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Abstract 28 

Canopy photosynthesis is the sum of photosynthesis of all above-ground 29 

photosynthetic tissues. Quantitative roles of non-foliar tissues in canopy 30 

photosynthesis remain elusive due to methodology limitations. Here, we develop the 31 

first complete canopy photosynthesis model incorporating all above-ground 32 

photosynthetic tissues and validate this model on wheat with state-of-the-art gas 33 

exchange measurement facilities. The new model precisely predicts wheat canopy gas 34 

exchange rates at different growth stages, weather conditions and canopy architectural 35 

perturbations. Using the model, we systematically study 1) the contribution of both 36 

foliar and non-foliar tissues to wheat canopy photosynthesis; and 2) the responses of 37 

wheat canopy photosynthesis to plant physiological and architectural changes. We 38 

found that 1) at tillering, heading, and milking stages, non-foliar tissues can contribute 39 

~4, ~32, ~50% of daily gross canopy photosynthesis (Acgross; ~2, ~15, ~-13% of daily 40 

net canopy photosynthesis, Acnet) and absorb ~6, ~42, ~60% of total light respectively; 41 

2) under favorable condition, increasing spike photosynthetic activity, rather than 42 

enlarging spike size or awn size, can enhance canopy photosynthesis; 3) covariation 43 

in tissue respiratory rate and photosynthetic rate may be a major factor responsible for 44 

less than expected increase in daily Acnet; and 4) in general, erect leaves, lower spike 45 

position, shorter plant height and proper plant densities can benefit daily Acnet. 46 

Overall, the model, together with the facilities for quantifying plant architecture and 47 

tissue gas exchange, provide an integrated platform to study canopy photosynthesis 48 

and support rational design of photosynthetically efficient wheat crops.  49 

 50 

 51 

 52 

 53 

 54 
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Introduction  57 

Plant canopy is defined as the sum of all the above-ground plant tissues, including 58 

both leaves and non-foliar tissues (e.g., spikes and stems). The photosynthetic CO2 59 

uptake of all these above-ground tissues together determines canopy photosynthesis. 60 

Canopy photosynthesis provides over 90% of the biomass for plant growth (Zelitch 61 

1982). Improving canopy photosynthesis has been regarded as a major target to 62 

increase crop yield potential (Zhu et al. 2010; Simkin et al. 2019; Bailey-Serres et al. 63 

2019). 64 

 65 

Though canopy photosynthesis comprises photosynthetic CO2 uptake of all 66 

photosynthetic tissues, most study focuses on leaf photosynthesis so far (Kromdijk et 67 

al. 2016; South et al. 2019; Wu et al. 2019; Qu et al. 2017; Perveen et al. 2020). In 68 

contrast, photosynthesis of non-foliar tissues, which are usually irregular in shape and 69 

heterogeneous in tissue composition, are much less studied, largely due to a lack of 70 

effective methodologies (Hu et al. 2019; Parry et al. 2011; Sanchez-Bragado et al. 71 

2016). Recently, some new methods to study non-foliar photosynthesis have been 72 

developed (Sanchez-Bragado et al. 2020), such as isotope tracing (Sanchez-Bragado 73 

et al. 2014), or chlorophyll fluorescence measurement (Xu et al. 2014), or gas 74 

exchange measurements (Chang et al. 2020; Molero and Reynolds 2020). However, 75 

these methods are in general semi-quantitative as they cannot be used to provide a 76 

quantitative evaluation of the contribution of these different tissues to canopy 77 

photosynthesis.  78 

 79 

Canopy architecture is another major factor influencing canopy photosynthesis (Song 80 

et al. 2013; Long et al. 2006; Sarlikioti et al. 2011). Canopy architecture comprises 81 

many factors, such as plant height, plant density, spike length, spike height and 82 

position in the canopy, awn length, leaf size, leaf density, leaf thickness, leaf angle 83 

and leaf number (Setter et al. 1995; Yuan 2017; Donald 1968; Maddonni et al. 2001). 84 

Some of these architectural parameters have already been manipulated in traditional 85 

crop breeding. For example, erect leaves have been selected by crop breeders as they 86 



may enhance light penetration into the bottom layer of a canopy and enable denser 87 

planting (Richards et al. 2019; Peng et al. 2008). Genes controlling leaf erectness in 88 

rice and maize have been cloned and some alleles have been shown to increase 89 

biomass and grain production (Sakamoto et al. 2005; Tian et al. 2019).  90 

 91 

In wheat, there is a positive correlation between awn length and contribution to grain 92 

filling; however, it is still not clear whether longer or shorter awns are preferred for 93 

higher canopy photosynthesis (Masoudi et al. 2019; Maydup et al. 2014; Parry et al. 94 

2011). In brief, different architectural parameters may all contribute to canopy 95 

photosynthesis; however, their individual contributions and their optimal 96 

combinations for higher canopy photosynthesis still need to be systematically studied.  97 

 98 

Systems modeling can be used to quantitatively assess the efficiency of 99 

photosynthesis and growth, to systematically identify the rate-limiting steps/targets, 100 

and to rationally design for higher efficiency (Marshall-Colon et al. 2017; Wu et al. 101 

2019; Long et al. 2015; Chang et al. 2019a; van Ittersum et al. 2003). Various models 102 

of canopy photosynthesis with different levels of mechanistic details have been 103 

developed over the years since the first model by de Wit (de Wit 1965), such as the 104 

big-leaf model, the sunlit-shaded model and the multi-layer model (De Pury and 105 

Farquhar 1997).  106 

 107 

These earlier models have a virtue of simplicity and can be relatively easily 108 

parameterized; however, they can hardly be used to support detailed analysis such as 109 

contribution of different tissues to canopy photosynthesis and design of optimal 110 

canopy architecture. The 3D canopy photosynthesis models can realistically simulate 111 

3D canopy structure and heterogeneous micro-environments within a canopy (Song et 112 

al. 2013; Townsend et al. 2018; Truong et al. 2015). However, photosynthesis of non-113 

foliar tissues is usually not explicitly represented in current models (Zhang et al. 114 

2020), which limits their application in studying canopy photosynthesis for such crops 115 

at the grain filling stage, which is crucial for final yield formation. 116 



 117 

Here we introduced a three-dimensional CAnopy Photosynthesis model of wheat 118 

(3dCAP-wheat), which incorporates all the above-ground plant photosynthetic tissues 119 

(i.e., leaves, stems and spikes), and a set of measurement instruments and protocols 120 

for model validation. We use this fully parameterized model to predict canopy 121 

photosynthesis at any time of a day under different weather, to characterize the 122 

diurnal photosynthetic properties of different plant tissues and their contribution to 123 

canopy photosynthesis, and to systematically assess the impacts of major internal and 124 

external factors on canopy photosynthesis. Overall, this work provides an integrated 125 

platform to support canopy photosynthesis research and rational crop design. 126 

 127 

Materials and methods 128 

Field experiments 129 

To parameterize and validate the 3dCAP-wheat model, we thoroughly measured the 130 

3D wheat plant architecture and photosynthetic physiology during the whole growth 131 

season. Field experiments were conducted at the Songjiang experimental station of 132 

Institute of Plant Physiology and Ecology, CAS, Shanghai, China (latitude 30º56'44" 133 

N, 121º8'1" E). Two elite Chinese wheat cultivars, N22 and Y20, were used for 134 

experiments. Seeds were sown on 1 November 2019 with a planting space between 135 

rows of 0.20 m, a sowing density of 240 seeds m-2. In total 18 plots of plants were 136 

grown, with a plot size of 1.5 m × 3.0 m. 137 

 138 

Sampling were taken at three different developmental stages, i.e., the tillering stage, 139 

the heading stage, and the milking stage. Detailed plant morphological and 140 

physiological features were measured at each of these growth stages. Nitrogen, 141 

phosphate and potassium fertilizers were applied at a rate of 100, 50, 50 kg ha-1 before 142 

sowing. Weeds, pests and diseases were controlled periodically with herbicides, 143 

insecticides and fungicides. The weather data, including photosynthetically active 144 

radiation (PAR), relative humidity and air temperature, were recorded with a 145 

WatchDog 2900ET weather station (Spectrum Technologies, Inc. Aurora, IL, USA) 146 

every 10 minutes for the whole growing season. 147 

 148 



Measurement of photosynthetic light response property of leaf, spike and stem 149 

To simulate gas exchange rate of a plant tissue under certain incident light intensity, 150 

the photosynthetic light response property needs to be quantified. Leaf photosynthetic 151 

light response curves (A-Q curves) were measured using a LI-6400XT infrared 152 

analyzer (Li-Cor Inc, Lincoln, Nebraska, USA) for all growth stages. Briefly, for each 153 

A-Q curve measurement, we first set the influx CO2 concentration as 400 μmol mol-1, 154 

the air flow rate as 500 μmol s-1 and the initial light levels as 2000 μmol m-2 s-1; 155 

leaves were acclimated in the leaf chamber for 15 min; then light levels were changed 156 

to 2000, 1500, 1000, 700, 500, 300, 200, 100, 50, 25 and 0 μmol m- 2 s-1 with duration 157 

for each light level as 2 min. 158 

 159 

A-Q curves of the intact spike and the stem (30 cm-long) were measured using a 160 

custom-built cuvette (with tunable artificial red-blue LED light source; P-Chamber) 161 

connected to a LI-6400XT infrared analyzer (Supplementary Fig. 1a) (Chang et al. 162 

2020). Briefly, for each A-Q curve measurement, we first set the influx CO2 163 

concentration as 400 μmol mol-1, the air flow rate as 680 μmol s-1 and the initial total 164 

light level as 1500 μmol m-2 s-1 (750 μmol m-2 s-1 for both sides); the spike/stem was 165 

acclimated in the chamber for 15 min; then total light levels were changed to 2000, 166 

1500, 1000, 700, 500, 300, 200, 100, 50 and 0 μmol m- 2 s-1 with duration for each 167 

light level as 5 min.  168 

 169 

Measurement of tissue nitrogen content  170 

To build a relationship between tissue nitrogen content and photosynthetic light 171 

response parameters, we measured the nitrogen contents of matched tissues that were 172 

used to measure A-Q curves. After measuring an A-Q curve, plant tissue was sampled, 173 

dried and ground into powder for nitrogen content measurement. Nitrogen content 174 

(LNC) was measured with an elemental analyzer (vario ISOTOPE cube, Elementar, 175 

Hanau, Germany).  176 

 177 

Temperature responses of tissue photosynthetic parameters 178 



To predict photosynthetic rate of a plant tissue under different temperatures, which 179 

were further used to predict canopy photosynthetic rates under different temperatures, 180 

we measured the temperature responses of the net photosynthetic rate at a 181 

photosynthetic photon flux density of 1500 mol m-2 s-1 and the dark respiratory rate 182 

in a temperature-controlled growth room. We measured these temperature responses 183 

for leaf, stem and spike separately. The room temperature was set at 7 oC, 15 oC, 22 184 

oC and 28 oC respectively. The plants were adapted in each temperature for 30 min, 185 

and then the photosynthetic rate or respiratory rate was measured with the protocol as 186 

described above. During the measurement, we recorded the temperature in the cuvette 187 

enclosing each tissue.  188 

 189 

Modeling photosynthetic rates of individual tissues 190 

After having all the above measurements, the photosynthetic rate of every small piece 191 

of a plant tissue could be calculated with a nonrectangular hyperbola model: 192 
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 193 

where A(T) is the photosynthetic rate at temperature T; Amax(T) and Rd(T) are the 194 

gross light-saturated photosynthetic rate and the dark respiration rate at temperature T, 195 

respectively; Amax_net(T) is the net light-saturated photosynthetic rate at temperature T; 196 

I is the absorbed photosynthetic photon flux density; ΦCO2 is the maximal apparent 197 

quantum efficiency of CO2 fixation; θ is the convexity of the nonrectangular 198 

hyperbola; a1, b1, c1, a2, b2 and c2 are empirical coefficients. 199 

 200 

Modeling wheat canopy architecture and light distribution 201 

To obtain a complete set of parameters for plant 3D reconstruction, we developed a 202 

pipeline to extract plant architectural parameters based on imaging and image-203 

processing: 204 



 205 

(1) estimate maximal tiller angle α0 for plants in the field; 206 

(2) randomly choose a position in a plot, harvest 10 neighboring tillers from the base 207 

of the stem at that position; 208 

(3) photograph the sampled tillers one by one (Fig. 1a). Tips: put a scale aside the 209 

tiller and keep a fixed position and a fixed focal length of the camera during 210 

photographing (the same below); 211 

(4) detach the leaves on the tillers, arrange them in order and photograph them in their 212 

natural status (to obtain the twisting profile; Fig. 1b); then cover the leaves with a 213 

glass plate and photograph the flattened leaves to characterize their 2D shape (Fig. 214 

1c); 215 

(5) detach the spikes, hold them horizontally, and photograph them from the front 216 

view and the side view respectively (Fig. 1e); 217 

(6) detach the spikelets, arrange them by their orders on the ear, and scan them with a 218 

scanner from the front view with a resolution of 1200 dpi (Fig. 1d). 219 

 220 

The tiller skeleton can be reconstructed from the information from the step (3) (Fig. 221 

1f), the 2D (Fig. 1g) and 3D leaf can be reconstructed from information from the step 222 

(4), the 3D spikelet and spike can be reconstructed from information from steps (5)-223 

(6) (Fig. 1h, i). The reconstructed 3D individual tissues comprise small triangular 224 

patches (e.g. Fig. 1h, i). The 3D tiller comprising numerous triangular patches was 225 

finally reconstructed by mapping the 3D structure of a spike and leaves to the skeleton 226 

of the tiller (Fig. 1j). A series of scripts were developed to extract architectural 227 

parameters from the above acquired images for plant 3D reconstruction 228 

(https://github.com/rootchang/3dCAP-wheat). 229 

 230 

To simulate the optical property of each tissue, we firstly measured nitrogen contents 231 

of leaves at different positions on a tiller (Fig. 1k). The leaf nitrogen content was then 232 

used to calculate the chlorophyll content (SPAD values) based on an empirical 233 

https://github.com/rootchang/3dCAP-wheat


relationship between the leaf nitrogen content and leaf SPAD (%, dry weight; Fig. 1l; 234 

R2=0.91).  235 

SPAD 9.7 LNC 7.13 +=  236 

 237 

The transmittance and reflectance of a “leaf facet” were modeled based on its 238 

chlorophyll content by fitting the PROSPECT-5 model (Feret et al. 2008): 239 

 ( 0.502)0.3605 [chl]rK −=    240 

 [cK =- h0. l]082 log( ) + 0.3761t     241 

in which Kr and Kt are reflected and transmitted proportion of total incident light on 242 

the leaf and [chl] is leaf chlorophyll concentration (μg cm-2). The wheat leaf 243 

chlorophyll concentration is exponentially correlated with its SPAD value (Uddling et 244 

al. 2007): 245 

0.0493 SPAD[chl] 0.0 15 09 09 e =   246 

 247 

As a result, light transmittance and reflectance of plant tissues were determined based 248 

on the SPAD values (Fig. 1m). Reflectance of spike and stem were modeled in the 249 

same way. Transmittance of spike and stem were set to 0. Spatial distribution of light 250 

reflection is modeled with Cook-Torrance bidirectional reflectance distribution 251 

function (BRDF), and spatial distribution of light transmittance is modeled with 252 

Lambert bidirectional transmittance distribution function (BTDF) with a Monte Carlo 253 

method as described before (Song et al. 2013) (Fig. 1n). 254 

 255 

Briefly, In the ray tracing, ambient incident light includes direct light and diffuse 256 

light. The direct light was represented with parallel rays and diffuse light with random 257 

rays. Once a ray hit a leaf, a reflect ray and a transmit ray were emitted and we need 258 

to calculate their direction and light intensity. The direction of the reflect ray was 259 

randomized with Monte Carlo method as the distribution of Cook-Torrance BRDF, 260 

while the direction of the transmit ray with Lambert distribution. The light intensities 261 

of the reflect ray and transmit ray were calculated based on the leaf reflectance and 262 



transmittance predicted with SPAD values. Then, the reflect ray and transmit ray 263 

continued transferring in the canopy and hit possible leaves until the light intensity of 264 

the rays was lower than a threshold (1 mol m-2 s-1). 265 

 266 

Finally, given the tiller density in a row and the distance between two rows, a virtual 267 

wheat canopy was reconstructed (Fig. 1o). Furthermore, using a previously developed 268 

forward ray tracing algorithm (Song et al. 2013), the light distribution within the 269 

synthetic canopy was simulated (Fig. 1p). 270 



 271 

Figure 1. Modeling wheat canopy architecture and light distribution. (a-e) 272 

Photographs of a tiller, the natural status of the leaves on the tiller, the flat shapes of 273 

the leaves (by covering a glass), the spikelets, and the front-view and side-view of the 274 

spike. (f-i) Reconstructed tiller skeleton, flat leaf shape, 3D spikelet, and 3D spike. j, 275 



3D reconstruction of a tiller. k, nitrogen contents of leaves on different positions of a 276 

tiller. l, relationship between leaf nitrogen content and leaf chlorophyll content 277 

(SPAD values). m, modeling leaf reflectance and transmittance based on the SPAD 278 

value. (n-p), an illustration of light reflectance and transmittance profiles, the 3D 279 

reconstructed canopy, and the light distribution within the canopy. Data measured 280 

from cultivar N22 were used. 281 

 282 

Construction of the 3dCAP-wheat model for different growth stages 283 

After modeling photosynthetic rate of individual tissues and reconstruction of the 3D 284 

wheat canopy architecture, we constructed the 3dCAP-wheat model. The detailed 285 

protocol is provided in the User Manual on the github. Briefly, we 286 

(1) randomly sample 10 neighboring tillers from 5 independent plots and take photos 287 

of them (and the plant tissues) for plant architecture extraction; 288 

(2) reconstruct 3D architecture of these 50 tillers to form a “virtual-tiller library”; 289 

(3) determine distance between rows and plant density in a row; 290 

(4) randomly pick a tiller from the library and randomly arrange it in a row with a 291 

random tiller angle between zero and the observed maximal tiller angle, repeat the 292 

process until reaching the measured plant density; 293 

(5) measure the photosynthetic light/temperature/nitrogen response curves and 294 

calculate the photosynthetic light/temperature/nitrogen response parameters of 295 

different plant tissues (i.e., leaves, stems and spikes); 296 

(6) simulate light distribution inside the virtual canopy with the input environmental 297 

parameters and parameters of leaf transmittance and reflectance using a forward 298 

ray-tracing algorithm fastTracer (Song et al. 2013), and calculate canopy 299 

photosynthetic CO2 uptake rate as a sum of photosynthetic rate of all individual 300 

tissues, where the photosynthetic rates of individual tissues are calculated using 301 

the non-rectangular hyperbola equations. 302 

 303 

Development and validation of a ray-tracing based non-foliar photosynthesis model 304 



We developed a ray-tracing based method to model photosynthesis of non-foliar 305 

tissues with irregular 3D shapes, such as a spike or a stem. Using wheat spike as an 306 

example, we firstly measured the gas exchange rates of spikes using a custom-built 307 

chamber, named as P-Chamber, which has two independent programmable LED 308 

panels (both with red/blue lamp beads; light profile of red : blue = 90% : 10% was 309 

used during measurement) illuminating the enclosed plant tissues from two opposite 310 

directions (Fig. 2a). The P-Chamber is capable of measuring gas exchange rates of 311 

irregular non-foliar tissues (e.g., spikes and stems) by connecting to an open-path 312 

infrared gas analyzer (Chang et al. 2020).  313 

 314 

We further measured the spike photosynthetic rate (under a light level of 1500 μmol 315 

m-2 s-1, A1500) and respiratory rate (Rd) under different temperatures in a temperature-316 

controlled growth room (Fig. 2b). We obtained highly significant correlation between 317 

temperature and either A1500 (R
2=0.96) and Rd (R

2=0.96) (Fig. 2b).  318 

 319 

Then, we calculated light interception of each small patch of the spike by 320 

reconstructing the 3D spike and performing ray tracing to simulate the light 321 

distribution in the P-Chamber (Fig. 2c). For each small patch of the spike, we used the 322 

classical non-rectangular hyperbola equation to calculate its photosynthetic CO2 323 

uptake rate under its incident light level (I) and the air temperature (T) (see section 324 

“Modeling photosynthetic rate of individual tissues” in the above).  325 

 326 



 327 

Figure 2. Characterization of wheat spike photosynthesis. a, a custom-built P-328 

Chamber to measure gas exchange rates of non-foliar tissues. b, temperature response 329 

pattern of relative photosynthetic and respiratory rates of a spike. c, simulated light 330 

distribution within a spike enclosed in a P-Chamber. d, the measured and simulated 331 

photosynthetic light response curves of the intact and de-awned spikes. 332 

 333 

There are four photosynthetic parameters of the non-rectangular hyperbola model, i.e., 334 

the net saturated photosynthetic rate (Amax_net), the dark respiration rate (Rd), the 335 

maximal apparent quantum efficiency of CO2 fixation (ΦCO2), and the convexity of 336 

the nonrectangular hyperbola (θ). The awn and the non-awn tissues of spikes had 337 

different sets of photosynthetic parameters. With the measured light response curves 338 

of a spike (Aintact) before and after removing its awns (Adeawn) (Fig. 2d), the eight 339 

photosynthetic parameters (four for the awn tissues and the other four for the non-awn 340 

tissues) were solved iterately. Experimentally, we thoroughly parameterized and 341 

validated the model as follows (Supplementary Fig. 2):  342 
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Day 1: Pick up a spike in the field and measure its A-Q curve using the P-Chamber. 344 

At 18:00, enclose the spike with a transparent cuvette, and connect the transparent 345 

cuvette to the Li-6400 to monitor the spike gas exchange rate every 20 seconds for the 346 

whole night. 347 

Day 2: Keep monitoring the gas exchange rate of the spike by the transparent cuvette. 348 

Cover the transparent cuvette by a silver cloth around 9:00, 12:00, 15:00 and 17:30 349 

for 20 min to measure the diurnal spike respiration. At 18:00, remove the transparent 350 

cuvette, and remove the awns on the spike carefully by a surgical scissor. 351 

Day 3: Measure the A-Q curve of the de-awned spike using a P-Chamber. At 18:00, 352 

enclose the spike with the transparent cuvette, and connect the transparent cuvette to 353 

the Li-6400 to monitor gas exchange rate of the de-awned spike every 20 seconds for 354 

the whole night. 355 

Day 4: Keep monitoring the gas exchange rate by the transparent cuvette. Cover the 356 

transparent cuvette by a silver cloth around 9:00, 12:00, 15:00 and 17:30 for 20 min to 357 

measure the diurnal respiration of the de-awned spike. At 18:00, removing the 358 

transparent cuvette. Then, harvest the de-awned spike, and measure the spike 359 

architectural parameters. 360 

 361 

Both the P-Chamber and the transparent cuvette were equipped with high-precision 362 

temperature and humidity sensors, which recorded air temperature and humidity in the 363 

cuvette during measurement of gas exchange rate. For data analysis, the wheat spike 364 

A-Q curves measured on the 1st day and the 3rd day (with and without awn, 365 

respectively) were used for parameterizing the photosynthetic light response 366 

parameters. Daily dynamic wheat spike gas exchange rates measured by the 367 

transparent cuvettes on the 2rd day and the 4th day (with and without awn, 368 

respectively) were used to validate the model. 369 

 370 

Validation of the 3dCAP-wheat model 371 

To validate the gas exchange rate predicted by the 3dCAP-wheat model, the canopy 372 

gas exchange rate was measured directly. The canopy photosynthetic and respiratory 373 



rates of the 1 m * 1 m canopies were measured automatically every 10 min for the 2 374 

wheat cultivars using the canopy photosynthesis and transpiration system (CAPTS). 375 

CAPTS consists of a cubic transparent chamber, which can be open and closed 376 

automatically with programming, and is equipped with CO2, humidity, air pressure 377 

and temperature sensors in it (Supplementary Fig. 1b). CAPTS measures the canopy 378 

gas exchange rate by monitoring the CO2 concentration change rate in the chamber 379 

during the closure of the chamber (Song et al. 2016).  380 

 381 

To further validate the predictions of the 3dCAP-wheat model, we performed two 382 

additional treatments. The first one was the spike removal experiment, which was 383 

used to validate whether spike removal during the milking stage could indeed increase 384 

canopy photosynthetic rate. During the milking stage, six subplots each with a size of 385 

1.0 m * 1.0 m were randomly chosen. In three of the subplots, all spikes were 386 

removed manually. Daily dynamic canopy gas exchange of the six subplots were 387 

recorded with the CAPTS before and after spike removal.  388 

 389 

The second treatment was scattering-film covering treatment, which was used to 390 

validate whether more scattering light could increase canopy photosynthetic rate of a 391 

closed wheat canopy. During the heading stage, nine subplots each with a size of 1 m 392 

* 1 m were randomly chosen. In three of the subplots, a PVC film with 90% 393 

transmittance was used to cover on the top of the CAPTS; in another three of the 394 

subplots, an optical scattering film with a transmittance of 90% and a haze of 50%, 395 

i.e., changing 50% of the direct incident light into scattering light, was covered on the 396 

top of the CAPTS. Daily dynamic canopy gas exchange rates of the nine subplots 397 

were recorded with CAPTS before and after covering the films. 398 

 399 

Results 400 

A ray-tracing based model quantifies gas exchange of foliar and non-foliar 401 

tissues in a canopy 402 



The 3dCAP-wheat comprises two parts, i.e., the structural part and the functional part. 403 

The structural part of the 3dCAP-wheat simulates detailed 3D wheat canopy 404 

architecture and light distribution. Detailed procedures of 3D canopy reconstruction 405 

can be found in Materials and methods. In the functional part of the 3dCAP-Wheat, 406 

we modeled the photosynthetic CO2 uptake rate of each small patch of foliar and non-407 

foliar tissues. The major challenges here are the measurement and modeling of the 3D 408 

architecture, light distribution and photosynthesis of the non-foliar tissues.  409 

 410 

To overcome these challenges, we firstly measured the gas exchange rates of the non-411 

foliar tissues using a custom-built P-Chamber (Chang et al. 2020). Then, for each 412 

small patch of the tissue, we calculated its light interception by reconstructing tissue 413 

3D architecture and performing ray tracing to simulate the light distribution in the P-414 

Chamber. We further used the classical non-rectangular hyperbola model to calculate 415 

its photosynthetic CO2 uptake rate under its incident light level (I) and the cuvette 416 

temperature (T). With the measured A-Q curves, the photosynthetic parameters (i.e., 417 

Amax_net, Rd, ΦCO2, θ) were solved iterately (see details in Materials and methods). 418 

 419 

To confirm the validity of this new method to quantify photosynthesis of non-foliar 420 

tissues, especially those with irregular shapes, we further recorded the 24-hour gas 421 

exchange rates of a spike with a transparent cuvette together with the real-time 422 

temperature and moisture in the cuvette before and after removal of its awns 423 

(Supplementary Fig. 3). At the same time, we predicted the 24-hour gas exchange 424 

rates of spikes with and without awns by reconstructing the 3D spike, simulating the 425 

light distribution, correcting temperature effect and calculating the gas exchange rates 426 

With correction of the temperature effect at different times of a day. Remarkably, the 427 

new method realistically predicted the 24-hour dynamic gas exchange rates (net 428 

photosynthetic rate Anet and dark respiratory rate Rd) for both the intact (R2=0.83 for 429 

Anet, R
2=0.61 for Rd) and the de-awned (R2=0.96 for Anet, R

2=0.95 for Rd) spikes (Fig. 430 

3a).  431 

 432 



After demonstrating the validity of the new method, we used the same strategy to 433 

model the gas exchange of a stem. We first characterized the temperature response 434 

functions for photosynthetic and respiratory rates of a leaf and a stem (Fig. 3b,c). We 435 

further derived relationships between the photosynthetic light response parameters 436 

(i.e., Amax_net, ФCO2, θ, Rd) and tissue nitrogen content (Fig. 3d-g; R2=0.92, 0.69, 0.13 437 

and 0.71, respectively), which were used to calculate leaf and stem photosynthetic 438 

rates under different light conditions based on the measured tissue nitrogen contents at 439 

different growth stages.  440 

 441 

Figure 3. A ray-tracing based model characterizing gas exchange of foliar and 442 

non-foliar tissues in a canopy. a, the measured and simulated daily dynamic gas 443 

exchange rates of the intact and de-awned spikes. (b-c), temperature response patterns 444 

of leaf/stem photosynthetic and respiratory rates (normalized to 1 at 25 oC). 445 

Photosynthetic rates were measured under a light level of 1500 µmol m-2 s-1. (d-g), 446 

relationship between tissue nitrogen content and the photosynthetic parameters. The 447 

four photosynthetic parameters are the net saturated photosynthetic rate (Amax_net), the 448 
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maximal apparent quantum efficiency of CO2 fixation (ΦCO2), the convexity of the 449 

nonrectangular hyperbola (θ), and the dark respiration rate (Rd). Data measured from 450 

cultivar N22 were used. Arrows in panel f illustrate time when spike respiratory rates 451 

were measured. 452 

 453 

The 3dCAP-wheat precisely predicts canopy gas exchange under multiple 454 

scenarios 455 

To further test the performance of the 3dCAP-wheat, we reconstructed wheat 456 

canopies for three different growth stages, i.e., the tillering stage (Fig. 4a), the 457 

heading stage (Fig. 4d), and the grain milk stage (Fig. 4g). The size of the canopy is 1 458 

m width * 1 m length. To avoid the border effect, we performed ray tracing and 459 

canopy photosynthetic rate calculation in the central 0.4 m * 0.4 m region.  460 

 461 

Experimentally, we recorded the 24-hour dynamic canopy gas exchange rates with a 462 

custom-built canopy photosynthesis and transpiration measurement system. Finally, 463 

the 3dCAP-wheat was tested on an overcast day at the tillering stage (Fig. 4b), a 464 

sunny day at the heading stage (Fig. 4e), and a cloudy day at the grain milk stage 465 

(Fig. 4h). Remarkably, the 3dCAP-wheat successfully predicted the 24-hour dynamic 466 

canopy gas exchange rates for all these three stages (Fig. 4c,f,i).  467 

 468 

We further tested the model performance under two perturbations. First, we simulated 469 

the influence of removing spikes on canopy photosynthesis. Surprisingly, we 470 

predicted that the canopy net photosynthesis can be increased by 9% if all spikes are 471 

removed at the grain milk stage (Fig. 4j). Consistently, field experimental results 472 

show that canopy photosynthesis was indeed increased by 7.5 ± 3.6% (mean ± sd; 473 

n=3) when the spikes were removed (Fig. 4j).  474 

 475 

Second, we studied the impacts of direct/diffuse ratio of incident light on canopy 476 

photosynthesis. We calculated the canopy photosynthesis of the field-grown plants 477 

under three scenarios: 1) without cover, 2) covering with a normal PVC board (with 478 



90% transparency), and 3) covering with a scattering film, which can transmit 90% of 479 

incident light and convert 50% of direct incident light into scattering light. Our results 480 

show that daily canopy photosynthetic CO2 uptake covered with scattering film was 481 

increased by 2 ± 3%, whereas that of plants covered with a normal PVC board was 482 

decreased by 4 ± 2%. These measured change trends of canopy photosynthesis were 483 

consistent with the model predictions (6% and -8%, respectively) (Fig. 4k).  484 

 485 

Lastly, we tested if the 3dCAP-wheat can predict canopy level temperature responses 486 

of photosynthetic rates and respiratory rates based on the tissue level temperature 487 

response functions (Figs. 2b; 3b,c). We collected the canopy net photosynthetic rates 488 

when incident photosynthetic photon flux density (PPFD) exceeds 1500 μmol m-2 s-1 489 

(Acnet _HL) and canopy respiratory rates at night (Rcd) under different air temperature at 490 

the heading stage. Remarkably, the model precisely reproduced the rapid increase of 491 

Rcd with the increase of temperature from 5 oC to 15 oC (Fig. 4l).  492 

 493 

Surprisingly, although A1500 keeps increasing rapidly till 25 oC at a single tissue scale 494 

(Figs. 2b; 3b), the change pattern of Acnet _HL versus air temperature differed 495 

dramatically at canopy level. Specifically, the relative change of Acnet _HL versus air 496 

temperature was unexpectedly small; more surprisingly, a decreasing trend in Acnet _HL 497 

was predicted when air temperature exceeds 18 oC, rather than 25 oC (Fig. 4m). 498 

Further analysis showed that a majority of plant tissues is under low light intensity, 499 

even at noon (Supplementary Fig. 4). Namely, under higher air temperature, 500 

photosynthetic rates of only a small proportion of (well-lighted) plant tissues in the 501 

canopy increase, while the respiratory rates of all plant tissues increase, which 502 

together compromise the overall canopy photosynthetic CO2 uptake rate. 503 



 504 

Figure 4. A comprehensive validation of the 3dCAP-wheat canopy 505 

photosynthesis model by precise predicting canopy gas exchange at different 506 

growth stages, under different weather, and under different perturbations. (a-c), 507 

canopy architecture, weather, and canopy photosynthesis at the tillering stage. (d-f), 508 



canopy architecture, weather, and canopy photosynthesis at the heading stage. (g-i), 509 

canopy architecture, weather, and canopy photosynthesis at the grain milk stage. j, 510 

increase of the diurnal net canopy photosynthesis by removing the spikes. k, changes 511 

of the diurnal net canopy photosynthesis by top-covering a PVC film with 90% 512 

transmittance and top-covering a scattering film with 90% transmittance and 50% 513 

scattering. (l-m), temperature responses of canopy night respiratory rate (Rcd) and 514 

canopy photosynthetic rate under high light (Acnet_HL; PPFD > 1500 μmol m-2 s-1) at 515 

the heading stage. Note that canopy night respiratory rate was normalized to 1 at 10 516 

oC (Rcd_10oC), while canopy photosynthetic rate under high light was normalized to 1 517 

at 20 oC (Acnet_HL_20oC). Data measured and simulated for cultivar N22 were used. 518 

 519 

Non-foliar tissues contribute 4~50% daily gross canopy photosynthesis (-19 ~ 520 

16% daily net canopy photosynthesis) and take up 6~61% of total light absorbed 521 

by a canopy 522 

Using the validated 3dCAP-wheat, we evaluated a number of factors influencing 523 

canopy photosynthesis, e.g., different photosynthetic tissues, spike traits, leaf nitrogen 524 

content and plant architecture. Although qualitatively these factors have long been 525 

recognized as important players influencing wheat yield, their quantitative impacts on 526 

canopy photosynthesis have not been systematically evaluated.  527 

 528 

First, we estimated the contributions of different photosynthetic tissues to canopy 529 

photosynthetic CO2 uptake rate. We tackled this problem by reconstructing the 530 

canopy architecture and simulating canopy gas exchange of different tissues with the 531 

3dCAP-wheat (Fig. 5a,c,e; Supplementary Fig. 5a,c,e; see weather information in 532 

Supplementary Fig. 6).  533 

 534 

We firstly calculated the contribution of each tissue to daily total canopy 535 

photosynthesis (Fig. 5b,d,f; Supplementary Fig. 5b,d,f). As expected, the uppermost 536 

two leaves are the major contributor of canopy photosynthesis at all three growth 537 

stages, which contributed 51~60% and 50~60% of daily Acgross for wheat cultivar 538 



Ningmai 22 (N22) and Yangmai 20 (Y20), respectively. Among non-foliar tissues of 539 

the two cultivars, we found that the stem contributed 4%, 12~14% and 15~20% of 540 

daily Acgross at the tillering, heading and grain milk stages, respectively; whereas the 541 

spike contributed 18~20% (with 6% from the awn and 12~14% from the non-awn 542 

tissues) and 30~34% (with 6% from the awn and 24~28% from the non-awn tissues) 543 

of daily Acgross at the heading and grain milk stages, respectively.  544 

 545 

Taking together, the non-foliar tissues contributed 4%, 32% and 49~50% of daily 546 

Acgross at the tillering, heading and mid-grain-filling stages, respectively. However, it 547 

is worth noting that in terms of daily Acnet, the non-foliar tissues contributed much less 548 

to canopy photosynthesis, which were 2%, 15~16% and -19 ~ -7% at the tillering, 549 

heading and grain milk stages, respectively (Fig. 5b,d,f; Supplementary Fig. 5b,d,f). 550 

 551 

We further calculated the daily light absorption by different tissues (Fig. 5b,d,f; 552 

Supplementary Fig. 5b,d,f). Our results show that leaves absorbed 94%, 57~58% 553 

and 39~40% of the total absorbed light by the canopy at the tillering, heading and 554 

grain milk stages, respectively. Spikes, which are located at the top of the canopy, 555 

absorbed 26~29% (with 9% absorbed by the awn and 17~20% absorbed by the non-556 

awn tissues) and 36~39% (with 10~11% absorbed by the awn and 25~29% absorbed 557 

by the non-awn tissues) at the heading and grain milk stages, respectively. On the 558 

contrary, stems absorbed a relatively small proportion of light, i.e., 6%, 14~15% and 559 

22~23% at the tillering, heading and grain milk stages, respectively. Taken together, 560 

the non-foliar tissues absorbed 6%, 41~43% and 59~61% canopy light at the three 561 

stages, respectively. 562 

 563 

In addition, we calculated the daily light use efficiency (LUE) of different tissues 564 

(Fig. 5b,d,f; Supplementary Fig. 5b,d,f). Here the LUE for a tissue is defined as the 565 

ratio between the daily Acgross (μmol m-2 day-1) and total solar radiation absorption 566 

(μmol m-2 day-1) by this tissue. Throughout the tillering, heading and grain milk 567 

stages, leaves had the highest LUE of 3.9~6.3%, followed by the stem, which had a 568 



LUE of 2.1~3.6%. Spike had the lowest LUE of 2.5~2.7% (with the awn LUE of 569 

1.8~2.5% and the non-awn LUE of 2.5~3.0%).  570 

 571 

Figure 5. A landscape of photosynthetic characteristics of different foliar and 572 

non-foliar tissues in the canopy. The 24-hour dynamic net gas exchange rate of 573 

different tissues in the canopy at the tillering (a), heading (c) and grain milk (e) stages 574 

on typical sunny days. The daily net photosynthesis, daily gross photosynthesis, daily 575 

light absorption and daily light use efficiency (LUE) of different tissues at the tillering 576 

(b), heading (d) and grain milk (f) stages on typical sunny days. An (%), the ratio 577 

between tissue daily net photosynthesis and canopy daily net photosynthesis; Ag (%), 578 

the ratio between tissue daily gross photosynthesis and canopy daily gross 579 

photosynthesis; Ia (%), the ratio between tissue daily light absorption and canopy 580 

daily light absorption; LUE, the ratio between the daily gross photosynthesis and the 581 

daily light absorption. The cultivar N22 was used. 582 



 583 

Canopy photosynthesis can be enhanced by increasing spike photosynthetic 584 

activity rather than by elongating awn length or spike length under favorable 585 

condition 586 

Spike photosynthesis has been regarded as a major contributor of wheat yield. To 587 

study influence on canopy photosynthesis of different approaches that increase spike 588 

photosynthesis, we evaluated the impacts of modifying different spike properties on 589 

wheat spike and canopy photosynthesis. There are several potential approaches to 590 

increase spike photosynthesis: 1) higher spike number; 2) longer spike with more 591 

spikelets; 3) larger spikelets; 4) longer awn; and 5) higher spike photosynthetic 592 

activity. As a result, we found that all these factors can be used to increase spike daily 593 

gross photosynthesis (Fig. 6). However, these factors had drastically different impact 594 

on canopy net photosynthesis.  595 

 596 

First, a quadratic relationship was found between daily Acnet and spike number (Fig. 597 

6a). Namely, daily Acnet first increases then decreases with an increase in tiller 598 

number, due to the saturation of Acgross and the continued increase in respiratory rate 599 

when the tiller number is higher than the optimum.  600 

 601 

Second, daily Acnet decreased with both longer spike and larger spikelets (Fig. 6b,c), 602 

due to the lower LUE of spikes and their shading effect on leaves. As an extreme 603 

case, when all the spikes at the grain milk stage were removed, the diurnal Acnet (6:00-604 

18:00) can be increased by 9% (Fig. 4j).  605 

 606 

Third, although light interception and daily accumulated photosynthesis of almost all 607 

individual tissues in the canopy were affected by awn removal/elongation 608 

(Supplementary Fig. 7), only negligible influence was found on the daily Acnet (Fig. 609 

6d).  610 

 611 



Finally, unsurprisingly, daily Acnet was higher when the photosynthetic activities of 612 

both spikelets and awns were higher (Fig. 6e,f). Specifically, if the light saturated 613 

gross photosynthetic rates of the spikelet or awn can be increased to ~25 μmol m-2 s-1, 614 

a level similar to that of the flag leaf, the daily Acnet may be increased by ~25% or 615 

~10%, respectively (Fig. 6e,f).  616 

 617 

Figure 6. The change pattern of daily Acnet and daily spike gross photosynthesis 618 

with change in different spike traits. The spike traits are spike number (a), spike 619 

length (b), spikelet size (c), awn length (d), maximal photosynthetic capacity of the 620 

spikelets (e), and maximal photosynthetic capacity of the awns (f). The arrows show 621 

the real values of traits in wheat cultivar N22. 622 

 623 

Covariation in tissue respiratory rate and photosynthetic rate may be a key 624 

factor compromising the conversion from leaf level photosynthetic capacity to 625 

daily Acnet gain 626 

Increased application of nitrogen fertilizer has been regarded as one of key factors 627 

that improve crop growth and yield since the Green Revolution. To study the 628 

implications of tissue nitrogen content to canopy photosynthesis, we evaluated the 629 

impact of modifying leaf nitrogen content on canopy photosynthetic rate. Firstly, we 630 

found leaf nitrogen content highly influenced its gas exchange parameters (Fig. 3d-g). 631 

Given higher nitrogen content can increase both photosynthetic rate and respiratory 632 



rate (Fig. 3d,g), we evaluated the impact of modifying leaf nitrogen content on 633 

canopy photosynthetic rate.  634 

 635 

Our results show that, at a low nitrogen level, the increase of leaf nitrogen content 636 

increases daily Acnet for both cultivars (Fig. 7a-f). However, when the leaf nitrogen 637 

content is higher than an optimal level, further increase in leaf nitrogen content 638 

decreases daily Acnet (Fig. 7a-f). This is because the increase in respiration is higher 639 

than the increase in photosynthesis at the canopy level. The optimal leaf nitrogen 640 

contents differ between cultivars and between different developmental stages, which 641 

depend on canopy architecture (dashed lines in Fig. 7a-f). More intriguingly, from 642 

these synthetic data, we found non-linear relationships between photosynthetic 643 

capacity of the uppermost leaves (Amax_leaf) and daily Acnet (Fig. 7g-i). 644 

 645 

However, what if Amax_net and/or ФCO2 could be improved without an associated 646 

increase in Rd? When looking at the cultivar N22 at the heading stage, simulations 647 

show that at the canopy scale, a 10% increase in leaf Amax_net only converted to 4.9% 648 

increase in daily Acnet; a 10% increase in leaf ФCO2 converted to 6.4% increase in daily 649 

Acnet, which is 31% (6.4/4.9 - 1) more than that of increase in Amax_net (Fig. 7j). In 650 

contrast, for spike, a 10% increase in Amax_net converted to 1.56% increase in daily 651 

Acnet, which is 39% (1.56/1.12 - 1) more than that of increase in ФCO2 (Fig. 7j). This 652 

difference between leaf and spike is due to that most of the leaves in a canopy are 653 

under low light, whereas spikes are usually under high light. In addition, when the 654 

Amax_net and ФCO2 of leaves, spikes and stems can be increased simultaneously, the 655 

daily Acnet reached the largest gain of ~12%, 3% and 2% respectively (Fig. 7j).  656 



 657 

Figure 7. The conversion from tissue level photosynthetic capacity enhancement 658 

to canopy level daily net photosynthetic gain is dependent on co-variation in 659 

tissue respiratory rate. (a-c), change in daily net canopy photosynthesis with 660 

different leaf tissue nitrogen content at the tillering stage (a), the heading stage (b), 661 

and the grain milk stage (c) for wheat cultivar N22. (d-f), change in daily net canopy 662 

photosynthesis with different leaf tissue nitrogen content at the tillering stage (d), the 663 

heading stage (e), and the grain milk stage (f) for wheat cultivar Y20. (g-h), the 664 

relationship between daily net canopy photosynthesis and maximal photosynthetic 665 

capacity of the uppermost leaves at the tillering stage (g), the heading stage (h), and 666 

the grain milk stage (i) for both cultivars. j, the increase in daily net canopy 667 

photosynthesis by 10% increase of leaf/stem/spike maximal photosynthetic capacity 668 



(Amax), apparent quantum efficiency (ФCO2) or both at the heading stage. The arrows 669 

show the real values of traits in wheat cultivar N22 or Y20. 670 

 671 

Erect leaves, lower spike position, shorter plant height and proper plant density 672 

benefit daily Acnet  673 

During conventional high yielding crop breeding in cereals, a major focus is 674 

improving canopy architecture at heading. To quantify the impact of canopy 675 

architecture on canopy photosynthesis, we evaluated effects of changing major plant 676 

architectural parameters on daily Acnet at the heading stage. We first evaluated the 677 

effect of modifying plant height on daily Acnet. Plant height is modified to be either 678 

0.5-fold or 1.5-fold of the default height at the heading stage (Fig. 8a,b). In both 679 

scenarios, the size and shape of leaves and spikes, and the relative position of leaves 680 

on the stem were not changed. Simulations show that stem height influences light 681 

absorption and daily net photosynthesis of all tissues. For example, when stem height 682 

was reduced to 0.5-fold of its original value, daily net photosynthesis of the spike, the 683 

flag leaf and the stem were reduced by 33%, 11% and 64% respectively, due to less 684 

light absorption by these tissues; whereas daily net photosynthesis and light 685 

absorption of the lower leaves were increased (Fig. 8a).  686 

 687 

The different change trends of light absorption of different tissues can be understood 688 

by taking into account that when stem height was reduced, the relative height of the 689 

upper tissues became lower, while the relative height of the lower tissues became 690 

higher in the canopy. In terms of stem, its reduction in light absorption was a result of 691 

its reduced length and surface area. In contrast, when the plant height was increased to 692 

be 1.5 fold of its default value, the net photosynthesis of spike and the flag leaf were 693 

increased, while the net photosynthesis of lower leaves and stem were decreased (Fig. 694 

8b). For stem, although it had increased light absorption (+48%), it decreased in net 695 

photosynthesis (-65%), which was a result of a higher increase in respiration than in 696 

photosynthesis with longer stem length.  697 

 698 



In brief, at the canopy level, although a decrease of the stem height by 50% decreased 699 

total canopy light absorption by 4%, it increased daily Acnet by 2% as a result of 700 

increased photosynthetic CO2 uptake of lower leaves; whereas although an increase of 701 

stem height by 50% increased canopy light absorption by 2%, it decreased daily Acnet 702 

by 5% as a result of a dramatic decrease in photosynthesis of plant tissues below the 703 

flag leaf (Fig. 8a,b). On the other hand, the predicted small difference in canopy 704 

photosynthesis between dwarf (~50 cm in plant height), semi-dwarf (~90 cm in plant 705 

height) and tall (~130 cm in plant height) wheat cultivars at the heading stage was 706 

consistent with experimental data after spike emergence in winter wheat (Gent 1995). 707 

 708 

In rice, the modern high yielding cultivars usually have erect leaves and a short 709 

distance between the base of the flag leaf and the base of the spike. We tested whether 710 

incorporation of these morphological features can also benefit canopy photosynthesis 711 

in wheat. Specifically, we reconstructed new plant types with the following 712 

manipulations: 1) flattening leaves, i.e., leaving out the twisting feature of leaves; 2) 713 

straightening leaves along their initial direction at leaf base; 3) overlapping the base 714 

points of the spike and the uppermost leaf; 4) a combination of 1), 2) and 3). The 1st 715 

modification hardly influenced, while the 2nd and the 3rd modification increased daily 716 

Acnet by 1.6% and 2.7% respectively. Remarkably, a combination of the 1), 2) and 3) 717 

modifications increased the daily Acnet by 5.2% (Fig. 8c). This result indicates that a 718 

lower spike position and straight and erect leaves could benefit wheat daily Acnet.  719 

 720 

The tiller number per unit ground area is another major factor influencing crop 721 

canopy architecture, photosynthesis, crop biomass and yield. Here we evaluated 722 

diurnal and daily Acnet at the heading stage with different combinations of row 723 

distance (10, 15, 20, 25, 30 cm) and distance between plants in a row (0.33, 0.49, 724 

0.66, 0.82, 0.98 cm). All plant architectural features were kept constant.  725 

 726 

First, diurnal/daily Acnet is low under both high and low tiller numbers per unit ground 727 

area (Fig. 8d). Specifically, the highest diurnal net photosynthesis was observed with 728 



a planting pattern of 10 cm * 0.33 cm-1 and 25 cm * 0.82 cm-1 (the photosynthesis is 729 

0.9% higher than the current planting pattern of 20 cm * 0.66 cm-1); while the highest 730 

daily Acnet was predicted for a canopy with a planting pattern of 20 cm * 0.49 cm-1 731 

(the photosynthesis is 3.2% higher than the current planting pattern). However, a 732 

planting pattern of 20 cm * 0.49 cm-1 means 25% less spikes per m2
 land, i.e. lower 733 

grain sink capacity. Among the planting patterns which have equal or higher grain 734 

sink capacity, daily Acnet of the current planting pattern is near optimal, which is 99% 735 

of the highest daily Acnet (the highest daily Acnet are achieved with planting patterns of 736 

10 cm * 0.33 cm-1 and 25 cm * 0.82 cm-1).  737 

 738 

These results indicate that on one hand, a proper plant density is needed to balance 739 

tissue photosynthetic gain and respiratory cost; on the other hand, the optimal planting 740 

patterns may be diverse, i.e., there are different combinations of row distance and 741 

plant density in a row which can achieve similar high canopy photosynthesis and 742 

grain sink capacity.  743 



 744 

Figure 8. Erect leaves, lower spike, shorter plant height and proper plant density 745 

benefit canopy photosynthesis at the heading stage. (a-b), responses of daily net 746 

tissue and canopy photosynthesis and light absorption to a 50% decreased stem height 747 

(a) or a 50% increased stem height (b). c, the responses of daily net canopy 748 

photosynthesis to different manipulations of plant architecture: 1) leaving out the 749 

twisting feature of leaves; 2) straightening leaves along their initial direction at leaf 750 

base; 3) coinciding the base points of the spike and the uppermost leaf; 4) a 751 

combination of 1), 2) and 3). d, plant density, diurnal Acnet and daily Acnet under 752 

different combinations of row distance and plant density in a row. 753 

 754 

DISCUSSION 755 

Development of a complete model for canopy photosynthesis 756 



Although a number of canopy photosynthesis models have been developed to date, 757 

they usually lack a detailed description of canopy architecture, especially for non-758 

foliar tissues (Wu et al. 2019; Wang et al. 2017; Ikawa et al. 2018). However, as we 759 

have shown above, spike and stem are also photosynthetically active during grain 760 

filling, and are important contributors of canopy photosynthesis. Therefore, these 761 

models cannot be used to study canopy photosynthesis at the grain filling stage 762 

(Zhang et al. 2020).  763 

 764 

Here we present a complete model, the 3dCAP-wheat, which explicitly simulates the 765 

photosynthesis of both foliar tissues and non-foliar tissues (i.e., stem and spike). As a 766 

result, the 3dCAP-wheat can be used to enable quantitative study of canopy 767 

photosynthesis across the whole growing season (Fig. 4). Moreover, this model can 768 

be used to estimate the contribution of different features to total canopy 769 

photosynthesis, identify options to gain higher photosynthetic efficiency, and define 770 

optimal combinations for further enhancement of canopy photosynthesis. In addition, 771 

to enable efficient model parameterization, we have developed a pipeline to measure 772 

architectural and physiological parameters as model input. To ease the application and 773 

further development of the model by the community, we have made the source code, 774 

together with the user manual, freely available for non-commercial use.  775 

 776 

There are several potential limitations of this approach. Firstly, the 3dCAP-wheat 777 

model needs detailed measurement of plant architecture and photosynthetic 778 

physiology of individual plant tissues, which can be more time consuming than leaf 779 

area index based methods. Secondly, in current model, we do not consider 780 

photosynthesis under stresses, e.g. drought, salt, extreme temperature and biotic 781 

stresses. Thirdly, in current model, we do not simulate the dynamic plant growth and 782 

the influence of source sink relationship on photosynthesis, which has been done in 783 

another independent work (Chang et al., unpublished data). 784 

 785 

Ideotype features for wheat canopy for maximizing photosynthetic efficiency 786 



Enhancing crop yield potential is a major focus of modern crop breeding. However, 787 

defining the optimal combination of traits still represents a major challenge for 788 

breeders (Yuan et al. 2011; Chang et al. 2019b). The model and related method for 789 

model parameterization and analysis reported here can be used as a generic approach 790 

to identify options to improve canopy photosynthesis. In this pilot study, an elite 791 

Chinese wheat cultivar, N22, is used as an example to show how to use the 3dCAP-792 

wheat for identifying options for further improvement. We have identified many 793 

features which are largely consistent with current breeding experience, suggesting that 794 

this model can be used to support further wheat crop improvement. Here we discuss 795 

these features, their relevance to breeding and discuss them with the current 796 

understanding of their role in canopy photosynthesis: 797 

 798 

Morphologically, we found that the daily Acnet at the heading stage can increase 5% by 799 

having more erect leaves and lowering the spike basal position to the base of the flag 800 

leaf, if other morphological and physiological traits remain unchanged (Fig. 8c). In 801 

contrast, neither increase in spike length, grain size, awn length, spike number 802 

(beyond a certain optimal value), nor increase in plant height can further improve 803 

canopy photosynthesis at the heading stage (Fig. 6a-d; Fig. 8b).  804 

 805 

Taking a tall plant (e.g. 130 cm) as an example, we have shown that regardless of its 806 

higher risk of lodging and its more biomass partitioned into stem (which is less 807 

photosynthetically active), more light in the canopy would be intercepted by spike and 808 

stem due to elongated internode length below the spike (so higher relative spike 809 

position in the canopy) and increased stem surface area (Fig. 8b). This results in a 810 

slight reduction (5%) in canopy photosynthesis. Given that taller plants tend to have 811 

even bigger spikes, this reduction in photosynthetic source and increase in 812 

carbohydrate sink would result in an imbalanced plant source sink relationship. 813 

 814 

In line with this analysis, for wheat breeding in the last century, plant height keeps 815 

decreasing both in China (Qin et al. 2015) and in Italy (De Vita et al. 2007); and it 816 



was found that canopy photosynthesis at the heading stage did not significantly differ 817 

between dwarf, semi-dwarf and tall cultivars (Gent 1995). Together with our 818 

simulation results, we conclude that tall cultivars do not have advantage in canopy 819 

photosynthesis during the grain filling period.  820 

 821 

Similarly, during a century’s high-yield wheat breeding, neither spike length (De Vita 822 

et al. 2007), awn length (Maydup et al. 2014), nor spike number changed significantly 823 

(Qin et al. 2015), whereas the grain size (kernel weight) significantly increased (Qin 824 

et al. 2015; De Vita et al. 2007). It is obvious that, to increase grain yield potential, 825 

breeders have to increase one or multiple grain yield related components, i.e., spike 826 

number, spike length and grain size (and/or filled spikelet number). The question is 827 

why breeders preferred to increase grain size (and/or filled spikelet number) rather 828 

than the other two? Intriguingly, from theoretical calculation of canopy 829 

photosynthesis, we found that increasing the three traits may all decrease daily Acnet, 830 

but the magnitude of this decrease differs. Specifically, if we increase spike number 831 

33% (from 328 to 435 m-2), the Acnet will decrease 27%; if we increase spike length 832 

33% (from 9 to 12 cm), the daily Acnet will decrease 7%; if we increase spikelet size 833 

32% (from 31 to 41 mg), the daily Acnet will decrease only 4% (Fig. 6a-c). 834 

Accordingly, increasing grain size (and/or filled spikelet number) may be the best 835 

choice of breeders to maintain the canopy photosynthetic capacity while increasing 836 

the grain yield potential.  837 

 838 

Physiologically, improvement of photosynthetic activity is an important approach to 839 

further enhancement of crop yield (Long et al. 2015). A key issue is how much 840 

canopy photosynthesis can be increased from the increased tissue-level photosynthetic 841 

capacity (Wu et al. 2019). Here we found that for the wheat cultivar N22 at the 842 

heading stage, increasing leaf Amax_net, or ФCO2, or both, by 10% can lead to an 843 

increase of daily net canopy photosynthesis of 4.9%, or 6.4% or 12%, respectively 844 

(Fig. 7j).  845 

 846 



However, simultaneous increase of leaf photosynthetic and respiratory rates by 847 

increasing tissue nitrogen contents will convert into much less (or even negative) net 848 

canopy photosynthesis enhancement (Fig. 7a-f). These nonlinear responses of daily 849 

Acnet to leaf nitrogen content may partially underlie the frequently observed quadratic 850 

relationship between the nitrogen application rates and the plant biomass and yield 851 

(Shapiro and Wortmann 2006; Yang 2015; Koenig et al. 2011). Given that the 852 

Amax_leaf values are in a range of 20-35 μmol m-2 s-1 for most of the wheat cultivars 853 

grown under a wide range of conditions, our simulation predicted weak or no 854 

correlation between Amax_leaf and daily Acnet in this range (Fig. 7g-i). Again, this is 855 

related to the expected higher respiratory cost in canopies with higher Amax_leaf. These 856 

analyses may at least partially explain why there is no significant correlation between 857 

Amax_leaf and plant biomass (Wells et al. 1986). These results also highlight the 858 

importance of enhancing photosynthesis without the associated increase in respiration.  859 

 860 

Spike photosynthesis has long been regarded as an important player in cereal crop 861 

yield formation, especially in wheat and barley (Parry et al. 2011; Faralli and Lawson 862 

2020; Furbank et al. 2020; Tambussi et al. 2021; Sanchez-Bragado et al. 2020). When 863 

spike photosynthesis is estimated with different methodologies, in different wheat 864 

lines and under different growth conditions, it was found that spike photosynthesis 865 

contributed 4.4% to 97% of the grain yield (Zhang et al. 2020). However, these 866 

methods either did not consider the photosynthetic activity on a surface area basis 867 

(Sanchez-Bragado et al. 2014), or did not consider the light interception of the spike 868 

(Molero and Reynolds 2020), or did not consider the CO2 source of spike 869 

photosynthesis. Therefore, these methods cannot quantitatively assess the 870 

photosynthetic roles of leaves and spikes in a canopy.  871 

 872 

Here, by comprehensive measurement and modeling the structure and photosynthetic 873 

physiology of both the spikes and other organs in a canopy, we are able to show that 874 

at heading, the spike has a light interception of ~28%, which is comparable to that of 875 

a flag leaf, and a LUE of ~2.5%, which is much lower than that of a flag leaf. More 876 



importantly, ~50% of the CO2 for spike photosynthesis is from spike respiration. As a 877 

result, in a closed canopy, removal of spikes would “transfer” the light intercepted by 878 

the spikes to the leaves, which have much higher photosynthetic activity than the 879 

spikes (on a surface area basis). And finally, the canopy (net) photosynthesis would 880 

be increased rather than decreased. And for the same reason, we suggest that in the 881 

direction of increasing spike photosynthesis, researchers should focus on increasing 882 

the photosynthetic activity of glumes and awns, rather than focus on increase spike 883 

number, spike size and/or awn size (Fig. 6). 884 

 885 

Most efforts so far on improving photosynthesis have focused on foliar tissues and 886 

many effective options to improve leaf photosynthesis have been identified (Kromdijk 887 

et al. 2016; South et al. 2019; Simkin et al. 2015; Simkin et al. 2017; Wang et al. 888 

2014; Ambavaram et al. 2014). The effectiveness of these approaches in increasing 889 

spike photosynthesis needs to be tested. Furthermore, since genetic variation of spike 890 

photosynthesis may be independent of flag leaf photosynthesis (Molero and Reynolds 891 

2020), it is also timely to mine and exploit alleles controlling spike photosynthesis as 892 

well.  893 

 894 

In this regard, our custom-built P-Chamber (Chang et al. 2020) could be served as a 895 

feasible phenotyping tool for large-scale spike photosynthetic activity screening. 896 

Specifically, for each spike, the measurement of A1500 and Rd takes in total < 10 min 897 

in a temperature-controlled greenhouse. Using four P-Chambers, one could measure a 898 

large breeding panel of 150 genotypes * 3 repetitions in 3 days (6 hours a day). The 899 

area of the spikes can be measured by sampling and imaging the spikes (see in the 900 

Materials and methods). 901 

 902 

Lastly, while flag leaf photosynthesis has been described as a key trait to improve 903 

cereal yields, recent research has suggested the importance of middle and bottom 904 

layers of a canopy to radiation use efficiency, non-photochemical quenching and crop 905 

yield in wheat (Robles-Zazueta et al. 2022), rice (Foo et al. 2020) and cotton (Yao et 906 



al. 2016). Here, we emphasize that other leaves besides the flag leaf are indeed key 907 

players of canopy photosynthesis, which contribute ~40%/~35% of net/gross canopy 908 

photosynthesis at the heading stage, and ~40%/~20% of net/gross canopy 909 

photosynthesis at the milking stage. Moreover, these lower leaves, most of which are 910 

under light limited conditions during the day, have the highest LUE in the canopy, 911 

compared with the flag leaf, spike and stem (Fig. 5d,f; Supplementary Fig. 5d,f). 912 

 913 

In summary, the analysis from this modeling study and also earlier experimental 914 

results together suggest that features for a wheat ideotype for enhanced photosynthetic 915 

efficiency during the grain filling season may include, 1) more erect leaves, 2) lower 916 

spike position in the canopy, 3) semi-dwarf plant height, 4) proper plant density, 5) 917 

increased photosynthetic activity of both foliar and non-foliar tissues, and 6) lower 918 

leaf respiratory activity. 919 

 920 

Data and software availability 921 

Source code used for this study, together with the user manual, are freely available for 922 

non-commercial use at https://github.com/rootchang/3dCAP-wheat. 923 
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