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At the beginning of 2015, a primary subtropical evergreen broadleaved forest in Southwest China experienced an
extreme snow anomaly. We used a thermodynamic approach to evaluate the self-organization of the forest in
response to snow disturbance. We found that the snow disturbance induced severe vegetation damage, as
indicated by LAI significantly decreased by 33.19% and 40.85% in 2015 than the pre-disturbance years
(2013-2014), respectively. The forest had the higher self-organization in 2015 with the higher ability of capture

exergy (Rn/DR) and dissipation exergy (TRNc). The changes in vegetation patterns of the primary subtropical
evergreen forest enhanced the ecosystem self-organization. Our finding was inconsistent with the general theory
that the disturbance of natural systems reduces exergy capture ability and increases exergy dissipation.

1. Introduction

Self-organization is a spontaneous process that can form a well-
organized structure from random initial conditions. It is often used to
reveal the stability and elasticity of a system (Ashby, 1945; Chen et al.,
2018; Fotakis, 2015; Heylighen, 2008; Lin et al., 2011; Rocha, 1998).
Thermodynamic approach is an important tool to study the self-
organization pattern for various fields in physics, chemistry and those
including in biological system (Lin et al., 2009; Rossi and Liveri, 2009;
Sprott et al., 2002; Zehe et al., 2013). Ecosystem is a complex and open
system characterized by a set of self-controlled structures, functions and
pathways (Lu et al., 2011). The ecosystems couldn’t only maintain their
structure and development by absorbing external exergy, but also
develop new structures and functions with the change of the environ-
ment (Lin et al.,, 2009). Therefore, ecosystems are complex self-
organizing systems and can be thought of as thermodynamic systems,
open to energy and matter (Coscieme et al., 2013). Energy (the capacity
of a system to perform work) is the basic fundamental driving force for

all biological and environmental processes, which depend on the
transformation of energy potential and exist the general principles of
thermodynamics in the structural and functional development of
ecosystem (Kelso and Odum, 1972; Lu et al., 2015; Wang et al., 2021).
As for as ecosystem research is concern, Lin et al. (2009) introduced a
thermodynamic approach using indicators of exergy (amount of work)
capture and dissipation to monitor the tropical plants species and rain-
forest ecosystem self-organization, what they defined as the compre-
hensive embodiment of exergy capture ability and negative feedback
intensity. This approach is not only suitable for analyzing long-term
changes in ecosystem changes, but also for real-time monitoring of
forest health. In complex terrestrial ecosystems, using these indicators to
study the self-organization are particularly useful (Lin et al., 2011), the
average self-organization values are clearly distinct by season in the
tropical rainforest. Song et al. (2013) evaluated the self-organization of
the tropical rainforest in response to drought stress using the thermo-
dynamic indicators in the same site. They found that the forest had the
least self-organization during the dry season of dry year, the forest has
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least capable to capture exergy (Rn/DR).

Extreme climates such as heatwaves, droughts, storms, fires and
extreme snow events have the potential to substantially affect canopy
structure and lead to a decrease in forest ecosystem carbon stocks and
associated exergy fluxes, which have the potential to negate an expected
increase in terrestrial carbon uptake (Reichstein et al., 2013). Hence,
forest ecosystems could be the most sensitive biome to climate extremes
(Anderegg et al., 2012; Malhi et al., 2008; Phillips et al., 2009). Values of
ecosystems and potential losses associated with their degradation are
complex. Different evaluation approaches, such as carbon loss amount,
plant mortality and top soil erosion, can estimate the absolute or relative
magnitude of ecosystem damage caused by climate extremes (Anderegg
et al., 2012; Lindroth et al., 2009; Muhr et al., 2009; Nepstad et al.,
2007; Reichstein et al., 2013).

In recent years, several studies on extreme snow events have been
explored in subtropical forests (Chen et al., 2021; Ge et al., 2015; Hao
et al., 2011; Song et al., 2017a). In these connections, the extreme snow
events frequency will be increasing in subtropical region, especially
high-altitude locations (IPCC, 2021; O’Gorman, 2014). Although several
studies have investigated the effect of climate change on the carbon
balance, little is known about the effects of extremes snow on the self-
organization of the primary subtropical forest, which will providing a
unique opportunity to evaluate how the ecosystem self-organization
change with the snow damage directly under the condition of climate
change. In order to understand it further, we analysed three years of
continuous measurements of exergy exchange across the biosphere/atm
interface collected in the subtropical evergreen forest by means of the
micrometeorology (eddy covariance) technique. The key objective of
the present study was to quantify how exposure to snow damage affects
ecosystem self-organization.

2. Materials and methods
2.1. Study site

The study was conducted in a subtropical evergreen broadleaved
forest site (24°32'N, 101°01'E, 2476 m asl) in the town of Jingdong,
southwestern China (Fig. 1). The annual mean temperature is 11 °C.
Annual precipitation averages 1931 mm, of which 85% occurs during
the rainy season (May-October). The forest is primarily dominated by
Lithocarpus hancei, Machilus gamblei, Castanopsis wattii, and Lithocarpus
xylocarpus (You, 1983). The mean canopy height is 20 m. The soil is
loamy Alfisols, and the 3-7 cm organic carbon horizon has a pH of 4.5
(Chan et al., 2006; Liu et al., 2002). In this study site, the snow lasted
from the beginning of 8 January 2015 until 11 January 2015 (Fig. S1).
The snow event in 2015 was the strongest one since 1987 records began
in this station, with heavy snow up to 50 cm depth and damage the forest
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Fig. 1. The location of the study site (ALS: Ailaoshan).
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severely, resulting in the broken of branches in the big trees (Fig. S2).
We analyzed the data of a 3-year period between 1th January 2013 and
31th December 2015. The plot is also a part of the ChinaFLUX long-term
ecological monitoring project. The permanent ecological research plot is
in the centre of the Nature Reserve, and it shows no sign of recent
anthropogenic disturbance other than hunting trails.

2.2. Instruments and measurements

All measurements were made on a 34 m meteorological tower. An
instrument for measuring wind direction (W200P, Vector Instruments,
Denhighshire, UK) was installed at the top of the tower. Radiation
sensors for downward and upward, short-wave and long-wave radiation
(CNR-1/CM11, Kipp & Zonen, Delft, the Netherlands) were installed at a
26 m height on a horizontal pole 3 m away from the tower. Instruments
for measuring air temperature and air humidity (HMP45C, Vaisala,
Helsinki, Finland) and wind speed (A100R, Vector Instruments, Den-
highshire, UK) were installed at seven heights. Canopy temperature (Tc)
was measured with an infrared thermometer (Apogee, USA) mounted
27 m above the ground. All the data were recorded at 30 min intervals
and were collected by the data loggers (CR1000 and CR3000, Campbell
Scientific, Logan, UT, USA). The leaf area index (LAI) was measured
with a LAI-2200 (LI-COR Inc. USA) every month.

2.3. Data analysis

We used two indicators to evaluate the self-organization of the
subtropical evergreen forest in response to snow damage. One is the
exergy capture ability by Rn/DR (net radiation/downward short-wave
radiation), and the other is the exergy dissipation ability by the TRNc
(thermal response number of canopy temperature). TRNc was calculated
as Y aRn(AD/AT, where Y"1 *?Rn(A¢t) is the net radiation, Rn, over the
time interval At, and AT is temperature variation over At, chosen here to
be 1 daily summed value from 30 min recorded data. VPD was calcu-
lated from hourly measurements of air temperature and relative hu-
midity. The nonlinear regression was conducted to obtain the average
annual patterns of self-organization (Sigmaplot 13.0, Systat Software
Inc., CA, USA). To test the differences of these dependent parameters
among these three years, one way analysis of variance (ANOVA) was
performed using SPSS 26.0. (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Climate factors and LAI patterns

The meteorological measurements showed seasonality in net radia-
tion (Rn), direct shortwave radiation (DR), air temperature (Ta), wind
speed (Ws), and vapour pressure deficit (VPD) (Fig. 2). Rn and DR was
higher in later dry season than that in rainy season in the three years
(Fig. 2a, b). Ta was higher in the rainy season than in the dry season
(Fig. 2c). Ws in 2015 remained a stable level in the whole year (Fig. 2d).
The low value in VPD in late dry season of 2015 indicates conditions of
high soil moisture availability due to the melting snow and low evapo-
rative demand.

After the snow damage, LAI decreased by 33.19% and 40.85% in
2015 (P < 0.001) compared with pre-disturbance years (2013-2014),
respectively (Fig. 3). It showed sharp increases (113%) from August of
2015 (Fig. 3), but remained significantly lower than the level before the
snow damage (the average LAI of pre-disturbance years , P < 0.001).

3.2. Self-organization patterns

According to the Rn/DR and TRNc, we assessed the self-organization
patterns of this forest. In 2013-2015, the relationship between Rn/DR
and TRNc were exponential (R? = 0.557, P < 0.001; R? = 0.415, P <
0.001; R? = 0.376, P < 0.001, respectively), indicating that the rate of
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Fig. 2. Average annual fluctuations of environmental factors. (a) Net radiation
(Rn), (b) Direct shortwave radiation (DR), (c) Air temperature (Ta), (d) Wind
speed (Ws), and (e) vapor pressure deficit (VPD).
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Fig. 3. Average monthly variations of leaf area index (LAI) from 2013 to 2015
(a), average yearly LAI patterns in boxplots (b), ** indicated the statistical
differences (P < 0.001).

exergy dissipation increased exponentially with the exergy capture
(Fig. 4). Self-organization values in 2015 were located on the top of the
regression line, indicating that the forest was highly self-organised.
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Fig. 4. Average annual patterns of self-organization (Net radiation/global ra-
diation (Rn/DR), thermal response number of canopy temperature (TRNc).

3.3. Exergy capture ability and exergy dissipation ability

In general, the higher value for ability to capture exergy (Rn/DR)
occurred during the most time in 2015 compared with 2013 (P = 0.007)
and 2014 (P = 0.003) (Fig. 5a, Table 1). However, during the months of
January and November 2015, the Rn/DR ability values are lower than
the respective months of 2014 and 2013, respectively. The ability of
capture exergy (Rn/DR) in 2015 increased by 6.28% and 7.24%,
respectively, compared to pre-disturbance years.

For exergy dissipation ability, TRNc and Rn/DR showed similar
trends and decreased from the rainy season to the dry season in each of
the three years. TRNc in August of 2015 had the highest values (Fig. 5b,
Table 1), and TRNc has extremely significant difference compared with
pre-disturbance years. Exergy dissipation ability in 2015 increased by
20.65% and 28.75%, respectively, compared to pre-disturbance years.
UR/DR (reflective radiation/global radiation) in 2015 was lower than
that in other two years significantly (P < 0.001) (Fig. 5¢c, Table 1). UR/
DR in 2015 decreased by 38% and 41.14%, respectively, compared to 2
pre-disturbance years. There were no significant differences (P > 0.05)
in I/DR (net long wave radiation/global radiation) among the three
years (Fig. 5d, Table 1).

4. Discussion

We used the thermodynamic approach developed by Lin et al. (2009)
to evaluate the self-organization of the subtropical evergreen forest in
response to snow disturbance that occurred in January 2015 (Fig. S1).
Self-organization values in 2015 were located on the top of the regres-
sion line (Fig. 4), indicating that the forest was highly self-organised and
the ecosystem was more developed. It would both gain more exergy and
dissipate exergy more efficiently, increasing both in the Rn/DR and
TRNc in 2015 (Fig. 5a-b).

The snow disturbance induced severe vegetation damage, as indi-
cated by LAI significantly decreased by 33.19% and 40.85% in 2015
than the pre-disturbance years (2013-2014), respectively (Fig. 3, S2).
Sharp increases (113%) of LAI were observed from August 2015(Fig. 3),
but remained significantly lower than the level of the pre-disturbance
years. Previously, tropical rainforest of Xishuangbanna, southwest
China regions showed the lowest exergy capture capacity in the dry
season, which coincided with the lowest LAI period (Lin et al., 2011).
However, the decreases in LAI didn’t affect the exergy capture capacity
of the subtropical rainforest. Comparatively, our results showed that the
snow disturbance ecosystem promoted the more self-organizing patterns
with higher exergy capture capacity due to the fast growth of under-
storey bamboos (Fargesia sp) (Fig.S3) and tree seedlings due to the
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Fig. 5. Average annual fluctuations of net radiation/global radiation (Rn/DR),
thermal response number of canopy temperature (TRNc), reflective radiation/
global radiation (UR/DR) and net long wave radiation/global radiation (I/DR).

Table 1

The difference analysis of parameters between the year of snow damage (2015)
and the pre-disturbance years (2013 and 2014). The values in parentheses are
monthly averages and standard deviation for each parameter. (Net radiation/
global radiation (Rn/DR), thermal response number of canopy temperature
(TRNC), reflective radiation/global radiation (UR/DR) and net long wave radi-
ation/global radiation (I/DR).

Parameters year A B
2013
Rn/DR 2015 (0.65 + 0.12) 3.282 0.007
0.69 £ 0.12) 2014 5846 0,003
(0.64 +0.11) - .
2013
TRNc 2015 ©20.99 + 170.16) 71 <0.001
(1197.34 £ 255.56) 2014 I~ o001
(992.39 + 220.81) ’ -
2013
UR/DR 2015 (0.11 + 0.01) —-8.417 <0.001
(0.07 + 0.011) 2014 e o001
(0.11 +0.01) - -
2013
—o. 41
1/DR 2015 (0.25 +0.12) 0.850  0.413
(0.24 + 0.10) 2014 e o
(0.25 + 0.11) : -
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canopy gap (Gnanamoorthy et al.,, 2021; Song et al., 2017b, 2018).
Generally, subtropical forests have the reliance nature to recover faster
from extreme snow disturbance (Gnanamoorthy et al., 2021; Song et al.,
2017a; Zhang et al., 2015). Interactions between forest canopy and
understorey vegetations characteristics are important contributors of
forest ecosystems structure and dynamics (Ikawa et al., 2015; Taylor
et al,, 2004). Forest ecosystems with canopy gap have the well-
developed understorey biomass, that play an important role in overall
carbon sequestration (Paul-Limoges et al., 2017; Tan et al., 2012).
Further, ensures this, understorey vegetations shows the maximizes ra-
diation capture, and optimizes exergy dissipation compared to the pre-
disturbance year (Gnanamoorthy et al., 2021).

The ways of exergy dissipation mainly include reflection loss and
long-wave radiation loss. The rate of long-wave radiation is negatively
correlated with exergy dissipation capability (Fig. 5). Reflection ratio
have significant correlations with changes in vegetation pattern,
evidently higher ratios occurred in sparse forest than the dense grassland
(Lin et al., 2009). The reflectivity loss rate (UR/DR) of the ecosystem in
2015 was significantly lower than that in the pre-disturbance years
while the long-wave radiation loss rate had little difference among the
three years (Table 1). But the exergy dissipation in 2015 was higher than
that in the pre-disturbance years (Table 1). The reason was probably that
the canopy damage can trigger additional ecosystem disturbances,
releasing soil carbon to the atmosphere due to the increase of soil
temperature under the open canopy (Chen et al., 2017; Wu et al., 2014).
The forest floor evaporation may also increase due to the canopy
opening. Ecosystem evaporation and respiration became the important
ways of exergy dissipation. Therefore, the forest exergy dissipation in
2015 was higher than pre-disturbance years. The higher exergy capture
capacity and exergy dissipation capacity indicated that the ecosystem
was more self-organized and well developed in 2015.

Our findings were inconsistent with the general theory that the
disturbance of natural systems reduces exergy capture ability and in-
creases exergy dissipation (Alvarenga et al., 2013; Wagendorp et al.,
2006). Alvarenga et al. (2013) divided the earth into two systems, one is
natural, and the other is man-made, to calculate exergy-based ac-
counting for land as a resource in life cycle assessment (LCA). For the
human made system, anthropogenic activities as the key factors, such as
the over exploitation of resources, would decrease the exergy level of
natural systems (Wagendorp et al., 2006). Zhang et al. (2012) studied in
subtropical forests of Southern China showed the snow damaged forest
ecosystem acted as a carbon source to the atmosphere for a short period.
Further, the severe drought stress also reduced the level of self-
organization in a tropical rainforest (Song et al., 2013). In this connec-
tions, different kinds of forest disturbance such as, hurricane, forest fire,
beetle attack, drought and extreme snow fall, affect the overall
ecosystem carbon balance and energy exchanges by altering the rates of
carbon sink ability and radiation reflectance, which could create the
positive feedback to forest ecosystem (Barr et al., 2012; Chang et al.,
2020; Gnanamoorthy et al., 2021; O’Halloran et al., 2012; Potter et al.,
2020). Generally, more studies are still needed on above mentioned
disturbance to explore the different forests self-organization pattern.

5. Conclusion

In this study, we assessed the self-organization of subtropical ever-
green broad-leaved forests after the snow damage. We found that self-
organization values in 2015 were higher, indicating that the forest
was highly self-organised. In conclusion, alteration in vegetations pat-
terns due to the snow disturbance of 2015 in the primary subtropical
evergreen forest enhanced the self-organization. We suggest that long-
term monitoring should be continued to better understanding the sus-
tained effects of snow disturbance to self-organization and explore the
different forests self-organization pattern based on different
disturbance.



J. Zhang et al.

Declaration of Competing Interest
None.

Acknowledgements

We thank, Chuan-Sheng Wu, Kang-Luo, Zhi-Yun Lu and Qi-Luo for
their assistance in the field. This work was supported by Ailaoshan
Station for Subtropical Forest Ecosystem Research (ASSFE), Chinese
Ecosystem Research Networks. This study was funded by the National
Key Research and Development Program of China (2016YFC0502105),
reserve talent plan for young and middle-aged academic and technical
leaders in Yunnan Province (202005AC160003), the National Natural
Science Foundation of China (42075119, U1602234, 41961144017),
the Yunnan Natural Science Foundation of Yunnan Province, China
(20191B018), Yunnan Province Ten Thousand Talents Plan Youth Top
Talent project. CAS Key Laboratory of Tropical Forest Ecology, Xish-
uangbanna Tropical Botanical Garden, Chinese Academy of Sciences,
China, the China Postdoctoral Science Foundation (2019M653512); and
the Yunnan Postdoctoral Orientation Training Programme.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ecoinf.2021.101482.

References

Alvarenga, R.A.F., Dewulf, J., Van Langenhove, H., Huijbregts, M.A.J., 2013. Exergy-
based accounting for land as a natural resource in life cycle assessment. Int. J. Life
Cycle Assess. 18 (5), 939-947. https://doi.org/10.1007/s11367-013-0555-7.

Anderegg, W.R.L., Berry, J.A., Smith, D.D., Sperry, J.S., Anderegg, L.D.L., et al., 2012.
The roles of hydraulic and carbon stress in a widespread climate-induced forest die-
off. Proc. Natl. Acad. Sci. U. S. A. 109 (1), 233-237. https://doi.org/10.1073/
pnas.1107891109.

Ashby, W.R., 1945. The physical origin of adaptation by trial and error. J. Gen. Psychol.
32 (1), 13-25. https://doi.org/10.1080/00221309.1945.10544480.

Barr, J.G., Engel, V., Smith, T.J., Fuentes, J.D., 2012. Hurricane disturbance and recovery
Everglades. Agric. For. Meteorol. 153, 54-66. https://doi.org/10.1016/j.agrfo
rmet.2011.07.022.

Chan, O.C,, Yang, X.D., Fu, Y., Feng, Z.L., Sha, L.Q., et al., 2006. 16S rRNA gene analyses
of bacterial community structures in the soils of evergreen broadleaved forests in
south-west China. FEMS Microbiol. Ecol. 58 (2), 247-259. https://doi.org/10.1111/
j.1574-6941.2006.00156.x.

Chang, C.T., Lee Shaner, P.J., Wang, H.H., Lin, T.C., 2020. Resilience of a subtropical
rainforest to annual typhoon disturbance: lessons from 25-year data of leaf area
index. For. Ecol. Manag. 470-471. https://doi.org/10.1016/j.foreco.2020.118210.

Chen, Z.M., Xu, Y.H., Zhou, X.H., Tang, J.W., Kuzyakov, Y., et al., 2017. Extreme rainfall
and snowfall alter responses of soil respiration to nitrogen fertilization: a 3-year field
experiment. Glob. Chang. Biol. 23 (8), 3403-3417. https://doi.org/10.1111/
gcb.13620.

Chen, Q., Zhao, Q., Chen, P.M., Lu, H.F., Jian, S.G., 2018. Eco-exergy based self-
organization of the macrobenthic faunal assemblage during mangrove succession in
Zhanjiang, China. Ecol. Indic. 95, 887-894. https://doi.org/10.1016/j.
ecolind.2018.08.044.

Chen, G.X., Wang, W.C., Cheng, C.T., Hsu, H.H., 2021. Extreme snow events along the
coast of the northeast United States: potential changes due to global warming.

J. Clim. 34 (6), 2337-2353. https://doi.org/10.1175/JCLI-D-20-0197.1.

Coscieme, L., Pulselli, F.M., Jgrgensen, S.E., Bastianoni, S., Marchettini, N., 2013.
Thermodynamics-based categorization of ecosystems in a socio-ecological context.
Ecol. Model. 258, 1-8. https://doi.org/10.1016/j.ecolmodel.2013.02.031.

Fotakis, D.G., 2015. Multi-objective spatial forest planning using self-organization. Ecol.
Informat. 29, 1-5. https://doi.org/10.1016/j.ecoinf.2015.06.001.

Ge, J.L., Xiong, G.M., Wang, Z.X., Zhang, M., Zhao, C.M,, et al., 2015. Altered dynamics
of broad-leaved tree species in a Chinese subtropical montane mixed forest: The role
of an anomalous extreme 2008 ice storm episode. Ecol. Evol. 5 (7), 1484-1493.
https://doi.org/10.1002/ece3.1433.

Gnanamoorthy, P., Song, Q.H., Zhao, J.B., Zhang, Y.P., Liu, Y.T., et al., 2021. Altered
albedo dominates the radiative forcing changes in a subtropical forest following an
extreme snow event. Glob. Chang. Biol. 00, 1-14. https://doi.org/10.1111/
gcb.15885.

Hao, Z.X., Zheng, J.Y., Ge, Q.S., Wang, W.C., 2011. Historical analogues of the 2008
extreme snow event over Central and Southern China. Clim. Res. 50 (2-3), 161-170.
https://doi.org/10.3354/cr01052.

Heylighen, F., 2008. Complexity and self-organization. In: Bates, Marcia J., Maack, Niles,
Mary (Eds.), Encyclopedia of Library and Information Sciences. Taylor & Francis.

Ecological Informatics 67 (2022) 101482

Ikawa, H., Nakai, T., Busey, R.C., Kim, Y., Kobayashi, H., et al., 2015. Understory CO2,
sensible heat, and latent heat fluxes in a black spruce forest in interior Alaska. Agric.
For. Meteorol. 214-215, 80-90. https://doi.org/10.1016/j.agrformet.2015.08.247.

IPCC, 2021. Summary for policymakers. In: Climate Change 2021: The physical science
basis. Contribution of working group I to the sixth assessment report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
pp. 134-135. Edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L.,
Péan, C., et al.

Kelso, L., Odum, H.T., 1972. Environment, power, and society. Bird-Banding 43 (1), 76.
https://doi.org/10.2307/4511839.

Lin, H., Cao, M., Stoy, P.C., Zhang, Y.P., 2009. Assessing self-organization of plant
communities-a thermodynamic approach. Ecol. Model. 220 (6), 784-790. https://
doi.org/10.1016/j.ecolmodel.2009.01.003.

Lin, H., Cao, M., Zhang, Y.P., 2011. Self-organization of tropical seasonal rain forest in
southwest China. Ecol. Model. 222 (15), 2812-2816. https://doi.org/10.1016/j.
ecolmodel.2010.07.006.

Lindroth, A., Lagergren, F., Grelle, A., Klemedtsson, L., Langvall, O., et al., 2009. Storms
can cause Europe-wide reduction in forest carbon sink. Glob. Chang. Biol. 15 (2),
346-355. https://doi.org/10.1111/j.1365-2486.2008.01719.x.

Liu, W.Y., Fox, J.E.D., Xu, Z.F., 2002. Biomass and nutrient accumulation in montane
evergreen broadleaved forest (Lithocarpus xylcarpus type) on Ailao Mountains, SW
China. For. Ecol. Manag. 158, 223-235. https://doi.org/10.1016/50378-1127(00)
00716-7.

Lu, H.F., Wang, Z.H., Campbell, D.E., Ren, H., Wang, J., 2011. Emergy and eco-exergy
evaluation of four forest restoration modes in southeast China. Ecol. Eng. 37 (2),
277-285. https://doi.org/10.1016/j.ecoleng.2010.11.003.

Lu, H.F, Fu, F.Y,, Li, H., Campbell, D.E., Ren, H., 2015. Eco-exergy and emergy based
self-organization of three forest plantations in lower subtropical China. Scientific
Reports, p. 5. https://doi.org/10.1038/srep15047.

Malhi, Y., Roberts, J.T., Betts, R.A., Killeen, T.J., Li, W., et al., 2008. Climate change,
deforestation, and the fate of the Amazon. Science. https://doi.org/10.1126/
science.1146961.

Muhr, J., Borken, W., Matzner, E., 2009. Effects of soil frost on soil respiration and its
radiocarbon signature in a Norway spruce forest soil. Glob. Chang. Biol. 15 (4),
782-793. https://doi.org/10.1111/j.1365-2486.2008.01695.x.

Nepstad, D.C., Tohver, .M., David, R., Moutinho, P., Cardinot, G., 2007. Mortality of
large trees and lianas following experimental drought in an amazon forest. Ecology
88 (9), 2259-2269. https://doi.org/10.1890/06-1046.1.

O’Gorman, P.A., 2014. Contrasting responses of mean and extreme snowfall to climate
change. Nature 512 (7515), 416-418. https://doi.org/10.1038/nature13625.

O’Halloran, T.L., Law, B.E., Goulden, M.L., Wang, Z., Barr, J.G., et al., 2012. Radiative
forcing of natural forest disturbances. Glob. Chang. Biol. 18 (2), 555-565. https://
doi.org/10.1111/j.1365-2486.2011.02577.x.

Paul-Limoges, E., Wolf, S., Eugster, W., Hortnagl, L., Buchmann, N., 2017. Below-canopy
contributions to ecosystem CO2 fluxes in a temperate mixed forest in Switzerland.
Agric. For. Meteorol. 247, 582-596. https://doi.org/10.1016/].
agrformet.2017.08.011.

Phillips, O.L., Aragao, L.E.O.C., Lewis, S.L., Fisher, J.B., Lloyd, J., et al., 2009. Drought
sensitivity of the amazon rainforest. Science 323 (5919), 1344-1347. https://doi.
org/10.1126/science.1164033.

Potter, S., Solvik, K., Erb, A., Goetz, S.J., Johnstone, J.F., et al., 2020. Climate change
decreases the cooling effect from postfire albedo in boreal North America. Glob.
Chang. Biol. 26 (3), 1592-1607. https://doi.org/10.1111/gcb.14888.

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M.D., et al., 2013. Climate
extremes and the carbon cycle. Nature. https://doi.org/10.1038/nature12350.
Rocha, L.M., 1998. Selected self-organization and the semiotics of evolutionary systems.
In: Evolutionary Systems. Springer Netherlands, pp. 341-358. https://doi.org/

10.1007/978-94-017-1510-2_25.

Rossi, F., Liveri, M.L.T., 2009. Chemical self-organization in self-assembling biomimetic
systems. Ecol. Model. 220 (16), 1857-1864. https://doi.org/10.1016/j.
ecolmodel.2009.04.040.

Song, Q.H., Lin, H., Zhang, Y.P., Tan, Z.H., Zhao, J.F., et al., 2013. The effect of drought
stress on self-organisation in a seasonal tropical rainforest. Ecol. Model. 265,
136-139. https://doi.org/10.1016/j.ecolmodel.2013.06.010.

Song, Q.H., Fei, X.H., Zhang, Y.P., Sha, L.Q., Wu, C.S,, et al., 2017a. Snow damage
strongly reduces the strength of the carbon sink in a primary subtropical evergreen
broadleaved forest. Environ. Res. Lett. 12 (10) https://doi.org/10.1088/1748-9326/
aa82c4.

Song, X.Y., James Aaron, H., Brown, C., Cao, M., Yang, J., 2017b. Snow damage to the
canopy facilitates alien weed invasion in a subtropical montane primary forest in
southwestern China. For. Ecol. Manag. 391, 275-281. https://doi.org/10.1016/j.
forec0.2017.02.031.

Song, X.Y., Hogan, J.A., Lin, L.X., Wen, H.D., Cao, M., et al., 2018. Canopy openness and
topographic habitat drive tree seedling recruitment after snow damage in an old-
growth subtropical forest. For. Ecol. Manag. 429, 493-502. https://doi.org/
10.1016/j.foreco.2018.07.038.

Sprott, J.C., Bolliger, J., Mladenoff, D.J., 2002. Self-organized criticality in forest-
landscape evolution. Phys. Lett. Sect. A: General, Atom. Solid State Phys. 297 (3-4),
267-271. https://doi.org/10.1016/50375-9601(02)00052-X.

Tan, Z.H., Zhang, Y.P., Liang, N., Hsia, Y.J., Zhang, Y.J., et al., 2012. An observational
study of the carbon-sink strength of East Asian subtropical evergreen forests.
Environ. Res. Lett. 7 (4) https://doi.org/10.1088/1748-9326/7/4/044017.

Taylor, A.H., Huang, J.Y., Zhou, S.Q., 2004. Canopy tree development and undergrowth
bamboo dynamics in old-growth Abies-Betula forests in southwestern China: A 12-
year study. For. Ecol. Manag. 200 (1-3), 347-360. https://doi.org/10.1016/j.
foreco.2004.07.007.


https://doi.org/10.1016/j.ecoinf.2021.101482
https://doi.org/10.1016/j.ecoinf.2021.101482
https://doi.org/10.1007/s11367-013-0555-7
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1080/00221309.1945.10544480
https://doi.org/10.1016/j.agrfo rmet.2011.07.022
https://doi.org/10.1016/j.agrfo rmet.2011.07.022
https://doi.org/10.1111/j.1574-6941.2006.00156.x
https://doi.org/10.1111/j.1574-6941.2006.00156.x
https://doi.org/10.1016/j.foreco.2020.118210
https://doi.org/10.1111/gcb.13620
https://doi.org/10.1111/gcb.13620
https://doi.org/10.1016/j.ecolind.2018.08.044
https://doi.org/10.1016/j.ecolind.2018.08.044
https://doi.org/10.1175/JCLI-D-20-0197.1
https://doi.org/10.1016/j.ecolmodel.2013.02.031
https://doi.org/10.1016/j.ecoinf.2015.06.001
https://doi.org/10.1002/ece3.1433
https://doi.org/10.1111/gcb.15885
https://doi.org/10.1111/gcb.15885
https://doi.org/10.3354/cr01052
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0075
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0075
https://doi.org/10.1016/j.agrformet.2015.08.247
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0085
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0085
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0085
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0085
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0085
https://doi.org/10.2307/4511839
https://doi.org/10.1016/j.ecolmodel.2009.01.003
https://doi.org/10.1016/j.ecolmodel.2009.01.003
https://doi.org/10.1016/j.ecolmodel.2010.07.006
https://doi.org/10.1016/j.ecolmodel.2010.07.006
https://doi.org/10.1111/j.1365-2486.2008.01719.x
https://doi.org/10.1016/S0378-1127(00)00716-7
https://doi.org/10.1016/S0378-1127(00)00716-7
https://doi.org/10.1016/j.ecoleng.2010.11.003
https://doi.org/10.1038/srep15047
https://doi.org/10.1126/science.1146961
https://doi.org/10.1126/science.1146961
https://doi.org/10.1111/j.1365-2486.2008.01695.x
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1038/nature13625
https://doi.org/10.1111/j.1365-2486.2011.02577.x
https://doi.org/10.1111/j.1365-2486.2011.02577.x
https://doi.org/10.1016/j.agrformet.2017.08.011
https://doi.org/10.1016/j.agrformet.2017.08.011
https://doi.org/10.1126/science.1164033
https://doi.org/10.1126/science.1164033
https://doi.org/10.1111/gcb.14888
https://doi.org/10.1038/nature12350
https://doi.org/10.1007/978-94-017-1510-2_25
https://doi.org/10.1007/978-94-017-1510-2_25
https://doi.org/10.1016/j.ecolmodel.2009.04.040
https://doi.org/10.1016/j.ecolmodel.2009.04.040
https://doi.org/10.1016/j.ecolmodel.2013.06.010
https://doi.org/10.1088/1748-9326/aa82c4
https://doi.org/10.1088/1748-9326/aa82c4
https://doi.org/10.1016/j.foreco.2017.02.031
https://doi.org/10.1016/j.foreco.2017.02.031
https://doi.org/10.1016/j.foreco.2018.07.038
https://doi.org/10.1016/j.foreco.2018.07.038
https://doi.org/10.1016/S0375-9601(02)00052-X
https://doi.org/10.1088/1748-9326/7/4/044017
https://doi.org/10.1016/j.foreco.2004.07.007
https://doi.org/10.1016/j.foreco.2004.07.007

J. Zhang et al.

Wagendorp, T., Gulinck, H., Coppin, P., Muys, B., 2006. Land use impact evaluation in
life cycle assessment based on ecosystem thermodynamics. Energy 31 (1 SPEC. ISS),
112-125. https://doi.org/10.1016/j.energy.2005.01.002.

Wang, J., Lu, H.F., Lin, Y.B., Campbell, D.E., Cai, H.Y., et al., 2021. Dynamics of
community structure and bio-thermodynamic health of soil organisms following
subtropical forest succession. J. Environ. Manag. 280 https://doi.org/10.1016/j.
jenvman.2020.111647.

Wu, C.S., Zhang, Y.P., Xu, X.L., Sha, L.Q., You, G.Y., et al., 2014. Influence of interactions
between litter decomposition and rhizosphere activity on soil respiration and on the
temperature sensitivity in a subtropical montane forest in SW China. Plant Soil 381
(1-2), 215-224. https://doi.org/10.1007/511104-014-2106-9.

You, C.X., 1983. Classification of vegetation in Xujiaba region Ailao Mts. In: Zhengyi, W.
(Ed.), Research of Forest Ecosystem on Ailao Moutains, Yunnan. Yunnan Science and
Technology Press, Kunming.

Ecological Informatics 67 (2022) 101482

Zehe, E., Ehret, U., Blume, T., Kleidon, A., Scherer, U, et al., 2013. A thermodynamic
approach to link self-organization, preferential flow and rainfall-runoff behaviour.
Hydrol. Earth Syst. Sci. 17 (11), 4297-4322. https://doi.org/10.5194/hess-17-4297-
2013.

Zhang, F., Zhou, G.Y., Hiratsuka, M., Tanaka, K., Morikawa, Y., 2012. Influence of an Ice
Storm on Aboveground Biomass of Subtropical Evergreen Broadleaf Forest in
Lechang, Nanling Mountains of Southern China. Int. J. Forest. Res. 2012, 1-7.
https://doi.org/10.1155/2012/467848.

Zhang, C.H., Ju, W.M., Chen, J.M., Wang, X.Q., Yang, L., et al., 2015. Disturbance-
induced reduction of biomass carbon sinks of China’s forests in recent years.
Environ. Res. Lett. 10 (11), 114021. https://doi.org/10.1088/1748-9326/10/11/
114021.


https://doi.org/10.1016/j.energy.2005.01.002
https://doi.org/10.1016/j.jenvman.2020.111647
https://doi.org/10.1016/j.jenvman.2020.111647
https://doi.org/10.1007/s11104-014-2106-9
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0230
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0230
http://refhub.elsevier.com/S1574-9541(21)00273-9/rf0230
https://doi.org/10.5194/hess-17-4297-2013
https://doi.org/10.5194/hess-17-4297-2013
https://doi.org/10.1155/2012/467848
https://doi.org/10.1088/1748-9326/10/11/114021
https://doi.org/10.1088/1748-9326/10/11/114021

	The effect of snow damage on self-organization in a primary subtropical evergreen broadleaved forest in Southwest China
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Instruments and measurements
	2.3 Data analysis

	3 Results
	3.1 Climate factors and LAI patterns
	3.2 Self-organization patterns
	3.3 Exergy capture ability and exergy dissipation ability

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


