salinity reduces whole plant pho-
tosynthesis but there is no study dissecting this reduction into
different components related to physiological mechanisms. By
using a dynamic FSPM of tomato, Chen et al. (2015b) sepa-
rated functional limitations from the architectural limitations
of canopy photosynthesis and found contrasting effects of
stress combination (high temperature and salinity) on different
traits. This work provides the methodological basis for separat-
ing architectural and functional limitations and proposed that
an FSPM is the prerequisite for this separation. By combining
experimental data and an FSPM, we provide a novel frame-
work to dissect the salinity effects on canopy photosynthesis
into architectural and functional limitations. This framework
was combined with a quantitative limitation analysis of pho-
tosynthesis, which allowed further dissection of functional
limitations into stomatal, mesophyll, biochemical and light lim-
itations quantitatively (Chen et al., 2014a). We further analysed
the influences of light on the compositions of different limita-
tions, because the different abiotic stresses, e.g. high light and
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salinity, may occur simultaneously under natural conditions,
but the combined effects of multiple stresses are rarely studied
(Suzuki et al., 2014). These analyses may be used to identify
the traits to be improved for salinity tolerance in cucumber and
any other crop species.

Architectural and functional limitations are light-dependent

Both architectural and functional limitations showed
strong dependencies on light (Fig. 4). The increasing salin-
ity effects on instantaneous canopy photosynthesis rate with
light resulted mainly from the increasing functional limita-
tions, whereas this increase in architectural limitations was
negligible between 200 and 1000 pmol PAR m~2 s~! (Fig. 4).
Two reasons might explain these dependencies. First, at the
leaf level, there were drastic increases in stomatal limitations
with light (Fig. 6A, Supplementary Data Fig. S5), as reported
in the literature (Chen et al., 2015a). This is due to the light
effects on lowering C_, which increases the relative stomatal
limitation ([ in eqn 10) and reduces the relative biochemical
and light limitations (I, and [ in eqn 10; Chen et al., 2015a).
Second, VPD and temperature increased with the hght condi-
tions above the canopy in our simulations. According to eqn
(1), high VPD reduces stomatal conductance and therefore
increases stomatal limitations.

Under high salinity, architectural limitations increased con-
tinuously with time (Fig. 2A) and became higher than the func-
tional limitations (Fig. 4C, D). Since the strongest reduction in
leaf area occurred in the upper canopy (leaf ranks 15-25, data
not shown), maintaining the elongation of young leaves, a trait
related to osmotic tolerance (Rawson and Munns, 1984), is cru-
cial for reducing architectural effects. The exact mechanisms
and signal pathways controlling leaf growth under osmotic
stress are still unclear (Munns and Tester, 2008; Roy et al.,
2014). Except for the osmotic effects on leaf area, leaf burn at
the shoot tip in some plants under high salinity after a sunny
day (in the greenhouse, PAR above the canopy could reach
1500 pmol m~ s7! at midday) further reduced leaf area. Such
high light intensities, occurring together with high VPD and
temperature, may have increased the transpirational demand
of the upper canopy for leaf cooling and once the transpira-
tional demand of a leaf is higher than its water supply, it will
be overheated and injured. Since leaf burn was not observed
in the plants under non-stress and low salinity level, it might
have resulted from this salt-induced hydraulic failure of water
transport. Under high salinity, the size and number of leaf veins
may decrease (Hu ef al., 2005). These changes in vein anatomy
may also modify the hydraulic supply capacity (Brodribb et al.,
2007), increase the vulnerability to cavitation (Comstock and
Sperry, 2000) and then result in hydraulic failure. Both osmotic
effects and leaf burn indicate that the negative architectural
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effects could be reduced by improving the hydraulic traits of
the plant.

Methodological considerations on partitioning contributions to
photosynthetic limitations

Recently, it has been proposed that using numerical integra-
tion instead of partial differentiation of eqns (2) and (3) (eqn
10) provides more accurate results of dissecting photosynthetic
limitations (Buckley and Diaz-Espejo, 2015). Therefore, we
compared the potential differences between both approaches
systematically (see Supplementary Note S1) and found that
errors of the partial differentiation approach were less than 4
%, while the potential errors of numerical integration approach
could be up to 9 %. Both approaches have sufficient accuracy
for a sound limitation analysis, but they mainly differ from par-
titioning the contributions of photosynthetic limitations into
diffusional (CO, diffusion through stomata and mesophyll) or
biochemical processes (Rubisco carboxylation or electron trans-
port rate). The slightly higher errors of the numerical integration
approach could be due to the fact that the Rubisco-carboxylation
and RuBP-regeneration co-limited phase were not considered.
This may introduce differences in reference photosynthesis rate
by up to 10 % (data not shown). Furthermore, for partitioning the
contribution of biochemical capacity (J ) and light absorption

(1,,) to the limitation of electron transport rate, the approach pro-
posed by Chen et al. (2014b) may mathematically (according to
eqn 5) overestimate biochemical limitation (L,) and underesti-
mate light limitation (L,), especially when J__and I of a leaf
are far from their references (for detail, see Supplementary Note
S1). This indicates that L, at the lower canopy, where J __and I
are low, may be more dominant than is suggested (Chen et al.,
2014a), encouraging news for greenhouse farmers using inter-
lighting systems. For instance, based on the numerical integra-
tion approach, the light limitations at the lower canopy (ranks
1-10) under non-stressed conditions (Fig. 5) were 13 % higher
than those calculated by the partial differentiation approach.
Even if there are potential discrepancies between the par-
tial differentiation and numerical integration approaches and
despite their different drawbacks, consensus exists on the func-
tional limitations at the whole plant level. Firstly, processes
related to electron transport contribute to the largest part of
the limitation in a canopy under stress and non-stress condi-
tions, similar to the analyses conducted at the leaf and canopy
level in the non-stressed plants (Chen et al., 2014a, 2015a).
Secondly, salinity reduced the absolute contributions of bio-
chemical processes (Rubisco carboxylation or electron trans-
port rate) to photosynthetic limitations (Figs 5C, D and 6C, D).
This is due to the salinity effects on lowering C, (Delfine et al.,
1999; Loreto et al., 2003; Pérez-Lopez et al., 2012), which
reduces the relative biochemical limitation (Chen et al., 2015a).
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Therefore, the diffusional limitations (L » the sum of stomatal,
L, and mesophyll, L , limitations) were the main contributions
of salinity to photosynthetic limitations. Finally, the changes in
photosynthetic limitations on 0 DAS are solely due to osmotic
effects (Fig. 7A, B) and the increases in photosynthetic limita-
tions on the following days can be considered as ionic effects.
Therefore, ionic effects were the main contribution of L under
high salinity, indicating the importance of stomatal regulation
on reducing functional limitations. Importantly, although the
empirical parameters 7 and c_, in eqn (6) matched well to the
observations from our cropping system and cucumber genotype
in northern Germany, they may vary strongly between genotype
(Khaembah et al., 2013), nitrogen availability and environmen-
tal conditions (T-W. Chen et al., unpublished data) and affect
the model behaviours. A more mechanistic model describing
the dynamic change of V., J ¢ and R would be a signifi-
cant step for the future studies.

In summary, the present study used FSPM to interpret the
experimental data by dissecting salinity effects on canopy pho-
tosynthesis into architectural and functional limitations. These
analyses are helpful for disentangling the complex interac-
tions between environmental conditions, plant structure and
physiological function, and are especially suitable for study-
ing multiple stress combinations. Our results highlight that the
compositions of whole plant photosynthetic limitations under
salinity are light-dependent and suggest that mechanisms

related to leaf expansion and to stomatal regulation are the main
factors limiting canopy photosynthesis under salinity.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Fig. S1. Variations in
(A) daily average temperatures, vapour pressure deficit (VPD)
and (B) ambient CO, concentration and light condition (pho-
tosynthetically active radiation, PAR) during the experiment
(0700-2000 h). Fig. S2. Side view of the 3-D virtual cucumber
canopies on day 0 (A) and day 14 (B) after exposure to 50 mm
NaCl salinity. Fig. S3. Relationships between duration of the
salinity treatment (day under salinity) and Na* concentrations in
leaf water under 0 mm (A), 25 mm (B) and 50 mMm (C) NaCl
Fig. S4. Measured and simulated photosynthesis rate (Anet 7, A)
and stomatal conductance to CO, (gsc, B). Fig. S5. Dependencies
of stomatal (SL), mesophyll (ML), biochemical (BL) and light
(LL) limitations to light environment above the canopy (x-axes).
Fig. S6. Dependencies of whole plant (A) stomatal, (B) meso-
phyll, (C) biochemical and (D) light limitation to light environ-
ment above the canopy under different salinity levels. Table S1.
Parameter list of the photosynthesis model. Note S1: Evaluation
of the quantitative limitation analysis using numerical integration
and using partial differentiation.
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