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A B S T R A C T   

Tree radial growth has long-term adaptation and rapid responses to climate, manifested as age-dependent low- 
frequency and climate-sensitive high-frequency signals. Although the former is usually removed in climate- 
growth analyses, its overall change still profoundly affects forest biomass and carbon sequestration. The itera
tive growth model (IGM) reveals the underlying links among organism lifespan, growth rate, and respiration, 
providing a set of theoretical indicators to evaluate or predict growth. Here, IGM was extended to the tree-ring 
scale (IGMR) to study the low-frequency growth signals of poplar plantations in the Yarlung Tsangpo River, 
Tibetan Plateau. As predicted by the IGMR, the low-frequency growth signals all follow a unimodal pattern over 
the diameter at breast height (DBH) gradient while constraining the high-frequency signals. The unimodal 
growth curves’ length (maximum DBH), height (maximum growth rate of tree DBH), and resulting tree lifespan 
could be used to assess and predict tree growth. The results showed that the maximum DBH, growth rate and 
inverse of the longevity of the trees were greater at lower elevations. The indicators of Populus × beijingensis (PB) 
were better than those of P. alba (PA). Overall, poplars adapted to the plateau climate by reducing growth rates 
and increasing longevity. Temperature was the key factor affecting these trade-offs, with the best temperature at 
14.69 ℃. Combined with stand density, PB plantations (11695.58 ± 1704.98 g/m2) had greater potential 
maximum biomass than PA plantations (9032.50 ± 2031.21 g/m2). This study highlights that the response of 
low-frequency growth signals to environments is holistic, and the resulting indicators have important value for 
evaluating and predicting tree growth and forest carbon sequestration. Moreover, the results have important 
practical significance for reasonable plantations and proper assessment of the ecological contribution of plan
tation forests on the Tibetan Plateau.   

Abbreviations: b, metabolic exponent; d, forest density; D, average f(m); DBH, diameter at breast height; D/T, organism/tree mean growth rate; f(m), the total 
biomass of new tissue created during the formation time; f(m)/T, the growth rate; o, the initial biomass; f(r), the increment in r during time T; gr, cost of respiration 
needed to produce a unit of tissue; HPA, high altitude of PA plantations; HPB, high altitude of PB plantations; IGM, iterative growth model; IGMF, IGM expansion at 
the forest scale; IGMF-L, the thermodynamic lower boundaries of forest NPP; IGMF-U, the thermodynamic upper boundaries of forest NPP; IGMR, tree-ring iterative 
growth model; IGMR-L, the thermodynamic lower boundaries of tree ring growth; IGMR-U, the thermodynamic upper boundaries of tree ring growth; LPA, low 
altitude of PA plantations; LPB, low altitude of PB plantations; m, organism/tree current size; M, organism/tree potential maximum size; mr, rate of maintenance 
respiration per unit of tissue; MPA, middle altitude of PA plantations; MPB, middle altitude of PB plantations; NPP, net primary productivity; PA, Populus alba L; PB, 
Populus × beijingensis; r, current tree DBH; r0, the initial DBH; R, the maximum DBH; T, formation time of unit tissue, which is primarily controlled genetically and by 
physiological activities, with the intrinsic or developmental growth rate independent of organism size; X, forest current biomass; Xmax, forest potential maximum 
biomass. 
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1. Introduction 

Tree growth drives forest carbon sequestration, offsetting 25% of 
yearly anthropogenic carbon emissions and thus positively mitigating 
climate change (Cabon et al., 2022; Locosselli et al., 2020). Tree radial 
growth is an important indicator of tree growth, recording climate 
change and tree intrinsic growth trends. The intrinsic growth trend 
follows the unimodal curve on the age or size (DBH) gradient. Although 
specific size-dependent patterns are related to climate, competition, and 
functional traits (Herault et al., 2011), they are usually considered 
separately from climate-sensitive high-frequency signals. This knowl
edge is mainly derived from the stationarity assumption or uniformity 
principle, manifesting as a robust, consistent relationship between ring 
width and climate after removing “age effects.” However, over longer 
time windows, especially for forests experiencing new global climate 
events (Overpeck, 2013; Sobel et al., 2016; Richardson et al., 2018), the 
uniformity principle could change with the tree’s physiological status 
(Peltier and Ogle, 2020). How climate drives terrestrial net primary 
production (NPP) remains controversial in the global ecology. Specif
ically, whether climate directly affects plant physiological processes and 
thus influences NPP or indirectly by constraining forest biomass, tree 
age structure, and growing season length. Recent studies suggested that 
the “direct” effect may be equivalent to its “indirect” effect (Michaletz 
et al., 2017). Changes in low-frequency growth signals could cause 
different growth-climate sensitivities and have a more profound impact 
on forest carbon sequestration. 

To our knowledge, the kinetic mechanism of low-frequency growth 
signals and their response to climate is still unknown. Some studies have 
suggested that this signal follows a clear hump-shaped pattern related to 
functional traits and size (Herault et al., 2011; Matsushita et al., 2015; 
Shi et al., 2013). Recent global results further showed an inherent trade- 
off in tree-ring growth rate and lifespan (Brienen et al., 2020; Locosselli 
et al., 2020), implying overall changes in the unimodal curve. Tree 
respiration concerns the transport, release, and use of energy to grow, 
maintain and defend tree life, where energy-demanding processes also 
follow the first and second laws of thermodynamics and the allometric 
scaling laws of metabolism. Based on metabolic growth theory and these 
details, Shu et al. (2021) derived a complete organism growth model 
known as the iterative growth model (IGM). However, individual 
biomass parameters in this model are often difficult to obtain directly, 
especially for trees. Such limitations make it difficult to directly reveal 
the tree growth pattern through the model. Here, based on the scaling 
relationship between tree biomass and tree DBH (West et al., 1999), the 
IGM was first extended to the tree ring scale to determine the low- 
frequency tree-ring signals. Then the critical indicators of tree growth 
were obtained: the tree’s maximum DBH, lifespan, and the mean (or 
maximum) growth rate of tree DBH. The ecological adaptability of trees 
and estimation of the potential forest biomass could be assessed after 
combining the stand density based on these indicators. 

China has been working to protect the fragile ecological function of 
the Tibetan Plateau through afforestation, especially in the Yarlung 
Tsangpo River basin (Liu et al., 2020; Ma et al., 2020; Zhang et al., 
2018). Poplars (Populus × beijingensis (PB) and P. alba L (PA)) have long 
been the main afforestation species in this area because of their fast 
growth and strong ecological adaptability (Debeljak et al., 2014; Hajima 
et al., 2014; He et al., 2021; Liao et al., 2020; Lu et al., 2013). Although 
the area of afforestation in Tibet is expanding, its single species and 
structure are more vulnerable to climate change than those of natural 
forests (Camarero et al., 2021; Navarro-Cerrillo et al., 2020; Santini 
et al., 2020). In this context, the growth trends of plantations are still 
unknown, which can profoundly affect potential forest carbon seques
tration. Here, the poplar growth trends behind their low-frequency tree- 
ring signals were first determined using the extension of IGM. Then, 
these trends were linked to forest carbon sequestration dynamics. This 
work aimed to reveal the growth trends of poplars and the possible 
potential carbon sequestration of poplar plantations in the Yarlung 

Tsangpo River basin with different elevational distributions. 

2. Materials and methods 

2.1. Study area 

The study area was located in the Yarlung Tsangpo River basin of the 
South Tibetan Plateau. It has a plateau semiarid monsoon climate: the 
annual mean temperature is 5.92 ℃, and the annual mean precipitation 
is 428.70 mm (Li et al., 2013; Liu et al., 2018). The terrain exhibits high 
elevation in the west and low elevation in the east (Fig. 1A). Poplars are 
mainly used for afforestation projects in this area and are widely planted 
on riverbanks (Fig. 1B). Among the poplar species, PB and PA were the 
largest planting species. In April 2021, three elevation gradients from 
2880 m to 3830 m were established in the Yarlung Tsangpo River basin: 
~ 3200 m for low, ~ 3500 m for middle, and ~ 3700 m for high 
elevation sites (Table 1). 

Moreover, 14 large poplar plantation sites were selected, including 
six sampling sites (PB3, PB5, PB8, PA1, PA3, and PA6) and eight survey 
sites (PB1, PB2, PB4, PB6, PB7, PA2, PA4, and PA5) (Fig. 1A and 
Table 1). The longitude and latitude of the sites were between 29◦02′- 
29◦ 49′ N and 88◦ 50′-93◦ 39′ E (Fig. 1A and Table 1). The sampling sites 
were mainly used to collect tree core samples and investigate stand 
density and DBH. Meanwhile, the survey sites were mainly used for 
measuring DBH. At each site, a quadrat was established (approximately 
400 m2) for sampling and surveying. 

2.2. Sample collection and experimental analysis 

At each sampling quadrat, two cores from every living tree at breast 
height (1.3 m) were sampled on the basis of cross-intersect method using 
diameter borers (Ling et al., 2017). These tree core samples were taken 
to the laboratory to measure the ring widths by using the LINTAB ring- 
width measurement system (Rinntech, Heidelberg, Germany), with a 
precision of 0.001 mm after air-drying and sanding each core until the 
tree ring boundaries were clearly visible. As poplar belongs to diffuse- 
porous species, many core samples with unclear demarcated annual 
rings were abandoned. After all sample measurements were completed, 
the COFECHA program (a software package) was used to check the re
sults and confirm the cross-dating accuracy (Holmes, 1983), and then 
the standard chronologies were established using ARSTAN (another 
software package). 

2.3. Acquisition of meteorological and NPP data 

Climatic data were collected from the three meteorological stations 
with different elevation distributions and nearest to the sampling sites 
(NOAA - National Centers for Environmental Information, https://www. 
ncei.noaa.gov). Nyingchi (29◦ 57′ N, 94◦ 47′ E, 3001 m), Lhasa (29◦ 67′

N, 91◦ 13′ E, 3650 m), and Shigatse weather stations (29◦ 25′ N, 88◦ 88′

E, 3837 m) (Fig. 1A). The meteorological data spanned from 1980 to 
2020. The data from these sites (mean annual temperature and mean 
annual precipitation) were used to analyze the effects of climate factors 
on growth-lifespan trade-offs and predict their optimal outcomes. In 
addition, monthly climate factors (mean monthly temperature and 
monthly total precipitation) were used to obtain plantation responses to 
climate change. The annual NPP data were collected from the Beijing 
Normal University Data Center (Liang et al., 2021) to verify the cor
rectness of the IGM for forest NPP (Eq. (6)) and estimate the stands’ 
current and potential maximum biomasses at the survey sites. 

2.4. IGM and its extensions 

Based on the allometric scaling laws of metabolism, the IGM provides 
a general kinetic framework for organism growth. Compared with other 
metabolic growth models (i.e., the ontogenetic growth model), it has two 
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improvements. First, the formation time of a unit of tissue (T) was 
introduced. Second, the metabolic scaling exponent (b) equal to 0.75 
was eliminated. Thus, a basic and flexible discrete growth equation 
could be derived (Mori et al., 2010; Shu et al., 2021). 

f (m)

T
=

mr

gr

(
M1 - bmb − m

)
(1)  

where f(m) is the total biomass of new tissue created during time T, f 
(m)/T represents the growth rate, M and m are the maximum biomass 
and current biomass of organisms, respectively, and gr and mr are the 
cost of respiration needed to produce a unit of tissue and the rate of 

maintenance respiration per unit of tissue, respectively. Usually, gr is 
stable, ranging from 0.2 to 0.4, and we used 0.33 in this study (Cannell 
and Thornley, 2000; Gower et al., 1997; Piao et al., 2010; Thornley and 
Cannell, 2000; Thornley, 2011). Meanwhile, mr is sensitive to the 
environment and is mainly driven by temperature following the 
Arrhenius equation (Amthor, 2000; Clarke, 2019; Piao et al., 2010; Shu 
et al., 2019; Shu et al., 2021). The IGM contains some implicit theo
retical and mathematical constraints. The first constraint is T < gr/mr, 
derived from the thermodynamic significance of respiration (Shu et al., 
2021). Second, from a mathematical perspective, M maintains a strict 
mathematical relationship with other parameters as follows (Shu et al., 

Fig. 1. Map of the research area and climate elements in the Yarlung Tsangpo River basin, Tibetan Plateau. (A) Locations of sampling sites, survey sites, and nearest 
meteorological stations. (B) Aerial image of poplar plantation in the Yarlung Tsangpo River basin. (C) Annual mean precipitation from 1980 to 2020. (D) Annual 
mean temperature from 1980 to 2020. (E) Monthly mean temperature and monthly total precipitation of the Nyingchi weather stations. (F) Monthly mean tem
perature and monthly total precipitation of the Lhasa weather stations. (G) Monthly mean temperature and monthly total precipitation of the Shigatse 
weather stations. 

Table 1 
Geographic description of the sampling and survey sites.  

Tree species Site code Type of site Latitude Longitude Altitude 
(m) 

Landform Soil texture Mean stand DBH 
(cm) 

Mean stand density 
(stems/ ha)  

PB1 survey  29.08  93.39 2880 (L) terrace sandy soil  32.07 /  
PB2 survey  29.04  92.53 3080 (L) terrace sandy soil  27.17 /  
PB3 sampling  29.09  92.33 3160 (L) terrace sandy soil  27.84 422  
PB4 survey  29.16  91.33 3540 (M) terrace sandy soil  28.92 / 

PB PB5 sampling  29.16  91.11 3560 (M) terrace sandy soil  30.94 367  
PB6 survey  29.14  88.57 3830 (H) terrace sandy soil  23.54 /  
PB7 survey  29.49  88.50 3830 (H) terrace sandy soil  19.54 /  
PB8 sampling  29.20  89.33 3750 (H) terrace sandy soil  16.16 511            

PA1 sampling  29.02  92.59 3140 (L) terrace sandy soil  29.18 434 
PA PA2 survey  29.16  91.55 3560 (M) terrace sandy soil  11.41 /  

PA3 sampling  29.15  91.44 3530 (M) terrace sandy soil  17.55 522  
PA4 survey  29.19  90.39 3590 (M) terrace sandy soil  15.66 /  
PA5 survey  29.19  90.17 3710 (H) terrace sandy soil  21.34 /  
PA6 sampling  29.20  89.36 3770 (H) terrace sandy soil  14.42 488 

Abbreviations: L: low elevation sites, M: middle elevation sites, H: high elevation sites. 
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2021): 

M =
D
T

gr

mr

2b + 2
1 − b

(2)  

where D is the average f(m), mainly determined by the ability of plants 
to absorb resources and the supply of resources, and TM/D or gr/mr ×

(2b + 2)/(1-b) represents the total growth time. The ground for this 
equation is an integral transform from f(m) to M (Shu et al., 2021). 

The IGM is also valid for tree-ring dynamics by the scaling rela
tionship between tree biomass (m) and tree DBH (r), which could be 
expressed as follows (West et al., 1999): 

r∝mb/2 (3) 

Combining Eqs. (3) and (1) yields the following expression: 

f (r) =

(

T
mr

gr
(r − r0)

2/b

((
R

(r − r0)

)2/b - 2

- 1

)

+ (r − r0)
2/b

)b/2

− r+ r0

(4)  

where 
f(r) is the increment in r during time T; 
r0 is the initial DBH; 
R is the maximum DBH; 
b is usually taken as 0.75 for trees (Mori et al., 2010). 
When T → 0 and gr/mr, Eq. (4), could be simplified as follows: 

o(r) =
b
2

mr

gr

(
R2/b - 2(r − r0)

3− 2/b
− r + r0

)
(5a)  

o(r) =
mr

gr

(
R1 - b(r − r0)

b
− r + r0

)
(5b)  

where 
o(r) is the growth rate of tree DBH, i.e., f(r)/T. (approximately equal 

to twofold of the tree-ring growth rate). 
Mathematically, Eq. (4) is between Eqs. (5a) and (5b). Eq. (4) was 

termed the iterative growth model in tree-ring growth (IGMR), and Eqs. 
(5a) and Eq. (5b) were denoted as the thermodynamic lower (IGMR-L) 
and upper (IGMR-U) boundaries of tree ring growth. In addition, ob
servations showed that when trees attain their potential maximum size, 
their mortality increases significantly. Therefore, the maximum growth 
time was assumed to be equivalent to the lifespan (Brienen et al., 2020; 
Johnson et al., 2018). 

Due to the density effects, Eq. (1) could also be extended to the forest 
scale, where the relationship between tree DBH and forest NPP could be 
expressed as follows (for specific derivation, see supplementary 
information): 

NPP = X
mr

gr

(

c
(

R
r

)2/3

− 1

)

(6)  

where 
c is a turnover-related parameter equal to 1.15 for aboveground NPP 

(see supplementary information); 
X is the forest’s current biomass (converted to grams of C assuming 

biomass is 47% carbon, same as below) (Ipcc, 2006). 
In addition, the ratio of the forest’s potential maximum biomass 

(Xmax) to X is equal to (R/r)2/3. 
Using regional and global data, the validity of the IGMR and IGMF 

(IGM expansion at the forest scale) was confirmed. Here, a set of tree- 
ring data was used to test the IGMR. These data were collected from a 
primary Abies fabri forest over 150 years old and located in Gongga 
Mountain on the southeastern Tibetan Plateau (data from Wang et al., 
2017). The IGMR could explain the growth-DBH relationship well. The 
primary forest’s mean growth rate of tree DBH showed a clear single- 
peaked pattern in DBH gradients (Fig. S1A). Moreover, IGMF could 

explain the large variation in aboveground NPP across broad environ
mental gradients (Fig. S1B). The data set includes over 1,200 woody 
plant communities across broad climate gradients (mainly distributed in 
China) (data from Michaletz et al., 2014). In addition, the total growth 
time estimated by IGMF was slightly lower than the negative power- 
exponential curve relationship between mean annual temperature and 
tree longevity and was within the 95% confidence interval of the actual 
curve at both biome scales (data from Locosselli et al., 2020) (Fig. S1C). 

2.5. Calculation of biomass and carbon stocks 

For sampling sites, the stand DBH dynamics were obtained from the 
stand mean DBH and annual mean tree-ring width increments. The 
aboveground biomass dynamics of individual poplars were calculated 
by the tree biomass equation and DBH dynamics (Guan and Liu, 1993) 
(Table 2). The stand aboveground biomass was calculated from the 
product of the individual poplar biomass and the density (Tables 1 and 
2). The carbon stock was calculated from the biomass and the carbon 
content rate. The aboveground NPP was calculated based on the IGM for 
forest NPP (Eq. (6)) and stand aboveground carbon stock, assuming that 
the plantation density was constant for a decade. Linear regression an
alyses verified the correctness of the IGM for forest NPP. 

After verification was conducted, the maximum DBH and mr/gr value 
of the same poplar species at the same elevation gradient were assumed 
to be the same. The stand current and potential maximum biomass of 
survey sites were also calculated by using the current mean stand DBH, 
NPP data, IGM for forest NPP, and the relationship between forest mean 
DBH and biomass (i.e., (R/r)2/3 = Xmax/X, see supplementary 
information). 

2.6. Statistical analysis 

Statistical analyses were conducted using SPSS 26.0 (SPSS Inc., IL, 
USA). The differences in biomass and carbon stock were tested using the 
Kruskal-Wallis test. The diagram and linear regression analyses were 
performed using Origin 2018 (Origin Lab, Northampton, MA, USA) and 
ggplot2 (version 3.3.2) in R 4.0.2 (https://mirrors.ustc.edu.cn/CRAN/). 
1stOpt1.5 (7D - soft High Technology Inc.), a multivariate nonlinear 
curve fitting software was used for fitting parameters. 

3. Results 

3.1. Meteorological features at different elevational distributions 

The meteorological data showed that the mean annual precipitation 
and temperature exhibited decreasing trends with increasing elevation 
(Fig. 1C and 1D). Among them, the mean annual precipitation at 
different elevations (low, mid, and high) were 731.92, 485.72, and 
472.40 mm, respectively. The mean annual temperatures were 9.40, 

Table 2 
Average water content and the regression equation of the biomass of each 
component of poplar in the Mid-watershed of “One River and Two Tributaries,” 
Tibet (Guan and Liu., 1993).  

Biomass 
component 

Type of 
equation 

Parameters Water 
content of PB 

Water 
content of PA 

Stem W = aD^b a =
0.1798133 
b =
2.251178  

0.4635  0.4350 

Branche W = aD^b a =
0.0367696 
b = 2.36404  

0.5110  0.5050 

Leaf W = aD^b a =
0.0525442 
b =
1.885001  

0.6337  0.6262  
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8.97, and 7.37 ℃, respectively. The trends of meteorological elements 
revealed that the temperature series of the three elevation zones showed 
an increasing trend during the 1980–2020 period (Fig. 1D). Moreover, 
the monthly climate factors at different elevations also exhibited dif
ferences (Fig. 1E-G). 

3.2. Low-frequency growth signals and their relevant indicators reveal 
tree growth 

On the stand scale, the growth rate of tree DBH of the poplar 

plantations along the self-DBH gradient showed a typical unimodal 
pattern when T → gr/mr and 0, i.e., with the increase in self-DBH, the 
growth rate first increased and then decreased (Fig. 2). The length 
(maximum DBH) and height (the maximum growth rate of tree DBH) of 
these unimodal curves were significantly different. The PB and PA 
plantations at low elevations both had larger maximum DBH, mr/gr 
values, and mean growth rates (Table 3). Furthermore, PB may have 
greater adaptability, thus causing larger maximum DBH, mean growth 
rate of tree DBH and lifespan in different elevational distributions than 
PA (Table 3). 

Fig. 2. Low-frequency growth signals of poplar plantations in different elevational distributions. (A) Low-frequency growth signals of poplar plantations in different 
elevational distributions when T trends to gr/mr. (B) Low-frequency growth signals of poplar plantations in different elevational distributions when T trends to 0. 
Solid black circles are the mean growth rate of tree DBH (cm/y), and blue and red curves are low-frequency growth curves when T → gr/mr and 0, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In general, compared with the classic standard chronology, the 
variation in high-frequency and its response to climate were similar 
(Fig. 3A, 3B, and S2), as obtained by the IGMR-U. Interestingly, for the 
whole Yarlung Tsangpo River basin, the radial growth of poplar plan
tations was more sensitive to temperature (Fig. S2). In addition, the low- 
frequency growth trends limited high-frequency signals, i.e., the high- 
frequency variations were related to the growth rate of tree DBH 
(Fig. 3C). 

Due to tree lifespan ∝ gr/mr values, two poplar plantations also fol
lowed trade-offs in tree growth rate and lifespan, i.e., increased growth 
rates shortened tree lifespan (Table. 3). In contrast to the effect of 
temperature on longevity and growth rate (P < 0.05, Fig. 4A and 4B), no 
significant effect of precipitation was found on growth rate and 
longevity (P > 0.05, Fig. 4C and 4D). Therefore, temperature is a crucial 
factor affecting growth-lifespan trade-offs and controlling forest growth. 
For the whole Yarlung Tsangpo River basin, the optimal temperature of 
poplar plantations growth in these trade-offs was at 14.69 ℃. This result 
is according to the growth-lifespan trade-offs and the relationship be
tween temperature and lifespan (Fig. 4B and 4E). It is where the 
maximum DBH could reach 75.84 cm, and the corresponding tree 

lifespan and mean growth rate were 62.46 years and 1.21 cm year− 1, 
respectively. Overall, poplar plantations may have adapted to the 
plateau climate by reducing growth rates and increasing longevity. 

3.3. Low-frequency growth signals and their relevant indicators reveal 
forest carbon sequestration 

With the IGM, tree ring growth was further linked to forest carbon 
sinks (see supplementary information). In the PB and PA plantations, a 
strong linear relationship could be found between the NPP data and NPP 
calculation when T → gr/mr and 0 (P < 0.001, adjusted R2 > 0.55, Fig. 5A 
and 5B). These results adequately described the correctness of the 
IGMF. Moreover, Eq. (5b) explained the data better: when T tends to gr/ 
mr, slope values (k = 1.11) were closer to 1 than T trends to 0 (k = 2.13). 
Therefore, in the data analyses of this study, IGMR-U was selected to 
characterize the iterative growth mechanism (Figs. 3, 4, 5C, and 5D). 
On the basis of these results, the current and potential maximum 
aboveground biomasses of poplar plantations were estimated for the 
Yarlung Tsangpo River basin (Eq. (6)). The current and potential 
maximum aboveground biomasses of PB plantations (6471.56 ±

Table 3 
Characteristic values of unimodal curves when T trends to 0 and gr/mr.   

T trends to 0 T trends to gr/mr 

Tree species Max DBH (cm) mr/gr Lifespan (years) Mean GR (cm/y) Max DBH (cm) mr/gr Lifespan (years) Mean GR (cm/y) 

LPB  70.92  0.27  51.78  1.37  68.44  0.15  94.72  0.72 
MPB  71.56  0.23  59.60  1.20  65.51  0.14  103.17  0.64 
HPB  67.50  0.19  72.09  0.94  61.26  0.11  124.89  0.49 
LPA  63.82  0.25  55.78  1.14  60.94  0.14  100.72  0.61 
MPA  59.01  0.24  57.52  1.03  54.89  0.14  101.60  0.54 
HPA  62.87  0.21  66.16  0.95  53.49  0.13  108.78  0.49 

Abbreviations: Max, maximum; GR, growth rate. 

Fig. 3. Standard chronology, high-frequency signals based on IGMR-U, and relationship between low- and high-frequency signals. (A) Classic standard chronology. 
(B) High-frequency signals based on IGMR-U. (C) High-frequency signals based on IGMR-U were restricted by the height of the low-frequency growth signals. The 
high-frequency signals based on IGMR-U were calculated by the difference between the tree-ring growth rate and the low-frequency growth signal based on IGMR-U. 
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1111.97 and 11695.58 ± 1704.98 g/m2, respectively) were greater than 
those of PA plantations (4528.68 ± 1433.83 and 9032.50 ± 2031.21 g/ 
m2, respectively), as shown in Fig. 5C. Furthermore, in accordance with 
the carbon content rate of 0.47, the current and potential maximum 
aboveground carbon stocks of the PB and PA plantations are shown in 
Fig. 5D. Taken together, the current aboveground carbon sequestration 
of plantations in Tibet based on the planting area of plantations could be 
estimated (3.34–4.77 Tg). 

4. Discussion 

4.1. Low-frequency growth signals have more profound effects on tree 
growth and forest carbon sequestration. 

Trees’ growth trajectory (with respect to their age or size) follows a 
clear hump-shaped pattern. The results of this study clarified the 
possible kinetic mechanism behind this pattern. They highlighted the 
constraints of this trend on the high-frequency variations (Fig. 2 and 
Table. 2). In the models, tree size (or tree DBH) is the primary driver of 
growth. In fact, the size effect is closely related to resource uptake and 
trade-offs (Gibert et al., 2016). In some experiments, size has a greater 
impact on age-related declines in relative growth and net assimilation 
rates than cellular senescence (Mencuccini et al., 2005). The effect of 
environmental factors on the growth rate inevitably feeds back to size 
(Shu et al., 2019). Thus, the size-growth curve should change overall 
with the climate and have more profound effects on tree growth and 
forest carbon sequestration. Meanwhile, tree longevity and/or DBH 
determine the height and length of the unimodal growth curve. 

When trees’ age or size increase, the annual ring width decrease as 
the wood is allocated around an ever-increasing circumference (Wang 
et al. 2017). This effect of age (or size) on tree growth is usually 
considered to be climate-independent (Peters et al., 2015). To highlight 
the influence of climate on growth, many studies typically remove age 
effects through various detrending methods (Fang et al., 2018; Tao et al., 
2022; Wang et al., 2017). However, our results suggest that variation in 

tree radial growth with age/size is not climate independent. The best 
climate at low elevations increased the length and height of the unim
odal growth curve. Poplar plantations at low elevations both had the 
largest maximum DBH and mean growth rates (Fig. 2 and Table 2). 
These findings revealed that the size-growth curve should change 
overall with the climate and implied a major control of growth by tree 
size. Moreover, the high-frequency variations were related to the height 
of the unimodal growth curve, indicating that changes in low-frequency 
growth may affect the environmental sensitivity of height-frequency 
signals (Fig. 3C). Therefore, low-frequency growth signals have more 
profound effects on tree growth. 

Low-frequency growth signals also have more profound effects on 
forest carbon sequestration. In this study, tree ring growth was suc
cessfully linked to forest carbon sequestration (P < 0.001, adjusted R2 >

0.55, Fig. 5A and 5B), which not only verified the correctness of the IGM 
for forest NPP but also indicated that forest NPP is strongly correlated 
with the low-frequency signal. For a theoretical explanation, their 
expression levels with respect to time conformed to the Richards and 
Gompertz equations (supplementary information), where tree age, 
temperature (strongly correlated with growing season length) (Micha
letz et al., 2017), and r are the three basic axes that explain the variation 
in f(r). 

4.2. Low-temperature limits tree growth and forest carbon sequestration 

In general, the future evolution of forest carbon sequestration de
pends critically on the tree growth rate and lifespan response to the 
future climate (Brienen et al., 2020; Locosselli et al., 2020; Lorimer 
et al., 2001). Placing the results into the global context of growth- 
lifespan trade-offs, the poplar plantations on the Tibetan Plateau were 
observed to be closer to the global results’ lower boundary (Locosselli 
et al., 2020). As broadleaf tree species, poplars grow faster and live 
shorter than conifers. However, in the alpine ecosystem, the trade-off 
strategy of poplars moves closer to conifers, suggesting that poplars 
have strong ecological adaptability. Temperature and precipitation are 

Fig. 4. Effects of environmental factors on growth-lifespan trade-offs and their optimal outcomes. (A) Relationship between the temperature and tree-ring growth 
rate. (B) Relationship between temperature and tree longevity (LN). (C) Relationship between the precipitation and tree-ring growth rate. (D) Relationship between 
the precipitation and tree longevity (LN). (E) Relationship between the tree-ring growth rate and tree longevity (LN). (F) The relationship between the temperature 
and maximum DBH. The regression line with adjusted R2 is given in the figures. The shaded areas show the 95% confidence interval of the fit. 
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the main climatic factors that affect tree growth processes. However, in 
this study area, no correlations were found between mean growth rate 
and longevity with precipitation (P > 0.05, Fig. 4C and 4D). This may be 
because the poplar plantations are mainly planted on relatively wet 
riverbanks, which causes insensitivity to precipitation variability. 
Temperature, however, substantially impacts tree growth and longevity 
(P < 0.05, Fig. 4A and 4B). Similar to previous studies, it is not sur
prising that temperature is a dominant constraint on plant growth and 
productivity at high elevation and latitude (Huang et al., 2019; Liang 
et al., 2008; Li et al., 2012; Shi et al., 2015). Higher temperatures, 
particularly in plateau regions, could facilitate snow melting and sub
sequent plant photosynthesis, cell division, and the accumulation of 
trunk materials, resulting in larger radial growth (Korner, 1998; Kroner 
and Way, 2016; Ponocna et al., 2016; Shrestha et al., 2015; Yu et al., 
2013, Zhang et al., 2015). In this study, the meteorological data showed 
that the mean annual temperature exhibited decreasing trends with 
increasing elevation. Therefore, under the long-term effects of envi
ronmental factors, the length and height of unimodal growth curves at 
low elevations were the largest, and the forest carbon sequestration also 
showed decreasing trends with increasing elevation (Fig. S3A). Due to 
the control function of temperature on lifespan and the inherent trade- 
offs of growth-lifespan, the best value for tree growth was 14.69 ℃ 
(Fig. 4F). Similar to numerous other studies, temperature plays an 
essential role in trade-offs (Brienen et al., 2020; Di Filippo et al., 2015; 
Locosselli et al., 2020). For physiological explanations, under low- 
temperature stress, plant growth could be restricted by carbon source 
or/sink limitations (Fig. 6) (Green and Keenan, 2022). On the one hand, 
the lower temperature could limit photosynthesis, which decreases 

carbon source for plant growth (i.e., carbon source limitation). On the 
other hand, trees tend to reduce growth rates but use energy and nu
trients to increase carbon storage (i.e., carbon sink limitation). Theo
retically, longevity terms contain the parameter mr, which is positively 
correlated with temperature (Fig. 6). However, increasing temperatures 
may increase tree mortality rates. For instance, under high tempera
tures, trees may reduce growth and compensate for increasing water 
losses by increasing VPD and forcing stomata to close, which could 
result in decreased carbon assimilation rates and may kill trees due to 
carbon starvation (Allen et al., 2015; McDowell et al., 2008). Therefore, 
as climate warming proceeds, a moderate temperature rise could be 
expected to benefit poplar plantation growth on the Tibetan Plateau. 

4.3. Implications for the reasonable plantation and management of poplar 
plantations on the Tibetan Plateau 

The premise of successful afforestation efforts is understanding tree 
species’ suitability to the local environments and their ecological re
sponses. As they are adaptative, fast-growing, and easy to survive, the 
difference in growth is an important basis for evaluating the quality of 
afforestation. Theoretical indicators based on IGM and tree radial 
growth could be used to evaluate the growth quality of different plan
tation species. Moreover, the potential forest biomass could be predicted 
after combining the stand density based on these indicators. Collec
tively, our results showed that under similar habits, the maximum DBH, 
mean growth rate, and biomass of the PB plantation were greater 
(Table 3, Fig. 5C and 5D). This indicated that PB might be more sen
sitive to plateau climate, thus having a stronger resource acquisition and 

Fig. 5. Verification and application of IGM for forest NPP. (A) The relationship between the NPP calculation and NPP data of PB and PA plantations when T trends to 
gr/mr. (B) Relationship between the NPP calculation and NPP data of PB and PA plantations when T trends to 0. The regression line with adjusted R2 is given in the 
figures. The shaded areas show the 95% confidence interval of the fit. (C) The current and potential maximum aboveground biomass of poplar plantations. (D) The 
current and potential maximum aboveground carbon stock of poplar plantations. Values are the mean ± SE. Different lowercase letters indicate significant differ
ences (P < 0.05). The Kruskal-Wallis test was used. 

Y. Yao et al.                                                                                                                                                                                                                                     



Ecological Indicators 147 (2023) 109930

9

adjusted ability and distributing more energy and nutrients for their 
growth than PA in plateau climate. The main reason for this may be 
related to heterosis. PB was bred by cross-breeding P. nigra var. italica 
(Moench) Koehne and P. cathayana Rehd, which have the advantages of 
fast growth, high adaptation, and disease resistance, making it more 
suitable for afforestation efforts in alpine regions (Liu et al., 2022). 
Therefore, for successful afforestation efforts in sensitive high-elevation 
areas, it is necessary to “adaptation to local conditions.” PB species 
should be considered in future afforestation on the Tibetan Plateau. In 
addition, the effective management of poplar plantations will help to 
maintain the stability of plantations, as well as the high-quality devel
opment of the Tibetan Plateau. Recent studies have shown that planting 
density not only affects tree growth but also affects the response of trees 
to various stresses (Feng et al., 2016; Navarro-Cerrillo et al., 2020; Li 
et al., 2021). If afforestation managers could plan properly and control 
planting density, forest degradation could be improved effectively (Che 
et al., 2022; Navarro-Cerrillo et al., 2020). In this study, forest potential 
maximum biomass showed a declined trend with increasing planting 
density (P < 0.05, Fig. S3B). Consequently, to prevent plantation 
degradation, appropriate thinning should be considered. 

4.4. IGM and its extension for assessing forest carbon dynamics 

Using the IGM, tree-ring dynamics were linked to forest NPP to 
obtain some crucial details of tree growth and forest carbon sequestra
tion (Eq. (6)). These details, such as lifespan, growth rate, and respi
ration, are important derivatives of the forest’s current carbon sink 
assessment. Although the acquisition of forest NPP by remote sensing 
monitoring is a common method, it cannot directly reflect the internal 
mechanism of tree growth and emphasizes the profound effects of low- 
frequency growth signals on tree growth and forest carbon sequestra
tion. Therefore, combining remote sensing with IGM to assess and 

calibrate forest NPP is proposed. Moreover, previous studies on plan
tations on the Tibetan Plateau have mainly focused on the soil (He et al., 
2021; Liu et al., 2022; Xu et al., 2010), with little research on the growth 
trends of plantations. Overall, IGM-based tree and forest growth models 
should be very useful for assessing the tree growth and forest carbon 
sequestration of plantations that lack effective monitoring. However, 
this study still has potential limitations. Many core samples with unclear 
demarcated annual rings were abandoned because poplar is a diffuse- 
porous species. This decision could inevitably reduce the precision of 
the results. Overall, a large sample size, clear tree-ring width, and longer 
time scales would reduce the fitting error and make the model-based 
indicators more accurate. In addition, the physiological and biochem
ical details behind model parameters still need to be clarified. These 
further studies have great implications for understanding and predicting 
the global forest carbon budget in the context of global climate change. 

5. Conclusions 

In this study, low-frequency growth signals and their profound ef
fects on tree growth and forest carbon sequestration of poplar planta
tions in the Yarlung Tsangpo River basin were revealed based on tree- 
ring dynamics, IGM and its extension, and NPP data. (i) The low- 
frequency growth signals of poplar plantations all followed a single- 
mode pattern over the DBH gradient. The length and height of unim
odal growth curves varied overall with the environment. These signals 
could affect the climate sensitivity of high-frequency signals. (ii) Poplars 
have adapted to the plateau climate by reducing their growth rates and 
increasing longevity. Temperature is the key factor affecting the trade- 
offs, and the best temperature for growth is 14.69 ℃. (iii) PB was a 
more suitable poplar species on the Tibetan Plateau. The selection of PB 
species should be mainly considered in future afforestation efforts on the 
Tibetan Plateau. Moreover, appropriate thinning should also be 

Fig. 6. Schematic diagram of the iterative growth mechanism and possible physiological responses of poplar in a plateau climate. The left side shows the responses of 
the iterative growth mechanism under the plateau climate. The right side shows possible physiological responses under the plateau climate. 
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considered to prevent plantation degradation. In summary, tree-ring 
low-frequency signals should not be ignored in future studies, and 
their relevant indicators have great implications for understanding and 
predicting the global forest carbon budget in the context of global 
climate change. The results of this study provide a certain basis for 
reasonable plantations in sensitive high-elevation areas. It also has 
important theoretical and practical significance for properly assessing 
the ecological contribution of afforestation activities on the Tibetan 
Plateau. 
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