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ABSTRACT
Responses and adaptation strategies of regional terrestrial
ecosystems to climate change
Zhen Yu
Terrestrial ecosystems are likely to be affected by climate change, as climate changeinduced shift of water and heat stresses patterns will have significant impacts on species
composition, habitat distribution, and ecosystem functions, and thereby weaken the terrestrial
carbon (C) sink and threaten global food security and biofuel production. This thesis
investigates the responses of terrestrial ecosystems to climate change and is structured in four
main chapters.
The first chapter of the thesis is directed towards the impacts of snow variation on
ecosystem phenology. Variations in seasonal snowfall regulate regional and global climatic
systems and vegetation growth by changing energy budgets of the lower atmosphere and land
surface. We investigated the effects of snow on the start of growing season (SGS) of
temperate vegetation in China. Across the entire temperate region in China, the winter snow
depth increased at a rate of 0.15 cm•yr-1 (p=0.07) during the period 1982-1998, and decreased
at a rate of 0.36 cm•yr-1 (p=0.09) during the period 1998-2005. Correspondingly, the SGS
advanced at a rate of 0.68 d•yr-1 (p<0.01) during 1982 to 1998, and delayed at a rate of 2.13
d•yr-1 (p=0.07) during 1998 to 2005, against a warming trend throughout the entire study
period of 1982-2005. Spring air temperature strongly regulated the SGS of both deciduous
broad-leaf and coniferous forests; whilst the winter snow had a greater impact on the SGS of
grassland and shrubs. Snow depth variation combined with air temperature contributed to the
variability in the SGS of grassland and shrubs, as snow acted as an insulator and modulated
the underground thermal conditions. Additionally, differences were seen between the impacts
of winter snow depth and spring snow depth on the SGS; as snow depths increased, the effect
associated went from delaying SGS to advancing SGS. The observed thresholds for these
effects were snow depths of 6.8 cm (winter) and 4.0 cm (spring). The results of this study
suggest that the response of the vegetation’s SGS to seasonal snow change may be attributed
to the coupling effects of air temperature and snow depth associated with the soil thermal
conditions.
The second chapter further addresses snow impacts on terrestrial ecosystem with
focus on regional carbon exchange between atmosphere and biosphere. Winter snow has been
suggested to regulate terrestrial carbon (C) cycling by modifying micro-climate, but the
impacts of snow cover change on the annual C budget at the large scale are poorly
understood. Our aim is to quantify the C balance under changing snow depth. Here, we used
site-based eddy covariance flux data to investigate the relationship between snow cover depth
and ecosystem respiration (Reco) during winter. We then used the Biome-BGC model to

estimate the effect of reductions in winter snow cover on C balance of Northern forests in
non-permafrost region. According to site observations, winter net ecosystem C exchange
(NEE) ranged from 0.028-1.53 gC·m-2·day-1, accounting for 44 ± 123% of the annual C
budget. Model simulation showed that over the past 30 years, snow driven change in winter C
fluxes reduced non-growing season CO2 emissions, enhancing the annual C sink of northern
forests. Over the entire study area, simulated winter ecosystem respiration (Reco) significantly
decreased by 0.33 gC·m-2·day-1·yr-1 in response to decreasing snow cover depth, which
accounts for approximately 25% of the simulated annual C sink trend from 1982 to 2009. Soil
temperature was primarily controlled by snow cover rather than by air temperature as snow
served as an insulator to prevent chilling impacts. A shallow snow cover has less insulation
potential, causing colder soil temperatures and potentially lower respiration rates. Both eddy
covariance analysis and model-simulated results showed that both Reco and NEE were
significantly and positively correlated with variation in soil temperature controlled by
variation in snow depth. Overall, our results highlight that a decrease in winter snow cover
restrains global warming through emitting less C to the atmosphere.
The third chapter focused on assessing drought’s impact on global terrestrial
ecosystems. Drought can affect the structure, composition and function of terrestrial
ecosystems, yet the drought impacts and post-drought recovery potential of different land
cover types have not been extensively studied at a global scale. Here, we evaluated drought
impacts on gross primary productivity (GPP), evapotranspiration (ET), and water use
efficiency (WUE) of different global terrestrial ecosystems, as well as the drought-resilience
of each ecosystem type during the period of 2000 to 2011. We found the rainfall and soil
moisture during drought period were dramatically lower than these in non-drought period,
while air temperatures were higher than normal during drought period with amplitudes varied
by land cover types. The length of recovery days (LRD) presented an evident gradient of high
(> 60 days) in mid- latitude region and low (< 60 days) in low (tropical area) and high (boreal
area) latitude regions. As average GPP increased, the LRD showed a significantly decreasing
trend among different land covers (R2=0.53, p<0.0001). Moreover, the most dramatic
reduction of the drought-induced GPP was found in the mid-latitude region of north
Hemisphere (48% reduction), followed by the low-latitude region of south Hemisphere (13%
reduction). In contrast, a slightly enhanced GPP (10%) was showed in the tropical region
under drought impact. Additionally, the highest drought-induced reduction of ET was found
in the Mediterranean area, followed by Africa. The water use efficiency, however, showed a
pattern of decreasing in the north Hemisphere and increasing in the south Hemisphere.
The last chapter compared the differences of performance in trading water for carbon
in planted forest and natural forest, with specific focus on China. Planted forests have been
widely established in China as an essential approach to improving the ecological environment
and mitigating climate change. Large-scale forest planting programs, however, are rarely
examined in the context of tradeoffs between carbon sequestration and water yield between
planted and natural forests. We reconstructed evapotranspiration (ET) and gross primary
production (GPP) data based on remote-sensing and ground observational data, and
investigated the differences between natural and planted forests, in order to evaluate the
suitability of tree-planting activity in different climate regions where the afforestation and
reforestation programs have been extensively implemented during the past three decades in

China. While the differences changed with latitude (and region), we found that, on average,
planted forests consumed 5.79% (29.13mm) more water but sequestered 1.05% (-12.02 gC m2
yr-1) less carbon than naturally generated forests, while the amplitudes of discrepancies
varied with latitude. It is suggested that the most suitable lands in China for afforestation
should be located in the moist south subtropical region (SSTP), followed by the midsubtropical region (MSTP), to attain a high carbon sequestration potential while maintain a
relatively low impact on regional water balance. The high hydrological impact zone,
including the north subtropical region (NSTP), warm temperate region (WTEM), and
temperate region (TEM) should be cautiously evaluated for future afforestation due to water
yield reductions associated with plantations.
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1. Introduction
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Predicted increase in air temperature and changes in precipitation patterns associated
with climate change may lead to an increased frequency of extreme weather and a shift of
disturbance regimes (Richard, 2007; Parmesan et al., 2000; Puettmann, 2011). Many
ecosystems are likely to be affected by climate change, such as tundra, boreal forest,
mountain, Mediterranean-type, mangroves and coral reefs, and regions with low adaptive
capacity (low-lying coasts, areas dependent on snow and ice melt, and agricultural or forest
areas with limited water resource) (Solomon et al., 2007). Additionally, climate changeinduced shift of thermal (temperature) and moisture (precipitation) patterns will have
significant impacts on the distribution of species, composition of habitats, and the function of
ecosystems (Berry et al., 2002). Though the acclimatization mechanism helps terrestrial
ecosystems adapt to climate change, this resilience is limited to a defined range. Community
collapse may occur when the water and heat stresses exceed the tolerable threshold (Saleska
et al., 2007; Betts et al., 2004). Nevertheless, it is still unknown whether adaptation of the
terrestrial ecosystems can keep the pace with the unprecedented strength of disturbances from
both human-induced and natural climate changes.
To mitigate the impact of climate change, measures have been taken by governments
to stabilize the CO2 concentration in the atmosphere at some realistically attainable and
relatively low level (King, 2004). The terrestrial ecosystems may be the most active and
manageable intermediate for controlling the CO2 level. On the basis of integration of
atmospheric CO2 observations, inverse modeling, and land observations, global terrestrial
ecosystems absorbed carbon at a rate of 1.0- 4.0 Pg yr-1 during the 1980s and 1990s (Battle et
al., 2000; Bousquet et al., 2000; Fan et al., 1998), which offset 10 - 60% of the fossil-fuel
2

emissions in the same period (Solomon et al., 2007; Houghton et al., 2007, Trans et al.,
1990). Despite widespread consensus about the existence of a terrestrial carbon sink in the
Northern Hemisphere, the size, spatial distribution, and cause of the sink remain uncertain
(Pacala et al., 2001; Trans et al., 1990; Battle et al., 2000; Bousquet et al., 2000).
International negotiations to limit greenhouse gases require an understanding of the current
and potential future role of forest C emissions and sequestration in both managed and
unmanaged forests (Pan et al., 2011).
Quantifying the impacts of climate change on C variation patterns of terrestrial
ecosystems is critical for reducing uncertainties on setting future climate mitigation actions
(Pan et al., 2011). To slow down the increase of atmospheric CO2 concentration, effective
evaluation and proper management of the terrestrial ecosystems is critical. It is essential to
improve global understanding about C efflux variation between soil and atmosphere, reduce
the uncertainties of C emission patterns at different spatial scales, which may potentially
benefit international negotiators with rigorous emission limits for greenhouse gases based on
scientific studies. Additionally, terrestrial ecosystem vulnerabilities to the shift of water and
heat patterns needs to be carefully assessed due to implications of changes in the plant
community compositions as well as the ecosystem functions.

1.1 Snow change impact on the phenology of terrestrial ecosystems
As a principal part and the largest carbon pool of terrestrial ecosystems, forest plays a
key role in global carbon and water cycling, and its growth and distribution pattern are
controlled by climate. Warming can alter patterns of global air circulation and hydrologic
3

cycling that will change global and regional precipitation regimes (Houghton et al., 2001). In
parallel to global warming, snow cover has changed significantly (IPCC, 2007). It was
documented that snow cover extent in the mid and high latitudes of the Northern Hemisphere
has decreased by about 10% since the 1980s (Dye, 2002; IPCC, 2007). Changes in snow pack
have been shown to significantly affect the global energy balance (Euskirchen et al., 2007)
and water cycling (Barnett et al., 2005; Rawlins et al., 2006), which has implications on
vegetation phenology and the carbon cycle (Peng et al., 2010; Dorrepaal et al., 2009).
Changes in snow depth also influence the carbon cycle by affecting vegetation growth
(Wahren et al., 2005) and community composition (Sturm et al., 2005). In addition, an
increase in snow depth could reduce soil freezing and lower root mortality which is beneficial
for forest growth in the growing seasons (Peng et al., 2010; Wahren et al., 2005). Therefore,
climate change poses great uncertainties on the potential of forest carbon sink. The impacts of
climate change on plant’s growth can also be detected from affected phenology. Changes in
phenological events may have potential impact on vegetation Net Primary Production (NPP)
(Lucht et al., 2002), altering global carbon, water, and nitrogen cycles, and distribution of
diseases (Schwartz & Reiter, 2000; White et al., 1999; Menzel, 2000). For example, change
in growing season length will affect carbon-water balance by altering the carbon uptake
period and evapotranspiration (Piao et al., 2006).
Phenological records are a useful proxy in the study of climate change, because the
seasonal pattern of vegetation is sensitive to small variations in climate (Tan et al., 2011).
Vegetation phenology is an important component of dynamic vegetation models and it
reflects the dynamics of the carbon-water exchange between the land surface and the
4

atmosphere. Shifts in plant phenology are seen as fingerprints of global warming (Jentsch et
al. 2009). Phenological event variation and its response to climate change have drawn a lot of
attention due to increasing temperatures in the northern hemisphere since the 1980s
(Chmielewski et al. 2004). Advances of spring greenup were found in mid and high latitude
areas (Schwarz and Reiter 2000, Defila and Clot 2001, Parmesan 2007), and also in low
latitude areas (Heumann et al. 2007, Xiao et al. 2006). Still, there is a critical need to
examine the relationship between climate change and phenological responses on a large
scale.

1.2 Snow change impact on soil respiration of terrestrial ecosystems
Underground processes exert a large control on terrestrial carbon cycling, as the soil
carbon pool is a large fraction of the carbon stored in the ecosystem in forests (30–90%)
(Dixon 1994; Sun et al. 2004) and in grasslands (>90%) (Ryan and Law, 2005). Nonetheless,
changes in the underground carbon pools may have a dominant impact on carbon storage
variation in terrestrial ecosystems and change carbon flux to the atmosphere (Ryan and Law,
2005).
The accurate estimation of soil respiration and its response to global change are of
great importance in reducing the uncertainties of carbon balance analysis, but are poorly
understood (Valentini et al. 2000). Soil respiration is the primary pathway for CO2 fixed by
land plants returning to the atmosphere (Raich et al. 2002). CO2 efflux from soil respiration
can strongly influence net carbon uptake from the atmosphere, and change the balance
between photosynthesis (GPP) and ecosystem respiration (Ryan and Law, 2005). About 35 80% of the carbon fixed in photosynthesis was allocated belowground for root production
5

and respiration, mycorrhizae, and root exudates (Raich and Nadelhoffer 1989; Davidson et al.
2002; Giardina et al. 2003; Ryan et al. 2004), while about 10% of annual photosynthesis was
transferred to aboveground litter (Raich and Nadelhoffer 1989). In contrast, eddy covariance
studies revealed that about 80% of GPP is respired back to the atmosphere (Law et al. 2002)
and that about 70% of ecosystem respiration in temperate forests is from soil (Goulden et al.
1996; Law et al. 1999; Janssens et al. 2003). In comparison, during winter at mid-latitudes in
the Northern Hemisphere, montane forest ecosystems may lose over half of the carbon
assimilated by photosynthesis in the summer (Monson et al, 2006). Therefore, ecosystem
respiration may be more important than photosynthesis in controlling interannual variability
in Net Ecosystem Production (NEP) (Valentini et al. 2000).
The amount of winter carbon dioxide loss is potentially susceptible to changes in the
snow depth (Monson et al, 2006). Snow can be an insulator for forest soils to protect
underground ecosystem from chilling impact. Later development of effective snow cover, as
may occur in a warmer climate, may result in increases in soil freezing (i.e. colder soils in a
warmer world) and could cause negative impacts on fine root and microbial, and hydrologic
and gaseous losses of nitrogen (N) (Groffman et al, 2001). A shallower snow cover may be a
less effective insulator, resulting in colder soil temperatures and potentially lower soil
respiration rates. Recent climate analyses have shown widespread declines in the winter snow
cover of mountain ecosystems in the western US and Europe (Mote et al., 2005; Laternser
and Schneebeli, 2003; Scherrer et al., 2004) and significant reductions of snow cover extent
in Eurasia (Brown and Robinson, 2011). Most past studies have focused on ecosystem–
atmosphere CO2 exchange during the growing season because the instantaneous flux rates are
6

so much higher than during colder periods (Monson et al., 2006). However, small but
continuous rates of ecosystem respiration during the winter can, in some cases, completely
determine annual rates of C sequestration (Monson et al., 2005; Monson et al., 2006;
Hubbard et al., 2005). Due to significant retreat of snow cover and reductions of snow depth
in the North Hemisphere, the shift in the critical role for thermal insulation by snowpack
would have exerted great influences on carbon balance between biosphere and atmosphere.

1.3 Carbon‐water relation under climate change
Evapotranspiration (ET) is a central process in the land and atmospheric interactions
and a nexus of the water, energy and carbon cycles. (Jung et al., 2010; Mu et al., 2007). ET
returns more than 60% of precipitation on land back to the atmosphere (Korzoun et al., 1978;
L'vovich & White, 1990; Mu et al., 2011) and thereby restrains the water available for
industrial and environmental uses. Changes in ET have increased water supply scarcity
around the world, which threatens the food production in both natural and agricultural
ecosystems. Additionally, ET is an important energy flux since evaporation and transpiration
consume more than half of the total solar energy absorbed by land surfaces (Trenberth et al.,
2009; Mu et al., 2011). ET limitations mainly resulted from atmospheric demand or moisture
supply. Therefore, a global warming trend, which is faster and unprecedented during the past
decades, would have greatly affected the global ET, as temperature can be used as a surrogate
for atmospheric demand (Jung et al., 2010). It is validated that the 10 hottest years on record
have all occurred since 1998 (NOAA National Climatic Data Center, NASA Goddard
Institute for Space Studies, UK Hadley Centre Meteorological Office, Japanese

7

Meteorological Agency), making the past decade a great case study to evaluate the responses
of ET to global warming.
ET and carbon (C) are highly correlated as C and water cycle are closely coupled
during the process of photosynthetic C assimilation (Yu et al., 2008). WUE is a measurement
of the water and carbon flux exchange between ecosystem and atmosphere (Ito and Inatomi,
2012; Huang et al., 2015). WUE variations influence forest ecosystem GPP which may
potentially threaten global food security and future biofuel production and weaken the
terrestrial C sink. Additionally, the shift of water-heat stress could change the competitive
ability of different plant types, which in turn, may affect the community composition as well
as ecosystem functions. Huxman et al. (2004) reported that at the sites with low rainfall,
plants with an efficient water use strategy contributed to high growth rates and become more
competitive at the ecosystem level. Previous studies also revealed that WUE increased with
rising atmospheric CO2 concentration and nitrogen deposition in Western Europe forest and
north Eurasia (Bert et al., 1997; Saurer et al., 2004). These studies improved our
understanding of the mechanism underlying the coupling of carbon-water cycle, which is of
great importance in projecting the impacts of climate change on regional C budget and water
resources (Yu et al., 2008). As an essential indicator of carbon-water balance, WUE should
be investigated to predict the associated changes in productivity and distribution of plant
species (Xu & Hsiao, 2004), and clarify the resilience of plant adaptation ability under water
and heat stresses. Therefore, investigation of the responses of WUE to past climate change
and rising CO2 concentration will provide insight into how carbon and water cycles will
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change under future CO2 and climate conditions (Huang et al., 2015; Niu et al., 2011; Zhu et
al., 2011).

1.4 Water use efficiency under global climate change
China has the largest afforested area in the world (∼53.26 million hectares in 2003 to
62 million hectares in 2008), which accounts for approximately 23% of global plantation area
(FAO, 2010; SFA, 2005; SFA, 2009; Peng et al., 2014). China's goal is to increase forest
cover to 26% by 2050 via the largest planted forest program in the world (Wang et al., 2007).
However, it has long been ignored that the new plantings may vulnerable to the changes in
availability of water and nutrition (Zhao et al., 2008; Huang et al., 2003; Liu et al., 2005). In
terrestrial ecosystems, the variability of water use efficiency (WUE) reflects trade-off
between water loss and C gain, as C and water cycle are closely coupled during the process of
photosynthetic C assimilation (Yu et al., 2008). This trade-off of water and C mechanism
reflects the ecosystem adaptability to variable climate conditions, and are as well modulated
by the climatic stress conditions. For example, Saleska et al. (2007) reported intact forest
canopy “greenness” increased under drought stress. Huang et al. (2015) reported an
increasing WUE due to effect of rising CO2, nitrogen deposition, and other climate change
factors based on model simulations of the period 1982 to 2008. Keenan et al. (2013) using
eddy-covariance flux measurements also found a substantial increase in WUE in mid- and
high-latitude region due to rising GPP and decreasing evapotranspiration (ET) resulting from
increasing ambient atmospheric CO2.
However, former studies regarding WUE at large scale generally used ET, LAI, GPP
data directly from MODIS (Moderate Resolution Imaging Spectroradiometer) product,
9

although these analyses were relatively coarse and inaccurate as they were based on flawed
data inputs (e.g. Gao et al., 2014). These MODIS products were reported to be contaminated
by various errors and rigid preprocessing procedures are required before any reasonable
conclusions can be drawn (Zhao et al., 2005). Especially for investigations at fine scale such
as the planted forest in China, which are mainly fragmented afforested, the errors and noises
could overwhelmed the useful information if raw MODIS data were used without
preprocessing. Additionally, there is a lack of studies assessing and comparing WUE between
planted forest and natural forest under different water-heat stresses. This comparison is an
urgent need because of its essential implications for forest management. For China,
particularly, these implications are extremely valuable since the country has launched the
largest planted forest program in the world and will continue to intensify the project in the
next three decades. Assessing the response of WUE to past climate change will also provide
insight into how to maximize the carbon sequestration benefit from limited water resources
through optimization of afforestation activities in future.
Winter snow cover dynamics and drought events are reported to be particularly
important for soil-atmosphere fluxes of greenhouse gases (Groffman et al., 2006). However,
the impacts of snow variation on the variation of phenological events in natural vegetation
have seldom been studied, and our understanding of the impacts of snow cover change on
wintertime C budget is very limited, with most of evidence coming from in-situ observations.
Moreover, a comprehensive assessment of the droughts’ impacts on global ecosystems is
needed since only a few studies have examined the post-drought recovery potential of
different land covers globally. These issues need to be addressed as the vegetation leaf-out
and soil respiration may respond primarily to soil temperature, while ecosystem resilience
should be investigated to prevent large scale ecological collapse as well. Hence, changes in
10

seasonal snow cover and drought stress may contribute to variations of growing season length
and carbon exchange between the biosphere and the atmosphere.
Therefore, this dissertation project mainly aims at quantifying the impacts of climate
change on carbon variations and enhancing the carbon sequestration ability of the terrestrial
ecosystems under the background of snow variation, drought stress, land use and land cover
change (afforestation and reforestation), and limited water recourses. Specifically the
objectives of this proposed project are to:
(1) Evaluate the vegetation phenology trends under changing climate during the past
three decades. Assess the impacts of climate change, such as snow, temperature,
precipitation, on the above ground carbon variations.
(2) Investigate the underground carbon variations under changing climate during the
past three decades. Quantify climate change’s impacts on underground soil respiration at
regional scales, specifically focus on winter soil carbon balance in the North Hemisphere.
(3) Quantify the impacts of drought events on ecosystem productivity and water use
efficiency at global scale. Evaluate the change of global carbon and water relationship during
the past decades.
(4) Assess the productivity and water use efficiency changes in natural and planted
forest area under the changing climate in China. Provide suggestions on afforestation
activities to support continuous contribution of carbon sink and enhanced water use
efficiency under the pressure of disturbances.
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Abstract
Variations in seasonal snowfall regulate regional and global climatic systems and vegetation
growth by changing energy budgets of the lower atmosphere and land surface. We
investigated the effects of snow on the start of growing season (SGS) of temperate vegetation
in China. Across the entire temperate region in China, the winter snow depth increased at a
rate of 0.15 cm•yr-1 (p=0.07) during the period 1982-1998, and decreased at a rate of 0.36
cm•yr-1 (p=0.09) during the period 1998-2005. Correspondingly, the SGS advanced at a rate
of 0.68 d•yr-1 (p<0.01) during 1982 to 1998, and delayed at a rate of 2.13 d•yr-1 (p=0.07)
during 1998 to 2005, against a warming trend throughout the entire study period of 19822005. Spring air temperature strongly regulated the SGS of both deciduous broad-leaf and
coniferous forests; whilst the winter snow had a greater impact on the SGS of grassland and
shrubs. Snow depth variation combined with air temperature contributed to the variability in
the SGS of grassland and shrubs, as snow acted as an insulator and modulated the
underground thermal conditions. Additionally, differences were seen between the impacts of
winter snow depth and spring snow depth on the SGS; as snow depths increased, the effect
associated went from delaying SGS to advancing SGS. The observed thresholds for these
effects were snow depths of 6.8 cm (winter) and 4.0 cm (spring). The results of this study
suggest that the response of the vegetation’s SGS to seasonal snow change may be attributed
to the coupling effects of air temperature and snow depth associated with the underground
thermal conditions.
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2.1 Introduction
Phenological variation has potential impacts on global vegetation’s net primary
productivity; carbon, water, and nitrogen cycles; the duration of pollination season; and the
spread of diseases (Lucht et al. 2002, Schwartz 2000, White et al. 1999, Menzel 2000).
Warming has been considered to be a major factor resulting in the advance of the start of
growing season (SGS) trend, that has been witnessed, in the northern hemisphere during the
past three decades (Menzel & Fabian, 1999; Vitasse et al., 2009; Wang et al., 2010; Piao et
al., 2006; Zeng et al., 2011, Yu et al., 2010b). However, increased air temperature,
accompanied with reduced snow-cover, may lead to increased water stress and ultimately
constrain the growth of vegetation (IPCC, 2007; Sun et al., 2012). For most temperate tree
species, phenological events are primarily, but not solely, dictated by air temperature (Körner
& Basler, 2010); variations in seasonal snow cover may interact with air temperature to affect
plant growth. For instance, winter warming could reduce snowfall, or shorten the duration of
snow cover, thereby increasing soil freezing (Hardy et al., 2001) and root mortality (Peng et
al., 2010; Wahren et al., 2005), which in turn leads to a delayed growing season and reduced
vegetation growth (Bilbrough et al., 2000; Grippa et al., 2005; Bonan, 1992). In addition,
increased spring snow may delay the warming of soil into the growing season and increase
the possibility of soil freezing (Venalainen et al., 2001), and dramatically shorten the growing
length of trees in terms of sap flow (Mellander et al., 2004) and net carbon assimilation
(Strand et al., 2002).
In January, snow covers about 45 million km2, or nearly one-half of the land of the
Northern Hemisphere (Stephen & Ross, 2007). In western China, the snow depth has nearly
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doubled, increasing 92% from 1957 to 1998 (Qin et al., 2006). This change in snow depth
and snow cover may have potential impacts on global warming and water circulation by
increasing the albedo of land surface (Yasunari et al., 2011). At mid- and high-northern
latitudes, seasonal thawing and snowmelt are closely linked to the potential growing season
length and vegetation productivity (Walker et al., 1999). As an effective insulator, snow
protects soil from exposure to both wind and low temperature extremes, leading to higher soil
temperature in snow-covered areas than in snow-free areas (Peng et al., 2010). Therefore,
variations in seasonal snow cover may regulate plant growth through impacts on soil freezing
and thawing (Cooper et al., 2011; Euskirchen et al., 2006).
Temperate China is covered by forests, shrubs and grasslands along the thermal and
moisture gradients from semi-arid and low altitude northeast plain to humid and high
elevation Tibetan Plateau. The whole study area has persistent, insulated snow cover through
much of the winter season (Peng et al., 2010). Changes in the winter air temperature may
have different impacts on soil temperature depending on the depth of this snow cover. The
Tibetan Plateau specifically plays a vital role in the formation of Asian monsoon climate and
the water supply of major Asian rivers (Liu & Yin, 2002; Immerzeel et al., 2008). This is
especially true where seasonal snowpack variation is critical to regional and global water and
carbon cycles (Wang et al., 2008; Qiu, 2008). In addition, winter snow cover dynamics is
reported to be particularly important for soil-atmosphere fluxes of greenhouse gases
(Groffman et al., 2006). However, the impacts of snow variation on the variation of
phenological events in natural vegetation have seldom been studied. Most previous field
experiments and studies focused primarily on the influences of aboveground warming and the
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impacts of underground thermal condition were often ignored (Rollinson & Kaye, 2012), but
this apparently needs to be addressed as the leaf-out may respond primarily to soil
temperature for annual plants (Yu et al., 2010a). Hence, changes in seasonal snow cover may
contribute to variations of growing season length, which in turn affects carbon exchange
between the biosphere and the atmosphere.
In this study, we examined the potential effects of snow depth variations on the leafout of different temperate vegetation in China from 1982 to 2005, using remote sensing data
and ground meteorological observation data. This study was designed specifically to test the
following hypotheses: 1) temperate vegetation phenology are constrained by interactive
effects of seasonal air temperature and snow depth, and 2) effects of seasonal snow on
temperate vegetation phenology vary with snow depth, vegetation types and locations.
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2.2 Materials and methods
2.2.1

Study area
Temperate regions in China, which frequently experience seasonal snow, were chosen

as the study area, while subtropical and tropical areas were excluded (Figure 2-1). The snow
duration in the temperate regions from winter (December-February) to spring (March-May)
varies with air temperature and elevation. The study area, which is cold and dry in winter and
warm and humid in summer, covers the cold temperate, middle temperate, warm temperate,
alpine and subalpine zones (Chen et al., 2005). Based on the digitized 1:1,000,000 vegetation
map (Institute of Botany, Chinese Academy of Sciences, 2001), twelve vegetation types in
temperate China were designated to assess the effect of snow depth variations on vegetation
growth (Figure 2-1).

28

Figure 2-1 Spatial distribution of vegetation types in temperate China (BDF, broad-leaf
deciduous forests; TDS, temperate deciduous shrubs; AG, alpine grasslands; AS, alpine
steppes; AM, alpine meadows; NF, needle-leaf forests; SDS, subalpine deciduous shrubs;
SES, subalpine evergreen shrubs; TM, temperate meadows; TG, temperate grasslands; TS,
temperate steppes; ASS, alpine sparse shrubs).

2.2.2 NDVI and climate data
Biweekly Normalized Difference Vegetation Index (NDVI) data from 1982 to 2005
were obtained from the Global Inventory Modeling and Mapping System (GIMMS) at the
NASAs Goddard Space Flight Center. The NDVI data were derived from the Advanced Very
High Resolution Radiometer (AVHRR) sensor aboard NOAA polar orbiting satellites, which
was calculated from AVHRR bands as:
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NDVI 

Rnir  Rr
Rnir  Rr

(1)

Where Rr is the spectral reflectance in visible bands (550–700 nm) and Rnir is the
spectral reflectance in near infrared bands (730–1000 nm) (Sun et al., 2012). The original
NDVI data were calibrated to minimize the effects of sensor degradation. In addition, the
maximum value composite (MVC) algorithm was applied on the NDVI data set to reduce the
effects of cloud contamination and stratospheric aerosol loadings from volcanic eruptions
(Piao et al., 2006; Holben 1986).
The air temperature data were collected from 752 standard observations across China
and interpolated into 8×8 km resolution using the thin plate smoothing splines method
(Hutchinson & Gessler, 1994) provided by Anusplin software package (Ver. 4.1, Australian
National University, Center for Resources and Environmental Studies, Canberra, Australia).
The Anusplin package has been widely used in the interpolation of climatic factors (McVicar
et al., 2007). This package was used to perform a quart-variate partial thin plate spline
incorporating a bi-variate thin plate spline as a function of longitude, latitude and constant
linear dependences on elevation was used in simulating surfaces of monthly air temperature.

2.2.3

Snow data
The detection of snow information using visible wavelength data is restricted by the

requirement for clear sky conditions, and has limits and defects. In addition, snow depth
information cannot be extracted from the visible-band data (Armstrong & Brodzik, 1995). By
contrast, passive microwave remote sensing is advantageous in the dark and under nearly all
weather conditions (Armstrong & Brodzik, 1995). Passive microwave sensing also provides
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the potential to compute snow water equivalent and to detect snowmelt (Kunzi et al., 1982;
Foster et al., 1984; Rott, 1987). These additional variables comprise important input factors
in energy budget, hydrologic and global circulation models, and therefore enhance the
capability to evaluate climate change (Goodlson & Walker, 1993).
Monthly snow depth data were provided by the Environmental & Ecological Science
Data Center for the Western China and the National Natural Science Foundation of China
with spatial resolution of 25 × 25 km2 (Che, 2006), which can be freely download at
http://westdc.westgis.ac.cn. The long-term snow depth dataset of China was derived from
passive microwave remote sensing data of Scanning Multichannel Microwave Radiometer
(SMMR, 1978-1987) and Special Sensor Microwave/Image (SSM/I, 1987-2005). The SMMR
is the first multi-frequency space-borne microwave sensor offering a surface resolution of
<60 km in the frequency range (18-37 GHz) of interest in snow research (Kunzi et al., 1982).
The SSM/I is carried on a spacecraft in a circular sun-synchronous, near-polar orbit at an
altitude of 833 km. With a swath width of almost 1400 km, the SSM/I provides nearly global
coverage every day (Armstrong & Brodzik, 1995).

2.2.4

Start of growing season
Declining snow-cover may be, partially, responsible for the higher NDVI value

associated with the greening trend (Shabanov et al., 2002), thus we assigned the minimum
NDVI value to 0, to avoid any sharply increased effects of the NDVI induced by snowmelt. A
double logistic approach of Timesat software (v3.1) was applied to smooth and reconstruct
the NDVI time series dataset, since this algorithm is more suitable than other algorithms at
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high latitude, such as Savitzky-Golay and asymmetric Gaussian (Zeng et al., 2011). The basic
function of the algorithm is expressed as:
g  t ; x1 ,..., x4  =

1
1
 x -t 
 x -t 
1+ exp  1  1+ exp  3 
 x2 
 x4 

(2)

where x1 determines the position of the left inflection point while x2 gives the rate of change.
Similarly, x3 determines the position of the right inflection point while x4 gives the rate of
change at this point (Eklundh & Jonsson, 2010).

2.2.5

Statistical analysis
Seasonal (December-February = winter, March-May = spring) snow depth were

computed by calculating the mean of daily data within a season and multiplying by days of
the season. Simple linear regressions were applied to analyze the trends of seasonal
temperature, snow depth, and vegetation SGS dates. Stepwise regressions were specifically
conducted to examine the significance of the four scaled-predictors (winter snow, spring
snow, winter temperature, and spring temperature) and their potential interactions, and to
reveal the contributions of these variables to the SGS dates. The generalized model is
expressed as:

f ( SW , SS ,WT , ST , SW 2 , SS 2 ,WT  WS , ST  SS )

(3)

where WT represents winter temperature; ST is spring temperature; WS is winter snow depth;
SS is spring snow depth; WS2 is the quadratic term of winter snow depth; and SS2 is the
quadratic term of spring snow depth. WT×WS and ST×SS are the interactive terms of winter
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temperature and snow, and spring temperature and snow, respectively. Quadratic fittings
were used to identify the seasonal snow depth thresholds in different vegetation types.
Correlation coefficients between variables were explored using Pearson’s correlations. The
image data processing and statistical analyses were performed on Matlab (vR2011b, the
MathWorks Inc.), ENVI/IDL (v4.5, the EXELIS Inc.), and R (v2.14.1) platforms.
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2.3 Results
2.3.1 Patterns of air temperature, snow depth and start of growing season
Annual mean air temperature ranged from about 15C in central China to about 5C
in the Northeast and to -10C in the Tibetan Plateau (Figure 2-2a). Annual mean snow depth
ranged from 1 cm in the central Tibetan Plateau and the northern China, to approximately 5
cm in the Southeast Tibetan Plateau, the Northwest, and the Northeast of China (Figure 22b). The spatial pattern of SGS showed great variation over the temperate China during the
period of 1982 to 2005 (Figure 2-2c). In general, the SGS’s date decreased from about 150180 days of the year (DOY) (May to June) in the Tibetan Plateau to about 90-120 DOY
(April) in the Northeast and Northwest of China.

Figure 2-2 Spatial patterns of annual mean air temperature (a, °C), snow depth (b, cm),
and start of growing season (c, day of the year).
Most of the study area experienced an intensive warming during 1982 to 2005 (Figure
2-3). The most pronounced warming was observed in the Tibetan Plateau, with the increase
in temperature ranging from 0.03 to 0.10 C •yr-1 (Figure 2-3a). In contrast, snow depth
showed a positive trend at a rate from 0.20-0.90 cm•yr-1 in the west of Tibetan Plateau;
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whereas the negative trends at a rate from 0.02- -0.10 cm•yr-1 occurred in the east of Tibetan
Plateau (Figure 2-3b).

Figure 2-3 Spatial distributions of the trends of annual mean temperature (a, × °C yr-1),
snow depth (b, × cm yr-1), and start of growing season (c, × day yr-1).
Temperate zone of China exhibited great spatial variations in vegetation types. The
SGS was delayed at a magnitude of 0.50- 2.0 days•yr-1 in the north of Tibetan Plateau and the
east of Inner-Mongolia (Figure 2-3c). In contrast, an advance of the SGS mainly occurred in
the east and south of Tibetan Plateau and the northeastern China.
Two distinct trends in SGS were observed before and after 1998 over the period 19822005 (Figure 2-4a). The SGS of temperate vegetation in China advanced significantly by 0.68
d•yr-1 (p<0.01) from 1982 to 1998, and then delayed by 2.13 d•yr-1 (p=0.07) from 1998 to
2005. Similarly, the winter snow depth showed a marginally increasing trend (p=0.07) at a
rate of 0.15 cm•yr-1 during 1982-1998, while a marginally decreasing trend (p=0.09) at a rate
of 0.36 cm•yr-1 during 1998-2005 (Figure 2-4b). In contrast, the winter and spring
temperatures had been increasing at a rate of 0.071 (p<0.001) C •yr-1 and 0.078 C •yr-1
(p<0.001) during 1982 to 2005, respectively (Figure 2-4c).
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Figure 2-4 Inter-annual variations of the start of growing season (SGS), seasonal snow
depth, and air temperature in the temperate China. (a: SGS trend; b: winter and spring
snow depth trends; c: winter and spring temperature trends; green, red, and black dots
represent the periods of 1982–1998, 1998–2005 and 1982–2005, respectively; k denotes the
slope of linear regression).

2.3.2

Trends of air temperature and SGS in different vegetation types
All temperate vegetation types experienced a significant warming (Figure 2-5). Both

winter and spring temperatures of the areas classified by vegetation type: Temperate
Deciduous Shrubs (TDS), Subalpine Deciduous Shrubs (SDS), Subalpine Evergreen Shrubs
(SES), (Alpine Grasslands (AG), Alpine Steppes (AS), Alpine Meadows (AM), Alpine
Sparse Shrubs (ASS), Temperate Grasslands (TG), Temperate Steppes (TS); showed an
increasing temperature trend ranging from 0.045 to 0.100 C •yr-1, especially in the areas of
alpine and subalpine.
For the entire period from 1982 to 2005, a delayed trend of SGS was demonstrated in
AG at a rate of 0.08 d•yr-1 (p<0.01), while an advancing trend was observed in TDS and TG
at a rate of 0.03 d•yr-1 (p=0.06) and 0.05 d•yr-1 (p<0.05), respectively. Despite the positive
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trends of both winter and spring temperatures that were detected in the AG vegetation, a
delayed trend was observed for the SGS’s date from 1982 to 2005.
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Figure 2-5 Trends of the winter and spring temperatures and the start of growing season
(SGS) of different vegetation types (green red and black dots indicate the periods of 1982–
1998, 1998–2005, and 1982–2005, respectively; k denotes the slope of linear regression;
For the SGS trend, the period only with significant trend is presented).
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During 1982 to 1998, the advanced trends were found in the Broad-leaf Deciduous
Forests (BDF) and Needle-leaf Forests (NF)), the shrubs (TDS and SDS), and grasslands
(AM, TM, and TG). In the period of 1998 to 2005, however, the delayed trends of SGS were
primarily exhibited in the grasslands (AG, AS, AM, TM, and TS), and some in shrubs and
forests (ASS and NF).

2.3.3 Correlations between snow depth, air temperature and SGS
From 1982 to 1998, an advancing trend of the SGS was observed in a vast area of
temperate vegetation zones (71%) in China (Figure 2-6a), particularly in the areas to the east
of the Tibetan Plateau, at a rate ranging from 1.0 to 2.5 d•yr-1. An advancing trend of the SGS
was also observed in the northeastern China at a rate of 0.5 to 1.0 d•yr-1, while a delaying
trend ranging from 1.0 to 3.0 d•yr-1 occurred in the central Inner-Mongolia.

Figure 2-6 Change trends of the start of growing season during time periods of [1982–
1998 (a) and 1998–2005 (b)].
By contrast, during 1998-2005, approximately 79% of the temperate vegetation zones
demonstrated a delayed SGS (Figure 2-6b). The most significant, temporal delays of the SGS
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were observed in the Tibetan Plateau (2.0 - 9.0 d•yr-1) and also in the northeastern China (2.0
- 3.0 d•yr-1). In part of central China and the west of northeastern China, a negative trend of
the SGS occurred at rates ranging from 0.5 to 2.0 d•yr-1.
During the period from 1982 to 2005, a significant negative correlation existed
between spring temperature and the SGS in the vegetation of forest types (BDF, p<0.05; NF,
p<0.05) and the shrub types (TDS, p<0.05; SES, p<0.05) (Table 1). Like spring temperature,
winter snow also had an advancing effect on the SGS of AM (p=0.07) and TG (p<0.05). In
comparison, during 1982-1998, a negative correlation between spring temperature and the
SGS also existed in most vegetation types, except for few types of grassland and shrubs (AG,
SES, TG and TS). During the time period of 1998 to 2005, however, a significantly negative
correlation between spring temperature and the SGS was found in the BDF. Both the winter
and spring snow depths were negatively correlated with the SGS in most of the shrub types
(SDS, p<0.01; SES, p<0.05; ASS, p<0.05) and a few of grassland types (AS, p<0.01; AM,
p<0.05).
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Table 2-1 Correlations and significance levels between seasonal snow depth, air temperature and the SGS in different time periods and
vegetation types*
1982-2005
SWS
r

SSS

SWT

r

p

BDF

0.47

0.02

TDS

0.35

0.09

AG

0.49

p

r

-0.4

p

0.03

SWS

r

p

-0.7

0.01

-0.5

0.02

r

SSS
p

0.04

r

p

0.47

0.06

0.46

1998-2005

SWT
r

-0.53
0.51

0.54
-0.40

SST

0.01

AS
AM

1982-1998
SST
p

0.03

0.07
-0.6

0.01

SDS
SES

-0.4

-0.50

0.02

-0.4

0.04

p

r

-0.73

0.001

-0.60

0.01

-0.54

0.03

-0.92

-0.58

0.01

-0.70

0.001

-0.74

0.001

-0.54

0.03

SWT

r

p

0.62

0.10

0.001

-0.90

0.002

-0.83

0.01

-0.68

0.06

-0.85

0.007

-0.71

0.05

-0.76

0.03

-0.62

0.10

p

0.03

TM
TG

r

SSS
r

SST
p

0.06

0.01

NF

SWS

-0.60

-0.49

0.04

-0.50

0.04

0.82

0.01

0.63

0.09

0.01

TS
ASS

-0.79

0.02

*Significant levels of higher than p<0.10 are shown; r = correlation coefficient; p = significant level; SWS = correlation between SGS and winter snow; SSS
= correlation between SGS and spring snow; SWT = correlation between SGS and winter temperature; SST = correlation between SGS and spring
temperature.
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r

p

-0.79

0.02

The stepwise multiple regression models were fitted at significance level of =0.05
(Table 2). After elimination process, the terms of snow-temperature interactions were preserved
in the best fitted models of BDF, TDS, AM, AS, SDS, and SES (p<0.05). In contrast, the fitted
models of AG, TG, and ASS only include the factors of spring and winter snow depth.
Specifically, all the fitted models contain the quadratic terms of seasonal snow depth.

Table 2-2 Models of best fit stepwise multiple regression analysis in AS and AM areas
Species

Models

BDF
TDS
AG
AM
AS
NF
SDS
SES
TG
ASS

-0.33  WS 2 -0.64  ST  0.38  WS  WT +0.17
-0.27  WS 2 -0.47  WS +0.22  SS 2 +0.64  SS  0.47  SS  ST +0.16
-0.26  SS 2 +0.48  WS +0.25
0.39  SS 2  0.34  SS  0.41  ST  0.34  SS  ST +0.27
0.32  WS 2  0.40  WT  0.36  SS  ST +0.18
0.37  WS 2 -0.61  ST -0.35
-0.29  SS 2 -0.27  SS -0.55  ST  0.39  WS  WT  0.54  SS  ST +0.29
-0.54  SS 2 -0.55  WS -0.51  WT  0.51  WS  WT  0.44  SS  ST +0.53
0.38  WS 2 -0.43  SS 2 -1.06  WS  0.91  SS +0.05
-0.53  SS 2 -0.28  WS +0.51

Adjusted
R2
0.49
0.38
0.29
0.35
0.63
0.49
0.53
0.47
0.34
0.25

WT: winter temperature; ST: spring temperature; WS: winter snow depth; SS: spring snow depth. All variables are
scaled before regression.

2.3.4

Seasonal air temperature, snow depth and SGS
A plot of the temperate SGS vs. the winter and spring snow depth indicates the effects of

seasonal snow depth variations on vegetation leaf-out (Figure 2-7). Throughout the entire study
area, the effects of seasonal snow on the SGS varied from a delaying effect to advancing effect
when the snow layer exceeded a threshold depth (spring: 4.03 cm, p<0.01; winter: 6.81 cm,
p<0.05).
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p
<0.001
<0.05
<0.05
<0.05
<0.001
<0.05
<0.01
<0.01
<0.05
<0.05

Figure 2-7 Seasonal snow depths vs. the start of growing season in the temperate China. (Red:
spring; green: winter).
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Figure 2-8 Correlations between snow depth and the start of growing season of different
vegetation types. (Top axis: spring; bottom axis: winter; green: winter; red: spring; k denotes
the slope of linear regression).
The relationship of the SGS of each vegetation type with the winter/spring snow depth
was analyzed to further identify effects of seasonal snow depth variations on inter-vegetation
growth (Figure 2-8). The winter and spring snow depths affected the SGS in a different manner
for different vegetation types when the snow layer exceeded a certain depth (Table 3).
Table 2-3 Snow depth thresholds of different vegetation types
Winter

Spring

Vegetation types
Threshold depth (cm)

p

Threshold depth (cm)

p

AG

4.45

<0.05

-

-

AS

4.57

<0.001

2.34

<0.001

SDS

4.75

<0.01

-

-

SES

3.87

<0.01

-

-

ASS

6.68

0.09

-

TG

1.92

<0.05

-

For most of the alpine and subalpine vegetation areas (except for AM), the SGS changed
from delayed to advanced when the snow depth exceeded a threshold (Table 3). For example, the
winter snow postponed the SGS in the grassland and shrub types of AG, AS, SDS, SES, and
ASS areas when the snow depth was less than 4.57 cm (p<0.001), 4.45 cm (p<0.05), 4.75 cm
(p<0.01), 3.87 cm (p<0.01) and 6.68 cm (p=0.09), respectively. On the contrary, the SGS was
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advanced in TG when the winter snow depth was under 1.92 cm, while a delayed SGS occurred
when the winter snow depth was greater than this threshold (1.92 cm) (p<0.05).
The effect of seasonal snow depth on the SGS varied by regions and vegetation types
with different snow depth thresholds across the study area (Figure 2-9). The greater snow depth
thresholds were primarily distributed in the east of Tibetan Plateau (20-30 cm), followed by the
northeastern China (10-20 cm), and the northern regions while the lower threshold values (1-10
cm) were observed in the west of Tibetan Plateau.

Figure 2-9 Distribution of winter snow depth thresholds (gray region denotes vegetation area,
other color region denotes area with snow depth thresholds significant at level P < 0.05).
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2.4 Discussion
2.4.1

Temperature, snow depth and vegetation phenology
During the past few decades, intensive warming has occurred across the temperate zones

of China (Qian et al., 2007; Piao et al., 2006, Piao et al., 2010). This is especially true in the
Tibetan Plateau, where the spring air temperature increased at a rate of 0.072 C•yr-1 (p<0.001)
from 1982 to 2005. However, vegetation growth did not respond in parallel with the warming
during the same time period. Piao et al. (2006, 2011) reported that the growing season NDVI
showed opposite trends during the periods of 1982-1997 and 1997-2006 in temperate and boreal
regions of the Eurasia. Similarly, in this study, the two distinct periods with opposite trends of
the SGS were also identified before and after 1998 in temperate zones of China. Our results
further indicated that the changes of the SGS in the Tibetan Plateau were consistent with the
findings reported in the regions of Alpine Steppes (AS) and Alpine Meadows (AM) by Piao et
al.( 2011), and also in a recent study by Yu et al. (2010a) that reported a delay of leaf-out in both
meadow and steppe vegetation during 1998-2006.
For all of temperate China, the SGS showed an advancing trend at a rate of 0.68 d•yr-1
(p<0.01) during 1982 to 1998, but a delaying trend of 2.13 d•yr-1 (p=0.07) during 1998 to 2005,
despite a strong warming trend throughout the entire period of 1982-2005. The SGS change (0.68 d•yr-1) of our findings is close to the rate (-0.79 d•yr-1) reported by Piao et al. (2006). The
change trend of the SGS found in this study is also consistent with the growing season change
and NDVI variations reported in other studies (Jong et al., 2012; Jeong et al., 2011).
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2.4.2

Impacts of snow depth and temperature on vegetation leaf-out at large scale
It is generally assumed that warming trends prolong the growing season by advancing the

leaf-out of vegetation (Piao et al., 2006; Tucker et al., 2001; Stockli et al., 2004; Julien &
Sobrino, 2009; Zeng et al., 2011). In this study, the vegetation leaf-out was primarily controlled
by spring air temperature during the period of 1982-1998. However, the spring air temperature
alone could not explain the SGS variations in most of the grasslands and shrub types during the
period of 1982-2005 (Table 1, 2), as changes in the SGS for many vegetation types were not
parallel with the warming trend across the whole study area. In comparison, a strong correlation
was found between snow depth and the SGS of grasslands and shrubs, indicating that
underground thermal conditions could exert a stronger impact on the leaf-out of grasses and
shrubs. Körner & Basler (2010) described that shorter-lived species, such as grasses and shrubs,
are temperature-sensitive. This is also supported by the stepwise multiple regression models,
which reveal the coupled effects of snow-temperature on the SGS (Table 2). Our results suggest
that the air temperature could have limited impacts on the SGS of grasslands and shrubs, since
the underground thermal conditions are modulated through the variations of snow depth.
Rollinson & Kaye (2012) reported that the phenology of trees should be strongly
influenced by air temperature. In contrast, Körner & Basler (2010) argued that phenology in tree
species are primarily controlled by photoperiod rather than temperatures. In this study, we found
that the winter snow depth had relatively weaker effects on forests (Broad-leaf Deciduous
Forests, BDF; and Needle-leaf Forests, NF) than on grasslands and shrubs in the entire study
area (Figure 2-8, Table 1), while significant correlations of the SGS with spring air temperature
existed in some vegetation types (1982-2005: BDF, p<0.01; NF, p<0.01). This suggests that the
leaf-out of trees is not only modulated by air temperature, but also partially dependent on the
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aboveground tissue that receives thermal or photoperiod signal contributing to breaking
dormancy in spring.
2.4.3

Effects of snow depth on leaf-out of warm-favored vegetation types
In temperate China, both winter and spring snows could affect the SGS from delaying to

advancing when the snow depth exceeded the threshold depth (6.81 cm for winter snow, 4.03 cm
for spring snow). However, the seasonal snow depth threshold varied with vegetation types,
suggesting the different ecological adaptations of plants in terms of root depth, germination, and
nutrient requirements.
The increased winter snow depth advanced the SGS in most of the shrub and grassland
types (Alpine Grasslands (AG), AS, Subalpine Deciduous Shrubs (SDS), Subalpine Evergreen
Shrubs (SES), and Alpine Sparse Shrubs (ASS)) when the snow layer exceeded the depth
threshold ranging from 3.87 to 6.68 cm (Figure 2-8, Table 3). If the winter snow depth dropped
below the threshold values, chilling would penetrate the snow layer to affect the underground
root system. Previous studies revealed that increased snow depth could mitigate soil freezing and
reduce root mortality, favoring plant growth in the growing seasons (Tierney et al., 2001;
Dorrepaal et al., 2004). In this study, we found that snow depth below the threshold would be
ineffective in providing thermal insulation. It was observed that below the threshold depth, as the
snow depth increased there was a longer duration of low air temperatures that had potentially
negative effects on root systems. Therefore, a snow depth of greater than the snow threshold
depth indicates a good underground thermal condition that is beneficial to leaf-out of vegetation.
In the Tibetan Plateau, a later onset of growing seasons in AS and AM areas was detected
in this study. Yu et al. (2010) postulated that the warming delayed the fulfillment of the chilling
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requirement and thus led to a postponed growing season. However, the insulation effect of the
seasonal snow was ignored in their study. In this study, we found both spring snow depth and
spring temperature had significant effects on leaf-out date of AM (Table 2). However, we also
found that the temporal trends of both winter (0.21 C •yr-1, R=0.53, p=0.18) and spring (-0.01
C •yr-1, R=0.04, p=0.93) air temperatures were not statistically significant in the vegetation area
of AM, while the SGS was delayed for about 2.25 d•yr-1 (R=0.72, p<0.05). Noticeably, the
advanced leaf-out trends were accompanied with a decline in winter snow depth (-0.56 cm•yr-1,
R=0.66, p=0.08). Therefore, the major factor attributing to the delayed leaf-out of AM could be
the increased chilling in soil due to thinner snow depth, rather than the decreased chilling
induced by warming as asserted by Yu et al. (2010). On the contrary, the increased chilling in
soil caused by thinner snow depth would be a major factor contributing to the delayed SGS in the
AM area.
For the AS, another vegetation type distributed in the Tibetan Plateau, the model reveals
significant impacts of winter snow depth, winter temperature, and coupled effect of spring snow
depth and spring temperature on its SGS (Table 2). In addition, a significant decrease in winter
and spring snow depth was observed during 1982 and 2005, while a mild warming also
accompanied snow depth variation. During this time period, the winter snow depth had reduced
from around 9.16 cm in 1998 to 3.92 cm in 2005 at a rate of 0.52 cm•yr-1 (R=0.71, p<0.05). The
effects of thermal insulation from winter snow was reduced due to attenuating of the snow depth
(depth threshold = 4.57 cm). Hence, it was the increased chilling stress in the soil layer that
postponed the SGS of AS vegetation between 1998 and 2005.
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2.4.4

Effects of snow depth on leaf-out of chilling-favored vegetation types
Most temperate woody plants need chilling to break dormancy (Yu et al., 2010a;

Luedeling et al., 2009), but a snow layer serves as a thermal insulator to alleviate chilling from
underground root systems (Cohen, 1994). This could attribute to the different effects of winter
snows on the SGS depending on the snow threshold depth of 1.92 cm in Temperate Grasslands
(TG). A snow layer exceeding this threshold depth (1.92 cm) could insulate the root systems
from winter cold and mitigate belowground chilling accumulation, and postpone the SGS of the
following year (Chen et al., 2005; Powell et al., 1986; Murray et al., 1989). In addition, alpine
and subalpine vegetation might be more likely to favor warm temperatures in winter, while
temperate grasslands, shrubs, and trees would be more likely to require chilling in winter for
breaking dormancy (Figure 2-9).
Some tree species typically require heat accumulation to promote the leaf-out stage in
spring (Luedeling et al., 2009). A thicker snow layer in spring may indicate a later snow melting
date and a lower spring air temperature, and consequently delay the heating requirement in
spring. Therefore, spring snow is assumed to have a postponing effect on the SGS for some
vegetation types, such as BDF (p<0.05), Temperate Deciduous Shrubs (TDS, p=0.09), and NF
(p=0.12). In the late spring, the snow layer is saturated with melting water, which could result in
the formation of relatively high density snow with increased thermal conductivity (Bernier &
Fortin, 1998). This may account for the postponing effects of spring snow on the leaf-out date of
BDF (2.17 d•cm-1, p<0.05) and TDS (5.95 d•cm-1, p=0.09). When the spring snow layer loses its
thermal insulation effect, a thicker snow cover implies a longer period of snow melting and
lengthening of the heat accumulating process in spring, hence leading to a delayed leaf-out date.
However, the delayed snow-melting process of thicker snow layer could also be beneficial to
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vegetation growth through increasing the growing season moisture and shifting the growth into a
warming period (Walker et al., 1995).
Our findings suggest that temperate vegetation phenology is dependent on both seasonal
air temperature and soil thermal conditions regulated by both snowfall and snow depth. The
spring air temperature significantly regulated the SGS of forests, while the winter snow depth
showed greater impacts on grassland and shrub types in temperate China. The responses of the
SGS to snow depths are attributable to the regional environmental factors and vegetation traits.
Therefore, the responses of vegetation growth to seasonal snow should be incorporated into a
large scale carbon cycle modeling process to accurately simulate the carbon sequestration and
carbon dynamic under global climate change scenarios.
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Abstract
Winter snow has been suggested to regulate terrestrial carbon (C) cycling by modifying microclimate, but the impacts of snow cover change on the annual C budget at the large scale are
poorly understood. Our aim is to quantify the C balance under changing snow depth. Here, we
used site-based eddy covariance flux data to investigate the relationship between snow cover
depth and ecosystem respiration (Reco) during winter. We then used the Biome-BGC model to
estimate the effect of reductions in winter snow cover on C balance of Northern forests in nonpermafrost region. According to site observations, winter net ecosystem C exchange (NEE)
ranged from 0.028-1.53 gC·m-2·day-1, accounting for 44 ± 123% of the annual C budget. Model
simulation showed that over the past 30 years, snow driven change in winter C fluxes reduced
non-growing season CO2 emissions, enhancing the annual C sink of northern forests. Over the
entire study area, simulated winter ecosystem respiration (Reco) significantly decreased by 0.33
gC·m-2·day-1·yr-1 in response to decreasing snow cover depth, which accounts for approximately
25% of the simulated annual C sink trend from 1982 to 2009. Soil temperature was primarily
controlled by snow cover rather than by air temperature as snow served as an insulator to prevent
chilling impacts. A shallow snow cover has less insulation potential, causing colder soil
temperatures and potentially lower respiration rates. Both eddy covariance analysis and modelsimulated results showed that both Reco and NEE were significantly and positively correlated
with variation in soil temperature controlled by variation in snow depth. Overall, our results
highlight that a decrease in winter snow cover restrains global warming through emitting less C
to the atmosphere.
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3.1 Introduction
Net ecosystem carbon exchange (NEE) is regulated by the net difference between
photosynthetic carbon uptake and ecosystem respiration (Reco) (Mahecha et al., 2010; Running et
al., 2009). Most studies have focused on CO2 exchange during the growing season, whereas
winter CO2 fluxes are generally ignored due to a much lower emission rate during cold time
periods (Monson et al., 2006). However, small but persistent changes in the magnitude of winter
Reco impact the C budget of large areas (Monson et al., 2005), and Reco, the sum of aboveground
(plant) respiration and belowground (soil) respiration, is strongly correlated with temperature
(Wang et al., 2007; Raich & Schlesinger, 1992). Increased air temperature in winter may
promote soil respiration by warming the soil at greater depths (Raich & Schlesinger, 1992;
Jenkinson et al., 1991; Brooks et al., 2005; Melillo et al., 2011; Dorrepaal et al., 2009; Natali et
al., 2011) but the response of decomposition will depend both on biotic factors (microbial
activity and its response to temperature and moisture) and on physical factors (insulation of soil
organic matter by snow or mosses, soil freezing, and soil thermal conductivity). In regions
affected by snowfall, increased air temperature, accompanied by reduced snowfall, or shortened
duration of snow-cover (Euskirchen et al., 2007), may lead to deeper soil freezing (Hardy et al.,
2001). This type of feedback would result in suppressed soil respiration and hence reduced Reco,
and reduced vegetation growth (Goulden et al., 1996; Grippa et al., 2005).
Winter snow covers about 45 million km2, or nearly one-half of the land mass in the
Northern Hemisphere (Déry & Brown; 2007; Sommerfeld et al., 1993). Recent climate analyses
have shown a widespread decline in winter and spring snow cover in the western USA and
Europe (Karl et al., 1993; Ye et al., 1998; Mote et al., 2005; Laternser & Schneebeli, 2003;
Scherrer et al., 2004), and over Eurasia (Brown & Robinson, 2011; Zuo et al., 2011). This
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change may be critical to regional and global carbon cycling in the context of CO2 and CH4
exchange between the ecosystem and atmosphere (Wang et al., 2011; Groffman et al., 2006;
Wania et al., 2010). In non-permafrost areas, snow serves as an insulator and protects soil from
exposure to low air temperature, leading to warmer soil temperatures in snow-covered areas than
in snow-free areas (Peng et al., 2010). However, our understanding of the impacts of snow cover
change on wintertime C budget is very limited, with most of evidence coming from in-situ
observations. Manipulation experiments suggest snow addition could increase winter Reco by 0.51.5 times (Larsen et al., 2007; Nobrega & Grogan et al., 2007; Schimel et al., 2004).
Furthermore, the thermal insulation effects of snow are imperfectly considered in most of current
global carbon cycle models due to systematic model errors for snow thickness, conductivity
(Gouttevin et al., 2012) and soil thermodynamics (Wang et al., 2015). In this study, we aimed to
test the hypothesis that winter snow decline has led to reduced ecosystem respiration and
temporarily suppressed C efflux. We specifically examined the effects of variation of snow cover
depth on the winter C efflux in non-permafrost regions of northern forests at both site and
regional scales using observational data from eddy covariance flux sites, and the Biome-BGC
biogeochemical model. Using this approach, we quantified the spatial and temporal change of
winter ecosystem carbon flux and its contribution to regional and global carbon budgets.
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3.2 Materials and methods
3.2.1

Flux sites data descriptions and analysis
Flux data from Fluxnet (http://fluxnet.ornl.gov/) were collected and analyzed to

investigate the responses of C efflux to regional snow dynamics at site level (Table 1). The
Fluxnet data includes the observations of C flux recorded at 125 flux sites, 110 of which were
excluded from analysis due to lack of 3-year consecutive observations in winters. Snow cover
depth observations were discontinuously performed at 13 flux sites listed in Table 1. The 21 flux
sites selected for analysis in this study are mainly from the Canadian Carbon Program (CCP) and
AmeriFlux research networks. In total, the analyses were based on 114 years of measured Reco
and 112 years of measured NEE (net ecosystem exchange) performed at the site level.
The eddy covariance technique was used to measure the fluxes of CO2 and H2O between
the ecosystem and the atmosphere at each flux site. The winter NEE (CO2 flux between
ecosystem and atmosphere) can be expressed as:
NEE = Reco – GPP

(1)

where, Reco is the ecosystem respiration and GPP is the gross primary productivity of the
ecosystem. A negative NEE indicates an uptake of CO2 by the ecosystem while a positive value
indicates a loss of CO2 from the ecosystem. Missing flux data were filled by the Fluxnet-Canada
Data Policy and Management Working Group and AmeriFlux Network group. The detail of the
gap-filling methods can be found in Barr et al., (2004), Kljun et al. (2006), and Papale &
Valentini (2003).
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Table 3-1 Descriptions of flux sites used in this study.
Site code

Biome

Longitude

Uses of analyses

Latitude
BGC

Snow

Anomaly

CA-Gro

MF

-82.16

48.22

×

×

×

CA-TP4

ENF

-80.36

42.71

×

×

×

CA-Qc2

ENF

-74.57

49.76

×

×

CA-Qcu

ENF

-74.04

49.27

CA-Qfo

ENF

-74.34

49.69

CA-SJ2

ENF

-104.65

53.94

CA-Oas

DBF

-106.20

53.63

×

×

×

CA-Ojp

ENF

-104.69

53.92

×

×

×

CA-Obs

ENF

-105.12

53.99

×

×

×

CA-TP2

MF

-80.71

42.77

CA-Na1

MF

-67.10

46.47

×

CA-SJ3

ENF

-104.65

53.88

×

US-UMB

DBF

-84.71

45.56

US-GLE

ENF

-106.24

41.36

CA-Ca1

ENF

-125.33

49.87

US-Ha1

DBF

-72.17

42.54

×

US-MMS

DBF

-86.41

39.32

×

US-Bar

DBF

-71.29

44.06

×

×

US-WCr

DBF

-90.08

45.81

×

×

CA-SJ1

ENF

-104.66

53.91

×

CA-FEN

ENF

-104.62

53.80

×

×

×

×

×

×
×

×

×

×
×

×

×

ENF: evergreen needle leaf forest; DBF: deciduous broadleaf forest; MF: mixed forest; “×” denotes the site was
used in analyses of BGC (Biome-BGC model validation), SNOW (snow products validation), and Anomaly

66

(anomaly analyses with meteorological factors), respectively. The sites not used in BGC analysis were due to
intensive disturbances occurred during the study period. For sites not used in SNOW and anomaly analyses were
due to lacked of observational data.

3.2.2

Snow data in non-permafrost region
All permafrost areas, including continuous (90%-100%), discontinuous (50%-90%),

sporadic (10-50%), and isolated patches (0-10%) were excluded from analysis due to its different
mechanistic response to snow variation. The permafrost map was obtained from National Snow
and Ice Data Center (NSIDC, http://nsidc.org/; Brown et al., 2001). Two snow data products
were used to extract the snow depth of non-permafrost region in this study. Both snow data sets
provide global coverage, but with different spatial scales and temporal ranges. The first set of
snow data is the Canadian Meteorological Centre’s (CMC) snow depth analysis data, which has
relatively high resolution (24 km resolution) and covers from August 1998 to December 2012.
This data set was used to explore the relationships between snow and C fluxes at site level. The
CMC’s snow data were generated from surface synoptic observations, meteorological aviation
reports, and special aviation reports acquired from the World Meteorological Organization
(WMO) information system (http://nsidc.org/data/docs/; Brasnett, 1999; Brown & Brasnett,
2010). The second set was obtained from the NCEP/CFSR (National Centers for Environmental
Prediction / Climate Forecast System Reanalysis) with relatively low spatial resolution of 0.3125
× 0.3122 degrees but a long-term coverage of from 1982 to 2010. The data were generated by the
U.S. National Weather Service’s NCEP Global Forecast System (Saha et al., 2010; Fuka et al.,
2014). Both snow datasets were validated to be good quality for analysis (see Appendix S1 in
Supporting Information).
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3.2.3

Carbon exchange modeling
To quantify spatial and temporal trends of carbon balance, Biome-BGC (v4.1.2), a

process-based mechanistic model of terrestrial ecosystems, was used to simulate the C flux in the
study area. Previous studies reported that many of the currently used global C cycle models
based on average daily temperature neglect the key process of asymmetrical response of
terrestrial ecosystems to daytime versus nighttime temperature (Peng et al., 2013). The BGC
models, using daily or sub-daily average, maximum and minimum temperature as inputs,
partially take the asymmetric effects of daily temperature fluctuations into account.
We modified the BGC model to allow the use of the soil temperature from NCEP/CFSR
as input. In the original BGC model, an empirical algorithm was used for soil temperature
calculation, which was derived from an eleven-day running, weighted average of daily average
temperatures with a minor correction for the presence of snow. This simplification cannot
account for the insulation effects of snow during winter, and hence resulted in a lower soil
temperature in winter than in NCEP/CFSR. Therefore, daily soil temperatures from the
NCEP/CFSR were used as input for the modified BGC model. In CFSR, the energy transmission
model (the four-layer Noah Land Surface Model) was used to simulate soil heat fluxes under
snowpack (Ek et al., 2003) and to reflect the snow effects and generate more accurate soil
temperature outputs.
Due to a lack of spatial initialization variables, an equilibrium spin-up was performed to
initialize soil and plant C/N pools (Pietsh & Hasenauer, 2002; Pietsh & Hasenauer, 2006). In the
Biome-BGC model, a spin-up run develops natural vegetation within an undisturbed forest
ecosystem or a quasi-equilibrium state (Pietsh & Hasenauer, 2002; Chiesi et al., 2007). However,
the actual forest could have been disturbed to some extent by both human activities and/or
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climate change. To address this issue, a "clear-cut" harvest was applied to remove aboveground
biomass after a steady state was achieved by spin-up run. Then we simulated the establishment
of forest ecosystem based on forest age map (Poulter et al. in prep) using averaged daily climatic
data from 1982 to 2010. This process was to arrive at a final initialization state for the simulation
run using CO2 concentration data, nitrogen deposition map, and daily climatic data from 1982 to
2010.
Other climatic variables required for the modified BGC model, including daily
maximum, minimum, and average temperature, precipitation, short wave radiation, and vapor
pressure deficit, were based on the NCEP/CFSR project in the CISL Research Data Archive
(RDA) with spatial resolution of 0.3125 × 0.3122 degrees (http://rda.ucar.edu/). These data have
been widely used and validated in related climate analyses (Mueller & Seneviratne, 2012;
Eichler & Londoño, 2013; Fuka et al., 2014). Nitrogen deposition and atmospheric CO2 data
were obtained from the Oak Ridge National Laboratory Distributed Active Archive Center for
Biogeochemical Dynamics (ORNL DAAC) and the Mauna Loa Observatory
(http://co2now.org/) to integrate nitrogen deposition and CO2 fertilization into the simulation
(Dentener, 2006). Four types of forests, including deciduous broadleaf forest (DBF), mixed
forest (MF), evergreen needle leaf forest (ENF), and deciduous needle leaf forest (DNF), were
modeled based on the CFSR land cover maps. The forest age map was provided by Poulter et al.,
assuming that the youngest, newly planted forest is 5 years old. The winter Reco was modeled
with default parameters and then validated by comparing the model simulation results with all
observed Reco available from flux sites (R2=0.73, p<0.0001; Appendix S2), indicating the default
model is suitable for simulation in the study area.
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3.2.4

Statistical analysis
Winter season was defined from December to March, because most of the flux sites: 1)

have snow cover during this time period each year; 2) have snow melt occurring in late March,
which releases CO2 trapped in the snow layer. Winter snow depth was computed by multiplying
the mean of daily data within the time period by the number of days of the season. Simple linear
regressions were applied to analyze the trends of air temperature, soil temperature, snow depth,
and carbon change.
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3.3 Results and Discussion
3.3.1

Wintertime carbon flux at site level

From the 15 flux tower sites, wintertime (December-March) NEE ranged from 0.028-1.53 gC·m2

·day-1 (3.39 to 185.13 gC·m-2·yr-1, accounting for 44±123% of annual NEE on average), a

positive value indicating a source of carbon to the atmosphere. Winter ecosystem respiration
(Reco) at flux sites ranged from about 0.028-1.87 gC·m-2·day-1 (3.39 to 226.27 gC·m-2·yr-1) with
an average of 0.63 gC·m-2·day-1 (65.53 gC·m-2·yr-1), which is within the range of 45-152 gC·m2

·yr-1 reported by other studies (Wang et al., 2007; Sommerfeld et al., 1993; Wang et al., 2011;

Monson et al., 2002; Brooks et al., 1997; Winston et al., 1997). Thus, winter NEE is dominated
by winter Reco (assuming suppressed or minimum photosynthetic activity in winter). Winter Reco
do not appear to be spatially correlated with winter air temperature (Figure 3-1a), but it is
positively and significantly correlated with observed soil temperature across the flux sites
(p<0.0001; Figure 3-1b), suggesting that belowground thermal conditions rather than air
temperature controls the winter ecosystem respiration rate. In comparison, winter NEE
negatively correlated with air temperature (p<0.0001; Figure 3-1c), but positively correlated with
soil temperature (p<0.0001; Figure 3-1d), implying net carbon flux was modulated by both soil
temperature (respiration of belowground biota) and air temperature (photosynthesis of
aboveground flora).
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Figure 3-1 Correlations between air temperature and ecosystem respiration (a, p=0.20); soil
temperature and ecosystem respiration (b, p<0.0001); air temperature and net ecosystem
exchange (c, p<0.0001); and soil temperature and net ecosystem exchange (d, p<0.0001) in
winter derived from measurements at 15 flux sites. The CA-Ca1 flux site, a coastal forest with
negative NEE during winter was not shown in Fig.1c, d.
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Figure 3-2 Correlation between ecosystem respiration anomaly and snow anomaly (a); and
the correlation between anomalies of net ecosystem exchange and snow depth (b). The
respiration and net ecosystem exchange data were observational data obtained from 15 flux
sites; snow data of each flux sites were extracted from CMC snow data.
In order to fill gaps of snow depth measurements at flux sites, we used the Canadian
Meteorological Centre (CMC) daily snow depth analysis as substitution (Appendix S1) for
residual analyses. This product was validated at the flux site locations where snow was measured
(56 observations from 12 sites; R2=0.47, p<0.0001, Appendix S1). We found winter snow depth
anomalies to be significantly and positively correlated with Reco anomalies (R2=0.09; p<0.05;
Figure 3-2a) and NEE anomalies (R2=0.07; p<0.01; Figure 3-2b), which suggests enhanced Reco
under higher snow cover depth. This positive relationship between snow depth and Reco provides
an empirical basis for linking snow depth in controlling Reco. These results are consistent with
results reported by other studies (Goulden et al., 1996; Brooks et al., 1997; Yu et al., 2013),
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which found that higher snow depth acts as an effective insulator of soil, promoting belowground decomposition. Conversely, reduced snow depth may result in decreased respiration.
3.3.2

Climatic factors and carbon flux change at regional scale
We analyzed the long-term air temperature, soil temperature, and snow depth from the

NCEP/CFSR (National Centers for Environmental Prediction / Climate Forecast System
Reanalysis). Different patterns were observed for air temperature. Increased winter air
temperature was detected in northern North America (Figure 3-3a; 0.0483 oC·yr-1, p=0.06, Figure
3-3d) while air temperature remained relatively constant in Eurasia (Figure 3-3a; 0.0271°C yr-1,
p=0.38, Figure 3-3d). However, decreasing trends of soil temperature occurred in Eurasia (Fig.
3b; -0.0384 oC·yr-1, p=0.01, Figure 3-3e) while remaining relatively constant in North America
(Figure 3-3b; p=0.71, Figure 3-3e). These changes of soil temperature were accompanied by a
reduction of snow cover (Figure 3-3c; Figure 3-3f). Furthermore, these interannual variations of
soil temperature were significantly correlated with snow change (p<0.01, Appendix S3), but not
air temperature change (p=0.56, Appendix S3), indicating that soil temperature is primarily
controlled by snow cover rather than air temperature. Therefore, an increase in air temperature
may not necessarily result in a warmer soils (Natali et al., 2011; Heimann & Reichstein, 2008),
such as the non-permafrost North America region in this study.
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Figure 3-3 Spatial patterns of winter (a, d) change trend of air temperature (°C yr-1), (b, e)
change trend of soil temperature (°C yr-1), and (c, f) change trend of snow depth (cm yr-1) from
1982-2009 based on NCEP/CFSR (National Centers for Environmental Prediction / Climate
Forecast System Reanalysis) data. (Figure a, b and c are spatial patterns; and Figure d, e and
f are regional trends)
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Figure 3-4 Spatial trends of winter Reco (gC·m-2·yr-1) in the non-permafrost region of Northern
forest area from 1982 to 2009. The results were derived from Biome-BGC modeling
simulations.
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Figure 3-5 Ecosystem respiration of different regions under snow-free (a) and snow-cover (b)
scenarios from 1982 to 2009. The results were derived from Biome-BGC modeling
simulations.

Table 3-2 CO2 flux and changes in the non-permafrost region of Northern forest area by
Biome-BGC modeling from 1982 to 2009.
Season

Average C flux
-2

gC·m ·yr

-1

Change trend of C flux
Pg C·yr

-1

gC·m-2·yr-1

Pg C·yr-1

Winter

54.53

0.58

-0.33**

-0.0035

Non-winter

-155.25

-1.65

-0.97**

-0.0103

Annual

-100.72

-1.07

-1.30**

-0.0138

* Significant at p<0.01 level; ** Significant at p<0.001 level; Negative indicates a carbon sink; Positive means a
carbon source.
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To quantify how air temperature, soil temperature, and snow depth influenced the soil
carbon efflux at the scale of the northern Hemisphere, we applied the Biome-BGC (v4.2) process
model. We used observational data from the 21 flux sites to compare with the model results for
winter Reco, and found a good agreement between observational and simulated results (R2=0.73,
p<0.0001; Appendix S2). As shown in Table 2, model-simulated winter NEE is positive in the
non-permafrost Northern forest region (>45°N) and this winter source offsets 32% (44±123%
across sites) of the total C uptake during growing season. The large magnitude of the winter
respired CO2 suggests that small but persistent changes of winter NEE could alter annual C
budgets. The modeled, average winter and annual NEE were approximately 0.58 and -1.05 Pg
C·yr-1 in the mid- and high-latitude forest area of Northern Hemisphere, respectively (Table 2).
The uncertainty of the carbon sink at continental scale remains large using inverse model,
forward model, and inventory-based estimates (Fan et al., 1998; Hayes et al., 2012). The North
American forest sink has a reported range of 0.21 - 0.25 Pg yr-1 (Fan et al., 1998; Hayes et al.,
2012; King et al., 2012; Pacala et al., 2007), while the Eurasian forest sink ranges from 0.817 0.915 Pg yr-1, respectively (Luyssaert et al., 2012; Dolman et al., 2012; Goodale et al., 2002).
Our estimation of annual NEE is close to these estimates, which reported the Northern forest
ecosystem to be a sink of about 1.096 Pg C yr-1.
In total, the winter CO2 emissions in Northern forest areas have decreased by
approximately -3.5 Tg C·yr-1 (1 Tg = 0.001 Pg) from 1982 to 2009, with the most dramatic
decrease occurring in Siberia at the rate of 0.61-1.21 gC·m-2·yr-1. This reduction of Reco accounts
for 6.74% of the total increased global carbon uptake (Ballantyne et al., 2012). In total, the
reduced winter C emission temporarily contributed approximately 25% of the increased annual C
uptake in the study area (Table 2). Winter Reco trends are not spatially uniform, with an increase
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in the coastal western North America, and a decrease in Siberia (Figure 3-4). Overall, about 71%
of the study area showed a decrease of winter Reco (Figure 3-4). Piao et al. (2008) reported an
abnormal 0.2 Pg C loss from northern terrestrial ecosystems for a 1 °C warming in autumn. In
comparison, we found that a 1 cm decrease of winter snow depth reduced Reco by 3.5 Tg
(Appendix S4a), while air temperature had no significant effect on the interannual changes of
winter NEE (p=0.19; Appendix S4b). These results indicate that reduced snow depth may
therefore account for part of the net uptake of CO2 in forest ecosystems (Goulden et al., 1996).
We performed a model sensitivity test assuming snow free conditions and observed airtemperatures, and found a significantly increasing trend in the Reco anomaly of entire study area
(p=0.08; Figure 3-5a), which contrasts with the simulated results with snow cover effects
(p=0.06; Figure 3-5b). Therefore, the spatial pattern of the interannual trend in winter Reco are
primarily driven by the spatial patterns of change in snow cover. Goulden et al. (1996)’s study
also revealed that snow insulation help to produce a higher than normal soil temperature and
respiration rates despite colder than normal air temperature in a deciduous forest in New
England. Their further estimation projected a 0.1-0.8 Pg C·yr-1 shifting in Reco due to snow cover
variation (Goulden et al., 1996). Our results indicate that the Reco in mid- and high-latitude
montane forests are sensitive to snow dynamics, which are consistent with Goulden et al. (1996)
and Monson et al.(2006)’s studies but unlike previous results obtained from low latitude
temperate forest site (Schindlbacher et al., 2014).
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3.4 Conclusions
Our results showed that the aboveground warming could result in attenuated snow cover,
which would consequently increase the freezing potential of soil, and offset the enhanced
aboveground C emission from temporarily suppressed underground respiration. In this study, we
focused on CO2 emission due to the limited data availability. However, the different feedbacks of
greenhouse gases (e.g. CO2, N2O, and CH4) aggravate the uncertainty in quantifying the effects
of snow on global climate change, which needs to be further studied through eddy-covariance
flux measurements and manipulation experiments. Further investigation is certainly needed in
order to comprehensively understand and assess the impact of snow dynamics on global C
cycling and balancing.
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4. Global gross primary productivity and water use efficiency
changes under drought stress‡
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Abstract
Drought can affect the structure, composition and function of terrestrial ecosystems, yet the
drought impacts and post-drought recovery potential of different land cover types have not been
extensively studied at a global scale. Here, we evaluated drought impacts on gross primary
productivity (GPP), evapotranspiration (ET), and water use efficiency (WUE) of different global
terrestrial ecosystems, as well as the drought-resilience of each ecosystem type during the period
of 2000 to 2011. We found the rainfall and soil moisture during drought period were
dramatically lower than these in non-drought period, while air temperatures were higher than
normal during drought period with amplitudes varied by land cover types. The length of recovery
days (LRD) presented an evident gradient of high (> 60 days) in mid- latitude region and low (<
60 days) in low (tropical area) and high (boreal area) latitude regions. As average GPP increased,
the LRD showed a significantly decreasing trend among different land covers (R2=0.53,
p<0.0001). Moreover, the most dramatic reduction of the drought-induced GPP was found in the
mid-latitude region of north Hemisphere (48% reduction), followed by the low-latitude region of
south Hemisphere (13% reduction). In contrast, a slightly enhanced GPP (10%) was showed in
the tropical region under drought impact. Additionally, the highest drought-induced reduction of
ET was found in the Mediterranean area, followed by Africa. The water use efficiency, however,
showed a pattern of decreasing in the north Hemisphere and increasing in the south Hemisphere.
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4.1 Introduction
Drought is an important adverse climatic event for both ecosystems and human society
(Mu et al., 2013). Previous studies using state-of-the-art models projected higher frequency and
intensity of droughts in most of the southern Hemisphere and part of the northern Hemisphere in
response to global climate change (IPCC, 2013; Fisher & Knutti, 2014; Allen et al., 2014,
Spinoni et al., 2014). Global air temperature has linearly increased over the 50 years from 1956
to 2005 (0.13°C per decade), which is nearly as twice fast as the rising rate during 100 years
from 1906 to 2005 (Solomon et al., 2007). While more prominently, the past decade has
experienced a faster and unprecedented warming trend than the prior century as evidenced by the
fact that the 10 hottest years on record have all occurred since 1998 (NASA 2011, UK-MetOffice
2011, JMA 2011), making the past decade an ideal period to examine the terrestrial ecosystems’
responses to drought extremes.
Increased heating itself from global climate change may not cause droughts but it is
expected to intensify droughts (Trenberth et al., 2014). Intensity is the most important dimension
of drought, and its change refers to the significant reduction of water availability comparing to
“normal conditions” (Tsakiris & Vangelis, 2005). Water availability is determined by both of the
water input (precipitation) and output (evapotranspiration, runoff). Land evapotranspiration (ET),
the sum of soil evaporation, canopy evaporation, and plant transpiration, is a central process in
the climate system, and is also a nexus of the water, energy and carbon cycles (Jung et al., 2010;
Mu et al., 2007). The ratio of GPP to ET, namely water use efficiency (WUE), is an indicator
reflecting the carbon gain and water loss in terrestrial ecosystems as carbon and water cycles are
closely coupled during the process of photosynthetic C assimilation (Yu et al., 2008). The
trading of water and C mechanism is closely related to the drought stress. Under negative
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conditions, plants may increase WUE to adapt to unfavorable environment. For example, Saleska
et al. (2007) reported intact forest canopy “greenness” increased under drought stress.
Various indices have been developed to represent regional- to global-scale drought
stresses, including Palmer drought severity index (PDSI; Palmer, 1965; Alley, 1984), MODIS
DSI (Moderate Resolution Imaging Spectroradiometer Drought Severity Index; Mu et al., 2013),
Standardized Precipitation Index (SPI; McKee et al., 1993), and Evaporative Drought Index
(EDI; Yao et al., 2010). Among all of these metrics, the PDSI is perhaps the best well known and
commonly used drought index which is determined by monthly water supply, water outputs, and
preceding soil water status. Nonetheless, the PDSI has weaknesses of lag of emerging droughts
and ineffectiveness for mountainous regions or in spring (Orvos et al., 2015; Mu et al., 2013).
By comparison, the MODIS DSI index developed by Mu et al. using satellite-derived ET, PET,
and NDVI is advantageous in providing both simultaneous and high resolution drought
information. Limitations of other commonly used drought metrics have been comprehensively
summarized in Mu et al. (2013)’s study, in terms of weak representativeness, low effectiveness,
and limited reliability.
Previous studies have improved our understanding of the measurement in drought
intensity and mechanism underlying the ecosystem responses to drought events, which is of great
importance in projecting the impacts of climate extremes on regional C budget and water
resources in the future. Despite this, a comprehensive assessment of the droughts’ impacts on
global ecosystems is essentially needed. Furthermore, only a few studies have examined the
post-drought recovery potential of different land covers globally. Ecosystem resilience, an
indicator of the recovery potential, should be investigated to examine the large scale ecological
collapse. Allen et al. (2010) reported that part of the world’s forested ecosystems may become
93

increasingly vulnerable to higher background tree mortality rates and die-off in response to
future warming and drought, even in the environments that are not normally considered waterlimited. Examples have been well documented in local and regional scales such as in Europe
(Peñuelas et al., 2001; Breda et al., 2006; Bigler et al., 2006), and western North America (van
Mantgem et al., 2009). Therefore, in this study, based on MODIS data and CRU (Climate
Research Unit at half-degree resolution) climate data, we identified the drought events and
quantify their impacts on GPP, ET, and WUE in different, global terrestrial ecosystems during
the period from 2000 to 2011. We further addressed the length of days each ecosystem requires
to recover from drought stress as well as its relationship with ecosystem productivity. Finally, we
discussed the response of terrestrial ecosystems to heat extremes and the implications to enhance
ecosystem carbon sequestration potential.
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4.2 Materials and methods
4.2.1

Study area and data descriptions
This study focused on the different terrestrial ecosystem types of the global land area,

including Evergreen Needleleaf forest (ENF), Evergreen Broadleaf forest (EBF), Deciduous
Needleleaf forest (DNF), Deciduous Broadleaf forest (DBF), Mixed forest (MF), Closed
shrublands (CSHB), Open shrublands (OSHB), Woody savannas (WSAV), Savannas (SAV),
Grasslands (GR), Permanent wetlands (WET), Croplands (CROP). MODIS GPP, ET
(MOD16/17) and DSI (Drought Severity Index) products were used for analyses of droughts and
ecosystem responses. The models implemented for developing these products were thoroughly
described by Mu et al. (2007), Mu et al. (2011), Zhao et al. (2005), and Mu et al. (2013). The
MODIS products were downloaded from the Numerical Terradynamic Simulation Group
(NTSG) of University of Montana at an 8-day interval. All datasets were resampled and
categorized from original 5×5 km into a 0.5×0.5 degree resolution for modeling and analyses.
We then evaluated water use efficiency (WUE) derived from the GPP and ET products (defined
as WUE

GPP⁄

), to detect the drought-induced changes in trade-off between C and water at

different ecosystems.
Other climatic datasets, such as air temperature and rainfall were obtained from the
Climate Research Unit at half-degree resolution (CRU, http://www.cru.uea.ac.uk/cru/data/hrg/).
Global coverage daily soil moisture (SM) data were derived from the ESA Global Monitoring of
Essential Climate Variables (ECV) with spatial resolution at 0.25 degree from 1978 to 2013
(http://www.esa-soilmoisture-cci.org/). The soil moisture data were then summarized, resampled,
and gap-filled to 8-day time series at half-degree spatial resolution (see Supporting Information).
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4.2.2

Drought and non-drought period
In this study, MODIS DSI product was used to detect drought occurrence. We defined a

drought event as the period which has at least one month (4 times of 8-day time series) with a
consecutive DSI below -0.9. The threshold value -0.9 refers to moderate drought defined in Mu
et al. (2013). Air temperature, rainfall, and soil moisture of the drought period were extracted to
compare with the average values of the non-drought (normal) period. The non-drought period
was defined as the duration in a growing season (May to September) with all 8-day time series
DSI higher than -0.9 (without drought occurrence).
4.2.3

GPP recovery duration length
Ecosystem GPP, a metrics of photosynthesis activity, was used to evaluate the recovery

level of ecosystem vitality after drought impacts. First, the average non-drought GPP (AveGPP)
was calculated at a pixel basis of 8-day interval time-scale (Equations 1 and 2). The original 8day GPP dataset was divided by the AveGPP to produce a standardized GPP time-series
(StdGPP, Equation 3), which was then smoothed by a one-month window and created the final
time-series data for analyses (SmhGPP, Equation 4). In this study, we also defined an ecosystem
recovery from a drought event to its normal condition as once a post-drought one-month
consecutive GPP achieved 95% (negative drought impacts) or 105% (positive drought impacts)
of the average non-drought period GPP (the month when SmhGPP with the threshold value of
0.95 or 1.05).
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Where, n is the number of years from 2000 to 2013 (for each year there are 46 8-day data); Flagi
denotes whether drought emerges at time i; AveGPPi is the average non-drought GPP at time i;
StdGPP is the standardized GPP; and SmhGPP is the GPP time-series smoothed by one-monthwindow.
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4.3 Results
4.3.1

Climatic factors during drought and non-drought periods
During drought period, the rainfall and soil moisture were much lower than them in non-

drought period, yet a higher than normal air temperature was detected during the drought period
(Figure 4-1). The highest reduction of rainfalls (>50%) in drought period was found in central
North America, Mediterranean, and Australia (Figure 4-1a). Extensively lower soil moisture
(<50% reduction) was also detected in most of the land areas except for part of the high latitude
regions of North America, Eurasia and southern China (Figure 4-1b). In contrast, air temperature
showed a pattern of higher than normal in almost the entire global land, with a few scattered
pixels of slightly lower values (Figure 4-1c).
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Figure 4-1 Rainfall (a), soil moisture (b) and average air temperature (c) ratio of drought
period and the non-drought period; the right panel shows the average ratios of rainfall, soil
moisture, and air temperature in different land covers

Table 4-1 Rainfall, soil moisture, and average air temperature difference of drought period
and the non-drought period by land covers
95%
Rainfall

confidence

Volumetric

interval of the

Average air

interval of the

temperature

difference

(oC)

Soil moisture

Type
(mm/day)

95%
95% confidence

confidence

(*0.0001

difference

m3/m3)

interval of the
difference

ENF

-0.23**

-0.20 - -0.26

16.65**

4.77-28.53

0.34**

0.24-0.44

EBF

-0.39**

-0.44 - -0.33

-28.62**

-33.18- -24.07

0.12**

0.10-0.13

DNF

-0.20**

-0.24 - -0.16

17.14

-1.43-35.71

-0.05

-0.27-0.17

DBF

-0.67**

-0.74 - -0.54

-97.33**

-113.35- -81.30

0.56**

0.45-0.67

MF

-0.36**

-0.40 - -0.32

-25.27**

-34.94 - -15.61

0.30**

0.22-0.39

CSHB

-0.38**

-0.43 - -0.33

-91.22**

-106.27- -76.17

0.29**

0.19-0.40

OSHB

-0.26**

-0.27 - -0.24

-38.05**

-44.45- -31.65

0.30**

0.24-0.35

WSAV

-0.52**

-0.55 - -0.49

-73.86**

-81.39- -66.34

0.56**

0.51-0.61

99

SAV

-0.89**

-0.94 - -0.85

-243.49**

-254.28- -232.71

0.39**

0.35-0.43

GR

-0.46**

-0.49 - -0.44

-159.52**

-165.86- -153.18

0.46**

0.41-0.51

WET

-0.41**

-0.51 - -0.31

14.60

-9.72-38.91

0.35**

0.19-0.52

CROP

-0.61**

-0.64 - -0.58

-209.78**

-216.95- -202.60

0.72**

0.68-0.76

** denotes significant at p<0.001

On average, the drought period rainfall was less than that in the normal period with a
difference ranging 0.23-0.89 mm/day while air temperature was higher at a difference of 0.120.72 oC. This resulted in a lower soil moisture content during drought periods under most of the
land cover types except for ENF, DNF and WET areas (Table 1). The declines of rainfall and
soil moisture were found to be the largest in grassland (22%) and cropland (21%), while the
smallest rainfall decrease was observed in EBF area (5%).
4.3.2

Recovery duration days after droughts
The length of recovery days (LRD) showed a general gradient of high (> 60 days) in mid-

latitude region and low (< 60 days) in low (tropical area) and high (boreal area) latitude regions
(Figure 4-2a). In general, average LRDs were shorter in forest types than non-forest types
(Figure 4-2b). Among all the land cover types, EBF had the shortest LRD (~30 days; Figure 42b) and grassland showed the longest LRD (~80 days; Figure 4-2b). With an increase of average
GPP, the LRD showed a significantly decrease trend in different land cover types (Figure 4-3).
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Figure 4-2 Days of GPP recovery back to normal after drought impacts
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Figure 4-3 Relationship between GPP and Days recovery after droughts impacts

4.3.3

GPP and evapotranspiration after droughts
GPPs extensively declined in most of the terrestrial ecosystems after drought extremes,

except for the tropical area (Figure 4-4a). The most intensive drought-induced GPP reduction
was found in the mid-latitude region (30oN-50oN) of north hemisphere (48% reduction; Figure 4-
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4a), and followed by the low-latitude region (15oN-30oN) of south hemisphere (13% reduction;
Figure 4-4a). In contrast, the tropical region showed a slight increase in GPP (10%; Figure 4-4a).
Drought-induced ET decline was more extensive than GPP reduction (Figure 4-4b). The
most intensive reduction of ET were detected in the Mediterranean area, followed by Africa
(Figure 4-4b). The water use efficiency (WUE), however, showed a different pattern of
decreasing in the north Hemisphere while increasing in the south Hemisphere (Figure 4-4c).
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Figure 4-4 GPP (a), ET (b) and WUE (c) ratio of recovery period and the non-drought period
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Figure 4-5 GPP and ET ratio of drought period and the non-drought period by different land
covers
Latitudinal analyses showed different change patterns in GPP, ET, and WUE after
drought impacts (Figure 4-6). Drought-induced reductions in GPP and ET were found in the area
of south of 10oS and north of 20 oN (Figure 4-6a, b). In the area north of 20 oN, however, the
reduction of GPP was greater than ET, while in the area of south of 10oS, ET decline exceeded
the GPP reduction rate, which resulted in a higher WUE in the area of south of 10oS but a lower
WUE in the area of north of 20 oN (Figure 4-6a, b, c). The higher WUE in the region of 10oS-20
o

N was due to a slightly enhanced GPP and marginally reduced ET.
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4.4 Discussion
4.4.1

Direct concurrent impacts of droughts
Drought can have manifold impacts on terrestrial ecosystems, including direct concurrent

impacts, direct lagged impacts, and indirect lagged impacts (Frank et al., 2015). These impacts
may influence the vegetation physiology, phenology, growth in the following year, pest
outbreak, and fire occurrence. In this study, we evaluated the drought’s direct impacts with focus
on quantifying the changes of climate factors during the drought period of the last decades.
Based on the MODIS drought severity index (DSI), Orvos et al. (2015) reported 17% of
the land area exhibited significant trend of either drying or wetting, and most of such locations
were joined to large, geographically correlated areas. Our study found significant reductions of
rainfall and soil moisture in drought period, while higher than normal air temperatures were
detected during drought period in most of the land covers. In particular, the largest decline of
rainfall was found in savanna area (-0.89 mm/day, p<0.0001), and the smallest reduction was in
DNF area (-0.20 mm/day, p<0.0001). These changes also contributed to the largest drop of soil
moisture in savanna area (-0.024349 m3/m3, p<0.0001) and an insignificant change of soil
moisture in DNF (0.001714 m3/m3, p>0.10). It is known that soil moisture is determined by water
inflow (rainfall, snow melt) and discharge (runoff, evapotranspiration). If rainfall decreases, a
lower soil moisture can be expected in most of the terrestrial ecosystems. In this study,
particularly, we found that DNF and wetland soil moisture did not show significant differences
between drought and non-drought periods, albeit a significant decline of rainfall (p<0.0001)
existed in both of the regions (Table 1). For the DNF area, this may be explained by water
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compensation from snow melt, while wetland soil was closely related to abundant underground
water supply.
Furthermore, significantly higher air temperatures were detected in all land cover types
(Table 1, p<0.001) except for DNF, suggesting the DNF droughts were more closely related to
moisture stress (rainfall) than heat stress (warming). During the period of 2000 to 2011, the
largest drought-induced increase of air temperature was found in CROP (0.72 oC, p<0.0001)
while the lowest existed in EBF (0.12 oC, p<0.0001). This inter-correlated changes of rainfall
and air temperature led to conspicuously concurrent and lagged impacts on terrestrial
ecosystems. Hence, we found extensive and intensive reductions of GPP in mid- and highlatitude regions of the north Hemisphere (Figure 4-4a), which is consistent with Teixeira et al.
(2011)’s study revealing a high risk of crop yield damage due to drought for high latitudes
continental lands, particularly in the 40-60oN region. Piao et al. (2010) also reported that drought
affected 25±7 Mha cropland per year (17±5% of sown area) and contributed to harvest failure of
5 Mha per year during 2000–2007 in China. Lobell & Gourdji (2012) alleged that -5% decline of
global crop yields occurred due to each 1oC of warming, as well as the average decline of crop
yield was at -3.6% due to warming impacts in the past decades. Nonetheless, the estimated
reduction of GPP in our study (36%, Figure 4-5a) is much higher than other estimations,
suggesting a much severe impact of transient drought extremes than chronic warming. Similarly,
Ciais et al. (2005) also reported a 20% drop in Europe-wide NPP caused by the heat and drought
in 2003. Climate model simulations also showed that drought disaster-affected area will increase
from 15.4% to 44.00% by 2100 (Li et al., 2009), which signifies the essential needs of adaptation
strategies to avoid aggravated drought-disaster risks.
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4.4.2

Lagged impacts of droughts
Barber et al. (2000)’s study revealed that drought stress has disproportionately affected

the most rapidly growing white spruce, implying drought may have been an essential limiting
factor restraining carbon uptake in a large portion of the North American boreal forest. The
largest decline of rainfall and soil moisture were found in grassland (22%) and cropland (21%),
and the smallest rainfall decrease existed in EBF area (5%). Accordingly, the length of recovery
days (LRD) after drought was the longest in grassland (79.56 days, Figure 4-2b) while the
shortest was in EBF (32.58 days, Figure 4-2b). These results suggested that grassland and
cropland were the most vulnerable to drought extremes while EBF had higher resilience to
drought stress. A negative, significant relationship between GPP and LRD implies a positive
relation in GPP and ecosystem resilience (Figure 4-3, p<0.0001). The studies by van Mantgem et
al. (2009) and Raffa et al. (2008) reported that tree mortality rate was increased in the western
North America forests during the past decade. The causal factor of these tree moralities has been
attributed to elevated warming and/or water stress, raising the possibility of world’s forests being
increasingly responsive to ongoing droughts (Allen et al., 2010). Therefore, trees with lower
resilience to drought stress will be more likely to die under global warming. In this study, we
also found longer LSD in North America, central Eurasia, South Africa, and Australia (Figure 43a) than in other regions of the world, indicating a more intensive influences of drought stress in
these areas.
Drought can alter the structure, composition and functioning of terrestrial ecosystems;
and can thereby change regional carbon cycle, with the potential to shift ecosystems from net
carbon sink to carbon source (Frank et al., 2015). Here, we found drought-induced GPP was
intensively reduced in DNF (34%), MF (36%), GR (35%) and CROP (36%), while slightly
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enhanced GPP was also identified in EBF (6%) and SHB (18%) (Figure 4-5a). A large reduction
of GPP found in North America (>50%, Figure 4-4a) is consistent with Schwalm et al (2012)’s
study that reported net carbon uptake was reduced by 51% during the 2000–2004 drought in
western North America. Studies have also revealed that drought extremes often lead to decreased
ET, cooling effect, and thereby intensified warming effect (Teuling et al., 2010; Mueller &
Seneviratne, 2012). Our study showed drought-induced ET reductions were widely found in
most of the land cover types with amplitudes ranging from 3%-25% (Figure 4-5b). This resulted
in a reduction of water use efficiency (WUE) ranging from -0.96% to - 27.67% in most of the
land cover types. While particularly, for EBF and savanna, an increase of WUE by 7.09% and
9.88%, respectively, was found under drought stress. Noticeably, we also found a slightly
enhancement of GPP in tropical regions, including Amazon, central Africa, Indonesia, and south
India (Figure 4-4a, Figure 4-6a). Similarly, Saleska et al. (2007) reported intact forest canopy
“greenness” was increased under drought stress. This drought-induced enhancement of
ecosystem activity might be attributed to increased availability of sunlight (due to decreased
cloudiness). In their situation, water was not a limiting factor and trees were able to utilize deep
waters during dry extremes, even though precipitation was slightly declined (Saleska et al.,
2007). Thus, root system and water table should be appropriately represented in global
ecosystem modeling.
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4.5 Conclusions
This study evaluated the drought impacts on gross primary productivity (GPP),
evapotranspiration (ET), and water use efficiency (WUE) in different land covers, as well as the
resilience that each ecosystem recovered from drought stress during the period of 2000 to 2011.
We found the rainfall and soil moisture during drought period were dramatically lower than these
in non-drought period, while air temperatures were higher than normal during drought period
with amplitudes varied by land cover types. The length of recovery days (LRD) presented an
evident gradient of high in mid- latitude region and low in low (tropical area) and high (boreal
area) latitude regions. As average GPP increased, the LRD showed a significantly decreasing
trend among different land covers. Moreover, the drought-induced GPP reduction was found in
the mid-latitude region, but a slightly enhanced GPP was found in the tropical region under
drought impact. The water use efficiency, however, showed a pattern of decreasing in the north
Hemisphere and increasing in the south Hemisphere. The findings underline the importance of
direct concurrent impacts and direct lagged impacts of droughts. More works are required to
fully quantify the direct and indirect impacts of drought extremes to terrestrial ecosystems.
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5. Trading water for carbon: Planted forests are not efficient as
natural forests in China during the past three decades §

§

To be submitted to Proceedings of the National Academy of Sciences
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Abstract
Planted forests have been widely established in China as an essential approach to improving the
ecological environment and mitigating climate change. Large-scale forest planting programs,
however, are rarely examined in the context of tradeoffs between carbon sequestration and water
yield between planted and natural forests. We reconstructed evapotranspiration (ET) and gross
primary production (GPP) data based on remote-sensing and ground observational data, and
investigated the differences between natural and planted forests, in order to evaluate the
suitability of tree-planting activity in different climate regions where the afforestation and
reforestation programs have been extensively implemented during the past three decades in
China. While the differences varied with latitude (and region), we found that, on average, planted
forests consumed 5.79% (29.13mm) more water but sequestered 1.05% (-12.02 gC m-2 yr-1) less
carbon than naturally generated forests, while the amplitudes of discrepancies varied with
latitude. It is suggested that the most suitable lands in China for afforestation should be located
in the moist south subtropical region (SSTP), followed by the mid-subtropical region (MSTP), to
attain a high carbon sequestration potential while maintain a relatively low impact on regional
water balance. The high hydrological impact zone, including the north subtropical region
(NSTP), warm temperate region (WTEM), and temperate region (TEM) should be cautiously
evaluated for future afforestation due to water yield reductions associated with plantations.
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5.1 Introduction
China has the largest afforested and reforested area in the world (∼53.26 million hectares
in 2003 to 69 million hectares in 2013), which accounts for approximately 23% of the global
plantation area (FAO, 2010; SFA, 2005; SFA, 2009; Peng et al., 2014). China's goal is to
increase forest cover to 26% by 2050 via the largest plantation forestry program in the world
(Wang et al., 2007). However, it has long been ignored that the new plantings may be vulnerable
to the availability of both water and nutrition (Zhao et al., 2008; Huang et al., 2003; Liu et al.,
2005), and climate change (Herron et al., 2002; Yu et al., 2015; Zomer et al., 2008).
For a long period, fast-growing but short-lived species were favored by Chinese foresters
due to short-term impacts (Cao et al., 2011), which eventually lead to low resilience and high
mortality ecosystems (Li, 2001; Cao, 2008; Wang et al., 2007), such as dwarf trees ecosystem
(McVicar et al., 2010). A successfully established planted forest should increase carbon
sequestration, while simultaneously allowing for adequate water yield for local societal uses.
Consequently, either water use efficiency (WUE) or water yield index has been often used to
evaluate the suitability of afforestation at a specific location (Gao et al., 2014; Farley et al.,
2005). However, high WUE typically appears in drought-prone ecosystems (although often at the
expense of carbon fixation), or accompanies relatively high water consumption. Afforestation
policies that overly stress attainment of high WUE can deteriorate local ecosystems, especially in
arid or semi-arid regions. Therefore, when selecting appropriate sites for plantations, both carbon
fixation and water yield should be evaluated in terms of suitability and priority of afforestation in
a specific region.
Previous studies comparing ET, Leaf Area Index (LAI), GPP data of large-scale planted
forests have used data directly from MODIS products. However, researchers have noted that
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some of these analyses are inaccurate due to data errors (Zhao et al., 2005). When investigating
relatively small scales such as the highly fragmented planted forests in China, the errors and
noises could overwhelm the useful information if original MODIS products were used without
careful preprocessing of data.
There appears a lack of research with a focus on differentiation of carbon sequestration
and water consumption potential between planted and natural forests in large scale tree planting
programs, which would be essential and helpful in sustainable forest management. For China, in
particular, guidance derived from these analyses would be extremely important since the country
has launched the largest plantation forestry program in the world and will continue to expand the
project over the next three decades. In this study, we used improved data obtained from
observations and remote sensing technology to 1) compare water yields and carbon sequestration
between natural and planted forests in China; and 2) evaluate the suitability of afforestation
activities in each of the climate regions where the afforestation and reforestation program has
been extensively implemented.
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5.2 Materials and methods
5.2.1

Data and study area
This study mainly focused on the regions where tree planting programs were extensively

implemented over the last few decades in China. These regions were classified into tropical
region (TP), south subtropical region (SSTP), mid-subtropical region (MSTP), north subtropical
region (NSTP), warm temperate region (WTEM), and temperate region (TEM) (Figure 4-1;
Zheng et al., 2010).
The MODIS products, including albedo (MOD43C3), FPAR/LAI, and land cover
(MOD12Q1) data, were downloaded from NASA Land Processes Distributed Active Archive
Center (LP DAAC). Daily temperature (mean, maximum, and minimum), precipitation, and
relative humidity were collected from 839 standard meteorological stations and summarized and
interpolated into 8-day average images at 5×5 km2 resolution using Anusplin (Ver. 4.1;
Australian National University, Center for Resources and Environmental Studies, Canberra,
Australia). In this study, a tri-variate partial thin plate spline incorporating a bi-variate thin plate
spline as a function of longitude, latitude and constant linear dependences on elevation were used
in simulating surfaces of 8-day climate variables (Yu et al., 2010; Yu et al., 2013a).
Data on planted forests in 2000s were provided by the State Forestry Administration of
China (SFAC). Spatial coverage of planted forests in 1980s were extracted based on the planted
forest and vegetation maps of 1980s and the most current Chinese planted forest map (see
Supporting Information Figure S4). The vegetation map digitized by Compiling Committee of
Vegetation Maps of 1:1,000,000 in China (CCVM, 2001) reflects the vegetation distribution of
the 1980s. Hence, the planted forests in 1980s were extracted through overlaying of the CCVM’s
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forest map and SAFC’s planted forest map. Natural forests were derived from the data of Li et
al. (2014)’s study and the CCVM’s forest map.

Figure 5-1 Distribution of planted forest and natural forest in different climate zones in 2000s
5.2.2

Data improvement
The MODIS data, including NDVI, LAI, FPAR, and albedo, were used for GPP and ET

simulations in 2000s. Due to the relatively low temporal and spatial resolution of AVHRR data,
the datasets were improved before using for ET simulations in 1980s. The inter-sensor
calibration was conducted by using MODIS and AVHRR data for the overlapping coverages
from 2000 to 2011. Pixel-by-pixel based linear regression models were built to improve the
AVHRR data of 1980s. As elaborated in Zhao et al. (2005), GPP product (MOD17 version 005)
was affected by three input sources: MODIS land cover product (MOD12Q1), meteorological
data, and FPAR/LAI data (MOD15A2). These inputs (parameters such as FPAR/LAI data) were
also used in MOD16 production, which would affect the accuracy if no preprocessing methods
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were applied. Therefore in our study, a couple of measures were taken to improve the input data
for ET and GPP modeling. First, climate data obtained from meteorological stations were used to
replace Data Assimilation Office (DAO) data sets, which were used in MOD17 and MOD16
production. DAO assimilated meteorological dataset was inaccurate under certain circumstances
because they were not observed data and contain systematic errors (Zhao et al., 2005). The
shortwave radiation data were downloaded from CISL Research Data Archive
(http://rda.ucar.edu/) produced by the National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR) in the University Corporation for Atmospheric
Research, at resolution of 0.3125×0.3122 degree. The radiation data were then spatially
interpolated into 5×5 km2 and improved using fourth power cosine function, which was
recommended and applied to MOD16 production by Zhao et al (2005).
Secondly, the FPAR/LAI (MOD15A2) products were improved by adopting the gap-fill
algorithms introduced by Zhao et al (2005) to reduce the relict contamination effects from cloud
cover (Myneni et al., 2002). The quality assessment fields of the MOD15A2 product has two
quality control fields denoting cloud state, snow/ice presence, and the algorithm employed. This
enabled us to retain the reliable FPAR/LAI values (retrieved by the main algorithm such as
Radiation Transfer process) and re-gapfill the unreliable pixels derived from back-up algorithm
(i.e., the empirical relationship between FPAR/LAI and NDVI) (Zhao et al., 2005). A simple
linear interpolation was used to fill unreliable or missing data and reconstructed reliable
FPAR/LAI time series data. Then, the FPAR, LAI, and NDVI data were smoothed using Double
Logistic algorithm in Timesat software (v3.1, Eklundh & Jonsson, Lund, Sweden), which has
been widely used for vegetation index smoothing (Yu et al., 2013b).
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Finally, up-to-date forest maps were used to improve the simulation accuracy.
Misclassified land cover will lead to misuse of parameters from MOD17 Biome Parameter LookUp Table (BPLUT), resulting in unreliable conclusions (Zhao et al., 2005). A previous study
reported an accuracy of 70-80% in MOD12Q1 land cover product (Strahler et al., 2002), which
could mask signals from spatially fragmented planted forests. Four datasets were used to
improve delineation of man-made forests: 1) planted forest map from the State Forestry
Administration of China (SFAForest); 2) forest map from Li et al. (2014) (LiForest); 3) MODIS
land cover map in 2002; and 4) CCVM’s 1:1,000,000 vegetation map of 1980s in China. In this
study, SFAForest map was the base map with the highest priority, since it is the most
authoritative distribution of planted forests in China. The natural forests of 2000s were extracted
from the digitized LiForest with the PF areas removed. The LiForest were derived from Landsat
(30m) and MODIS (250m) data and were validated according to TM images and Google Earth
(Li et al., 2014). Other land cover types in 2000s were classified based on 2002 MOD12C1 data,
except for the PF and NF areas defined in the prior steps (see Supporting Information Figure S3).
The planted forests of 1980s were extracted through overlay processing of the CCVM’s forest
map and SFAForest map (see Supporting Information Figure S4). These procedures help reduce
noises from different forest types and ensure parameters used in modeling and analyses for each
pixel consistent for the same land cover type.
Additionally, the ultimate results of modelled ET and GPP were validated with
observational data collected from six flux sites in China (see Supporting Information Table S1).
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5.3 Results
5.3.1

Gross Primary Production and evapotranspiration modeling
The reconstructed gross primary production (GPP) and evapotranspiration (ET) data are

much improved when comparing with the unadjusted MODIS products as validated by the GPP
and ET data obtained from six flux sites(Figure 5-2a, b). The R2 increased from 0.32 (p<0.01) to
0.45 (P<0.001) for ET and from 0.0.50 (p<0.05) to 0.84 (p<0.01) for GPP following
improvements.
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Figure 5-2 GPP and ET validation using flux data collect from ChinaFlux (solid black circle:
MODIS data; open circle: model simulations). Each dot represents average of a specific
growing season in a site.
5.3.2

Water consumptions derived from different land cover maps
We examined the planted forest misclassification in MODIS land cover map. In total,

only 45.4% of the verified PF pixels were correctly classified as forest. This forest type was most
often misclassified, in order of frequency, as cropland, savanna, or grassland and shrubland
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(Figure 5-3). The rest of 5.91% PF pixels were classified as other types, such as wetland, urban,
and barren land.
8.53%
13.26%
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GRSH
SV
CROP
OTHER

45.42%

26.89%
5.91%

Figure 5-3 Misclassification of planted forests to other land cover types based on 2001
MODIS land cover map (FOR: forests; GRSH: grasslands and shrublands; SV: savanna;
CROP: croplands; OTHER: non-vegetation and mosaic of cropland and natural vegetation.)

800

(a)

(b)

2.0

600


WUE

ET (mm)

Planted forest
Natural forest

2.5

400







1.5

1.0

200
0.5

0

0.0

TP
800

TP

SSTP MSTP NSTP WTEM TEM
Region
5

(c)



600

(d)





Planted forest
Natural forest

4



3



WUE

ET (mm)

SSTP MSTP NSTP WTEM TEM
Region

400







2

200
1

0

0

TP

TP

SSTP MSTP NSTP WTEM TEM
Region

126

SSTP MSTP NSTP WTEM TEM
Region

Figure 5-4 ET and WUE differences between PF and NF in different regions derived from
MODIS (a&b) and modeled (c&d) results (*denotes a significant difference at p<0.05; TP:
tropical region; SSTP: south subtropical region; MSTP: mid-subtropical region; NSTP: north
tropical region; WTEM: warm temperate region; TEM: temperate region.)
We randomly sampled 1000 grid cell circles with radius of 25 km, which have at least
20% of both planted and natural forest cover. In general, there was no significant difference for
the MODIS ET between PF and NF in all climatatic regions (Figure 5-4a). In comparison, the
model simulated ET using the updated land cover map resulted in significantly lower ET for the
PFs in the TP region (p<0.05; Figure 5-4c), and a higher ET for PF in the MSTP and NSTP
regions (p<0.05, Figure 5-4c). For water use efficiency (WUE, defined as GPP/ET) derived from
MODIS products, PF showed slightly higher values than NF in all regions except for TP and
WTEM regions (p<0.05, Figure 5-4b). By contrast, simulation-based WUEs were lower in PF
than in NF for the TP, SSTP, MSTP, NSTP, and WTEM regions (p<0.05, Figure 5-4d), but not
for the TEM region (p=0.80, Figure 5-4d).
5.3.3

Water yield under dryness stress
We partitioned the entire study area into small watersheds, and summarized the climatic

index in each of the watersheds with PF and NF coverage above 20%, which resulted in a total of
45 watersheds in the entire study area (Figure 5-5). In each of the watershed, the Evaporative
Index (ratio of ET and precipitation) and Dryness Index (ratio of PET and precipitation) were
calculated in both PF and NF areas. Generally, EIs were higher in PF than in NF, indicating a
lower water yield in PF.
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Figure 5-5 Watershed scale shift of the relationship between Evaporative index and Dryness
index in NF and PF area (the arrow line was pointed from NF to the corresponding PF in
each watershed; each point represents the average of the 2000-2011 period).
A higher EI was also detected in PF using annually averaged values of the entire study
area (Figure 5-6a). The gaps of EI between PF and NF also increase with dryness (Figure 5-6a).
GPP showed logarithmic relationship with EI in both NF (R2=0.64, Figure 5-6b) and PF regions
(R2=0.64, Figure 5-6b). Each year, PF had lower growing season GPPs accompanied with higher
EI (Figure 5-6b).
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Figure 5-6 Inter-annual relationships between (a) Dryness Index and Evaporative Index, and
(b) GPP and Evaporative Index from 2000 to 2013 (each point denotes the annual average
value)
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Figure 5-7 A Budyko diagram applied to sampled circles in forest areas of China. Differences
of water yield trends under heat and dryness gradients between NF and PF (Dryness index < 1
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indicate energy limited points; dryness index >1 indicates water limited points; the inserted
box graphs indicate the tests between NF and PF in energy (a) and water (b) limited regions,
respectively.) (after Budyko (1974) and Creed et al. (2014))
In energy limited areas (Dryness index, DI < 1), no significant difference existed in water
yield (p=0.10, difference = -0.01) between PF and NF (Figure 5-7a). When water becomes the
limiting factor (DI >1), the water yield in PF area keeps decreasing with DI, while the decreasing
rate of water yield was lower in NF area than in PF area. The water yield was significantly lower
in PF area than in NF area when DI exceeded 1 (Figure 5-7b, p<0.0001, difference = 0.047).
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Figure 5-8 Relationships between Evaporative Index and Dryness Index in different regions
of China (a: SSTP region; b: MSTP region; c: NSTP region).
The sampled points were further partitioned according to climate regions to compare the
sensitivity of water yield in different regions to plantations. Evaporative index was relatively
close for NF and PF in the SSTP region (p>0.10, difference = -0.0097); differences were larger
and significant in both MSTP and NSTP regions (p<0.0001, difference = 0.041 and 0.062,
respectively), indicating that the water yields in MSTP and NSTP regions were more sensitive to
afforestation than in SSTP region (Figure 5-8).
To examine the change of water yield in PF and NF under climate change, we
reconstructed ET and PET using the meteorological data and improved AVHRR datasets (NDVI,
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albedo, FPAR, and LAI). We randomly sampled 200 grid cell circles with radius of 100 km,
which have PF and NF coverage of above 10%. A distinct shift of the averages and ranges of
water yield (EI) and DI in both NF and PF was observed from 1980s to 2000s (p<0.001; Figure
5-9). In 1980s, there was no significant difference found between DI and EI in PF and NF. In
contrast, in 2000s, a significantly lower water yield (higher EI) existed in PF than in NF (p<
0.001; Figure 5-9).
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Figure 5-9 Changes of water yield-dryness patterns from 1980s to 2000s in PF and NF areas
(the horizontal and vertical bar indicates standard deviation).
5.3.4

Carbon and water change after afforestation
Comparing predicted EI changes (post vs pre-afforestation) varied by region with TP

(90.02%) > TEM (72.11%) > MSTP (60.01%) > NSTP (58.99%) >SSTP (52.46%) > WTEM
(25.41%). The average EI in WTEM (0.8, Figure 5-10a) was the highest and in TP (0.45, Figure
5-10a) was the second lowest among all regions, respectively. In SSTP region, however, the
lowest EI (0.15, Figure 5-10a) was found with a relatively low increase of EI (30%, Figure 5-
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10a) after afforestation. The absolute change of EI also showed a gradient pattern with TEM
(0.233) > NSTP (0.222) > TP (0.214) > MSTP (0.191) >WTEM (0.160) > SSTP (0.130).
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Figure 5-10 Evaporative index change after afforestation in different regions. (The EI
differences were calculated by post-afforestation value – prior-afforestation value; the change
percent were calculated by the ratio of the difference to prior-afforestation value)
Afforestation from grasslands, shrublands, woodland savanna, and croplands have
enhanced GPP while reduced water yields varied by region (Figure 5-11). On average, postafforestation GPP increased by 521.53 g C m-2 per growing season in the study area, about
85.86% of the pre-afforestation GPP in the regions (Figure 5-11a, b). Additionally, afforestation
increased ET by 56.30% (191.99 mm) and reduced water yield 29.58 % throughout the study
area (Figure 5-11b, 12b). Though decreases of water yield in WTEM and TEM regions were
relatively low (65.02 mm), the reductions accounted for 42.72% of water yield before
afforestation (Figure 5-11b).
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in different climate regions.
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Figure 5-12 Water yield and carbon production - relationships between Evaporative Index and
growing season GPP in different regions (each point denotes 14-year average of a sampled
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point in a specific region; higher EI indicates lower water yield; a for TP; b for SSTP; c for
MSTP; d for NSTP; e for WTEM; and f for TEM).
Generally, average water use efficiency increased with Evaporative Index, namely,
higher WUE accompanied with a lower water yield (see Supporting Information Table S2). GPP
peaked at EI of about 0.6-0.7 in the MSTP and NSTP regions (Figure 5-12). In TP and SSTP
regions, GPPs peaked at higher EI (>0.60), and indicated high potential of trading water for
carbon (Figure 5-12a, b). In comparison, GPP presented a curvilinear trend from increasing to
decreasing at an EI threshold value of about 0.65 in MSTP and NSTP regions (Figure 5-12c, d).
In contrast, GPP increased slowly in high EI context in WTEM and TEM regions (Figure 5-12d,
e).
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5.4 Discussion
5.4.1

Gross Primary Production and evapotranspiration modeling

The MODIS products, including MOD17 Gross Primary Production (GPP) and MOD16
evapotranspiration (ET), are reported to be contaminated by various sources of errors and thus
rigorous preprocessing procedures are required before their use (Zhao et al., 2005). Target
signals could be masked by noises and errors if raw MODIS datasets were directly used for
analyses, especially for highly fragmented planted forests like in China. Although we used the
same models applied in for MOD16 and MOD17 products we incorporated the improved inputs
such as updated forest maps, inter-sensor calibrated remote sensing data, and high resolution
climate data to reconstruct GPP and ET. When compared to data obtained from the six flux sites,
model simulated GPP and ET were greatly improved over the corresponding raw MODIS
products.
MODIS ET and GPP products (MOD16 and 17) were produced based on the biome type
information derived from MODIS land cover product (MOD12Q1), which is accurate at about
70-80% as reported by Zhao et al. (2005). Our analyses, however, showed a much lower
accuracy of MOD12Q1, in which 54.6% of the PF pixels were misclassified as non-forest land
cover types in China. The pixels were misclassified to woodland savanna, grasslands, and
croplands, accounting for 48.67% of the total PF pixels. This resulted in a misuse of Biome
Parameter Look-Up Table (BPLUT) for ET and GPP calculations in MODIS products, which not
only led to a much lower GPP, but also diluted the essential difference between PF and NF if
MOD12Q1 land cover map was used. For example, the flux sites of Qianyanzhou (QYZ, needleleaf forest) and Xishuangbanna (XSBN, evergreen broadleaf forest) were misclassified as
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woodland savanna in MOD12Q1. This misclassification resulted in lower growing season GPP
in both QYZ (-156 g C m-2 yr-1) and XSBN (-583 g C m-2 yr-1) compared to GPP obtained from
flux site observations. By comparison, our reconstructed model-based GPP estimates were
greatly improved (-9 and -259 g C m-2 yr-1 lower for QYZ and XSBN sites, respectively).
The comparison of ET and WUE derived from raw MODIS data and model simulated
results also revealed that a significant amount of data and differences between NF and PF were
masked by errors in MODIS products. For example, model-based results indicated that the ET of
PF was significantly higher than that of NF in mid-subtropical region (MSTP) and north
subtropical region (NSTP); while there was no significant difference in MODIS-based ET
between NF and PF in all climate regions (Figure 5-4a). Furthermore, the MODIS-based eWUE
in PF was significantly higher than in NF area (except for tropical TP and warm temperate
WTEM regions). In contrast, our model-based results showed that eWUE was significantly lower
in PF than in NF area in most of the regions (p<0.05, Figure 5-4d). Consequently, land cover
misclassification would be an essential issue in dealing with ecological studies of planted forests
in China when using MODIS or other satellite data. Our results revealed that noises and errors of
the original MODIS GPP and ET products could overwhelm the important signals of differences
between NF and PF. The use of MODIS products should be cautious and dependent on research
goals and scales.
5.4.2

Differences between natural and planted forest
In the lowest latitude region of the study area (TP region), the ET was significantly

higher in NF than in PF area, while in the mid-latitude of MSTP and NSTP regions, a
significantly higher ET of 44.19 mm/yr was found in PF than in NF area, which was 10.35% of
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the water yield in the PF (Figure 5-4a). Our results are different from a previous study by Peng et
al. (2014), in which they reported an nonsignificant difference of ET between NF and PF. This
disagreement could be due to that (1) higher ET in mid-latitude area of PF was partially offset by
lower PF ET in lower latitude region at the scale of entire study area; and (2) the ET of PF based
on MODIS data was affected by misclassification of land-cover.
Generally, PF showed lower carbon sequestration rates compared to natural forests
during the period of 2000s. On average, PF had 6.5% lower water use efficiency compared to NF
during the same period (Figure 5-4b), indicating that planted forests consume more water
without fixing more carbon than natural forests during the past three decades. These differences
were small in the south subtropical region (SSTP; -0.09, 4.21%) relative to the other regions
except for temperate region (TEM). This implies that water-carbon trading performance of
planted forests was similar to natural forests at least in the southern forests of China.
Based on the theoretical framework of Budyko curve (Budyko, 1971), Creed et al. (2014)
innovatively introduced elasticity (ratio of Dryness to Evaporative index) to examine water yield
resilience to climate warming. A higher Dryness Index (DI) implies a greater proportion of
rainfall that is partitioned to evapotranspiration but only a small portion for water yield (Creed et
al., 2014). In this study, the Budyko diagram based on randomly sampled circles showed PF with
a larger impact on water yield when DI exceeded 1.0 (Figure 5-7), indicating afforestation in
water limited regions would have a higher impact on water yield than in energy limited regions.
These results also imply that arid and semi-arid regions are more sensitive and vulnerable to
forest planting programs, which is also supported by the observation that empirically low water
yield reduction, yet high percentage change in the arid northern regions (Figure 5-11).
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The Budyko curve also showed the discrepancy in water yield between PF and NF at a
national scale in China. A shift of inter-annual EI-DI diagram from NF to PF indicates more
intensive water consumption but a lower carbon sequestration ability (GPP) occurred in PF area
(Figure 5-5, 6). Although the data needed to fully identify the discrepancy are limited, these
results still support that natural forests are more efficient than man-made forests in trading water
for carbon during the study period, thus signifying the importance of near-nature forest
management strategies. Appropriate forest management measures are probably more effective
than simply enlarging forest coverage in terms of carbon sequestration enhancement, since
planted forests could attain or even exceed the efficiency of natural forests in trading water for
carbon due primarily planted forests were on average much younger.
5.4.3

Afforestation on non-forest lands
Extensive forest plantation projects have been widely implemented since 1980s

throughout China as an essential approach to improving ecological environments and ecosystem
services, including increasing the terrestrial carbon sink to mitigate global climate change.
However, few studies have focused on comparing of carbon sequestration and water
consumption between planted and natural forests, as well as identifying the differences of
responses of water and carbon to large scale forest development programs in different climate
regions. Our results showed that, from the changes of absolute value perspective, afforestation
affected both GPP and water yield to a greater extent in the southern regions (Figure 5-11a).
However, based on percent change, afforestation had greater impacts on reducing water yields
with increasing latitude (Figure 5-11b).

138

The siting of planted forests in all of the climate regions showed a gradient of suitability
as a function of impact on water yield: SSTP>TP>MSTP>NSTP>TEM>WTEM (Figure 5-11).
Taking into account of the carbon sequestration potential index, this suitability gradient showed a
sequence of TP>SSTP>MSTP=NSTP>WTEM=TEM (Figure 5-12). Therefore, both TP and
SSTP regions have the highest priority for forest establishment due to their large potentials of
water trading for carbon. Planting trees in MSTP and NSTP regions should be considered in
areas that maintain an EI lower than 0.65, since GPP would decrease above this EI threshold
(Figure 5-12c, d). WTEM and TEM regions show very limited potential for enhancing carbon
sequestration without substantially reducing water yield (Figure 5-12e, f).
Afforestation from grasslands, savanna, cropland, and shrublands has increased GPP and
yet decreased water yield in China with the magnitude varying by region (Figure 5-11).However,
in areas suffering from severe soil erosion, afforestation and reforestation could ultimately
enhance the retention and infiltration of precipitation and reduce runoff. Although, in areas with
chronic water shortages, the retained moisture is often drained more rapidly than it can be
replenished (Cao, 2008). Limited water resources and inappropriate practices may convert the
afforested areas into deteriorated ecosystems or result in reversion back to the native land cover
(Jackson et al., 2002; Cao et al., 2008). For example, the lowest reduction of water yield was
found in WTEM region (65.02 mm/yr), but this accounted for 42.72% of water yield losses in
the region, which was the largest percentage change among all regions (Figure 5-11b). Similarly,
previous studies reported reduced water yields following afforestation of 50 mm/yr (50%) in the
semi-arid areas to about 300 mm/yr (30%) in the tropical regions (Wang et al., 2003; Cao et al.,
2010; Sun et al., 2006).
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Nevertheless, failures of forestation activities because managers failed to recognize water
stress issues were not uncommon during the past few decades. The overall survival rate of
afforestation projects in China from1952 to 2005 was only 24% (Wang et al., 2007). The ThreeNorth Shelter Forest Project, which was mainly implemented in TEM region, was reported to
have a tree survival rate of only 15% (Li, 2001; Cao, 2008). Consequently, the Chinese
governmental initiative to plant more trees in arid and semi-arid regions could be problematic
unless new management techniques are adopted. Therefore, the six key forest protection projects,
which were represented on 97% of China’s counties (Liu et al., 2008) and cost 725 billion yuan
(about $110 billion) from 2000-2009 (Cao et al., 2011; Wang et al., 2007), have huge hidden
loss both economically and ecologically.
5.4.4

Implications for future afforestation activities
To mitigate climate change, China has targeted additional afforestation activities on about

40 million hectares of non-forested land by 2020 (SFA, 2009). However, to maximize the
ecological and environmental benefits of forest plantations, the challenge will be how to
scientifically and practically identify the most suitable species and locations for these plantations
(Jackson et al., 2008; Peng et al., 2014). Therefore, the impacts of artificially established forests
on water and carbon changes should be carefully examined to assess land suitability for
afforestation in terms of future benefits.
Here, we found a distinct shift of the averages and ranges of water yield and dryness in
both NF and PF areas from 1980s to 2000s (Figure 5-9). In 1980s, when the large scale
plantation programs were initiated (Huang et al., 2012), PFs tended to be planted on low water
stress sites. After 20 years, though rainfall has not shown significant changes in either NF or PF
areas, the dryness was increased significantly for both areas (Figure 5-9). The Evaporative Index
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increased from about 0.51 to 0.58 in PF, and from 0.51 to 0.55 for NF, for a 5.88% reduction of
water yield. This implies that man-made forests were more sensitive and vulnerable to climate
change, namely a higher hydrological response to climate change. Therefore, vegetation
establishment projects should be tailored to water availability and other ecological conditions
(Normile, 2007). Consequently, to achieve a high carbon sequestration potential while
maintaining a relatively low impact on regional water balance, plantings should consist of
appropriate tree species, and, at least initially, be established on the most suitable land for
afforestation in the TP, SSTP and MSTP regions. Planting in the NSTP, WTEM, and TEM
regions, should be cautiously evaluated for afforestation, since the average reduction in water
yield is about 35.54% in these regions.
Based on afforestation cost documented in 2005 (Supporting Information Table S2), more
than 529 billion Chinese yuan (about $81 billion) would be spent to achieve the commitment
made by former Chinese President Hu Jintao in the 2009 U.N. Summit - to establish trees on 40
million ha in China by 2020. However, as stated by the Chinese Authority, approximately 54%
of the available lands for afforestation are poor-quality and located in arid and semi-arid regions
in China (SAF, 2014). The total investment on forestry programs will greatly exceed the
budgetary estimate due to logistical issues, unfavorable geological conditions, and fragmented
lands. Additionally, climate change does have extensive impacts on terrestrial ecosystems (Yu et
al., 2013b; Yu et al., 2014). Areas now marginally suitable for afforestation may soon be
converted into unsuitable lands (Cao et al., 2011). Inappropriate forest plantation programs may
not only lead to inefficient and high-cost forest practices but also present a potential risk and
threat to the regional ecological environment.
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6. Summary
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To slow down the increase of atmospheric CO2 concentration, effective evaluation and
proper management of the terrestrial ecosystems is critical. Quantify the impacts of climate
change on carbon (C) variation of terrestrial ecosystems are critical for reducing uncertainties on
setting future climate mitigation actions. Additionally, terrestrial ecosystem vulnerabilities to the
shift of water and heat pattern needs to be carefully assessed due to its implications of changes in
the plant community compositions as well as the ecosystem functions. This study examined
carbon and water changes in regional and global terrestrial ecosystems under human disturbances
and climate change stresses. According to the results obtain from this study, the following
conclusions can be drawn:
(1) Spring air temperature strongly regulated the SGS of both deciduous broad-leaf and
coniferous forests; whilst the winter snow had a greater impact on the SGS of grassland and
shrubs. Snow depth variation combined with air temperature contributed to the variability in the
SGS of grassland and shrubs, as snow acted as an insulator and modulated the underground
thermal conditions. Additionally, differences were seen between the impacts of winter snow
depth and spring snow depth on the SGS; as snow depths increased, the effect associated went
from delaying SGS to advancing SGS. The observed thresholds for these effects were snow
depths of 6.8 cm (winter) and 4.0 cm (spring). Our findings suggest that temperate vegetation
phenology is dependent on both seasonal air temperature and soil thermal conditions regulated
by both snowfall and snow depth.
(2) Aboveground warming could result in attenuated snow cover, which would
consequently increase the freezing potential of soil, and offset the enhanced aboveground C
emission from temporarily suppressed underground respiration. Our study focused on CO2
emission due to the limited data availability. However, the different feedbacks of greenhouse
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gases (e.g. CO2, N2O, and CH4) aggravate the uncertainty in quantifying the effects of snow on
global climate change, which needs to be further studied through eddy-covariance flux
measurements and manipulation experiments. Further investigation is certainly needed in order
to comprehensively understand and assess the impact of snow dynamics on global C cycling and
balancing.
(3) Rainfall and soil moisture during drought period were dramatically lower than these
in non-drought period, while air temperatures were higher than normal during drought period
with amplitudes varied by land cover types. The length of recovery days (LRD) presented an
evident gradient of high in mid- latitude region and low in low (tropical area) and high (boreal
area) latitude regions. As average GPP increased, the LRD showed a significantly decreasing
trend among different land covers. Moreover, the drought-induced GPP reduction was found in
the mid-latitude region, but a slightly enhanced GPP was found in the tropical region under
drought impact. The water use efficiency, however, showed a pattern of decreasing in the north
Hemisphere and increasing in the south Hemisphere. The findings underline the importance of
direct concurrent impacts and direct lagged impacts of droughts. More works are required to
fully quantify the direct and indirect impacts of drought extremes to terrestrial ecosystems.
(4) On average, planted forests consumed 5.79% (29.13mm) more water but sequestered
1.05% (-12.02 gC m-2 yr-1) less carbon than naturally generated forests, while the amplitudes of
discrepancies varied with latitude. It is suggested that the most suitable lands in China for
afforestation should be located in the moist south subtropical region (SSTP), followed by the
mid-subtropical region (MSTP), to attain a high carbon sequestration potential while maintain a
relatively low impact on regional water balance. The high hydrological impact zone, including
the north subtropical region (NSTP), warm temperate region (WTEM), and temperate region

149

(TEM) should be cautiously evaluated for future afforestation due to water yield reductions
associated with plantations.
These conclusions are beneficial to improve understanding about regional and global C
budget, reduce the uncertainties of C emission patterns at different spatial scales, which may
potentially benefit international negotiators with rigorous emission limits for greenhouse gases.
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Appendix A. Supplemental Information for Chapter 3
Appendix S1 Supplementary information describing full details of validations of the two snow
datasets used in this study.
Appendix S2 Supplementary information providing validation of the model simulation
performed.
Appendix S3 Supplementary analyses of correlation between interannual winter soil
temperature, snow cover depth, and air temperature in the study area.
Appendix S4 Supplementary analyses of correlation between interannual snow cover depth,
winter air temperature, and model simulated net ecosystem exchange

Appendix S1 Supplementary information describing full details of validations of the two snow
datasets used in this study.
Snow data validation
Two snow data products were used in this study. Both snow data sets are global in
coverage, but with different spatial scales and temporal ranges. The first set of snow data is the
Canadian Meteorological Centre’s (CMC) snow depth analysis data, which has relatively high
resolution (24 km resolution), covers from August 1998 to December 2012, and was used to
explore the relationships between snow and C fluxes at site level. This product was validated at
the flux site locations where snow was measured (56 observations from 12 sites; R2=0.47,
p<0.0001). We analyzed the long-term snow depth re-analysis from National Centers for
Environmental Prediction / Climate Forecast System Reanalysis (CFSR). Snow depth from
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CFSR analysis was further validated using measured snow depth data available in all of the flux
sites (R2=0.30, p<0.0001). Both snow datasets were validated to be good quality for analysis.

CFSR/CMC snow depth (mm)
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Observation vs CMC
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SlopeCMC = 0.55;R =0.53; P<0.0001

200

0
0

200

400

600

800

Observed snow depth (mm)

Figure S1 snow depth comparison between site observed value and two data products from CMC and
CFSR respectively. (Open circles denotes CMC snow depth vs observation snow depth, close circle
denotes CFSR snow depth vs observation snow depth data).
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Appendix S2 Supplementary information providing validation of the model simulation
performed.
Biome-BGC modeling validation
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Biome-BGC modeled winter ecosystem respiration (g C m winter )

Biome-BGC simulation was validated using observational data obtained from flux towers.
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Figure S2 Biome-BGC modeled ecosystem respiration vs observed winter ecosystem respiration.
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Appendix S3 Supplementary analyses of correlation between interannual winter soil
temperature, snow cover depth, and air temperature in the study area.
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Figure S3. Correlation between interannual winter soil temperature, snow cover depth, and air
temperature in the non-permafrost region of Northern forest area from 1982 to 2009. The snow
data was the CFSR snow data.
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Appendix S4. Correlation between interannual snow cover depth, winter air temperature, and
model simulated net ecosystem exchange in the non-permafrost region of Northern forest area
from 1982 to 2009. The snow data was the CFSR snow data.
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Appendix B. Supplemental Information for Chapter 4
Soil moisture gap-filling
Global coverage daily soil moisture (SM) dataset was downloaded from ESA Global Monitoring
of Essential Climate Variables (ECV) with spatial resolution at 0.25 degree from 1978 to 2013
(http://www.esa-soilmoisture-cci.org/). The SM data were retrieved from active and passive
microwave sensors, including C-band scatterometers (ERS-1/2 scatterometer, METOP Advanced
Scatterometer) and multi-frequency radiometers (SMMR, SSM/I, TMI, AMSR-E, Windsat).
Soil moisture data is global coverage excluding areas with dense vegetation (tropical,
boreal forests), strong topography (mountains), ice cover (Greenland, Antarctica, Himalayas), a
large fractional coverage of water, or extreme desert areas. The area with dense vegetation
coverage is blanked because the soil moisture signal emitted from the surface is largely absorbed
by the vegetation canopy, making the reflection no longer contain a detectable soil moisture
signal for the sensor used (Dorigo et al., 2010). The original soil moisture (SM) data has a lot of
gaps because of sensors fails or sensitive to vegetation due to changes in observation
wavelength. Here, algorithms were developed to gap-fill the missing data. First, we summarized
the daily SM data from 1978 to 2013 (12845 layers) into monthly average SM of each year (432
layers). Second, the 432 monthly layers were further aggregated to a 12 monthly layers, which
can be treated as a climatological status of monthly SM. Thirdly, the climatological SM layers
were used as a “baseline” condition and a variate for interpolation using Anusplin. For each of
the month from 1978 to 2013, a sample of 1000 pixels were randomly picked globally. The
global SM was then interpolated to monthly images using a tri-variate partial thin plate spline
incorporating a bi-variate thin plate spline as a function of longitude, latitude, and constant linear
dependences on climatological SM (Yu et al., 2010; Yu et al., 2013). Finally, the missing-data
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area in the monthly SM data summarized from original daily product will be replaced with
interpolated data. Fig1.b showed the gap-filled result before and after interpolation. The areas
with dense vegetation, mainly the tropical forests around the equator, were blanked. The ice
cover regions, including Greenland, Antarctica, and Himalayas, were also excluded due to unmeaningful soil moisture in these regions.
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Figure S1 An example of volumetric soil moisture data before and after gap-filling process. The
ice cover and dense vegetation area were blanked. (a: June 1988 before gap filling; b: June 1988
after gap filling)
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Appendix C. Supplemental Information for Chapter 5
We collected and compared the modelled ET outputs with observed ET from six flux sites in
China (Tab. S1).
Table S1 flux sites used in ET validation
Site

Longitude

Latitude

Forest type

CBS

127.09°E

42.40°N

Mixed Forest

QYZ

115.07°E

26.74°N

Needle Leaf Forest

XSBN

101.02°E

21.95°N

Evergreen Broadleaf Forest

HLBE

119.94°E

49.33°N

grassland

HB

101.33°E

37.66°N

grassland

YC

116.34°E

36.50°N

crop

Table S2. Afforestation cost of six key forestry programs in different regions during period of
2001 to 2005（yuan/ha）
Region

Year
2001

2002

2003

2004

2005

Northeast of China

2056

7642

6340

9643

14259

Northern China

2641

3199

3605

6657

11841

Eastern China

4605

2422

4269

22196

17019

Central China

2254

3197

3464

5016

9006

Southern China

6130

2999

3009

4990

9572

Northwest of China

2603

2840

2872

7514

8406

Southeast of China

1286

4793

4911

10723

15193
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Figure
S1 ET and transpiration change after afforestation from grasslands, shrublands and croplands at
different climate regions
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Figure S2 Relationships between water use efficiency and Evaporative Index in different regions
(each point denotes average of all sampled points in a specific climate region in a year)
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Figure S3 Method and data to identify planted forest, natural forest and other land cover types in
2000s (MODIS: MOD12Q1 land cover map in 2002; LiForest: forest map by Li et al. (2014);
SAForest: planted forest map released by the State Forestry Administration of China)

Figure S4 Method and data to identify planted and natural forest in 1980s (CCVM: The forest
map digitized from Compiling Committee of Vegetation Maps of 1:1,000,000 in China;
LiForest: forest map by Li et al. (2014); SAForest: planted forest map released by the State
Forestry Administration of China)
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