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Abstract: Permafrost degradation triggered by a warming climate induces significant changes
in soil conditions, and further contributes to apparent impacts on vegetation. However, much
less is known regarding the difference in net primary productivity (NPP) and the relationships
between NPP and warming temperature among different vegetation types and various types
of permafrost zone on the Tibetan Plateau. Consequently, remotely sensed land surface
temperature (LST) and NPP from the MODIS platform were used to investigate the response
of vegetation NPP to warming climate, and the correlations were scaled up for the study re-
gion. Our results indicated a notable increase of NPP from west to east, and significantly
increased annual NPP along with the increased LST from 2000 to 2010 in the permafrost
zone of the Tibetan Plateau. Meanwhile, the increased NPP for various vegetation types and
in different types of permafrost zone with relation to warming temperature was revealed. NPP
in the continuous permafrost zone had the greatest sensitivity to the changing LST, and forest
NPP presented the most obvious response. Positive correlations between NPP and LST at
various scales indicated the enhanced effects of warming LST on vegetation carbon seques-
tration in the permafrost zone of the Tibetan Plateau. In view of the notable response of NPP
to warming temperature on this plateau, remote sensing needs to be further employed to
reveal the status of permafrost degradation and its related effects on vegetation.
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1 Introduction

In the middle-high latitude of the Northern Hemisphere, degradation of permafrost triggered
by climate warming has significantly impacted terrestrial ecosystems (Groisman and Soja,
2007; Yang et al., 2010; Bockheim et al., 2013). Changes in environmental conditions asso-
ciated with permafrost thawing, such as variations in soil thermal properties, hydrological
regime, nutrient availability (O’Donnell et al., 2011; Necsoiu et al., 2013), and notable
global climate change feedbacks (Zimov ef al., 2006), have been directly linked to changes
in vegetation characteristics (Camill et al., 2001).

The impact of permafrost degradation on vegetation is a topic of ongoing research.
Warming temperature in the permafrost zone induced significant effects on different vegeta-
tion types (Lioyd et al., 2003; Yi et al., 2011). For example, Jorgenson et al. (2001) deter-
mined that widespread and rapid permafrost degradation caused large shifts in ecosystems,
changing birch forests to fens and bogs on the Tanana flats in central Alaska. Changes in the
hydrothermal status of the soil active layer directly altered soil water-heat transmission and
soil moisture storage conditions, therefore played a significant role in shrub expansion in
northern ecosystems (Tape et al., 2006; Blok et al., 2010; Loranty and Goetz, 2012). Mean-
while, Jin et al. (2009) concluded that permafrost degradation accelerated the degeneration,
desertification and salinization of grasslands by reducing soil moisture in thawed permafrost
regions. Focusing on the Qinghai-Tibet Plateau, Wang et al. (2012) reported that vegetation
will degenerate to different degrees due to increasing permafrost depth as a result of climate
warming. In summary, all of these changes in environmental conditions induced by perma-
frost degradation exhibited remarkable and complicated effects on vegetation due to differ-
ent extents of permafrost thawing. It is therefore necessary to investigate vegetation dynam-
ics and their relationships to warming permafrost for various vegetation types and in differ-
ent permafrost zones.

Vegetation in permafrost zone, as a vital component of the terrestrial carbon circle, plays
an important role in carbon accumulation (Schaphoff ef al., 2013). Net primary productivity
(NPP), the net amount of carbon assimilated by vegetation in a given period, is an effective
proxy for characterizing vegetation dynamics and carbon sequestration capacity (Nayak et
al., 2010; Zhang et al., 2014). A large number of studies reported that changes in vegetation
cover, growth conditions and growing season induced by thawing permafrost resulted in
variations in vegetation NPP, further affecting global carbon dynamics (Euskirchen et al.,
2006). For example, permafrost thawing affected vegetation community characteristics, such
as plant species composition and productivity, accompanied by alterations to soil hydrologi-
cal pattern and nutrient availability (Schuur et al., 2007; Chen et al., 2013). Natali et al.
(2012) revealed that warming-induced permafrost thawing extended the growing season
through earlier bud break and delayed senescence, which potentially led to increased plant
productivity. However, we concluded that the previous studies were primarily conducted on
the plot scale due to difficulties in field sampling. Only a limited number of studies pro-
jected the relationship between permafrost degradation and vegetation NPP up to regional
scale or larger areas.

The Tibetan Plateau is the highest and largest plateau on the planet. This plateau has the
largest permafrost area in China and is an important area for permafrost distribution in the
Northern Hemisphere (Ran et al., 2012). Significant warming temperature and environ-
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mental changes on the Tibetan Plateau were observed (Wu and Zhang, 2008; Yao et al., 2006;
Sheng et al., 2009). Permafrost degradation is characterized by a reduction in extent from
continuous or discontinuous to sporadic or patch permafrost, permafrost thinning and an
expansion of taliks. Permafrost extent is shrinking, and active layer thickness is increasing
(Sheng et al., 2009). As a typical permafrost zone, although the plateau’s permafrost thawing
and related ecosystem impacts have been discussed in previous studies (Wang et al., 2006;
Yang et al., 2010), the influence of warming temperature in the permafrost zone on vegeta-
tion has mostly been investigated on the plots or small areas. For example, Chen ef al. (2012)
examined the response of vegetation characteristics to permafrost degradation in the up-
stream regions of the Shule River basin. Fang et al. (2011) revealed the impacts of perma-
frost change on NPP in the source regions of the Yangtze and Yellow Rivers. However, much
less was focused on the spatial heterogeneity of NPP and its association with warming cli-
mate among different vegetation types and various types of permafrost zone on this plateau.

Because most permafrost areas are in remote locations, such as the Tibetan Plateau, con-
tinuous and wide field monitoring has been limited, and this limitation has made it difficult
to assess the effects of permafrost degradation on vegetation comprehensively. Temperature
was frequently selected as the indicator for characterizing permafrost degradation (Anisimov
et al., 1997; Bockheim et al., 2013). The remote sensing approach allowed for the monitor-
ing of surface temperature and vegetation productivity with a persistent profile at a large
scale, which overcame the deficiency of having limited field observations (Epstein et al.,
2012; Yao and Zhang, 2013). Therefore, Land surface temperature (LST), the factor used for
characterizing permafrost condition (Westermann et al., 2011), was often selected to study
the impacts of permafrost degradation on vegetation.

Remotely sensed LST allowed the relationship between warming temperature and vegeta-
tion NPP to be scaled up for spatial and dynamic analyses. And as a typical permafrost re-
gion of the Northern Hemisphere, vegetation on the Tibetan Plateau is sensitive to a warm-
ing climate and other environmental changes. It seems imperative to study the correlation
between variability in NPP and warming temperature to understand the potential carbon se-
questration capability of vegetation in permafrost zones and to promote ecological protec-
tion. Consequently, in this study, we aimed to (1) investigate the patterns and dynamics of
vegetation NPP in the permafrost zone of the Tibetan Plateau; (2) examine the responses of
NPP for various vegetation types and in different types of permafrost zone to warming cli-
mate; (3) reveal the correlations between NPP and LST in permafrost zone for discussing the
association of vegetation NPP with permafrost degradation on the Tibetan Plateau.

2 Data sources and method
2.1 Study area

The permafrost zone of the Tibetan Plateau was selected as study area. The Tibetan Plateau
has experienced a unique climate due to the complex topography and the influence of the
Asian monsoon. Mean annual air temperature is below 0°C. Alpine grassland is the domi-
nant vegetation type, while forest, wetland and crop in the eastern part occupied less area of
the permafrost zone (Figure 1). Land cover data used in this study was reclassified from the



970 Journal of Geographical Sciences

Chinese land cover in 2005 (Liu et al., 2005) which was provided by Data Center for Re-
sources and Environmental Sciences, Chinese Academy of Sciences (RESDC,
http://www.resdc.cn). Internationally, permafrost was classified into different zones based on
its permafrost extent estimated in percent area, including continuous permafrost
(90%—-100%), discontinuous permafrost (50%-90%), sporadic permafrost (10%—-50%), and
isolated patches of permafrost (0%—10%). According to this classification system, continu-
ous permafrost zone on the plateau is only 300.01 km?, 1.83% of total permafrost area. The
distribution of the various types of permafrost zone was mapped in Figure 1. The digital data
for permafrost boundaries were obtained from the American National Snow and Ice Data
Center (NSIDC, http://nsidc.org/data/docs/fgdc/ggd318 map_circumarctic).
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Figure 1 Spatial distribution of vegetation types (a) and permafrost types (b)

2.2 MODIS products

Long-term records of satellite-derived LST are currently accessible through a number of
remote sensing platforms (Westermann et al., 2011). LST from the Moderate Resolution
Imaging Spectroradiometer (MODIS) platform was most widely used. In this study, the LST
product (MOD11A2) from 2000 to 2010 was extracted from the MODIS datasets of the
Land Processes Distributed Active Archive Center (LP DAAC, https://Ipdaac.usgs.gov/
products/modis_products_table/mod11a2). This dataset covering the study area is composed
of daily 1-km LST values that are stored on a 1-km sinusoidal grid as the average of
clear-sky LST values over an 8-day period. Accuracy of the product has been assessed over a
widely distributed set of locations and time periods via several ground-truth and validation
efforts. We calculated the mean value of LST for days and nights and then derived the mean
annual values.

The NPP product (MOD17A3) from 2000 to 2010, produced by the Numerical Terra dy-
namic Simulation Group (NTSG)/University of Montana, was downloaded from LP DAAC
and processed by MRT software to convert the format and the projection system. The accu-
racy of the NPP product at the spatial resolution of 1 km was assessed, and uncertainties in
the product were established via independent measurements made in a systematic and statis-



MAO Dehua et al.: Variations in net primary productivity and its relationships with warming climate in the permafrost zone 971
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Figure 2 Comparison between observed NPP and
MODIS NPP of grassland on the Tibetan Plateau

2.3 Correlation of vegetation NPP to LST

The correlation coefficient at the pixel scale was calculated using equation 1. The spatial
pattern of the diverse correlation coefficients represents the different influences of LST on
NPP; x; and y; represent the values of the two variables in the ith year, respectively.
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3 Results and discussion

3.1 Annual NPP changes with relation to LST at the scale of the whole Tibetan Pla-
teau

From 2000 to 2010, annual NPP increased significantly (p < 0.01) with increasing LST
(Figure 3), and the increase of annual LST accounts for 25% of the increase in NPP (R2 =
0.25), with a correlation coefficient of 0.50. The positive correlation between NPP and sur-
face temperature is consistent with that found by Mao ef al. (2012) in the permafrost zone of
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Figure 3 Response of annual NPP to the changing . . ..
LST during 2000-2010 that warming climate enhanced NPP signifi-
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cantly. However, previous studies have mostly discussed the negative role of permafrost
degradation in China (e.g., Wang et al., 2000). Our results revealed that warming tempera-
ture in the permafrost zone of the Tibetan Plateau played a positive role in vegetation growth
and carbon sequestration from 2000 to 2010.

3.2 Spatial pattern of NPP and its dynamic correlations to LST at the scale of pixel

The map of mean annual NPP from 2000 to
2010 (Figure 4) showed a clear increase in NPP
from the west to east that explained spatial gra-

80°E 90°E 100°E
/ | |

40°N

z
dient of NPP in the permafrost zone of the Ti- TR
betan Plateau. This result is consistent with
estimation using the Terrestrial Ecosystem
Model (TEM) (Zhuang et al., 2010), which &]
attributed the west to east increase of NPP to 7;

the parallel increase in air temperature and pre-

| NPP/eC-m2yr|

cipitation. The alpine climate limited the j A \
: . . / gh: |
growing environment of vegetation, further 2|/ - g e
. . Low: 0
leading to lower NPP with a mean value of 80.5 [, i e
80°E 90°E 100°E

2 —1 . .
gC-m “yr . As a result of differences in .
growth condition, mean annual NPP from 2000 Figure 4 Spatial pattern of mean annual NPP from

o .. 2000 to 2010

to 2010 exhibited great variation among all 1

km x 1 km pixels with the largest value of 1398.4 gC-m-yr ' anda standard deviation of
97.6 gC-m *-yr . Several regions in the discontinuous permafrost zone, such as the area in
the western part of the study region (Jin et al., 2009), where land degeneration is evident or
the active layer is thin, exhibited low NPP values or had no vegetation. Larger NPP values
were observed on the eastern side of the plateau where sporadic permafrost is the dominant
type and is likely correlated with relatively high temperatures and soil moisture for alpine
meadow and forest (Yang et al., 2008; Fan et al., 2010). Literature revealed that vegetation
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found for most of the pixels, 28.84% of the pixels showed negative correlations between
NPP and LST. In these cases, the degraded permafrost induced by warming temperature not
only accelerated the degeneration, desertification and salinization of the grassland, but also
enhanced moisture evapotranspiration and reduced soil moisture by removing the imperme-
able layer (Yang et al., 2004). Jin et al. (2009) hypothesized that the degradation of perma-
frost lowers groundwater table and dries the surface soil, which degrades the alpine grass-
land. The negative correlations of NPP to LST can be attributed to limited moisture avail-
ability for vegetation growth induced by permafrost degradation.

3.3 NPP change and its association with LST for various vegetation types
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Figure 6 Annual changes of NPP for different vege-

et al., 2001). Along with the warming tem- fation types from 2000 to 2010

perature, forest showed the largest increase in NPP from 2000 to 2010, while grassland
showed the smallest.

Correlations between NPP and LST during 2000-2010 were investigated to analyze the
impacts of warming temperature on different vegetation types. NPP of the four vegetation
types exhibited positive correlations with increasing LST, with a coefficient of 0.70 for for-
est, 0.50 for grassland, 0.38 for crop, and 0.33 for wetland. Based on the annual variations in
NPP and its dependence on LST, we can conclude that forest NPP presented the most obvi-
ous response to warming temperature in the permafrost zone. Warming temperature in per-
mafrost zone and induced rising CO, concentration contributed to the improvement in forest
NPP (Zhou et al., 2013). Widespread permafrost degradation caused by warming climate on
the Tibetan Plateau affected the soil moisture content and nutrient supply, thereby affecting
ecosystem structure and function. And moisture content of the surface layer decreased with
increasing thaw depth (Yang et al., 2013). Alpine vegetation showed notable and compli-
cated responses to warming permafrost in different regions. Therefore, the NPP changes de-
pending on LST in different types of permafrost zones classified with various thawing ex-
tents need to be investigated.

3.4 NPP change depended on LST in different types of permafrost zone

Obvious annual variations and differences in NPP were observed among different types of
permafrost zone (Figure 7). Mean NPP in the continuous and discontinuous permafrost
zones had similar values, which might be correlated with the same low temperatures and low
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i ) ' e 2000 to 2010 (CP: continuous permafrost zone; DP:
be interrelated with different factors limit- discontinuous permafrost zone; SP: sporadic permafrost

ing vegetation growth. Low temperature zone; IP: isolated patches of permafrost zone)
was the most likely factor explaining low NPP in continuous and discontinuous permafrost
zones, while low moisture availability was the likely factor limiting vegetation growth in the

mean NPP in various permafrost zones can

isolated patches of permafrost zone.

A slight increase in NPP for all types of permafrost zone was observed from 2000 to 2010.
This increasing trend was primarily caused by warming temperatures and an associated in-
crease in soil moisture and growing season length (Beck and Goetz, 2011). Various patterns
and dynamics of NPP demonstrated the different response extents of vegetation to warming
climate in the various permafrost zones on the Tibetan Plateau.

At the different types of permafrost zone scale, the relationship between NPP and LST
changed from significantly positive in the continuous permafrost zone to relatively weakly
positive in the discontinuous, sporadic and isolated patches of permafrost zones, with a cor-
relation coefficient of 0.62, 0.51, 0.52 and 0.41 respectively. NPP in the continuous perma-
frost zone indicated that it has the greatest sensitivity to the changing LST, while NPP in
isolated patches of permafrost zone suggested the least. Similar to the result from Yi et al.
(2011), which was based on LST and fractional vegetation cover, various correlation coeffi-
cients in our study revealed the different responses and sensitivity of NPP to warming tem-
perature in different types of permafrost zone. This result again demonstrated the positive
effect of permafrost degradation on NPP. Increasing temperature, as well as the associated
changes to the hydrological regime, directly and indirectly affected the NPP (Natali et al.,
2012). This finding also illustrated the conclusion that permafrost degradation played a vital
role in NPP variability that was also complicated with factors limiting vegetation growth in
different permafrost zones. Consequently, the correlations between LST and NPP in the dis-
continuous, sporadic, and isolated patches of permafrost zones were not significant.

3.5 Some implications

Permafrost degradation induced by varied energy balance and changed permafrost tempera-
ture is an indisputable fact along with the warming climate. Obvious changes in hydrologic
condition, soil composition, and microbial activity were further observed with the degrada-
tion of permafrost. These changes imposed significant influences on vegetation and ecosys-
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tem. However, the effects of permafrost degradation on vegetation had different reports. On
the one hand, negative effects of permafrost degradation were detected on the vegetation. It
was mainly attributed to loss of soil moisture and nutrient in a way of declining water level,
increasing surface runoff due to thawed permafrost (Jin et al., 2009). On the other hand,
positive impacts of permafrost degradation on vegetation have been observed in many lit-
eratures. Prolonged growing season, increased active soil layer and soil water, raised de-
composition velocity of organic substances and increased carbon dioxide levels could be
related to the improvement of vegetation growth (Euskirchen et al., 2006; Chen et al., 2012).
The varied response of NPP to the warming LST throughout the permafrost zone of the Ti-
betan Plateau demonstrated this difference. The influences of permafrost degradation on
vegetation productivity have been related to topography, vegetation type, soil texture, as
well as the time. Therefore, it is essential to develop a long term field monitoring to further
detect the responses of vegetation characteristics to altered environment resulted from per-
mafrost degradation in the future. In addition, more data and products, such as the land sur-
face water index (LSWI) from remote sensing will contribute to the related study.

4 Conclusions

A major consequence of global warming, permafrost degradation and its associated effects
on regional vegetation and ecosystems have received increasing attentions. Remote sensing
has been widely used as a data source in previous studies because of advantages due to its
persistent profile and large scale. In this study, NPP and LST estimates based on remote
sensing were used to investigate the responses of vegetation to warming climate on the Ti-
betan Plateau. Major findings were concluded as follows:

(1) NPP increased apparently from the west to east of the Tibetan Plateau, and significant
NPP increases with increasing LST from 2000 to 2010 were observed. The alpine climate
limited the growing environment of vegetation, further leading to lower NPP with a mean
value of 80.5 gC-m *-yr .

(2) Additionally, mean NPP for various vegetation types and mean NPP in different per-
mafrost zones showed a clear increasing trend with relation to warming temperature. Results
also revealed that NPP in the continuous permafrost zone had the greatest sensitivity to
changing LST (» = 0.62), and forest NPP presented the most obvious response (» = 0.62).

(3) Positive correlations at various scales between NPP and LST from 2000 to 2010 indi-
cated enhanced effects of permafrost degradation on carbon sequestration by vegetation.

Our study examined the different response characteristics of NPP to warming LST, but
several points warrant further discussion. For example, the permafrost boundary is expected
to retreat to the north as the warming climate. Thus, an updated permafrost distribution map
is needed. An integrated study of the carbon exchange capacity of terrestrial ecosystems,
which includes soil and vegetation, also needs to be developed in the next studies. Mean-
while, for the prediction of the impacts of climate change and human activities, integrating
field observations with ecosystem models driven by remote sensing data at various temporal
and spatial scales is essential.
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