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The composition of species can play an essential role
in reducing the atmospheric carbon dioxide. Forest
trees are an important part of the functioning of the
terrestrial ecosystem, predominantly in the cycling of
carbon. However, tree physiology is much less studied
than crop physiology for several reasons: a large
number of species, difficulty in measuring photosynthesis of tall trees or forest species. This study aims to
establish the relationship between physiological plant
functional traits (photosynthesis rate, transpiration
rate, stomatal conductance, leaf chlorophyll and carotenoid content) with soil carbon stock in Pinus roxburghii forest of Garhwal Himalaya. The present
findings revealed that photosynthesis rate, chlorophyll
a, chlorophyll b and carotenoid content positively correlated to the soil carbon stock. The different regression models also showed that photosynthesis rate with
water-use efficiency, stomatal conductance and carotenoid content is a good predictor of soil carbon stock
in Pinus roxburghii forest. Physiological plant functional characteristics are thus crucial for regulating
the carbon cycle and ecosystem functioning in Garhwal Himalaya.
Keywords: Carbon assimilation, ecosystem services,
soil carbon, water-use efficiency.
THROUGH the impact of the dominant (locally most abundant) plant functional trait on C dynamics, functional
diversity influences C storage in standing vegetation, litter
and soil through the impact of the dominant (most abundant) plant functional traits1. Plant communities with taller
and denser stems accumulate more C in standing biomass, leading to significant storage of C in the soil due to
higher C input and a longer C residence period2. The
existence of diverging functional trait values affects C
dynamics and involves C accumulation in plant and soil
stocks. The coexistence of plants with contrasting functional trait values can contribute to more efficient use of
resources by the population, resulting in increased biomass production and C input into the soil and increased
above-ground and soil C stocks3. More than two-thirds of
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organic C stored in terrestrial ecosystems is stored in
organic soils4. C in forest soil is vulnerable to losses under the current climate system, with consequences for soil
biodiversity, productivity and climate feedback5. As soil
C sequestration is an important ecosystem service linked
to climate change mitigation, a better understanding of
the underlying processes and mechanisms is needed. In
this context, determining the impact of plant functional
traits (such as leaf and physiological traits) on C decomposition and soil stabilization has become a major environmental challenge6. A biologically diverse temperate
forest retains 50 times more carbon than a monoculture
plantation per unit of area. As a result, forest trees play
an important role in the functioning of the terrestrial ecosystem, especially in the carbon cycle7.
On the other hand, tree physiology has received significant attention from crop photosynthesis for a variety of
reasons, including the vast number of organisms and the
difficulty of calculating photosynthesis of whole trees or
forest stands8. Biological diversity has the potential to
contribute significantly to the reduction of greenhouse
gas emissions in the atmosphere. The use of native tree
species is a reliable tool for forest regeneration and reforestation9. Trees that are suitable for clean development
mechanism (CDM) should have the following three characteristics: (i) seedlings that can be easily adapted to
open areas after planting from shades (nutrients) to sunlight conditions; (ii) fast-growing species that are capable
of competing with weeds and ferns10; (iii) tree species
with a high CO2 assimilation capacity and a long life
span. However, these physiological characteristics vary
widely between species of trees. In temperate climate
zones, natural forests have a higher CO2 assimilation rate,
implying that CO2 assimilation rate can assess carbon
removal efficiency from the atmosphere and fix it in the
form of carbon stock11.
In this study, physiological traits of trees concerning
soil carbon stock (SOC) in temperate forest ecosystems
were examined. This study is aimed to provide information
on tree characteristics related to high carbon sequestration by developing the relationship between physiological
traits and SOC.
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Materials and methods

Estimation of soil carbon stock

Site description

SOC is determined by

The study was carried out in the Kempty watershed of
Garhwal Himalaya, India, from 2018 to 2020. The
watershed is situated between 30°28.01–3°28.54′N,
78°1.50–78°2.30′E, with an average elevation of 1662 m
and average slope 5.5%. It is located in the middle part of
the Indian Himalaya with an area 870 ha. The selected forests come under the Himalayan moist temperate forest.
The watershed is comprised of two types of forests, i.e.
Pinus roxburghii and Quercus leucotrichophora. In addition, the forest consists of some other scattered tree species, i.e. Quercus leucotrichophora, Quercus floribunda,
Pinus roxburghii, Pinus wallichiana, Daphniphyllum
himalayense, Toona serrate, Acer oblongum, Pyrus
pashia, Cornus macrophylla and Myrica esculenta. Thus,
in the present study, we focused on Pinus roxburghii
forest (PF) because this forest was approachable as compared to other forest tree species.

Field sampling

C stock = ∑ni = pi × SOCi × BDi × (1 – CPi)
(in kg m–2),
where pi is the thickness of the soil layer i in m; SOCi is
the organic carbon concentration of layer i in fine soil
in g kg–1; BDi is the bulk density of layer i of fine soil in
kg dm–3; CPi is the percentage of coarse particles of layer
i. n is the number of soil layers.

Soil carbon stock models
In order to identify the most important traits affecting the
SOC, a predictive statistical analysis was performed. The
physiological plant functional traits, i.e. photosynthesis
rate, transpiration rate, stomatal conductance, chlorophyll
and carotenoid content were correlated with SOC to
understand the relationship. The regression models were
also developed for SOC with the help of the multiple
regression method.

We randomly selected the five healthy and matured tree
species to measure the physiological plant functional
traits. For the measurement of all physiological plant
functional traits, the canopy of tree chosen species was
stratified into three strata, i.e. lower, middle and upper
part of the canopy from bottom to top. Then each stratum
is further divided into four directions. A total of twelve
(three strata and four directions) measurements were
taken from a tree. The flat-topped bifurcated aluminium
ladder was used to reach all the strata and directions to
measure all parameters.

The relationship between physiological plant functional
traits with SOC was evaluated by the correlation matrix
followed by developing the regression models. The best
model was selected based on R2, AIC (Akaike’s information criterion) and BIC (Bayesian information criterion)
criteria

Measurement of physiological traits

where σ 2 = (residual sum of squares)/n, n the sample size
and K is the number of estimated parameter where
variance was also counted as an estimated parameter

The physiological traits were measured in a natural condition (intact leaf to the canopy) with the help of a ladder
at the seasonal interval (rainy, winter and summer). Five
healthy trees were selected for the measurement of these
traits. The physiological traits were measured in fully
expanded leaves using an infrared gas analyzer (IRGA)
(portable photosynthesis system Li-COR 6400 XT,
Lincoln NE, USA instrument). The IRGA directly measures the delta CO2 and delta H2O, leaf temperature, light
intensity in the chamber and gas flux; while the following
were indirectly measured, based on the algorithms, by the
software of system; internal CO2 concentration (Ci –
μmol CO2 m–2 s–1), transpiration (E – mmol H2O m–2 s–1),
stomatal conductance (Gs – mol H2O m–2 s–1), CO2 assimilation rate (A – μmol CO2 m–2 s–1) and water-use efficiency (WUE; A/E – μmol CO2 mol–1 H2O).
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Statistical analysis

AIC = n × log(σ 2) + 2 × K, (10),

BIC = –2 × LL + log(N) × k,
where log() has the base-e called the natural logarithm,
LL the log-likelihood of the model, N the number of
examples in the training dataset and k the number of
parameters in the model. The models were developed by
using R statistical studio software (4.0.2 version).

Results
Correlation between physiological traits and carbon
stock
The correlation between physiological plant functional
traits and soil carbon sequestration under pine forest (PF)
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Table 1.

Comparison of statistical parameters for developed regression models

Regression models
SOC = 2.77A – 2.98WUE + 67.19
SOC = 6.74A – 126.65Gs + 70.26
SOC = 5.04E + 4.10WUE + 55.83
SOC = 2.90A – 10.88CTN + 83.06

SE

F-value

P-value

R2

AIC

BIC

9.16
10.51
9.56
10.42

8.52
4.47
6.94
4.74

<0.002
<0.02
<0.005
<0.02

0.45
0.30
0.40
0.31

179.20
185.81
181.28
185.39

183.92
190.53
185.99
190.10

CTN non-significantly negative correlated to SOC (r =
–0.22, P < 0.30, se = 0.20).

Regression models for carbon stock

Figure 1. Correlation analysis between physiological plant functional
traits and soil organic carbon stock under pine forest.

is shown in Figure 1, this showed that photosynthesis rate
(A) is significantly positive (r = 0.93, P < 0.0002,
se = 0.07) correlated to stomatal conductance (GS),
transpiration rate (E) (r = 0.94, P < 0.0006, se = 0.07)
and significantly negative correlated with WUE (r =
–0.62, P < 0.001, se = 0.16). However, this is nonsignificantly positive correlated to SOC stock (r = 0.47,
P < 0.002, se = 0.18). GS is significantly positive correlated to E (r = 0.93, P < 0.0001, se = 0.08), and WUE
(r = –0.70, P < 0.001, se = 0.15) significantly negative
correlated to GS. In contrast, non-significantly positive
correlated to SOC (r = 0.34, P < 0.01, se = 0.20). E is
significantly negative correlated with WUE (r = –0.81,
P < 0.001, se = 0.12) whereas non-significantly positive
correlated to SOC (r = 0.40, P < 0.004, se = 0.19). WUE
is non-significantly negative correlated with SOC (r =
–0.32, P < 0.01, se = 0.20). Chlorophyll a (Chl a) is significantly positive correlated to chlorophyll b (Chl b)
(r = 0.94, P < 0.0002, se = 0.07), (total chlorophyll) Tchl
(r = 0.74, P < 0.0004, se = 0.14) and non-significantly
positive correlated to SOC (r = 0.19, P < 0.03, se = 0.20).
Chl b is significantly positive correlated to Tchl (r = 0.76,
P < 0.001, se = 0.13) and non-significantly positive correlated to SOC (r = 0.23, P < 0.02, se = 0.20). Tch1 is
significantly positive correlated to carotenoid (CTN)
(r = 0.50, P < 0.01, se = 0.18) and non-significantly positive correlated to SOC (r = 0.15, P < 0.49, se = 0.21).
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The regression model for physiological traits of oak forest was also found to be significant (F = 8.52, P < 00.2).
The R2 among A, WUE and SOC was 0.45. However,
AIC and BIC were good as 179.20 and 183.92 respectively.
This model shows that photosynthesis rate (A) together
with WUE was a strong predictor (Table 1, Figure 2) of
soil carbon sequestration relative to the other regression
model that we tried to test.
The linear relationship between photosynthesis rate,
stomatal conductance and soil carbon sequestration was
developed by the regression model (Table 1, Figure 3)
and found to be significant (F = 4.47, P < 0.02). The
coefficient of determination R2 for this regression model
was 0.30. The AIC (185.81) and BIC (190.53) of the
regression model show the adaptability of the model.
Hence, the photosynthesis rate with stomatal conductance
in a pine forest is a good predictor for soil carbon sequestration.
Table 1 and Figure 4 show that the regression model
among transpiration rate, WUE and soil carbon sequestration of pine forest is significant (F = 6.94, P < 0.005).
The statistical parameters used to compare regressions
such as R2, AIC and BIC were 0.40, 181.28 and 185.99
respectively for the regression model developed among
transpiration rate, WUE and soil carbon sequestration of
the pine forest. Thus, as shown by the results, transpiration rate along with WUE will accumulate more carbon in
the soil.
The regression model among photosynthesis rate, carotenoid content and SOC of pine forest is presented in
Table 1 and Figure 5 depicts that it was significant
(F = 4.74, P < 0.02). The R2 for this model was 0.31. The
model represents the least AIC (185.39) and BIC
(190.10) values among the tested model. The model suggests that photosynthesis rate with carotenoid content is a
good predictor for soil carbon sequestration.

Discussion
We showed the relationship between different physiological plant functional traits and SOC in the selected
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forest. We found that among the physiological traits, photosynthesis rate, transpiration rate, chlorophyll a, chlorophyll b, total chlorophyll and carotenoid are good
predictors for SOC and sequestration. It might be due to
the higher carbon assimilation and fixation of CO2 molecules from the atmosphere through Pinus roxburghii
forest. The carbon from CO2 is stored in wood and
becomes part of the plant12. Subsequently, the carbon is
released into the environment when the plant or tree
dies13. However, this is not the only path that carbon will
carry back into the atmosphere. For certain cases, net
photosynthesis has been found in many instances to be

poorly associated with growth rate, i.e. difference in leaf
area, carbon partitioning pattern, and variance in wood
and root respiration rate14. Harvestable product of trees
(the stem) depends not only on the photosynthetic carbon
uptake of the foliage, but also on the respiration of the
different organs and the expenditure of carbon into
renewable organs (leaves, fine roots) and non-harvestable
organs (branches and large roots)15. Consequently, there
is an apparent connection between photosynthesis and
the production of biomass16. However, a fast-growing
tree demands additional photosynthesis, but the opposite
is not necessarily true17.
Plants are the primary source of organic carbon in the
soil, either from the decomposition of aerial plant parts or

Figure 2. Three-dimensional scattered regression models among CO2
assimilation rate, water use efficiency and soil organic carbon under
pine forest (PF).
Figure 4. Three-dimensional scattered regression models among
transpiration rate, water use efficiency and soil organic carbon under
pine forest.

Figure 3. Three-dimensional scattered regression models among CO2
assimilation rate, stomatal conductance and soil organic carbon under
pine forest.
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Figure 5. Three-dimensional scattered regression models among CO2
assimilation rate, carotenoid and soil organic carbon under pine forest.
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from underground parts of plants such as roots in the
form of root casualty, root exudates and root respiration18. Approximately 40% of the photosynthates synthesized in the plant components lost to the rhizosphere via
the root system. The rate of loss is affected by many factors, such as plant age, various biotic and abiotic stresses,
etc.19. Consequent rises in atmospheric CO2 and global
temperatures may have several different implications for
soil carbon inputs through photosynthetic controls and
carbon losses through respiration and decomposition20.
The high responsiveness of leaf transpiration, net photosynthetic rate and stomatal behaviour verified obstruction
of plant growth under different environmental condition21. Previous studies have shown that adverse climatic
conditions inhibit photosynthesis rate due to stomatal and
non-stomatal causes, leading to a decline in carbon
sequestration22. Increased temperatures can also affect the
carbon balance by limiting water availability and reducing the photosynthesis rate23.
In general, strong radiation and extreme temperatures
decrease the photosynthetic rate by declining the stomatal
conductivity, depressing the RuBP carboxylase activity,
damaging the photosynthetic rate and enhancing the respiration rate24. It was noted that low-temperature native
plants with abundant soil moisture habitats usually had an
optimum photosynthetic rate. Therefore, with increased
photosynthesis and lower water loss, the water efficiency
of plants is increased. Thus, it seems that more carbon
dioxide in the atmosphere is good for plants that grow
faster and use less water and more carbon sequestration25.
Chlorophyll is a chemical substance absorbing and transferring energy from sunlight to high-energy electrons26. It
occurs during light photosynthesis reactions, while highenergy electrons are subsequently used to synthesize sugar glucose during dark reactions27. Pigments other than
chlorophyll are carotenoids which also play an important
role in photosynthetic reactions28. Chlorophyll, carotenoid and other light-sensitive pigments that absorb solar
energy are found in photosynthetic cells. Such cells can
transform solar energy into energy-rich organic molecules such as glucose in the presence of carbon dioxide29.
These cells not only drive the global carbon cycle, but
they also produce much of the oxygen present in the
atmosphere of the earth30. Hence, these photosynthetic
pigments also regulate the carbon stock and sequestration
by influencing the rate of photosynthesis.

Conclusion
Species composition can play an essential role in reducing the atmospheric build-up of carbon dioxide. Forest
trees form a necessary part of the terrestrial ecosystem’s
functioning, particularly in the carbon cycle. The CO2
assimilated by the plants through several other traits like
chlorophyll and carotenoid fixed in the plant biomass and
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via litterfall fixes the soil’s carbon. Hence, it may be concluded from the present study that physiological traits are
a good predictor for SOC. This study confirmed that
Pinus roxburghii forests in the Indian Himalayas worked
better to reduce CO2 emissions by fixing carbon in the
soil through a physiological plant mechanism.
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