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Response characteristics of photosynthetic productivity to the canopy spatial distribution pattern of Larix kaempferi
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Abstract: The spatial distribution of a forest canopy has a significant impact on the transpiration and photosynthetic capacity of trees, which ultimately affects their growth and biomass production.The spatial distribution of the forest canopy plays an important role in the transpiration and photosynthetic capacity of trees, and ultimately affects the growth and biomass production of trees. Despite its importance, how canopy photosynthetic productivity enhancement depends on canopy spatial distribution remains unclear. In order to address this knowledge gap, we conducted a study on Larix kaempferi (L. kaempferi) plantations in Gansu, China, investigating the relationship between canopy height, leaf area, seasonal variations in canopy spatial distribution, and photosynthetic parameters. The results showed that the net photosynthetic rate, stomatal conductance, and transpiration rate of L. kaempferi increase with greater the canopy height, while photosynthetically active radiation shows the opposite trend. Canopy photosynthetic productivity peaked in April, May, and June when the height in the canopy was 40%, followed by 20%, and then 30% from the perspective of spatio-temporal canopy spatial distribution. Maximum leaf area (10.7 m2) and photosynthesis productivity (919.6 mg·C·h−1) were observed when the height in the canopy ranged from 48%-59%. The changes led to increased sunlight exposure This resulted in a greater amount of sunlight exposure (75-88%, 88-100%) in different areas of the canopy. Additionally, there was a decrease in the amount of space covered by shade (25-38%, 50-63%, and 63-75%), depending on the specific region within the canopy and less occlusion of space in the shaded portions of the canopy (25-38%, 50-63%, and 63-75%). By scientifically managing stand density, the canopy spatial distribution can be optimized for photosynthesis, resulting in maximum light interception rates, enhanced photosynthetic capacity, and reduced "non-functional canopy". These findings offer effective and scientifically informed management strategies for the forestry industry. By optimizing the structure of the canopy, specifically in L. kaempferi, these strategies aim to maximize photosynthetic productivity.These findings provide efficient and scientific management strategies for the forestry industry to optimize canopy structure and maximize photosynthetic productivity in L. kaempferi.
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1. Introduction
The canopy photosynthetic productivity is the primary driving force for promoting and supporting forest formation [1] and is the main energy source for canopy carbon supply and metabolism [2]. The spatial distribution of the canopy directly affects tree photosynthetic capacity and tree growth [3], and then individual tree photosynthesis affects the performance/productivity of the entire forest stand [4-6]. This is because photosynthetic productivity mainly depends on the three-dimensional structure of the forest stand, the photosynthetic capacity of the canopy leaves, and the interception and conversion efficiency of light by leaves under specific environmental conditions [7-9]. Therefore, revealing the influence of canopy spatial distribution on photosynthetic productivity is helpful to understand the formation of forest productivity and improve the ecosystem's carbon sink capacity [10]. Therefore, it is crucial to develop forest management measures and discover forest productivity from an ecological and physiological perspective [11-12].
There are significant differences in the spatial distribution of light within the canopy [13-14]. The light environment within forests is therefore highly different to that of crop canopies where canopy structure or leaf material is more homogenous and not so cone shaped [15-17]. The relative light intensity in the canopy in young forest stands does not decrease steadily from top to bottom. It is worth highlighting here that this is because there isn't full canopy closure and thus the spacing between neighboringneighbouring trees permits light to directly enter from different angles, not just top down. A local light intensity peak was found near the middle canopy of old Douglas fir trees; the light intensity in the canopy increased because of the lateral penetration of diffused light [8,13-14]. The forest light energy utilization rate was affected by forest canopy spatial distribution [15].
In addition, several studies have shown that variations in leaf optical properties, light environment, and irradiation conditions lead to spatial changes in crown photosynthesis [16-18]. Kurachi et al. [8,10,19] estimated canopy photosynthesis during different seasons by evaluating the light interception by the canopy, air temperature conditions, and branches (twigs without leaves) respiration. The model of Kurachi et al.[19] on canopy photosynthesis indicates that light conditions, such as light interception by leaves and branches (plus stems), are important factors affecting canopy photosynthesis. Thus, the effect of light interception by the canopy on photosynthesis should be considered [8]. Changes in the canopy position lead to variations in stand productivity [20], as the annual photosynthetic rate of the canopy is highly correlated with the specific leaf mass of different canopy positions (proportions of sun-lit and shaded crown volumes) in deciduous trees (Larix sp.) [21]. The spatial distribution of tree canopy complexity is influenced by factors such as shoot growth, branch death, and the production of epidermal branches The complexity of tree canopy spatial distribution is affected by shoot growth, branch death, and epidermal branch production [22]. The leaf area ratio (leaf area/plant biomass) has a significant influence on the amount of light absorbed by per unit of aboveground biomass [23].
The shade of the tree canopy causes the temperature in the lower canopy to be cooler than that of the upper canopy during the day, and the opposite characteristics are observed at night [24]. This leads to a difference in the air humidity and vapor pressure deficit (VPD) of the canopy between the upper and lower layers. Temperature changes affect photosynthesis and respiration, and humidity affects leaf stomatal conductance, which in turn affects the accumulated amount of canopy photosynthesis [19,25]. Light attenuation within the canopy leads to vertical variations in leaf physiological and morphological parameters [26]. However, numerous studies have also indicated that leaves in a low-light environment have adaptability to low light to optimize the carbon harvest of trees. Changes in light also affect the biochemistry of the leaves- a lot depends on whether the acclimation occurred before or after the leaf morphology and anatomy become fixed (developmental versus dynamic) [15]. Therefore, exploring the spatial and temporal dynamics of photosynthesis throughout canopy structure is important for the precise quantification of canopy photosynthetic productivity.
Larix kaempferi (Lamb.) Carr. (L. kaempferi) (Japanese larch) is the main afforestation tree and timber species in Northeast China [27]. It is endemic to Japan and native to the central mountainous region of Honshu Island [28-30] (Fig. S1). Japanese larch showed greater resistance and resilience in morphological and physiological responses, and in plant-water relations [6231]. Although many researchers have already studied canopy photosynthesis, there is still a lack of research on the spatial distribution of photosynthesis within the canopy of L. kaempferi. Therefore, we hypothesis that the response of canopy photosynthetic parameters to changes in canopy spatial distribution pattern is not significant; the canopy spatial distribution pattern of canopy physiological and ecological parameters has a complex impact on the distribution pattern of photosynthetic productivity, so, exploring the canopy spatial distribution and their photosynthetic productivity of L. kaempferi is significant. Our main objectives were (1) to discover characteristics that vary in the relationship between photosynthetic parameters and canopy spatial distribution, (2) to determine the distribution pattern of canopy physiological and ecological parameters and photosynthetic productivity, and (3) to clarify how canopy photosynthetic productivity enhancement depends on canopy spatial distribution.
2. Materials and methods
2.1. Site description
[bookmark: OLE_LINK147][bookmark: OLE_LINK154]This study was conducted in an L. kaempferi plantation located in Xiaolongshan Forestry Experimental Bureau, Gansu province, northwest China. The site was defined as the climate transition zone between the northern subtropical and warm temperate zones and was located in the western Qinling Mountains (104°22′ -106°43′ E, 33°30′ -34°49′ N), in an altitude of 700-3330 m (Figure Fig. 1). The mean annual temperature is 7-12°C, the extreme maximum temperature is 39.2℃, the minimum temperature is -23.2℃, the mean values of mean annual precipitation is 670 mm, and the mean annual precipitation range is 460-800 mm. Most of the precipitation is concentrated in July, August, and September, which accounts for approximately 70-80% of the annual precipitation. The frost-free period is 140d-218d (from early June to late October or early January of the next year) and the soil in these areas is mainly mountain brown soil [3132-3233].
[image: E:\文章作图\日本落叶松全国分布2023.5.20.jpg][image: C:\Users\wuchu\Desktop\1.jpg]
Figure Fig. 1. Research site location and seasonal changes in mean air temperature and precipitation from January 2014 to December 2015.
2.2. Experimental design and sampling
[bookmark: OLE_LINK112][bookmark: OLE_LINK118]The trees of L. kaempferi plantation including sapling (3-year-old), young (8-year-old), and mature (20-year-old) stages were selected for researches in this study (Table 1). Three plots (20 m × 30 m) were set up in each stand with almost the same slope and aspect, and each tree was investigated. A target tree was selected, and then four neighboring trees of the target tree were selected as samples (total 36) [3233]. The sapling stands were present a mixed forest of L. kaempferi and Picea crassifolia, had an open canopy structure, and there was no shelter between the branches of the four adjacent sample trees. The 8-year-old and 20-year-old stands consisted of pure L. kaempferi forests and had a significant canopy closure. Within the middle and lower canopy, the branches intersected, and the neighboring trees created shade for one another. Consequently, this led to a reduced light environment in the middle and lower canopy areas.The 8-year-old and 20-year-old stands were pure L. kaempferi forests, with a relatively large canopy closure. The branches crossed each other in the middle and lower canopy, and the four neighboring trees were shaded by each other, resulting in a lower light environment in the middle and lower canopy.  The soil nutrients in the sample plots decreased with decreasing soil depth, and the ranges of C:N, C:P, and N:P were 10.50-15.90, 22.29-32.79, and 1.66~2.72, respectively (Table 2).
Table 1. Summary of characteristics in the investigated Larix kaempferi plantations.
	Age(a)
	Slope
	Density(trees·hm−2)
	Height(m)
	DBH (cm)
	Canopy width(m)
	Canopy length(m)

	3
	South
	4400
	4.3±0.12*
	4.4±0.37*
	1.4±0.03*
	4.0±0.16*

	8
	Southwest
	3700
	10.0±0.18*
	7.5±0.03*
	2.3±0.04*
	5.9±0.21*

	20
	West
	2160
	16.1±0.14*
	13.5±0.20*
	2.8±0.04*
	6.4±0.11*


Note: DBH: Diameter at breast height, * means P<0.01.

Table 2. Summary of soil nutrient and stoichiometry ratio in the investigated Larix kaempferi plantations.
	Stand age/(a)
	Soil depth/(cm)
	C/(mg·g−1)
	N/(mg·g−1)
	P/(mg·g−1)
	C:N
	C:P
	N:P

	3
	0~10
	19.53±4.73
	1.28±0.42
	0.58±0.09*
	15.90±1.79*
	32.79±3.84*
	2.10±0.40*

	
	10~20
	17.92±4.79*
	1.24±0.39*
	0.55±0.09*
	15.47±0.78*
	30.12±3.46*
	2.03±0.33*

	
	20~40
	14.37±6.13
	0.98±0.47*
	0.52±0.12*
	15.47±1.11*
	24.87±5.45*
	1.66±0.48*

	8
	0~10
	18.16±3.71
	1.68±0.42
	0.6±0.050*
	11.16±0.69*
	29.48±4.39*
	2.72±0.57

	
	10~20
	16.19±3.87*
	1.58±0.46*
	0.64±0.09*
	10.65±0.70*
	23.18±2.41*
	2.23±0.38*

	
	20~40
	14.25±6.54*
	1.18±0.56*
	0.57±0.12*
	13.03±0.14*
	22.49±6.13*
	1.81±0.53*

	20
	0~10
	18.93±3.98*
	1.57±0.49*
	0.72±0.10
	12.67±2.04*
	25.74±2.21*
	2.10±0.42*

	
	10~20
	16.58±3.71*
	1.62±0.53
	0.64±0.08*
	10.50±1.54
	24.08±2.50*
	2.33±0.49*

	
	20~40
	14.91±6.60
	1.23±0.58
	0.60±0.14*
	13.50±0.56*
	22.29±5.19
	1.78±0.46*


Note: * means P<0.01.
2.3. Dendrometric and photosynthetic data collection
A dynamic weather station (DL16; Adolf Thies GmbH & Co., KG, Göttingen, Germany) was used to measure the environmental variables (i.e., air temperature, Tair, and VPD) outside the chamber at 30-min intervals. The statistics for the measurement data for the photosynthetic light-response curves and the VPD and the specific leaf area (SLA) are listed in Table 3. The canopy was evenly divided into multiple layers based on its length. Each canopy was divided into eight equal layers based on the light interception effects, according to stratified clipping method [3334]. The 1st to 8th layer of the canopy was present from the top to bottom of the tree, and the position of the photosynthesis measurement point on the branch was consistent with the tree-division canopy. The canopy bottom was expressed as 0% of the relative crown height and the canopy top, as 100%. Well-growing branches were selected from each layer and each direction for photosynthesis determination. The light and foliage area distributions of the samples were determined with the change in canopy depth and directional position (Fig. 2). They measured by using a portable photosynthetic system (LI-6400XT; LI-COR, Inc., Lincoln, NE, USA) [3233].
Table 3. Parameters summary of all the photosynthetic light-response curves (LRCs), leaf traits and environmental conditions in 2014–2015.
	Canopy layer
	Top
	2nd
	3rd
	4th
	5th
	6th
	7th
	Bottom
	Total

	Pn
	-0.101 *layerl
	0.5361 *layerl 
	1.2121 *layerl
	1.7211 *layerl
	2.7521 *layerl
	3.5171 *layerl
	4.8541 *layer
	7.7661 *layer
	2.7821 *layer

	gs
	0.0261 *layerl
	0.0411 *layerl
	0.0481 *layerl
	0.0471 *layerl
	0.0701 *layerl
	0.0961 *layerl
	0.1261 *layerl
	0.1731 *layer
	0.0781 *layerl 

	Tr
	0.631  *layer
	1.067  *layerl 
	1.290  *layer
	1.295  *layerl
	1.980 * layer
	*2.555  *layerl
	3.137 * layerl 
	3.698 * layer
	1.957 * layer

	Ci
	367.200 *ayerl c
	351.800 *ayerl 
	326.000 *ayerl c
	301.700 *ayerl c
	291.900 *ayerl 
	297.800 * ayerl c
	284.500 *ayerl c
	272.000 *ayerl 
	289.200 *ayerl 

	Ls
	0.03400 *ayer
	0.07300 *ayerl
	0.12100 *ayerl
	0.18100 *ayerl
	0.20000 *ayerl
	0.18600 *ayerl
	0.20800 *ayer
	0.22100 *aye
	0.15300 *ayer

	SLA
	80.1990 *ayerl c
	95.3980 *ayerl
	102.415 *ayerl
	87.9305 *ayerl
	74.2485 *ayerl
	76.5025 *ayerl 
	69.6535 *ayerl
	62.1725 *ayerl
	81.0655 *ayerl 

	Ta
	28.6295 *ayerl 
	29.335  *ayerl 
	29.622  *ayerl 
	30.271  *ay erl
	30.889  *ayerl
	30.941  *ayerl
	30.728  *ayerl
	29.355  *ayerl
	29.971  *ayerl c

	VPD
	2.1521  *ayerl
	2.2211  *aye
	2.2651  *ayer
	2.3901  *ayerl
	2.5201  *ayer
	2.4421  *ayerl
	2.3201  *ayer
	2.0681  *ayer
	2.2971  *ayer

	PAR
	18.485  *ayerl
	64.460  *ayerl c
	213.167 *ayerl co
	224.682 *ayerl co
	410.627 *ayerl co
	448.559 *ayerl co
	784.654 * ayerl co
	836.806 *ayerl c
	375.180 *ayerl c


Note: Pn refers to net photosynthetic rate, gs refers to stomatal conductance, Tr refers to transpiration rate, Ci refers to intercellular CO2 concentration, Ls refers to stomatal restriction value, SLA refers to specific leaf area, Ta refers to air temperature, and PAR refers to Photosynthetically active radiation. Mean, Std., Max. and Min. represent the mean value, standard deviation, maximum value and minimum value respectively, * means P<0.01.
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Figure 2. Distribution of photosynthesis measurement positions in canopy of Larix kaempferi.
2.4. Photosynthetic light-response curve measurement
Photosynthetic light-response curves (LRCs) of selected fully elongated needles were determined using a portable photosynthesis system (Li-6400XT; LI-COR, Inc., Lincoln, NE, USA). The coniferous cluster sample was acclimated for 20 min at a CO2 concentration of 380 mol·m−2·s−1, which is close to the actual concentration around coniferous trees. A CO2 mixer (Li-6400-01) was used to maintain a stable CO2 supply in the chamber. In our previous research, we demonstrated that different vertical positions of the larch canopy stabilize when photosynthetically active radiation (PAR) is 1400 mol·m−2·s−1. Therefore, all coniferous clusters were induced with 1400 mol·m−2·s−1 radiation for at least 10 min to ensure that the potential photosynthetic capacity of all needle clusters could be activated. The coniferous cluster set was allowed to equilibrate for at least 2 min before measurements. To avoid the influence of photosynthetic ‘midday depression’ on the measurement results, the determination time was selected between 8:30 AM and 12:30 PM on sunny days, using a liquefied CO2 cylinder as the gas source, the CO2 response curve of needles was measured in situ using a portable photosynthesis measurement system connected to a controllable light cluster leaf chamber. The needles were induced using the same induction conditions as the light response curve measurement before the light response curve measurement. After the induction is completed, call the CO2 response curve automatic determination program, the light intensity in the leaf chamber was set as 1000 µmol·m−2·s−1, the CO2 concentration was 380 µmol·mol−1 [3233],  the temperature was 25℃, and the flow rate was 500 µmol·s−1 before the LRCs was measured. The LRCs curve of the needles was measured when the photosynthetic rate remained stable. We adjusted the automatic measurement program of the LRCs curve, setting the CO2 concentration to 380 µmol·mol−1, the temperature to 25℃, and light intensity to 2000, 1500, 1000, 800, 600, 400, 200, 100, 50, 20, and 0 µmol·m−2·s−1 from strong to weak, and the LRCs curve was measured automatically by an instrument.
In this study, we selected the most commonly models (Nonrectangle hyperbola model (NRH), Modified rectangle hyperbola model (MRH), and Modigliani Miller model (MM)) to find the optimal model to fit LRC curves. The model equations are as follows:
MM model [3435]:

                     (1)
where Pn is net photosynthesis rate (µmol·m−2·s−1), Pmax is the maximum Pn (µmol·m−2·s−1), PAR is photosynthetically active radiation (µmol·m−2·s−1), AQY is apparent quantum yield, Rd is dark respiration (µmol·m−2·s−1).
MRH model [3536]:

                     (2)

                              	(3)

where  is a dimensionless correction factor.
NRH model [3637]:

    (4)
where θ is the curvature of the LRC curve.
2.5. Optimal LRC model selection
After the models were modified, they were assessed by calculating the coefficient of determination (R2), mean error (ME), mean relative error (MRE), mean squared error (RMSE), and relative mean squared error (RRMSE) of the calculation model:
                        (5)
                        	(6)
                        	(7)
                        (8)
where n is the number of samples,  is the observed value, and  is the predicted value.
2.6. Leaf area and specific leaf area determination
The branch diameter, branch length, branch chord length, and branch angle of all branches were measured in each canopy layer. Then, all branches were cut and weighed, and a branch with an average weight was selected as the measuring branch in each canopy layer. The branches and leaves were weighed separately. The needles were measured in situ using a portable photosynthesis measurement system connected to a controlled light cluster leaf chamber. The clusters were measured and then all needles stripped to measure leaf area. The coniferous leaf area of L. kaempferi is difficult to measure directly in the field; therefore, the needles used to measure photosynthesis were removed and placed in an ice box to take them to the laboratory. We scanned the coniferous leaf with the Scan Maker i800 Plus scanner and measured the leaf area using Photoshop software to obtain the SLA (cm2·g−1) from the conical projection area (S, cm2) and dry weight (Wdry, g), according to following formula.

                       (9)
2.7. Canopy photosynthesis productivity estimation
The canopy photosynthesis productivity was estimated by using a hierarchical accumulation method [3738]. The equation is as follows:

                 (10)
where Pcan is the Canopy canopy photosynthetic productivity (g·C·a−1), Pday is the daily canopy photosynthetic productivity (g·C·m−2·d−1), LA is the leaf area (m2), i and k are the number of canopies and measured days, respectively,  l and s are the total number of canopies and measured days, respectively. The leaf area of each canopy was calculated by measuring the SLA and weight of dry leaves, which were all assessed from the sample trees. As a result, the daily photosynthetic productivity can be calculated using the following equation:

               (11)
where Pn is net photosynthesis rate, j is the time (a day (24 h) was equally divided into 48 parts), 1800 means 1800 seconds, 12 is the molar mass of C (12 g·C·mol−1). Pday  was calculated by equation (1) and PAR that equation (2) [3233].
Continuous PAR and air temperature (Ta) data for each canopy were acquired from the forest ecological system research station at Xiaolong Mountain in Gansu Province. PAR was used to estimate the canopy productivity.
Then, equation (10) was revised as follows:

   (12)
The stomatal limit value (Ls) was calculated by:
Ls=1-Ci/Ca                          (13)
Ci is intercellular CO2 concentration, Ca is atmospheric CO2 concentration.
2.8. Data analysis
We accounted statistically for the block effect of sampling each canopy at several directions, heights and time points. Specifically, all the measured data that in eight directions: east, west, south, north, southeast, southwest, northeast, and northwest in each canopy layer in each middle-month from May to September were averaged to become the final data to analysis. A nonlinear mixed model was used to analyze the relationship between canopy spatial structure and canopy photosynthetic productivity. Akaike's information standard was calculated (AICc; corrected for small sample size) to determine the best fit model. The significance level of p <0.05 was used for all statistical procedures. Statistical analyses were performed using the R software (Version 3.3.0) [3961], and data were tested for normal distribution using the Shapiro–Wilk normality test and for variance homogeneity using Levene’s test [323].
3. Results
3.1. Distribution pattern of photosynthetic parameters in canopy
The results highlighted the changes in canopy leaf area and photosynthesis characteristics in the canopy. With an increase in the canopy layer, the net photosynthetic rate, PAR, stomatal conductance (gs), and transpiration rate showed an exponential change and the VPD and temperature exhibited a univariate quadratic curve change regulation (Fig. 3). The VPD and air temperature were maximum in the 3rd and 4th canopy layers, respectively. With an increase in the canopy layer, the intercellular CO2 concentration and specific leaf area showed linearly decreased and the stomatal limit value increased. There isn't that much difference really among different ages in the overall pattern.
 [image: C:\Users\wuchu\Desktop\2a.jpg]
Figure Fig. 3. Spatial variation of photosynthetic parameters and micro-environmental factors of Larix kaempferi.
3.2. Relationships between photosynthetic parameters versus VPD, SLA and Ta
Pn was significantly negatively correlated with SLA and VPD (Fig. 4). The correlation between Pn and SLA (R2 = 0.64) was stronger than that between Pn and VPD (R2 = 0.27). The correlation between Ta and Pn (R2 = 0.59) was positive, and weaker than the correlation of SLA with Pn. The relationships of SLA, VPD, and Ta with gs were similar to those with Pn. The Ls was negatively correlated with SLA and VPD, and positively correlated with Ta, but the correlation between Ls and Ta was more significant (R2 = 0.78). This indicated that gs and Pn are closely related.
 [image: C:\Users\wuchu\Desktop\1234.jpg]
Figure Fig. 4. The relationship between net photosynthetic rate (Pn) and specific leaf area (SLA), vapor pressure deficit (VPD), and air temperature (Ta) (A-C); The the relationship between stomatal conductance (gs) and SLA, VPD, and Ta (D-F); the relationship between stomatal restriction value (Ls) and SLA, VPD, and Ta (G-I). The red dot is net photosynthetic rate (Pn), orange dot is stomatal conductance (gs), and green dot is stomatal restriction value (Ls), respectively.
3.3. Vertical profiles of canopy photosynthesis productivity during the growing season
The findings indicated a pattern in canopy photosynthetic productivity concerning height. As the canopy height increased, the productivity initially rose, reaching its peak in the 3rd or 4th layer of the canopy. Subsequently, it declined, reaching its lowest point in the 7th layer. However, there was a slight increase in productivity again in the 8th layer (Fig. 5).The results showed that with an increase in height in the canopy, canopy photosynthetic productivity first increased and then decreased, reaching the maximum value in the 3rd or 4th layer of the canopy. Then, it decreased, reaching the minimum value in the 7th layer, but slightly increased in the 8th layer again (Fig. 5). In April, May, and June, canopy photosynthetic productivity was the highest in the 4th layer, followed by the 2nd and 3rd layers. In July and September, it was in the following order: 4th > 3rd > 2nd. In October, it was in the following order: 2nd > 3rd > 4th and 7th > 8th. Furthermore, canopy photosynthetic productivity was highest in June and July, and lowest in August.
 [image: C:\Users\wuchu\Desktop\5.jpg]
Figure 5. Vertical gradient difference in different month (seasons) of canopy photosynthesis productivity.
3.4. Effect of leaf area on photosynthetic productivity
The total leaf area and photosynthetic productivity of the canopy were 10.7 m2, and 919.6 mg C·h−1, respectively (Fig. 6). The leaf area first increased and then decreased as height in the canopy increased. It reached a maximum value at a height in the canopy from 48% to 59% (approximately 2.74 m2), accounting for 25.6% of the whole canopy. Photosynthesis productivity reached a maximum at the same depth (about 266.5 mg C·h−1 (28.9%)). When the height in the canopy was 59–69%, the leaf area was 18.1%, and the photosynthesis productivity was 14.6% of the canopy.
[image: C:\Users\wuchu\Desktop\A.jpg]
Figure 6. Spatial distribution in leaf area and net primary productivity of Larix kaempferi.
3.5. Effect of canopy layer on photosynthetic productivity
Canopy layer was significantly correlated with photosynthetic productivity (p <0.001). The results showed that canopy productivity showed a lower state in the high space (88-100%) with sufficient sunlight (Table 4). Extensive gaps between trees, resulting in less shading of shaded parts of the canopy (25-38%, 50-63%, and 63-75%) in sunlight (75-88%, 88-100%)), the coverage space of the upper layer of the canopy is smaller, resulting in an increase in the shadow area of the lower space.
Table 4. The fitting result of the nonlinear mixed model for the relationship between canopy spatial structure and its photosynthetic productivity.
	Canopy layer
	Parameter
	p-value
	Pseudo-R2

	
	a
	b
	c
	
	

	1
	0.120
	0.891
	0.452
	0.07
	0.28

	2
	0.341
	0.734
	0.371
	0.24
	0.13

	3
	0.715
	0.205
	0.518
	<0.05
	0.36

	4
	0.093
	0.810
	0.418
	0.18
	0.21

	5
	0.548
	0.336
	0.425
	<0.01
	0.41

	6
	0.639
	0.267
	0.481
	<0.01
	0.47

	7
	0.257
	0.609
	0.375
	0.05
	0.31

	8
	0.364
	0.578
	0.306
	0.11
	0.24


4. Discussion
4.1. Response of photosynthetic productivity of larch to canopy spatial structure pattern
The maximum photosynthetic rate and net photosynthetic rate of the samples in this study decreased significantly with increasing canopy layers, due to the sufficient light environment in the upper layer (70%-100%), and the decreased light levels in the lower layers (1%-30%). This pattern has also been observed in other tree species [3840-3941]. In addition, alterations in leaf and stomatal conductance play a crucial role in influencing the vertical variations in the maximum photosynthetic ratechanges in leaf and stomatal conductance are important factors that affect vertical changes in the maximum photosynthetic rate [4042]. The reasons for the above phenomena are maybe because the distribution of L. kaempferi forest is sparse, where all leaves in the canopy grow in a sufficient light environment, while the sample is located in densely populated forests, and the light pressure in the middle and lower canopy layers is relatively high.
Canopy net photosynthetic rate and stomatal conductivity had significant threshold responses to increasing VPD, which is consistent with other tree species [4143-4244]. When VPD was greater than a certain threshold, the net photosynthetic rate and stomatal conductivity decreased with increasing VPD. The main mechanism of the decrease in gs in response to increase in VPD is the hydraulic one - i.e. either passive hydraulic mechanism or abscisic acid mediated [4345]. In addition, the interplay between net photosynthetic rate, stomatal conductance, and vapor pressure deficit (VPD) is further influenced by leaf water potential and hydraulic conductivityhe relationship between the net photosynthetic rate, stomatal conductivity, and VPD is also affected by leaf water potential and hydraulic conductivity [4446]. In this study, the optimal threshold of VPD for the net photosynthetic rate and stomatal conductivity increased with increasing canopy layer. This is mainly due to differences in the canopy microenvironments and leaf physiological parameters [4143,4446]. In addition, differences in the optimal threshold of VPD for photosynthesis in the canopy may reflect different strategies used by trees to maximize photosynthetic capacity under specific environmental conditions [4547].
4.2. Response of physiological parameters of larch to canopy spatial structure pattern
It has been observed that there is an exponential decline in light transmission as plant canopy height increasesAccording to cited research, there is an exponential decrease in light transmission with an increase in plant canopy height [4648-4850]. This effect is particularly prominent within the canopy height range of 38% to 88%, as these areas exhibit a higher leaf area density compared to other regions.This mainly occurs in the canopy height range of 38%-88% because the leaf area density in these areas is much higher than in other areas. This phenomenon has substantial implications for light intensity, leaf development, morphology, energy balance, and water-use efficiency, resulting in alterations in leaf physiology and canopy structural parametersThis phenomenon has significant impacts on light intensity, leaf development, morphology, energy balance, and water-use efficiency, leading to changes in leaf physiological and canopy structural parameters [4951]. In addition, Different different leaves and stems have different functional capabilities. Tree species with superior physiological characteristics, larger leaf area, higher chlorophyll and nitrogen content [6352]. Specifically, reduction of plant morphology (reduced leaf size and stem length, leaf length/width, and vegetative growth) and chlorophyll content and causes reduction of physiological traits (reduction of photosynthesis, leaf water potential, and sap movement) [6352]. The physiological explanation for this phenomenon is attributed to a decrease in leaf photosynthesis and an increase in leaf chlorophyll content. Therefore, plants in areas with high leaf area density require more photosynthesis to sustain growth and development, which may have negative impacts on plant growth and productivity [5053].
From the results, we can try to analyze the reasons how the vertical structure of the canopy affects the photosynthetic parameters from a physiological point of view. That leaves of different canopy layers and ages received different light intensities at the same time [5154]. The canopy microenvironment has spatial heterogeneity, and the long-term adaptation of leaves to the microenvironment changes the optimal environmental factors for photosynthesis [8,21].
4.3. Correlation between canopy spatial distribution and photosynthetic productivity
According to the spatial distribution characteristics of specific leaf area, leaf volume distribution, and light energy distribution, a more reasonable distribution pattern of leaf quantity and light energy can maximize photosynthetic productivity [4749,5255,5356]. We emphasize the importance of considering the development of the three-dimensional structure of forest canopies in ecosystem management plans and afforestation programs aimed at increasing the productivity of planted forest ecosystems [5053,5356,5457]. Studies have shown that a larger growth coefficient for specific leaf area leads to seasonal changes in specific leaf area [5558]. Canopy photosynthesis models are used for estimation, taking into account light interception by non-photosynthetic organs and analyzing the correlation between vertical trends, seasonal variation, and environmental and forest stand factors [19].
Optimizing the spatial distribution of the canopy can increase canopy photosynthetic productivity, thereby increasing the potential for tree production [5053,5659]. Tree distribution is a key factor that affects tree photosynthetic productivity, yield, and quality [23]. Although increasing temperatures and extended growing seasons can help improve the photosynthetic productivity of forest ecosystems, the interaction between climate change, phenology, and canopy carbon dynamics is a future research direction [5760]. Light availability significantly affects the photosynthetic capacity of these species [5861]. In addition, for the characteristics of the light distribution in different parts of the canopy and the physiological characteristics of leaves,. The the canopy height is closely related to the overall light availability of the entire canopy. Appropriate canopy height can increase the amount of light in the lower part of the canopy, increase photosynthetic productivity, and increase leaf photosynthetic activity and specific leaf weight [6462]. Therefore, through scientific management, specific leaf area can reach optimal conditions in the morning, reducing light loss and enhancing photosynthetic capacity [4951,5963].
4.4. Forestry management methods to improve forest productivity
According to Li et al. [6064], the canopy can be divided into functional and non-functional layers based on the vertical distribution characteristics of leaf biomass and stem cross-sectional area growth. The functional layer refers to the layer with a larger stem cross-sectional area and the highest leaf density, while the other layers are non-functional. Based on the contribution of canopy photosynthetic productivity to total production instead of stem cross-sectional area growth, as well as the contribution of leaf area and net primary productivity (NPP) to the total, the height of the "functional layer" is determined. When the contribution of leaf area to total photosynthetic productivity is equal to the same height NPP, the canopy and its upper part are defined as the "functional layer," while the lower part of the canopy is defined as the "non-functional layer" or canopy.
In this study, the method of artificially optimizing forest productivity is to determine the contribution of canopy leaf area to canopy and productivity at 14.6% and 18.1%, respectively, at 61% to 71% height. Therefore, the canopy and above should be classified as the "functional layer," with the upper 2/3 of the canopy as the "functional layer" and the lower 1/3 as the "non-functional layer," providing theoretical guidance for artificial operation and the L. kaempferi directional cultivation management pruning technology.
5. Conclusion
Our research aimed to enhance canopy photosynthetic productivity by focusing on canopy spatial distribution through effective management methods. By implementing scientific management practices, we were able to optimize the specific leaf area, minimize light loss, and enhance overall photosynthetic capacity. Our findings suggest that management strategies such as timely manual trimming in densely grown forests without gaps can eliminate the lower canopy, which exhibits low photosynthetic productivity and high resource consumption. This approach helps reduce the loss of photosynthetic productivity in “non-functional canopy areas”. These measures should be implemented to improve the photosynthetic productivity of L. kaempferi. Our study provides a technical approach to enhance plantation productivity and serves as a valuable reference for regulating canopy structure in larch plantations.Our study aimed to improve canopy photosynthetic productivity from the perspective of canopy spatial distribution through management methods. Through scientific management, the specific leaf area can reach the optimal condition, reduce light loss, and enhance photosynthetic capacity. Our study indicates that management strategies such as timely manual trimming after the forest becomes dense and without gaps can eliminate the 1/3 lower canopy with low photosynthetic productivity and high consumption and reduce the consumption of photosynthetic productivity in "non-functional canopy." These measures should be taken to improve the photosynthetic productivity of L. kaempferi. This study provides a technical means to improve plantation productivity and provides a reference for canopy structure regulation of larch plantation.
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