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Abstract
Within limited growth age in some regions, forest production, including gross primary production (GPP) and net primary
production (NPP), was linearly correlated with leaf area index (LAI). However, over wide range of growth age in the global
scale, LAI patterns of forest production are unclear. Here, we compiled a subset from the Global Soil Respiration Database
(SRDB) for global temperate forest ecosystems. The subset database mainly included forest production, soil respiration, and LAI
data in 493 study sites over wide range of forest growth age (0–500 years). The results showed that LAI initially increased
rapidly, reached a peak at juvenility, decreased slowly until maturity, and again increased possibly with further forest aging (R2 =
0.21, P < 0.001). We found that the dynamics of both GPP and NPP across global temperate forest ecosystems were driven by
LAI. GPP initially increased and subsequently stabilized with increasing LAI. NPP peaked at LAI of about 5.6 m2 m−2, and
subsequently decreased. The decrease in NPP resulted from the asymptotic increase in GPP and the continuing decrease in the
NPP/GPP ratio with increasing LAI. The decline in the NPP/GPP ratio resulted from the significant increase in autotrophic
respiration (Ra), and especially after canopy closure, Ra increased more quickly with increasing LAI than GPP. These results will
improve our understanding of the control of LAI on ecosystem production.
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Introduction

Patterns of forest production with age and their determinants
have been extensively investigated (Gower et al. 1996; Ryan
et al. 1997; Pregitzer and Euskirchen 2004; He et al. 2012;
Tang et al. 2014). Forest production covers gross primary
production (GPP) and net primary production (NPP). Forest

aboveground net primary production (ANPP) is considered to
increase during initial growth, peaks at maturity, and then
gradually decreases with forest age (Gower et al. 1996;
Ryan et al. 1997; Pregitzer and Euskirchen 2004; Ryan et al.
2004; Luyssaert et al. 2008; Drake et al. 2011; He et al. 2012;
Kashian et al. 2013), whereas gross primary production (GPP)
remains quasi-constant (Fig. S1). Process and causes of age-
related changes in regional forest production have been
discussedmuch based on nutrient supply and plant physiology
(Gower et al. 1996; Ryan et al. 1997); however, explanation of
plant canopy structure to changes in global temperate forest
production has been rarely reported.

The plant canopy is a place of physical and biogeochemical
processes in an ecosystem. The functional and structural fea-
tures of plant canopies are influenced by microclimatic envi-
ronment, nutrient dynamics, and many other factors (de
Almeida et al. 2019; da Silva et al. 2020; Han et al. 2020).
The integrated effect of these factors on plant canopies is
reflected by the amount and area of foliage (Parker 2020).
Consequently, canopy leaf area acts as the important control
over primary production (photosynthesis), respiration,
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transpiration, and other physiological attributes related to eco-
system processes (Fotis et al. 2018; Kulmala et al. 2019; Li
et al. 2020; Wales et al. 2020). The leaf area index (LAI) is an
indicator of the canopy leaf surface and defined as one half the
total green leaf area (m2) per unit horizontal ground surface
(m2). LAI, acting as characteristic of vegetation structure, has
become an important parameter in ecological field and model-
ing studies (Sellers et al. 1988; Sellers et al. 1997; Bondeau
et al. 1999; Lee et al. 2019).

Some studies have reported that the vegetation structure,
LAI, can satisfactorily explain the variation in forest produc-
tion (Asner et al. 2003; Kushida et al. 2007; Zha et al. 2013).
At an individual tree-species level, Kushida et al. (2007)
found that the larch forest NPP was significantly, linearly,
and positively correlated with LAI, and 90% of the variation
in larch NPP was explained by LAI. Based on 18 forest stand
studies representing 5–123 years of growth in Canada, Zha
et al. (2013) also found that the leaf area index was positively
correlated with forest production and can explain 66–80% of
the variation in forest production. However, in these studies,
the single tree species studied in a regional scope (Kushida
et al. 2007) or the limited forest age (< 170 years; Kushida
et al. 2007; Zha et al. 2013) will result in some uncertainties in
the global relationship between forest production and LAI. At
global scale, Asner et al. (2003) found that 33% of the varia-
tion in ANPP could be explained by LAI; however, the global
relationship between forest NPP and LAI is unclear. Because
ANPP only accounted for 53–77% of NPP (Gower et al.
1992), belowground net primary production (BNPP; root pro-
duction) comprising a large proportion of NPP (23–47%) will
lead to some uncertainty in the global relationship between
forest NPP and LAI. Here, BNPP is the difference between
belowground GPP and root respiration (Luyssaert et al. 2007).

About 25% of the world’s forests are in the temperate bi-
ome (Tyrrell et al. 2012); thus, understanding the control of
LAI on ecosystem production of temperate forests is neces-
sary to improve our ability to predict long-term ecosystem
responses to global change for making sound climate change
policies. Deciphering the linkage between temperate forest
age and LAI can clarify the role of forest age as an important
variable in ecosystem models. Therefore, we compiled a sub-
set of global natural temperate forest dataset from the recently
assembled extensive Global Soil Respiration Database (Bond-
Lamberty and Thomson 2018) to (i) determine the dynamics
of LAI (0–15 m2 m−2) with long-term forest growth (0–
500 years), and (ii) determine LAI-driven patterns of forest
production.

Materials and methods

The database used in our study was compiled from version
v20191103a of the Global Soil Respiration Database

(SRDB; Bond-Lamberty and Thomson 2018), downloaded
on 21 November 2019 from https://github.com/bpbond/
srdb. The SRDB was assembled from published
literature. The published studies reported at least one of
the following data measured in the field (not laboratory):
annual soil respiration, mean seasonal soil respiration, a
seasonal or annual partitioning of soil respiration into its
source fluxes, soil respiration temperature response (Q10),
or soil respiration at 10 °C. Therefore, there are few study
sites including simultaneously GPP, NPP, net ecosystem
production (NEP), root respiration, and heterotrophic
respiration, and these variables are missing on different
degrees for study sites. The SRDB is dominated by
temperate, well-drained forest measurement locations.
Version 4 of SRDB encompassed 1458 published studies
with measurements taken between 1961 and 2016. These
published studies included mainly 4396 forest, 1133 grass-
land, and 1084 agriculture ecosystems. We compiled a
subset of the database derived from SRDB by using geog-
raphy (latitude, longitude), GPP, NPP, net ecosystem pro-
duction (NEP), root respiration, heterotrophic respiration
(Rh), leaf area index (LAI), and age (years since regener-
ation after a major disturbance, e.g., harvest and fire). We
excluded any forest sites subject to artificial treatments
(e.g., fertilization, drought treatment, elevated ambient
CO2 concentration, and/or irrigation). We used CO2 fluxes
measured by infrared gas analyzers or gas chromatogra-
phy, excluding soda lime measurements that may underes-
timate CO2 fluxes. In our compiled subset database de-
rived from the SRDB, 493 study sites of temperate forests
were selected (Fig. 1).

We tested different functions to fit the data, including a
linear function, a polynomial function, an exponential func-
tion, a logarithmic function, a gamma (Γ) function (y = axbecx,
and a, b, and c are parameters; Tang et al. (2014)), a
Michaelis–Menten function [y = ax/(b + x), and a, b, and c
are parameters], and a combination of two functions. The data
were fitted by the Levenberg-Marquardt (LM) algorithm
across global temperate forest ecosystems. The LM algorithm
is an iterative technique, and can determine the minimum of a
multivariate function that is expressed as the sum of squares of
nonlinear real-valued functions (Levenberg 1944; Marquardt
1963). It has been considered as a standard technique for solv-
ing nonlinear least-squares problems (Lourakis 2005). We
used the root-mean-squared error (RMSE) to assess the model
accuracy and efficiency. In addition, we used the Akaike in-
formation criterion (AIC) to compare models as AIC con-
siders the trade-off between goodness-of-fit (model explana-
tory) and the model complexity (number of parameters)
(Migliavacca et al. 2012; Yang et al. 2012). When the number
of parameters (p) is large compared with the sample size (n)
(generally n/p < 40), we used the corrected AIC for the small
sample (Migliavacca et al. 2012).
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AICc ¼ nlogσ2 þ 2pþ 2p pþ 1ð Þ
n−p−1

ð1Þ

where AICc is the corrected AIC, n is the number of observa-
tions, σ is the RMSE, and p is the number of parameters.

Because the age and LAI data are not evenly distributed
(with less data for high LAI values and older forests), we used
the Cook’s distance of a data point, denoted Di, to assess if the
data point is highly influential (Cook 1977). Generally, a data
point with Di > 1 is considered a highly influential point,
namely an outlier (Cook and Weisberg 1982). And the outlier
data point will be removed.

Results and discussion

Pattern of LAI with forest age

The pattern of LAI for global temperate forest ecosystems
with age agreed with a nonlinear model consisting of a
second-degree polynomial function and a Gaussian function,
i.e., following a stand-replacing disturbance, LAI initially in-
creased rapidly, reached a peak at juvenility, followed by a
slow decrease until maturity, and then a possible increase with
further forest aging (R2 = 0.21, P < 0.001, Fig. 2). The fitted
model was highly statistically significant (t test and F test) but
exhibited a relatively low R2. The low R2 value was expected
given the strong dependence of LAI on other factors such as
climate, soil fertility, water supply, and growth density (Gholz
1982; Joggi et al. 1983; Maass et al. 1995). Although the LAI

values from old forests (age > 250 y) are limited, they are
important points in the regression line. Because these points
were not highly influential (Di > 1), and were within the 95%
confidence interval of the regression. Nonetheless, we are
aware that the parameters of the model may change if we have
more data, especially for older forests.

In global temperate forest ecosystems, the fitted nonlinear
regression model showed an increase in LAI during the early
stages of stand development, where may be due to increased
nutrient availability resulting from the breakdown of woody
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Fig. 1 Distribution of studied sites of global temperate forests compiled from the Global Soil Respiration Database (SRDB; Bond-Lamberty and
Thomson 2018)
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material from the previous generation (Allen et al. 1997;
Clinton et al. 2002). The maximum LAI of 5.6 m2 m−2 (5.1–
6.1 m2m−2, 95% confidence interval) was reached at an age of
approximately 42 years. After this peak, LAI decreased grad-
ually to 3.3 m2 m−2 (2.5–4.2 m2 m−2, 95% confidence inter-
val) at an age of approximately 226 years due to possible
intraspecific competition-related mortality or self-thinning
(Holdaway et al. 2008) and a probable reduction in nutrient
availability (Allen et al. 1990). Over 226 years, the intraspe-
cific competition may no longer occur when natural forests
reach their equilibrium point. Subsequently, it is possible that
the LAI increased gradually with forest growth. There are two
possible reasons why the LAI increased in older stands. First,
the breakdown of deadwoodymaterial resulting from the self-
thinning mentioned above can increase nutrient availability,
which leads to an increase in LAI in older stands. Second, in
older stands, increased vertical stratification can improve light
penetration, which also leads to an increase in LAI (Kitajima
et al. 2005; Holdaway et al. 2008).

Patterns of GPP and NPP with increase in LAI

Although the changes in GPP and NPP with forest age in our
dataset were fitted with the gamma (Γ) function proposed by
Tang et al. (2014), the fitted Γ functions exhibited a relatively
low R2 (R2 = 0.16 for GPP in Fig. S2a; R2 = 0.24 for NPP in
Fig. S2b). Therefore, the Γ function does not seem to be an
accurate and efficient model to describe global temperate for-
est dynamics. We found that similar to LAI, the pattern of
GPP across global temperate forest ecosystems with age
agreedwith the nonlinear model consisting of a linear function
and a Gaussian function. The fitted model was highly statisti-
cally significant (t test and F test), and exhibited higher R2

(R2 = 0.39, Fig. 3a) and better overall performance (lower
corrected AIC) than the Γ function. The pattern of GPP within
0–117 years of the forest age followed the pattern assumed in
the classical model, i.e., following a stand-replacing distur-
bance, GPP initially increased rapidly, reached a peak at
1876 g C m−2 y−1 (1612–2139 g C m−2 y−1, 95% confidence
interval) at approximately 52 years old at juvenility, and then
decreased sharply until maturity (Fig. 3a). However, over
117 years, it was possible that the field observation of GPP
increased gradually with further forest aging (Fig. 3a), which
does not follow the pattern hypothesized in the classical mod-
el. The pattern of NPP across global temperate forest ecosys-
tems with age agreed with a Gaussian model. The fitted model
was highly statistically significant (t test and F test), and ex-
hibited a R2 value (R2 = 0.24, Fig. 3b) similar to the Γ function
and better overall performance (lower corrected AIC). The
pattern of NPP with age in the present study was consistent
with the assumption by Kira and Shidei (1967), i.e., following
a stand-replacing disturbance, NPP initially increased rapidly,
reached a peak at juvenility, and then decreased with further

forest aging (Fig. S1). The fitted regression model showed a
maximum NPP at 771 g C m−2 y−1 (676–867 g C m−2 y−1,
95% confidence interval) at an age of approximately 87 years.

The similar trends of GPP and LAI with forest age (Figs. 2
and 3a) indicate that forest GPP should be proportional to LAI.
And we found that a power function (R2 = 0.64, P < 0.001) as
opposed to a linear function can better describe the relationship
between forest GPP and LAI (Fig. 4a). In the power model, 64%
of GPP variance could be explained by LAI, indicating that LAI,
an important structural property of vegetation, has a large effect
on GPP. In the LAI range of 0–5.6 m2 m−2, the LAI of trees
increases with increasing leaf area, which results in an increase in
the fraction of absorbed photosynthetically active radiation (Jung
et al. 2007). The increase in the fraction of absorbed photosyn-
thetically active radiation promotes an increase in the absorbed
photosynthetically active radiation by vegetation per unit time, as
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Fig. 3 Forest production patterns with age across global temperate forest
ecosystems fitted by our proposed models: a gross primary production
(GPP); b net primary production (NPP). The orange solid circles indicate
measurements from paired data. The solid black lines are fitted from
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the absorbed photosynthetically active radiation is the product of
incident photosynthetically active radiation and the fraction of
absorbed photosynthetically active radiation. Moreover, an in-
crease in absorbed photosynthetically active radiation leads to
an increase in GPP, as GPP is proportional to absorbed photo-
synthetically active radiation (Propastin et al. 2012).
Accordingly, GPP increases with increasing LAI. With LAI in-
creasing further (> 5.6 m2 m−2; Fig. 2), an asymptotic relation-
ship between fractions of absorbed photosynthetically active ra-
diation and LAI results in approaching saturation of photosyn-
thetically active radiation absorbed by vegetation per unit time
(Propastin et al. 2012). The possible LAI value at saturated can-
opy light absorption found in our study is 5.6 m2 m−2 (Fig. 2),
which is close to that obtained in the study byAsner et al. (2003).

Saturated canopy light absorption leads to slight changes in veg-
etation GPP. Therefore, the LAI, an important canopy-structure
parameter (Running and Coughlan 1988), is one of the determi-
nants of forest GPP.

The relationship between NPP and LAI was characterized
better by a Gaussian model (R2 = 0.41, P < 0.001) than by other
models (for example, logarithmic function, polynomial func-
tion, exponential function, and Γ function) based on the lower
AIC value. NPP initially increased and subsequently decreased
with increasing LAI and peaked at a LAI of approximately
5.6 m2 m−2 (Fig. 4b). NPP depends on the difference between
carbon assimilation by photosynthesis and carbon efflux by
respiration. Based on the fluctuating trend of root respiration
with the increase in LAI (Fig. 5b), the balance between
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across global temperate forest ecosystems: a gross primary production
(GPP); b net primary production (NPP). The orange solid circles indicate
measurements from paired data. The solid black lines are fitted from
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photosynthesis and respiration is discussed in three stages of 0–
4.2, 4.2–9.0, and > 9.0m2m−2. In a LAI range of 0–4.2m2m−2,
the soil water content and nutrients may be relatively sufficient,
which results in an increase in vegetation biomass (Gower et al.
1996). The increase in foliar biomass, an important component
of vegetation biomass, indicates the increase in LAI, which
promotes the increase in vegetation GPP by photosynthesis,
as discussed above. On the other hand, autotrophic respiration,
including foliage, wood, and root respiration, will consume a
large proportion of GPP (Kira and Shidei 1967). Leaf respira-
tory consumption is proportional to leaf biomass (Kira and
Shidei 1967). And the increase in total leaf biomass results in
total leaf area increasing as a power function (Holdaway et al.
2008). Thus, leaf respiration will increase with increasing LAI.
Wood respiration continues to increase with the accumulation
of woody biomass (Kira and Shidei 1967) and woody biomass
is proportional to leaf biomass as proposed by Jenkins et al.

(2003), which results in an increase in wood respiration with
increasing LAI. Root respiration depends largely on tree pho-
tosynthesis (Högberg et al. 2001). An increase in photosynthe-
sis caused by higher LAI can supply more products for root
growth and maintenance. An increase in root production pro-
motes an increase in root respiration (Wang and Yang 2007).
Accordingly, the autotrophic respiration, the sum of leaf, wood,
and root respiration, increases with an increase in LAI. Because
the rate of autotrophic respiration is lower than the rate of GPP
with increasing LAI in the 0–4.2 m2 m−2 LAI range (Figs. 4a
and 5a), the resulting NPP, which is the difference between
GPP and autotrophic respiration, increases with an increase in
LAI. Our fitting curve in the 0–4.2 m2 m−2 LAI range for the
relationship between NPP and leaf area index is close to the
reported linear relationship between these two variables in the
literature (Kassnacht and Gower 1997; Bolstad et al. 2000;
Kushida et al. 2007).
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Over the LAI range of 4.2–9.0 m2 m−2, leaf and wood
respiration continue to increase, but root respiration exhibited
a decreasing trend with increasing LAI (Fig. 5b). The decrease
in root respiration results from forest canopy closure. The
canopy closure will decrease net radiation on the forest floor
and subsequently lower soil temperature with increasing LAI
(Tanaka and Hashimoto 2006). The lowered soil temperature
leads to a decrease in root respiration (Boone et al. 1998).
Although root respiration has a decreasing trend with increas-
ing LAI, the increment in aboveground plant respiration (the
sum of leaf and wood respiration) is far greater than the dec-
rement in root respiration. Therefore, autotrophic respiration
exhibited an increasing trend with increasing LAI (Fig. 5a).
On the other hand, the vegetation GPP slightly increased with
increasing LAI (Fig. 4a). This is because when the LAI value
exceeds 4.2 m2 m−2, the forest will form gradually a closed
canopy, which leads to approaching saturation of the light
absorption of vegetation (Asner et al. 2003). Accordingly,
the resulting NPP decreases with increasing LAI.

After the LAI value reaches 9.0 m2 m−2, the dense leaf area
of the canopy results in higher canopy transpiration rates. The
high transpiration leads to limited soil moisture. Although
limited soil moisture inhibits canopy photosynthesis, evolu-
tionary adaptations, including increased leaf stomatal density
(Xu and Zhou 2008), decreased leaf stomatal size (Xu and
Zhou 2008), greater leaf thickness (Galmés et al. 2007;
Giuliani et al. 2013), and increased leaf venation (Xu et al.
2009), arise to increase water use efficiency and light-
utilization efficiency to promote photosynthesis. The adapta-
tion of morphological traits results in a steady-state GPP. On

the other hand, leaf and wood respiration continue to increase
with increasing LAI. Soil water limitation causes root growth,
especially fine root growth, to increase water uptake to com-
pensate for transpiration loss (Kozlowski and Pallardy 2002;
Metcalfe et al. 2008). The resulting root growth increases root
respiration. The resulting autotrophic respiration (the sum of
leaf, wood, and root respiration) increases with an increase in
LAI. Considering that GPP is in steady-state as LAI is more
than 9.0 m2 m−2, NPP shows a decreasing trend with the
increase in LAI.

Variation in NPP/GPP and NEP/NPP ratios with in-
creasing LAI

We found that the NPP/GPP ratio significantly decreased in re-
sponse to the increase in leaf area index across global temperate
forest ecosystems (R2 = 0.23,P < 0.001, Fig. 6a). The decrease in
NPP/GPP ratio results from the increase in LAI-driven autotro-
phic respiration (NPP/GPP = 1—Ra/GPP). In addition, we also
found NPP/GPP ratio also was not constant with forest aging but
initially decreased and subsequently increased within the forest
age range of 0–250 years (R2 = 0.13, P < 0.001, Fig. 6b). Our
results suggest that a constant ratio of NPP to GPP is possibly
problematic in some carbon balance models.

Net ecosystem production (NEP) increased linearly with
increasing LAI (R2 = 0.37, P < 0.001, Fig. 7a). NEP was neg-
ative when LAI was less than 1.8 m2 m−2, indicating a source
of carbon for the atmosphere. During disturbance, live bio-
mass decreases and the amount of carbon in the plant debris
increases. Following the disturbance, this detritus subsequent-
ly decomposes, resulting in declining detrital stocks and a
high heterotrophic respiration (Rh). On the other hand, the
increase in the leaf area index of plants leads to a recovery
in production, which results in a gradual increase in live bio-
mass. However, the loss of detritus is more rapidly than the
accumulation of live biomass, resulting in an initial loss of
total carbon and driving the net efflux of carbon dioxide to
the atmosphere (Goulden et al. 2011). When LAI >
1.8 m2 m−2, NEP was positive, indicating a carbon sink.
This is because plant growth and biomass accumulation in-
crease, and decomposition rate of plant litter is lower than the
accumulation rate of litter, which leads to the increase in car-
bon accumulation with increasing LAI (Goulden et al. 2011).
In addition, we found that the NEP/NPP ratio logarithmically
increased with the increase in LAI (R2 = 0.50, P < 0.001, Fig.
7b), which is primarily caused by the decrease in the Rh/NPP
ratio with increasing LAI (R2 = 0.49, P < 0.001, Fig. 8; NEP/
NPP = 1—Rh/NPP).

A Gaussian function can describe well the change in NPP
with plant carbon production efficiency (the ratio of NPP to
GPP) for global temperate forest ecosystems (R2 = 0.38,
P < 0.01, Fig. 9a). And NPP peaked at the ratio NPP/GPP of
about 0.5. This may be because with LAI increasing,

-2 0 2 4 6 8 10 12 14

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
 Measured values
 Fitted values

R
h/N

PP

Leaf area index (m2 m-2)

R2 = 0.49, P < 0.001, n = 41

Fig. 8 The change in ratio of heterotrophic respiration to net primary
production (Rh/NPP) with increasing leaf area index across global
temperate forest ecosystems. The orange solid circles indicate
measurements from paired Rh-NPP data. The solid black line is fitted
from measurement data. The gray shading indicates the 95% confidence
interval of fitted values
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photosynthesis (GPP) increases firstly and then approaches satu-
ration, and autotrophic respiration increases continuously; when
autotrophic respiration accounts for 50% of GPP (the ratio NPP/
GPP is about 0.5), NPP may reach maximum value. The change
in NEPwith the ratio NPP/GPPwas similar to that of NPP (R2 =
0.19, P = 0.06, Fig. 9b) due to the positive correlation between
NEP and NPP (Waring and Running 2007). In addition, NPP
and NEP increased exponentially with the ratio of NEP/NPP
(R2 = 0.41, P < 0.001, Fig. 9c for NPP and R2 = 0.88,
P < 0.001, Fig. 9d for NEP), which indicates that a small increase
in plant carbon storage efficiency (NEP/NPP) will promote a
large carbon sequestration.

Conclusions

Here, we proposed an empirical nonlinear model consisting of a
polynomial function and a Gaussian function to determine the
dynamics of LAI with forest age across global natural temperate

forest ecosystems. The model indicated that LAI initially in-
creased rapidly, reached a peak at juvenility, decreased slowly
until maturity, and again increased possibly with further forest
aging following a stand-replacing disturbance. We found that a
Gaussian function with/without a linear function was appropriate
to describe the patterns of GPP and NPP for global temperate
forest ecosystems with age. We found that the dynamics of GPP
across global temperate forest ecosystems was driven by LAI.
GPP initially increased and subsequently stabilized with increas-
ing LAI. Moreover, the dynamics of NPP across global temper-
ate forest ecosystems was also driven by LAI. NPP peaked at
LAI of about 5.6 m2 m−2, and subsequently decreased. We spec-
ified that the LAI-driven unimodal pattern of NPP resulted from
the combined effects of (1) an increase and subsequent steady
GPP with increasing LAI and (2) a continuing decrease in the
NPP/GPP ratio with increasing LAI, i.e., Ra increased signifi-
cantly with increasing LAI, and especially after canopy closure,
Ra increased more quickly with increasing LAI than GPP. In
addition, following a stand-replacing disturbance, NEP increased
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linearly with increasing LAI. Understanding the control of LAI
on ecosystem production contributes to predict long-term eco-
system responses to global change for making sound climate
change policies. As a limitation of our investigation, more study
sites, recording forest production and leaf area index, need to be
included for a better understanding of LAI-driven patterns of
global temperate forest production.
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