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Abstract
Tropical forests in India have declined at an alarming rate over the past century, with 
extensive literature focusing on the high contributions of agricultural expansions 
to deforestation, while the effects of climate change have largely been overlooked. 
Climate change effects, such as increasing temperatures, drought and flooding, have 
already occurred, and are projected to worsen. Climate velocity, a metric that ac-
counts for spatial heterogeneity in climate, can help identify contiguous areas under 
greater climate stress and potential climate refuges in addition to traditional tempo-
ral trends. Here, we examined the relative contribution of climate changes to forest 
loss in India during the period 2001–2018, at two spatial (regional and national) and 
two temporal (seasonal and annual) scales. This includes, for the first time, a charac-
terization of climate velocity in the country. Our findings show that annual forest loss 
increased substantially over the 17-year period examined (2001–2018), with the ma-
jority of forest loss occurring in the Northeast region. Decreases in temporal trends 
of temperature and precipitation were most associated with forest losses, but there 
was large spatial and seasonal variation in the relationship. In every region except the 
Northeast, forest losses were correlated with faster velocities of at least one climate 
variable but overlapping areas of high velocities were rare. Our findings indicate that 
climate changes have played an important role in India's past forest loss, but likely re-
main secondary to other factors at present. We stress concern for climates velocities 
recorded in the country, reaching 97 km year−1, and highlight that understanding the 
different regional and seasonal relationships between climatic conditions and forest 
distributions will be key to effective protection of the country's remaining forests as 
climate change accelerates.
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1  |  INTRODUC TION

Forests are being destroyed at an alarming rate globally (FAO & 
UNEP, 2020; Haddad et al., 2015; Song et al., 2018), despite their 
importance for human well-being and the maintenance of planetary 
ecosystems. Tropical forests, home to a disproportionate amount of 
the world's biodiversity, are experiencing some of the largest de-
clines (França et al., 2020; Hansen et al., 2013; IPBES, 2019; Song 
et al., 2018). Land use change is the leading cause of forest declines 
worldwide (Choe & Thorne, 2017; FAO & UNEP, 2020; Ostberg 
et al., 2015; WWF, 2020) with recent estimates, suggesting that only 
24% of tropical forests are still intact (Lewis et al., 2015). In addi-
tion, there is an increasing concern regarding the impacts of climate 
change, with research suggesting that its effects could be already 
eclipsing those of land use change on 60% of the global land surface 
(Ostberg et al., 2015). Climate change effects are increasing in many 
areas of the world, including tropical forests (IPCC, 2019; Ostberg 
et al., 2015; WWF, 2020). However, there are still significant knowl-
edge gaps around how changing climate trends over time, and the 
speed of climate change, may be impacting forests in terms of tree 
mortality, growth and productivity (Allen et al., 2010; Carnicer et al., 
2011; Van Mantgem et al., 2009; Senf et al., 2018). These effects 
could have potential implications for biodiversity that is reliant on 
tropical forests, and the ecosystem services tropical forests provide 
in the form of carbon capture and the water cycle (Allen et al., 2010).

Impacts of climate change on forests are often largely dependent 
on geographical location and interactions between climate variables 
(Allen et al., 2010; Brito-Morales et al., 2018; Maracchi et al., 2005) 
but have been shown to both positively and negatively affect forest 
growth, mortality, productivity and distribution, alongside impact-
ing the capability to deal with other stressors like drought and fire 
(IPCC, 2019; Ovenden et al., 2021). Temperature increases are by 
far the most commonly studied climate driver of forest mortality 
(Chen et al., 2011; Heikkinen et al., 2020; Maringer et al., 2021; Seidl 
et al., 2017) and have been shown to directly impact forest distri-
bution and growth (Garcia et al., 2014; Lenoir & Svenning, 2015). 
Changes in precipitation have also been shown to affect forest sur-
vival, most commonly precipitation decreases (Aiba & Kitayama, 
2002; Bennett et al., 2015; Chen et al., 2017; Phillips et al., 2009; 
Taccoen et al., 2019; Zhang et al., 2017), but the relationships are 
often complex (Bateman et al., 2016; Seidl et al., 2017) and can be 
highly dependent on forest type, previous conditions and phenotyp-
ical adaptations of species (Das et al., 2013; Greenwood et al., 2017; 
McDowell, 2018). Tree mortality from climate change is often linked 
to drought-induced hydraulic failure or carbon starvation (Allen 
et al., 2010; McDowell et al., 2018), but indirect effects such as in-
creased forest susceptibility to pests and diseases (Lindner et al., 
2010; Seidl et al., 2017; Stralberg et al., 2015), and human decisions 
surrounding land use change and resource extraction (IPBES, 2018; 
Liu et al., 2007) also occur. There is also evidence to suggest some 
climate changes that are expected to support tree growth, for ex-
ample through increased CO2 fertilization and light exposure, can 
actually lead to mortality, for example, when increased growth leads 

to greater competition for resources (Huete et al., 2006; McDowell 
et al., 2018; Saleska et al., 2007). Climatic effects and contributions 
to tree mortality remain far less understood than effects on other 
forest processes, such as productivity and growth (Neumann et al., 
2017; Park Williams et al., 2013).

Typically, studies assess the risk of temporal trends in climate 
variables, but the spatial heterogeneity of the landscape can also 
be important. Climate velocity (Loarie et al., 2009), a metric that en-
compasses the spatial heterogeneity in climate in the surrounding 
area, theorizes that areas where climate is changing quickly and sim-
ilar climates are further away, will be at greater risk to climate change 
(García Molinos et al., 2019; Garcia et al., 2014; Hamann et al., 2015; 
Loarie et al., 2009). The metric provides an additional dimension to 
climate risk, and subsequently high velocities have been linked to 
reductions and redistributions in small-ranged species (Sandel et al., 
2011), marine taxa (García Molinos et al., 2016), birds (Bateman et al., 
2016) and trees (Bateman et al., 2016; Liang et al., 2018; Nadeau & 
Fuller, 2015; Sandel et al., 2011), and areas of low velocities have 
been hailed potential climate refuges (Brito-Morales et al., 2018; 
Heikkinen et al., 2020). Climate velocity estimates may be an im-
portant component for identifying areas most at risk to the effects 
of climate change, providing a dimension that temporal trends can-
not (Garcia et al., 2014; Heikkinen et al., 2020; Loarie et al., 2009).

Currently, there is a strong bias in the literature on climate change 
effects on forest systems towards northern temperate regions, partic-
ularly for velocity studies, and tropical forests have been less studied 
in comparison (Brito-Morales et al., 2018; França et al., 2020; Lenoir 
& Svenning, 2015; Seidl et al., 2017). Drawing conclusions about the 
effect of climate change in tropical regions is often more complex that 
the temperate counterparts, in part due to a large variety of forest 
types, adaptations and microclimates, and a lower availability to high-
quality data (McDowell, 2018). In the past, many studies have focused 
on Amazonia (Giardina et al., 2018; Huete et al., 2006; Nepstad et al., 
2007; Saleska et al., 2007), where deforestation rates are the highest. 
These studies have found that increasing temperatures and decreas-
ing precipitation resulted in tropical trees being more susceptible to 
mortality, either through heat stress and drought (Giardina et al., 2018; 
Nepstad, 2007; Phillips et al., 2009), or increased fire risk (Brando 
et al., 2014). However, evidence suggests that responses across tropi-
cal regions may be highly diverse and can be dependent on tree char-
acteristics such as growth rate, deciduousness and root depth (Asner 
et al., 2010; McDowell, 2018; Wagner et al., 2014). Though the major-
ity of tropical studies assessing climate change effects on forests re-
main in Amazonia, there are several studies that have focused on other 
parts of the tropics. For example, studies have shown increased for-
est mortality following extreme drought events in Malaysian Borneo 
(Nakagawa et al., 2001), Indonesian Borneo (Van Nieuwstadt & Sheil, 
2004) and Northwest India (Khan et al., 1994). Studies from Africa 
have also shown changes in the distribution of forests as a result of 
long-term changes in precipitation and temperature regimes (Biasutti 
& Giannini, 2006; Foden et al., 2007; Gonzalez, 2001).

India is in the top 10 countries in the world for forest cover (FAO 
& UNEP, 2020). Forests, primarily tropical and sub-tropical, cover 20% 
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of the country's land mass (Ravindranath et al., 2005). It is one of the 
most biodiverse countries in the world, representing 11% of the world's 
flora and encompassing four biodiversity hotspots (Chitale et al., 2014; 
NWAP, 2017). The country has experienced large-scale forest loss for 
decades, which has been extensively studied, with land use changes 
largely cited as the major cause of forest declines (Jha et al., 2000; Lele 
& Joshi, 2009; Reddy et al., 2013; Roy et al., 2013). Increased demand 
for crop productions, commercial livestock rearing, timber extraction, 
rapidly increasing populations and an emerging economy are all known 
to be putting high pressure on forests, alongside cultural practices of 
shifting cultivation (Lele & Joshi, 2009; Wani et al., 2012). Large pro-
portions of the population directly rely on forests for their survival and 
livelihoods, and in particular, fuelwood and fodder collection are major 
sources of domestic energy and income for tens of thousands of vil-
lages (Roy et al., 2013; Sharma et al., 2015). Whereas the effect of 
land use change is well documented (Davidar et al., 2010; Gupta, 2007; 
Lele & Joshi, 2009; Roy et al., 2013), there has been little focus on the 
role of climate change to past forest loss. Ascertaining climate's role in 
the country's past forest loss could help predict the future stability of 
forests in the face of increasing change, as well as aiding effective man-
agement strategies for current forest conservation. Due to the unique 
variation in climate driven by two monsoon systems (Krishnan et al., 
2020), India is likely to experience a range of different climate changes 
and is therefore an ideal country to study the effects of climate change, 
including velocity, on tropical forest systems.

Climate change in India has been evident for many years and 
numerous studies have described a consistent pattern of warming 
(Dash et al., 2011; Mishra, 2019; Rao et al., 2016; Ravindranath 
et al., 2011; Rupa Kumar et al., 2006), more frequent high-intensity 
rain events, higher maximum temperatures (Krishnan et al., 2020), 
warmer winters and a lower confidence in the timing of the monsoon 
which is critical for India's agricultural-driven economy (Dash et al., 
2011; Ravindranath et al., 2011). Research that focuses on the rela-
tionship between climate change and forest loss in India has almost 
always analysed the potential threats of future climate change on 
forests through global vegetation models (Brown & Pearce, 1994; 
Chaturvedi et al., 2011; Gopalakrishnan et al., 2011; Kumar et al., 
2018; Ravindranath et al., 2005; Sharma et al., 2017; Upgupta et al., 
2015), but none so far have considered velocity. Existing studies 
have predicted climate change to have strong influences on forest 
cover, consistently predicting a shift to wetter forest types and a loss 
of drier forest types in response to a generally warmer and wetter 
climate in the future, noting precipitation thresholds to be particu-
larly important (Chaturvedi et al., 2011; Gopalakrishnan et al., 2011; 
Ravindranath & Sukumar, 1998; Ravindranath et al., 2005). Some 
regions are predicted to gain forests, while others, to lose forest 
(Chaturvedi et al., 2011; Ravindranath et al., 2005). Areas of highest 
vulnerability are those with projected increases in temperature but 
decreases in precipitation (Chaturvedi et al., 2011). Past research has 
generally predicted the Himalayan forests, northern Western Ghats 
and North-western regions to be most at risk to climate change 
effects due to a combination of forest intactness, forest type and 
climate change exposure (Chaturvedi et al., 2011; Gopalakrishnan 

et al., 2011; Upgupta et al., 2015). Whereas forests in the north-
eastern region and southern Western Ghats are expected to be 
less vulnerable due to being predominantly composed of tropical 
moist forests which are likely to expand in range, alongside higher 
levels of intactness and species richness (Chaturvedi et al., 2011; 
Gopalakrishnan et al., 2011; Ravindranath et al., 2005).

While these projections provide useful foresight into potential 
at-risk areas, there is a clear gap in our understanding of the dis-
tribution of climatic effects in areas of high forest loss in the past 
which could help inform future predictions. Additionally, mapping 
and analysing the distribution in climate velocity in a country could 
be crucial for conservation strategies to support in-situ adaptation, 
by limiting other stressors, considering potential strategies for relo-
cating or aiding limited dispersal to less affected areas.

This study aims to characterize the relationship between climate 
change and India's past forest loss and explores the relative impor-
tance of drivers other than the well-documented effects of land use 
change. It aims to map and analyse climate velocities in India for the 
first time, and critically assess the usefulness of this metric in provid-
ing additional understanding of risks to forests in India. Given current 
evidence, we expect climate changes, such as declining precipitation 
and temperature increases, to be correlated with areas of high forest 
loss. However, we expect considerable seasonal and regional varia-
tion due to the diversity in climate and geography across the country, 
which we account for in our methodology. Though previous analyses 
assessing the effect of climate velocity on ecosystems have been 
largely confined to higher latitude studies (Dial et al. 2016; Dobrowski 
et al. 2012; Dobrowski & Parks, 2016; Kosanic et al. 2019), evidence 
from these and coarser-scale global analyses (Burrows et al. 2014; 
Loarie et al. 2009) lead us to suspect that climate velocity may have a 
significant effect on forest distributions and survival. We expect that 
forest loss will be greater in areas of higher climate velocity where 
forests are more exposed to faster changes in climate or where high 
velocities of multiple variables overlaps.

The key questions addressed in this manuscript are:

1.	 Is there a relationship between climate change in India and 
past forest loss?

2.	 Are there seasonal and regional variations in the climate–forest 
loss relationship in the country?

3.	 Are Indian forests exposed to high and/or overlapping climate ve-
locities and is forest loss greater in these areas?

4.	 Can climate velocity provide additional understanding of forests’ 
risk to climate change?

2  |  METHODS

2.1  |  Forest loss

Records of annual forest loss were obtained from the Hansen 
Global Forest Change v1.6 dataset (GFC) (Hansen et al., 2013) 
for the period 2001–2018 at a spatial resolution of ~30 m, within 
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the Google Earth Engine interface (Gorelick, et al., 2017). The 
GFC data take the form of a binary record of loss (1) or no loss 
(0) for each pixel in the area of interest and recording all trees 
above 5 m in height. District level totals of forest loss (km²) were 
generated for all 577 districts of India (including the disputed 
territories of Jammu and Kashmir and Ladakh) and subsequently 
analysed in r (version 4.03; R Core Team, 2017). Districts are 
a political boundary within India and districts sit within a state 
boundary. The State level is where most political decisions are 
made. The 577 districts included in the analysis accounted for 
an area of 3,455,785  km2. Any districts with less than a total 
of 0.1 km² forest cover were excluded to avoid any noise in the 
Hansen GFC data. This resulted in a total of 13 districts (of 577) 
being excluded from the analyses, predominantly from the arid 
and xeric shrubland regions of the Northwest (Table S1). These 
13 excluded districts covered a land area that accounted 5.73% 
of the total land area in the study and 0.0001% of the country's 
forest cover. In addition to those removed for low levels of for-
est cover, island union territories were excluded due to potential 
differences between island and land mass effects of climate in 
addition to concern over the accuracy of the datasets used on 
small island states.

2.2  |  Climate data

Global raster datasets of total monthly precipitation (mm) and 
monthly mean temperature (oC) from the Climate Research Unit 
(CRU TS v. 4.03) were obtained at 0.5  ×  0.5  degree resolution 
(~112 km2), covering the years 2001–2018. The selected period was 
chosen to align with the availability of GFC data. Climate datasets 
were averaged to create a data point for each district. Regional data-
sets were also created by compiling districts belonging to each of 
the six monsoon regions outlined by the Indian Institute of Tropical 
Meteorology (www.tropm​et.res.in); Northeast (NE), Northwest 
(NW), Central Northwest (CNE), West Central (WC), Peninsular 
(PEN) and Hilly region, composed of the East Hilly Region (EHR) and 
the West Hilly Region (WHR) (Figure S1). The monthly data were ag-
gregated to create a dataset of total annual precipitation by calculat-
ing, for each raster cell in each year, the sum of the monthly values. 
The monthly data were also aggregated to create a dataset of mean 
temperature for each year averaging a cells value across all months 
of the year.

For the seasonal analysis, data were collated from the monthly 
climate rasters and averages of mean temperature and total precip-
itation calculated for each season at both national and regional spa-
tial scales. The seasons are those used by the Indian Meteorological 
Department (http://www.imdpu​ne.gov.in/Weath​er/Repor​ts/gloss​ary.​
pdf) and most commonly found in the literature for national-scale 
studies of India. These were monsoon (June–September), post-
monsoon (October–December), winter (January–February) and pre-
monsoon (March–May). It is important to note that, despite these 

being the standard national seasons, the climate of each season var-
ies considerably by region (Figures S2 and S3).

2.3  |  Calculating climate velocity

Gradient-based climate velocity was calculated in r using the gVoCC 
package and the integrated functions; SpatGrad and TempTrend fol-
lowing the methodology for local climate velocity outlined in García 
Molinos et al. (2019) and based off the original calculation by Loarie 
et al. (2009). The TempTrend function calculates the temporal trend by 
performing linear regressions of the variable against time for each indi-
vidual cell. This was calculated for both the annual and seasonal aver-
ages separately. The temporal trends were used in the climate velocity 
metric but also as a separate variable in the models. The SpatGrad 
function calculates spatial gradients for each cell by determining the 
magnitude of the differences in the climate variable over its neigh-
bouring (3 × 3) cells. To avoid the potential of infinite velocities caused 
by spatial gradients of zero (Hamann et al., 2015; Loarie et al., 2009), a 
value of 0.1 was added to all the data points. Climate velocity was then 
calculated by dividing the temporal trend by the spatial gradient. An 
average climate velocity for each variable was calculated per district 
by taking the mean magnitude from all the cells present in a district's 
boundary using the zonal statistics function in QGIS v3.8.2 (QGIS.org, 
2019). Each district was an individual data point used in the models.

It is important to note that climate velocity can be both negative 
and positive—the direction of the effect is taken from the temporal 
trend, and it is the magnitude that relates to the velocity. So, a large 
negative precipitation velocity indicates a faster reduction in precip-
itation over time, and a large positive precipitation velocity indicates 
a faster increase in precipitation. Smaller velocities indicate slower 
changes. Therefore, positive relationships between forest loss and 
climate velocity could equally represent greater forest loss at faster 
positive velocities or slower negative velocities, whereas negative 
relationships represent greater forest loss at faster negative veloci-
ties or slower positive velocities.

The areas of high climate velocities were also defined. These 
were characterized as the fastest 10% of positive and negative val-
ues, separately, for each season. These were used to assess the over-
lap between high temperature and precipitation velocities and map 
areas where forests may be under additional pressure from experi-
encing high velocities of both climate variables.

2.4  |  Population density as a proxy for 
human pressures

Human pressures, particularly land use changes, are regularly cited 
as a primary cause of forest loss in India. To account for the effects 
of these, a proxy of population density was included as an explana-
tory variable (Cimatti et al., 2021; Kok, 2004; Milanesi et al., 2017). 
Population density has been shown to have a large effect on land use 

http://www.tropmet.res.in
http://www.imdpune.gov.in/Weather/Reports/glossary.pdf
http://www.imdpune.gov.in/Weather/Reports/glossary.pdf
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changes in India in the past, particularly relating to forest cover, agri-
culture and urban areas (Kale et al., 2016; Palchoudhuri et al., 2015). 
Data on population density (people per km²) for the years 2000 and 
2020 were obtained from SEDAC’s GPWv4.11 dataset at a spatial 
resolution of 30 arc-seconds (~1 km2 at the equator). Population 
density change over the 20-year period was calculated on a cell-by-
cell basis by subtracting the final year's values from the first year. 
Cells with positive values represented an increase in population 
density over time and cells with a negative value, a decrease. Mean 
values of population density change were calculated for each district 
from this cell-level data. The data were only available in 5-year incre-
ments; thus, the years 2000 and 2020 were selected to match the 
forest loss data as closely as possible (Figure S4). Population density 
change was included as a fixed effect in the model.

2.5  |  Modelling the impact of climate change on 
forest loss

Linear mixed-effects models were developed using the nlme package 
in r to assess the relationship of the climate variables on forest loss 
at both the national and regional levels. First, a null model compris-
ing of the response variable (forest loss per district in km2) and a 
random effect of the State (political boundary) was created as a basis 
for model generation. The state that the forest belonged to was con-
sidered to affect the level of forest loss due to the individual forest 
policies between states; subsequently, districts in the same state are 
likely to be more similar.

Four model structures were created in total. Of these four, two 
included temperature and precipitation velocity as the explanatory 
variable, with one using annual and the other using seasonal data. 
The second two models included the temporal trends of tempera-
ture and precipitation as the explanatory variables, again one using 
annual data and the other seasonal data. The models were applied to 
data at the national scale and then to data for each of the six homo-
geneous monsoon regions to provide analysis at two spatial scales.

All models included population density change as an explanatory 
variable and state as a random effect. Subsequently, the seasonal 
models (temporal trend and velocity) included nine fixed effects: the 
temperature and precipitation metric for each of the four seasons, 
and population density change (Tables 1–3). The annual models in-
cluded three fixed effects: the average annual temperature metric, 
the average annual precipitation metric and population density 
change.

In all models, the explanatory variables were standardized to 
account for the large variation in scale and a Gaussian spatial auto-
correlation structure was used to account for spatial autocorrela-
tion detected in the data (Moran's I p <  .001) which was shown to 
adequately account for the autocorrelation with a further Moran's I 
test on the model residuals (Moran's I p > .05). Correlations between 
all variables were checked before inclusion in the models using 
Pearson's correlation coefficient. All combinations of variables had a 
correlation of <0.7. Marginal and conditional R2 for each model was 

calculated using the methodology from Nakagawa and Schielzeth 
(2013) and included in the model results.

3  |  RESULTS

3.1  |  National and regional trends in forest loss

Forest loss increased substantially during the study period (2001–2018), 
escalating from annual losses of 647 km2 to a peak of 2,503 km2 lost 
in 2017, shortly followed by a slight decline to ~1,900  km2 in 2018 
(Figure S5). Over the course of the 2001–2018 study period, a total of 
20,472 km2 of forest was lost, accounting for 7.34% of India's forest 
cover in 2001. The Northeast region contributed a significant propor-
tion of the loss, in the last 5 years of the study losses here were over 
four times that of the other regions (Figure 1 and Figure S6). Three key 
areas of high forest losses were identified, these were as follows: (1) the 
combined regions of the NE and EHR, (2) the nexus of the CNE, WC and 
PEN regions and (3) a few districts in the northern Western Ghats (PEN 
region). All experienced losses >20 km2 over the time period (Figure S8).

3.2  |  National and regional trends in climatic  
variables

3.2.1  |  Precipitation

Annual-based temporal trends showed increases in precipitation of 
~5–10 mm year−1 for much of the country, with some notable excep-
tions in districts in the northeast and southern areas of the country 
(Figure 2). Annual trends were largely driven by substantial increases 
recorded in the monsoon season, and the remaining three seasons 
showed mean decreases in precipitation (Figure S10). The same trend 
was found for velocities, where at times monsoon velocities reached 
twice the speed of other seasons (Figure 3), while the other seasons 
were, on the whole, getting drier but at a slower rate. Annual velocities 
ranged from −13 to 34 km year−1 (Table S2), with the fastest velocities 
found in districts bordering the WC and CNE regions. Seasonal veloci-
ties ranged from −97 to 41 km year−1 with the fastest velocities were 
found in the pre-monsoon (−) and monsoon seasons (+). The most ex-
treme velocity recorded in the study of −97.59 km year−1 was located 
in the East Khasi Hills district of the NE region during the pre-monsoon 
season. Patterns of seasonal precipitation velocity were generally 
complex with many regions experiencing both positive and negative 
precipitation velocities at different points in the year (Figure 3).

3.2.2  |  Temperature

Based on annual temperature temporal trends, the majority of the 
country warmed at a rate around 0.025–0.050°C year−1, with nota-
ble exceptions of some CNE and NE districts where temperature was 
cooling (Figure 2). Seasonal analyses showed the fastest warming to 
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be in the winter season where some districts exceeded increases of 
0.051°C  year−1. There were no occurrences of temperature reduc-
tions in the monsoon season. Seasonal variation was greater for pre-
cipitation than temperature with many regions experiencing the same 
temperature trends year-round. Annual-based temperature velocities 
ranged between −0.321 and 0.298 km year−1 (Table S2) and followed 
a similar patterning to the temporal trends. The highest positive ve-
locities rotated around the country throughout the year resulting in 
high but seasonal exposure to fast positive velocities in much of the 
North, West and South (Figure 4). The fastest negative velocities of 
−0.4 km year−1 were located in the CNE and NE regions. Temperature 
velocities were much slower than those recorded for precipitation.

3.3  |  The influence of spatial gradients on 
climatic trends

Spatial gradients differed between temperature and precipitation vari-
ables as well as between seasons, leading to a variety of differences in 
temporal trends and velocities between the two variables (Table S3). 
The patterns of velocities often matched those of their temporal trend 
counterparts, but velocity magnitudes were found to be greatly affected 
by spatial gradients. In some cases, trends were reversed due to the 
influence of spatial gradients. For example, a dampening of the nega-
tive pre-monsoon precipitation temporal trend in the NE due to a high 

spatial gradient alongside an exacerbation of a positive temporal trend 
in the southern CNE region led to a different relationship between pre-
monsoon precipitation and forest loss in the temporal trend and velocity 
models. Effects of spatial gradients were more evident for precipitation 
than temperature which had lower spatial heterogeneity in climate.

3.4  |  National models

At the national scale, there was no effect of annual-based climate 
change on forest loss. However, there were significant effects of 
seasonal climate changes on forest loss. Velocities of monsoon 
temperature and temporal trends of monsoon temperature, pre-
monsoon temperature and pre-monsoon precipitation showed sig-
nificant effects on forest loss with a negative effect direction. While 
velocities of winter temperatures, pre-monsoon precipitation and 
winter precipitation, and temporal trends of winter temperatures 
showed significant effects on forest loss with a positive effect di-
rection (Table 1).

In the regional models, climate was found to significantly affect 
forest loss in every region. Some regions were more affected than 
others, for example, the Northwest region (Tables 2 and 3), and each 
region had different compositions of climate trends that affected for-
est loss. The correlation between declines or lower values of monsoon 
temperatures and increases in forest losses was consistent across the 

TA B L E  1  National-scale seasonal models of the effects of climate velocity and temporal trends on national forest loss, accounting for 
population density. The response variable tested in each model was forest loss (km2). The explanatory variables were the fixed effects of the 
eight seasonal climate variables, population density change between 2000 and 2020 (people per km2) and a random effect of State (political 
boundary). The table highlights a list of the variables included in each model under the ‘All fixed effects variables tested’ column. The 
‘Significant fixed effect variables’ column shows those that had a significant effect on forest loss

Model All fixed effects variables tested
Significant fixed effect 
variables Estimate t-value p-value

Seasonal velocity Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation 
(mm km−1), winter precipitation 
(mm km−1), pre-monsoon 
temperature (°C km−1), monsoon 
temperature (°C km−1), post-
monsoon temperature (°C km−1), 
winter temperature (°C km−1), 
population density change (people 
per km2)

Pre-monsoon precipitation 0.088 2.128 .033

Marginal R2 = .059
Conditional R2 = .621

Winter precipitation −0.121 −2.225 .026

Monsoon temperature −0.335 −4.007 <.001

Winter temperature 0.384 2.363 .018

Seasonal temporal trends Pre-monsoon precipitation 
(mm year−1), monsoon 
precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

Pre-monsoon precipitation −0.251 −3.544 <.001

Pre-monsoon temperature −0.341 −2.395 .016Marginal R2 = .122
Conditional R2 = .523 Monsoon temperature −0.383 −3.863 <.001

Winter temperature 0.507 3.027 .002

Population density change −0.083 −2.381 .017
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TA B L E  2  Regional-scale seasonal models of the effects of climate velocities on regional forest loss accounting for population density. The 
response variable tested in each model was forest loss (km2). The explanatory variables were the fixed effects of the eight seasonal climate 
velocities and population density change between 2000 and 2020 (people per km2) and a random effect of State (political boundary). The 
table highlights a list of the variables included in each model under the ‘All fixed effects variables tested’ column. The ‘Significant fixed 
effect variables’ column shows those that had a significant effect on forest loss

Model All fixed effects variables tested
Significant fixed 
effect variables Estimate t-value p-value

NE Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

No significant 
variables

NA NA NA

Marginal R2 = .268
Conditional R2 = .319

CNE Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

Pre-monsoon 
precipitation

0.831 5.438 <.001

Marginal R2 = .340
Conditional R2 = .343

NW Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

Monsoon 
precipitation

0.295 2.414 .018

Monsoon 
temperature

−0.634 −3.267 .001Marginal R2 = .339
Conditional R2 = .672

Post-monsoon 
temperature

0.674 3.258 .001

WC Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

Post-monsoon 
temperature

0.670 2.279 .024

Marginal R2 = .100
Conditional R2 = .154

PEN Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

Post-monsoon 
temperature

−0.463 −3.799 <.001

Marginal R2 = .461
Conditional R2 = .522

Hilly Pre-monsoon precipitation (mm km−1), 
monsoon precipitation (mm km−1), 
post-monsoon precipitation (mm km−1), 
winter precipitation (mm km−1), 
pre-monsoon temperature (°C km−1), 
monsoon temperature (°C km−1), post-
monsoon temperature (°C km−1), winter 
temperature (°C km−1), population 
density change (people per km2)

Post-monsoon 
precipitation

−0.589 −3.087 .003

Winter precipitation 0.571 3.565 .001Marginal R2 = .612
Conditional R2 = .632 Monsoon 

temperature
−0.594 −2.553 .014



8  |    HAUGHAN et al.

TA B L E  3  Regional-scale seasonal models of the effects of climatic temporal trends on regional forest loss. The response variable tested 
in each model was forest loss (km2). The response variable tested in each model was forest loss (km2). The explanatory variables were the 
fixed effects of the eight seasonal climate temporal trends and population density change between 2000 and 2020 (people per km2) and 
a random effect of State (political boundary). The table highlights a list of the variables included in each model under the ‘All fixed effects 
variables tested’ column. The ‘Significant fixed effect variables’ column shows those that had a significant effect on forest loss

Model All fixed effects variables tested
Significant fixed effect 
variables Estimate t-value p-value

NE Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

Monsoon temperature −0.626 −2.353 .021

Marginal R2 = .313
Conditional R2 = .339

Population density change −0.242 −2.076 .041

CNE Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

No significant variables NA NA NA

Marginal R2 = .152
Conditional R2 = .153

NW Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

Pre-monsoon precipitation 0.588 2.706 .008

Monsoon precipitation 0.275 2.028 .046

Winter precipitation −1.206 −3.153 .002Marginal R2 = .504
Conditional R2 = .564 Pre-monsoon temperature 0.533 2.245 .027

Winter temperature −0.639 −2.517 .014

WC Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

Post-monsoon 
precipitation

−0.680 −2.96 .003

Marginal R2 = .260
Conditional R2 = .278

PEN Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-
monsoon temperature (°C year−1), 
winter temperature (°C year−1), 
population density change (people 
per km2)

Monsoon temperature −0.542 −2.222 .029

Marginal R2 = .352
Conditional R2 = .427

Post-monsoon 
temperature

−0.459 −2.715 .008
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models but other variables showed trends of both negative and posi-
tive effect directions depending on season and location.

3.5  |  The extent of overlapping climate velocities

In addition to the velocities of temperature and precipitation being 
highly variable across the country and between seasons, they had very 
different spatial configurations. Overlaps between high (top 10% of val-
ues) velocities of precipitation and temperature were rare with only two 
instances occurring within high forest loss areas (Figure 5). The first, and 
largest, instance was in the Northern Western Ghats which experienced 
both high velocities of precipitation declines, and temperature increases 
during the pre-monsoon season. The second instance occurred in the 
NE region where high velocities of declining precipitation overlapped 
with high velocities of declining temperature during the post-monsoon 
season. In both the annual and winter data, no overlaps of high velocity 
areas were recorded. Though overlaps were rare, many areas of high for-
est loss experience singular high velocities over the period.

3.6  |  Population density change

Population density changes ranged from −45 to 4,000 people per km2, 
with an average increase of 200 people per km2. The highest increases 
were mainly found in the Central North-Eastern region. Only 11 dis-
tricts in the country experienced a reduction in population density 
during the period (Figure S4).

Population density change did not have a significant effect on forest 
loss in the annual-based national models, but there was a negative correla-
tion between density change and forest loss in the seasonal models. In the 
regional models, there was also a significant negative correlation between 
population density change and forest loss in the Northeast region.

4  |  DISCUSSION

This study indicates that climate change has played a significant 
role in India's forest loss, a contribution that has previously been 

Model All fixed effects variables tested
Significant fixed effect 
variables Estimate t-value p-value

Hilly Pre-monsoon precipitation (mm year−1), 
monsoon precipitation (mm year−1), 
post-monsoon precipitation 
(mm year−1), winter precipitation 
(mm year−1), pre-monsoon 
temperature (°C year−1), monsoon 
temperature (°C year−1), post-monsoon 
temperature (°C year−1), winter 
temperature (°C year−1), population 
density change (people per km2)

No significant variables NA NA NA

Marginal R2 = .609
Conditional R2 = .622

TA B L E  3  (Continued)

F I G U R E  1  (a) Forest cover in km2 of each district in India, Jammu and Kashmir, and Ladakh in the year 2000. (b) The total forest lost in 
each district between the years 2001–2018 in km2. Much of the forest cover is located in the Northeast and along the east and southwestern 
coasts. Total forest loss is greatest in the Northeast, central west coast and southwestern areas, where forest cover is also high
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overlooked. This study highlights the complexities of climate change 
effects on forests in India, the emerging climatic trends that may 
cause risks to forests in the future and analyses the relevance of 
velocity metrics in tropical forest systems. Here, the findings are dis-
cussed in relation to the research questions.

4.1  |  Is there a relationship between climate 
change and past forest loss in India?

Our analyses show that there are significant correlations between 
both temporal trends and velocities of climate variables with in-
creased forest loss in India. Despite the country warming up to 
0.051°C  year−1 on average, and the known detrimental effects of 
warmer temperatures and drought on forest growth (Bonan, 2008; 
Chaturvedi et al., 2011; Gopalakrishnan et al., 2011), we found that 

temperature decreases and slower warming were unexpectedly the 
strongest predictors for forest loss. Though the mechanism behind 
this relationship is unknown, as deforestation and encroachment have 
been prevalent in India for many years, much of the forest exists at 
higher elevations where temperatures tend to be cooler. The trend is 
also likely affected by high forest loss in the NE and CNE where there 
is an anomalous cooling patch, thought to be caused by a growing 
aerosol haze (Ross et al., 2018). Many studies contrastingly predict 
temperature increases in these regions and expect forests to be adept 
at coping with warming (Chaturvedi et al., 2011; Ravindranath et al., 
2005), our research suggests a re-evaluation of the climate threats to 
forests in this region given the substantial cooling. Although cooler 
temperatures in the tropics are not thought to be a direct threat to 
forests, there is the potential for indirect effects caused by additional 
pressure on people in the region, for example, reducing agricultural 
yields or inducing additional fuelwood collection.

F I G U R E  2  (a) Annual-based precipitation and (b) temperature temporal trends, and (c) precipitation and (d) temperature velocities 
(km year−1) across the districts of India, Jammu and Kashmir, and Ladakh, with the outlines of the monsoon regions. Hatched districts are 
those that have been excluded from the study



    |  11HAUGHAN et al.

Relationships between precipitation and forest loss were 
also common in both the national and regional models, though 
the trends were highly variable both regionally and seasonally. 
Precipitation decreases and faster velocities were most associ-
ated with increased losses. This trend was strongest in the NE, 

EHR and Northern Western Ghats, but did not appear as a cor-
relate of forest loss in the respective regional models as drying 
spots occurred on the borders between regions. Precipitation 
increases were also associated with increased loss in some re-
gions. This has been found in other studies (Maringer et al., 2021; 

F I G U R E  3  Seasonal precipitation 
velocities in km year−1 of each district for 
the time period 2001–2018. In a clockwise 
direction, the seasons depicted are as 
follows: pre-monsoon (a), monsoon (b), 
post-monsoon (c) and winter (d). The black 
outlines show the borders of the monsoon 
regions. Hatched districts are those that 
have been excluded from the study

F I G U R E  4  Seasonal temperature 
velocities in km year−1 of each district for 
the time period 2001–2018. In a clockwise 
direction, the seasons depicted are as 
follows: pre-monsoon (a), monsoon (b), 
post-monsoon (c) and winter (d). The black 
outlines show the borders of the monsoon 
regions. Hatched districts are those that 
have been excluded from the study
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Neumann et al., 2017) and although appearing counterintuitive 
can arise due to increased competition after forest growth spurts 
(Condit et al., 2004; McDowell, 2018) and the decoupling be-
tween precipitation and soil moisture which, in areas of ground-
water depletion like NW India, is common (Condon & Maxwell, 
2019; Zaveri et al., 2016).

Mapping of trends in areas of high forest loss (<20 km2) in the coun-
try revealed that most experienced reductions in precipitation, particularly 
during the post-monsoon and winter seasons, and year-round in the NE and 
EHR regions. This is concerning for future forest persistence, with adequate 
precipitation and soil moisture often critical for forest growth (Seidl et al., 
2017). However, these trends may not have been captured in the regional 
models as the high forest loss areas often overlapped more than one mon-
soon region and thus the trend may be separated into two regional models. 
This should be taken into account in future studies, with models used on 
contiguous areas of high forest loss to determine the role of climate change 
to specific areas of high forest loss. Additionally, many areas of the country 
experienced warming winter temperatures coupled with reduced precipita-
tion. Of particular concern are the Western Ghats area and the Hilly region, 
both areas of conservation importance and high endemism. These results 
support previous studies detailing forests in these regions to be a high risk of 
climate change effects in the future (Chaturvedi et al., 2011; Ravindranath 
et al., 2005; Sharma et al., 2015; Upgupta et al., 2015). Importantly, though 
warming and drying conditions were most common in areas of high forest 
loss, these are not the only indicators of a climate change impact and sub-
stantial cooler, and wetter conditions were prevalent in the high forest loss 
area located at the nexus of the CNE, WC and PEN regions.

4.2  |  Are there seasonal and regional variations 
in the climate–forest loss relationship in the country?

Regionally, the way climate affected forest loss varied greatly, both in 
the amount of exposure to different variables and in the effect direc-
tions of relationships. Forests in some regions, such as the NW, had a 
greater variety of climate variables correlated with forest loss. Here, high 
seasonal variation in the climate variables associated with forest loss 
could require different strategies for conservation throughout the year 
to tackle potential winter droughts and summer flooding. With some of 
the lowest amounts of forest cover in the country due to its aridity, even 
small losses have large implications for the overall forest cover. These 
analyses support predictions of the high vulnerability of remaining NW 
forests to climate changes (Chaturvedi et al., 2011; Das & Behera, 2019; 
Gopalakrishnan et al., 2011). The NE, where loss is highest, was only 
associated with one climate variable. This region is thought to be largely 
resilient to projected climate changes due to lower exposure, and more 
resilient forest types (Chaturvedi et al., 2011; Gopalakrishnan et al., 
2011). Known for its high levels of shifting cultivation and agricultural 
encroachment (Lele & Joshi, 2009; Lele et al., 2008), land use change 
and other factors likely still play a main role in forest loss here.

Every season appeared as a correlate of forest loss in the models 
and there was no clear dominant season that affected forest loss. 
The diversity in seasonal contributions to forest loss between re-
gions highlights the diversity found in climate and forest type across 
the country and illustrates the array of challenges forests in the 
country could face if seasons show diverging trends.

F I G U R E  5  Overlaps between districts 
containing the 10% fastest climate 
velocities and the highest forest losses 
(>20 km2). In a clockwise direction, the 
seasons depicted are as follows: pre-
monsoon (a), monsoon (b), post-monsoon 
(c) and winter (d). Positive velocities are 
depicted in red and negative velocities 
depicted in blue. Hashed districts 
represent temperature velocities and dots 
represent precipitation. Districts with 
the highest levels of forest loss over the 
time period are shown in green. The black 
outlines show the borders of the monsoon 
regions. Hatched districts are those that 
have been excluded from the study
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Precipitation trends fluctuated more than temperature through-
out the year, varying greatly by season, which species may find harder 
to adapt to than a unidirectional climate change. Interestingly, the 
fastest velocities and largest changes in precipitation occurred in dif-
ferent seasons (pre-monsoon and monsoon) to those of temperature 
(post-monsoon and winter). Though this result could provide seasonal 
respite from overlapping high velocities, it could mean that forests 
are exposed to potential year-round climate stress. In addition, our 
analyses revealed several occurrences where adjacent seasons had di-
verging trends. This may have repercussions for processes of growth 
and reproduction, as existing evidence shows that seasonal climate 
patterns can impact plant phenology in subsequent seasons (Chen 
et al., 2017; Cook et al., 2012; Harvey et al., 2019; Laube et al., 2013).

For management strategies to be effective, they will need to be 
able to evolve with the seasons, be regionally specific and account 
for difficult transition periods. The variation found in this study pro-
vides evidence for a need for a diverse range of strategies not only 
throughout the country but also throughout the year.

4.3  |  Are Indian forests exposed to high and 
overlapping climate velocities and is forest loss 
greater in these areas?

Forests were exposed to high velocities of both climate variables, 
and faster velocities were found to be correlated with areas of higher 
forest losses in the models. However, faster velocities did not always 
denote more forest loss. A key example of this is the relationship 
between negative monsoon temperature velocities and increased 
loss. With no occurrences of declining monsoon temperatures, only 
lower increases, velocities must be indicative of slower increases in 
temperature. As such, it is likely that high velocities are not sole de-
terminants of forest loss. Although the relationship between higher 
velocities and forest loss is not always detrimental, it is promising 
that no high forest loss areas had year-round exposure to high ve-
locities. Further research is needed to understand when high veloci-
ties become detrimental to forests.

Encouragingly, overlaps of fast climate velocities of temperature 
and precipitation were uncommon and generally covered small areas. 
This supports other studies that have shown spatial heterogeneity in 
temperature and precipitation velocities (Garcia et al., 2014; Heikkinen 
et al., 2020). The exception in the Northern Western Ghats could be 
concerning due to increased drought and fire risk in an area that covers 
seven protected areas within a biodiversity hotspot (Figure S8), and is 
already threatened by encroachment by agriculture and extensive frag-
mentation (Jha et al., 2000; Sharma et al., 2015). In addition, all three 
of the forest loss hotspots identified by this study received singular 
high velocities at some point during the year, with the Northeast and 
eastern Hilly regions experiencing some of the fastest negative pre-
cipitation velocities in every season. This prolonged exposure to rapid 
changes in climate could mean that species here are under additional 
pressure to move or adapt to climate sooner. The Northeast and eastern 
Hilly regions host some of the most biodiverse forests in the country 

(Chatterjee et al., 2006; Lele & Joshi, 2009) and fast velocities of chang-
ing climate here add stress to species already experiencing high levels of 
threat from land use change (Lele & Joshi, 2009; Ramakrishnan, 2007).

Precipitation velocities in India's forests, generally ~5–10 km year−1, 
were much larger than those recorded for temperature, which were 
0.6 km year−1 at their fastest. These precipitation velocities are likely 
unattainably fast even for far more mobile species than trees, which 
under ideal conditions are expected to move a kilometre a year at best 
(Corlett & Westcott, 2013). The velocities recorded for precipitation 
in India (annual mean at 3.98 km year−1) are high compared to other 
studies including the global mean of 0.22 km year−1 (Kosanic et al., 
2019; Loarie et al., 2009; Van der Wal, 2013). However, velocities 
of temperature in the country (annual mean at 0.029 km year−1) are 
much lower than the global average of 0.42 km year−1 (Loarie et al., 
2009; Van der Wal, 2013). Our results suggest that precipitation ve-
locities may be greater in the tropics than those in temperate regions 
but the same may not be true for temperature. For species capable of 
tracking climate, precipitation velocities could be a great concern as 
the speeds in which species would need to travel to reach their pre-
ferred climate may be too quick to traverse.

4.4  |  Can climate velocity provide additional 
understanding of a forests’ risk to climate change?

This study found the metric of climate velocity to provide additional 
information compared to traditional temporal trend analysis as it pro-
vides a measure of, and a suggested repercussion of, the spatial variabil-
ity in the climate variable of interest. Different relationships between 
climate change and forest loss were found in India due to the effect of 
the spatial gradient and, if forests respond in the way that the veloc-
ity mechanism expects, climate velocity should be an important com-
ponent of management plan for protecting India's forests. The metric 
has been used in the past to assess the vulnerability of areas to future 
climate change and the utility of protected areas in the future (Arafeh-
Dalmau et al., 2021; Fuentes-Castillo et al., 2020). Areas where climate 
velocity is low are likely to be key refuges for many species in the fu-
ture and management strategies should take this into account and en-
sure these low velocity areas are as protected from multiple threats as 
possible. Additionally, climate velocity can identify areas that are cli-
matically heterogeneous and are key refuge areas for species. Ensuring 
that there are corridors between high velocity, spatially homogene-
ous areas, and low velocity, heterogeneous refuges could help many 
species transition between climatically unsuitable or rapidly changing 
areas to more suitable, refuge sites as well as ensuring protected areas 
are large enough to provide a variety of climate conditions for spe-
cies (Brito-Morales et al., 2018). The majority of the protected areas 
in India do not fall within the high velocity areas for either precipita-
tion or temperature (Figure 5 and Figure S8). This is promising as they 
lie in potential refuge areas for species and the protected area status 
may relieve pressures from other stressors such as land use change. 
Many of the areas with a higher coverage of protected areas, such as 
the Western Ghats, are also in mountainous, and therefore climatically 
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heterogeneous landscapes, offering more protection (Brito-Morales 
et al., 2018; Loarie et al., 2009). However, it is concerning that there 
appears to be few protected areas in locations of high climate veloci-
ties, such as the central areas of the PEN region and the PEN, WC and 
CNE nexus. The lack of protected areas across these more exposed 
locations could mean that there are not the ecological corridors avail-
able for species to adjust their distribution safely with climate change. 
India's National Biodiversity Target 6 aimed to have 20% of the coun-
try's land area covered by protected areas by 2020 (Convention on 
Biological Diversity, 2020). According to the ENVIS reports (ENVIS, 
2020), India fell short of this target in 2020 reaching just 5% coverage 
in protected areas (including areas protected under lower protection 
status such as Wildlife Reserves). The results from our study could help 
to inform placement of new protected areas to reach the 20% target 
with climate change trajectories in mind.

We find climate velocity to be a valuable metric, especially 
when used at a large scale where it can identify areas where the 
speed of climate change could be a concern for species persistence. 
However, this metric is known to lack biological realism at present 
and there are several caveats to its efficacy in indicating species vul-
nerability to climate change (Brito-Morales et al., 2018; Carroll et al., 
2015; Hamann et al., 2015). In particular, we note concerns around 
comparing temperature and precipitation velocities. Absolute val-
ues of precipitation will usually be much higher than temperature 
but their values are not comparable in terms of effect on species. 
Additionally, the fastest velocity in this study, −97 km year−1, was 
located on a mountain plateau, a small area of low spatial gradients 
but surrounded by a myriad of valleys (potential climate refuges). 
We stress that a key area of future study should be assessing the 
biologically realism of the spatial gradient aspect of climate velocity 
metrics specifically for forests before using this metric to obtain re-
alistic estimates of forest species risk. We also stress that this metric 
should be integrated with more biologically realistic parameters if 
used in future modelling studies.

Despite these caveats, the metric has provided additional in-
formation on the general climate risk of a region not possible from 
conventional temporal trend data. It highlights areas of continuous 
homogeneous climate which may have reduced opportunities for 
species to find climate refuges, particularly evident for temperature 
in India where the spatial gradient was considerably lower. This can 
be useful in planning areas for long-term conservation (Heikkinen 
et al., 2020; Loarie et al., 2009). It is also meaningful when consider-
ing the breadth of species reliant and relied on by tropical forests that 
are capable of moving to more climatically suitable, available areas.

4.5  |  Methodological considerations and 
future directions

This study provides novel insight into the potential climate variables 
leading to forest loss in a tropical-subtropical system with a uniquely 
national focus. However, there are associated limitations that are 
highlighted below to enable improvements in future studies.

4.5.1  |  The use of population density as a land 
use proxy

Previous studies have shown human pressures, such as increas-
ing land use changes, as a major causes for forest declines in India 
(Gupta, 2007; Meiyappan et al., 2017; Padalia et al., 2019; Sudhakar 
Reddy et al., 2016). Higher population densities were expected to 
increase pressure on forest resources leading to more loss. However, 
our results, using the proxy of population density, do not support 
this. Although higher population densities are likely to put additional 
pressure on forest resources, many densely populated areas have 
little forest cover left resulting in loss occurring further from the 
source of the demand, geographically uncoupling the relationship 
between population density and demand on forest resources. Forest 
encroachment has also been linked to other socio-economic drivers 
such as out-migration of labourers and infrastructure such as irriga-
tion facilities (Meiyappan et al., 2017). As population density does 
not account for these factors and showed a relatively small effect on 
forest loss in the models, the contribution of other human pressures, 
for example, land use change and infrastructure, to forest loss trends 
remains an open question. Future studies will aim to investigate the 
relative contributions of both human pressures and climate change 
in conjunction to forest loss in India.

4.5.2  |  The importance of spatial and temporal  
scales

These analyses find that trends are misleading when focusing solely 
on annual climate averages. This is particularly the case for precipi-
tation, where seasonal variation is masked in annual averages by 
strong opposing monsoonal trends. Focusing solely on annual aver-
ages in this study results in concluding no effect of climate on forest 
loss in India. This has repercussions such as underestimating future 
projected losses, dismissing interactions with other stressors and 
missed opportunities for protection. We stress that in countries with 
high seasonality, using seasonal data is necessary at the very least.

We also highlight the importance of utilizing an appropriate spa-
tial scale in large-scale analyses. The results obtained for national 
and regional models differed greatly in this study. The use of re-
gional models highlighted large variation in climate drivers of loss 
across India, but also separated climatic trends and contiguous areas 
of forest. This is of particular concern in the border districts of the 
CNE, WC and PEN regions which contained contiguous areas of high 
forest loss and homogeneous climatic trends, but which were seg-
regated in the regional models, potentially lessening the impact of 
climate trends observed.

Consequently, policy and conservation practice decisions need 
to take into account the different trends observed at different spa-
tial and temporal scales as these could infer different management 
solutions. For example, assessing the effects of climate change on 
forests using data at the national scale and using annual averages 
may lead conservation managers and policymakers to conclude 
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that climate change is having minimal effect on forests. However, 
this overlooks the significant seasonal effects causing stress on 
forests, as well as the vast regional differences in climate threats. 
Conservation strategies and policies will be most effective where 
they take into account the trends across multiple spatial and tem-
poral scales.

4.5.3  |  Lag times and contribution of plantation  
forests

Forests often have lagged responses to changes in climate (Bertrand 
et al., 2011; Tei & Sugimoto, 2018). However, these can be highly 
variable between species and there is no clear consensus on the 
length of such lags (Bertrand et al., 2011; Corlett & Westcott, 2013; 
Kosanic et al., 2019; Liang et al., 2018). Therefore, it was difficult 
to account for without detailed context-specific information at the 
species level and as such lags were not considered in this study. 
The forest data used in this study also do not discriminate between 
natural and plantation forests, a known concern with other forest 
data in India such as the Forest Survey of India datasets (Puyravaud 
et al., 2010; Sudhaker Reddy et al. 2016). Some losses recorded in 
this study are possibly due to harvesting of tree plantations and not 
natural forests. Future studies would benefit greatly from the crea-
tion of forest cover maps that can distinguish between natural and 
plantation forests (Puyravaud et al., 2010). Furthermore, this dataset 
only determines forest losses as a result of climate change and not 
forest degradation or changes in floristic composition. Further study 
is needed to assess the effects of climate change on other compo-
nents of forest change.

5  |  CONCLUSIONS

We show, for the first time, that climate change has played a role 
in past forest loss in India and provide the first characterization of 
climate velocity in the country. We highlight a concern for future 
forest loss due to emerging drying trends and the locations and mag-
nitude of singular high velocities in India's remaining forest strong-
holds. This study highlights the issues around spatial and temporal 
scales leading to misrepresentation of climatic contributions to for-
est losses, particularly in ecologically and climatically diverse sys-
tems like India. Although this study shows climate to contribute to 
India's forest loss, it also supports that other stressors, particularly 
land use change, likely still play a major role. Currently, India is in the 
process of creating a new National Forest Policy to replace the last, 
which was written in 1988. Therefore, this is a crucial time for poli-
cies to be considering the multiple threats that forests in the coun-
try face. Adaptable management strategies built from up-to-date 
research is even more important as the country's forests face un-
precedented threats on multiple fronts. As climate changes become 
more extreme, an understanding of how stressors interact will be of 
paramount importance in preserving India's forest and biodiversity. 

In light of this, future studies should aim to quantify different as-
pects of the climate–forest relationship in India, particularly the re-
sponse of different tree species to climate, prevalence of extreme 
events for example, drought, interactions between climate and other 
stressors, the lag time, and the effects of climate-related forest loss 
on other aspects of biodiversity within the country. Studies, such 
as this, where other drivers of forest loss are explored, can help to 
inform conservation policy and practice on national and regional 
levels, leading to more successful and cost-effective management 
programmes, especially as climate changes become more prevalent.

ACKNOWLEDG EMENT
This research was funded by NERC QMEE CDT studentship 1937679.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in the University of Reading Research Data Archive at https://doi.
org/10.17864/​1947.000364.

ORCID
Alice E. Haughan   https://orcid.org/0000-0003-2587-7872 
Nathalie Pettorelli   https://orcid.org/0000-0002-1594-6208 
Simon G. Potts   https://orcid.org/0000-0002-2045-980X 
Deepa Senapathi   https://orcid.org/0000-0002-8883-1583 

R E FE R E N C E S
Aiba, S. I., & Kitayama, K. (2002). Effects of the 1997–98 El Niño drought 

on rain forests of Mount Kinabalu, Borneo. Journal of Tropical 
Ecology, 18(2), 215–230. https://doi.org/10.1017/S0266​46740​
2002146

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, 
N., Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, 
E. H. T., Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, 
N., Lim, J.-H., Allard, G., Running, S. W., Semerci, A., & Cobb, N. 
(2010). A global overview of drought and heat-induced tree mortal-
ity reveals emerging climate change risks for forests. Forest Ecology 
and Management, 259(4), 660–684. https://doi.org/10.1016/j.
foreco.2009.09.001

Arafeh-Dalmau, N., Brito-Morales, I., Schoeman, D. S., Possingham, H. P., 
Klein, C. J., & Richardson, A. J. (2021). Incorporating climate veloc-
ity into the design of climate-smart networks of marine protected 
areas. Methods in Ecology and Evolution, 12(10), 1969–1983.

Asner, G. P., Loarie, S. R., & Heyder, U. (2010). Combined effects 
of climate and land-use change on the future of humid trop-
ical forests. Conservation Letters, 3(6), 395–403. https://doi.
org/10.1111/j.1755-263X.2010.00133.x

Bateman, B. L., Pidgeon, A. M., Radeloff, V. C., Van Der Wal, J., 
Thogmartin, W. E., Vavrus, S. J., & Heglund, P. J. (2016). The pace of 
past climate change vs. potential bird distributions and land use in 
the United States. Global Change Biology, 22(3), 1130–1144. https://
doi.org/10.1111/gcb.13154

Bennett, A. C., McDowell, N. G., Allen, C. D., & Anderson-Teixeira, K. J. 
(2015). Larger trees suffer most during drought in forests world-
wide. Nature Plants, 1(10), 1–5. https://doi.org/10.1038/nplan​ts.​
2015.139

Bertrand, R., Lenoir, J., Piedallu, C., Riofrío-Dillon, G., de Ruffray, P., Vidal, 
C., Pierrat, J.-C., & Gégout, J.-C. (2011). Changes in plant commu-
nity composition lag behind climate warming in lowland forests. 
Nature, 479(7374), 517–520. https://doi.org/10.1038/natur​e10548

https://doi.org/10.17864/1947.000364
https://doi.org/10.17864/1947.000364
https://orcid.org/0000-0003-2587-7872
https://orcid.org/0000-0003-2587-7872
https://orcid.org/0000-0002-1594-6208
https://orcid.org/0000-0002-1594-6208
https://orcid.org/0000-0002-2045-980X
https://orcid.org/0000-0002-2045-980X
https://orcid.org/0000-0002-8883-1583
https://orcid.org/0000-0002-8883-1583
https://doi.org/10.1017/S0266467402002146
https://doi.org/10.1017/S0266467402002146
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/j.1755-263X.2010.00133.x
https://doi.org/10.1111/j.1755-263X.2010.00133.x
https://doi.org/10.1111/gcb.13154
https://doi.org/10.1111/gcb.13154
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nature10548


16  |    HAUGHAN et al.

Biasutti, M., & Giannini, A. (2006). Robust Sahel drying in response to 
late 20th century forcings. Geophysical Research Letters, 33(11), 1. 
https://doi.org/10.1029/2006G​L026067

Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, 
and the climate benefits of forests. Science, 320(5882), 1444–1449. 
https://doi.org/10.1126/scien​ce.1155121

Brando, P. M., Balch, J. K., Nepstad, D. C., Morton, D. C., Putz, F. E., 
Coe, M. T., Silvério, D., Macedo, M. N., Davidson, E. A., Nóbrega, 
C. C., Alencar, A., & Soares-Filho, B. S. (2014). Abrupt increases 
in Amazonian tree mortality due to drought-fire interactions. 
Proceedings of the National Academy of Sciences of the United 
States of America, 11(17), 6347–6352. https://doi.org/10.1073/
pnas.13054​99111

Brito-Morales, I., García Molinos, J., Schoeman, D. S., Burrows, M. 
T., Poloczanska, E. S., Brown, C. J., Ferrier, S., Harwood, T. D., 
Klein, C. J., McDonald-Madden, E., Moore, P. J., Pandolfi, J. 
M., Watson, J. E. M., Wenger, A. S., & Richardson, A. J. (2018). 
Climate velocity can inform conservation in a warming world. 
Trends in Ecology & Evolution, 33(6), 441–457. https://doi.
org/10.1016/j.tree.2018.03.009

Brown, K., & Pearce, D. W. (1994). The causes of tropical deforestation: The 
economic and statistical analysis of factors giving rise to the loss of the 
tropical forests. UBC Press.

Burrows, M. T., Schoeman, D. S., Richardson, A. J., Molinos, J. G., 
Hoffmann, A., Buckley, L. B., Moore, P. J., Brown, C. J., Bruno, J. 
F., Duarte, C. M., Halpern, B. S., Hoegh-Guldberg, O., Kappel, C. 
V., Kiessling, W., O'Connor, M. I., Pandolfi, J. M., Parmesan, C., 
Sydeman, W. J., Ferrier, S., … Poloczanska, E. S. (2014). Geographical 
limits to species-range shifts are suggested by climate velocity. 
Nature, 507(7493), 492–495. https://doi.org/10.1038/natur​e12976

Carnicer, J., Coll, M., Ninyerola, M., Pons, X., Sánchez, G., & Peñuelas, 
J. (2011). Widespread crown condition decline, food web disrup-
tion, and amplified tree mortality with increased climate change-
type drought. Proceedings of the National Academy of Sciences 
of the United States of America, 108(4), 1474–1478. https://doi.
org/10.1073/pnas.10100​70108

Carroll, C., Lawler, J. J., Roberts, D. R., & Hamann, A. (2015). Biotic and cli-
matic velocity identify contrasting areas of vulnerability to climate 
change. PLoS One, 10(10), e0140486. https://doi.org/10.1371/
journ​al.pone.0140486

Chatterjee, S., Saikia, A., Kumar Dutta, P., & Ghosh, D. (2006). Biodiversity 
significance of north east India (pp. 1–71). WWF-India Technical report.

Chaturvedi, R. K., Gopalakrishnan, R., Jayaraman, M., Bala, G., Joshi, N. 
V., Sukumar, R., & Ravindranath, N. H. (2011). Impact of climate 
change on Indian forests: A dynamic vegetation modeling ap-
proach. Mitigation and Adaptation Strategies for Global Change, 16(2), 
119–142. https://doi.org/10.1007/s1102​7-010-9257-7

Chen, I.-C., Hill, J. K., Ohlemüller, R., Roy, D. B., & Thomas, C. D. (2011). 
Rapid range shifts of species associated with high levels of climate 
warming. Science, 333(6045), 1024–1026. https://doi.org/10.1126/
scien​ce.1206432

Chen, X., Wang, L., & Inouye, D. (2017). Delayed response of spring phe-
nology to global warming in subtropics and tropics. Agricultural and 
Forest Meteorology, 234–235, 222–235. https://doi.org/10.1016/j.
agrfo​rmet.2017.01.002

Chen, Y., Zhang, J., Jiang, J., Nielsen, S. E., & He, F. (2017). Assessing the 
effectiveness of China’s protected areas to conservecurrent and 
future amphibian diversity. Diversity and Distributions, 23(2), 146–
157. https://doi.org/10.1111/ddi.12508

Chitale, V. S., Behera, M. D., & Roy, P. S. (2014). Future of endemic flora 
of biodiversity hotspots in India. PLoS One, 9(12), e115264. https://
doi.org/10.1371/journ​al.pone.0115264

Choe, H., & Thorne, J. H. (2017). Integrating climate change and land use 
impacts to explore forest conservation policy. Forests, 8(9), 321. 
https://doi.org/10.3390/f8090321

Cimatti, M., Ranc, N., Benítez-López, A., Maiorano, L., Boitani, L., 
Cagnacci, F., Čengić, M., Ciucci, P., Huijbregts, M. A. J., Krofel, 
M., López-Bao, J. V., Selva, N., Andren, H., Bautista, C., Ćirović, 
D., Hemmingmoore, H., Reinhardt, I., Marenče, M., Mertzanis, Y., 
… Santini, L. (2021). Large carnivore expansion in Europe is asso-
ciated with human population density and land cover changes. 
Diversity and Distributions, 27(4), 602–617. https://doi.org/10.1111/
ddi.13219

Condit, R., Aguilar, S., Hernandez, A., Perez, R., Lao, S., Angehr, G., 
Hubbell, S. P., & Foster, R. B. (2004). Tropical forest dynamics across 
a rainfall gradient and the impact of an El Niño dry season. Journal 
of Tropical Ecology, 20, 51–72. https://doi.org/10.1017/S0266​46740​
3001081

Condon, L. E., & Maxwell, R. M. (2019). Simulating the sensitivity of 
evapotranspiration and streamflow to large-scale groundwa-
ter depletion. Science Advances, 5(6), 4574–4593. https://doi.
org/10.1126/sciadv.aav4574

Convention on Biological Diversity. (2020). Country profiles – India. 
Retrieved from https://www.cbd.int/count​ries/targe​ts/?count​
ry=in

Cook, B. I., Wolkovich, E. M., & Parmesan, C. (2012). Divergent responses 
to spring and winter warming drive community level flowering 
trends. Proceedings of the National Academy of Sciences of the United 
States of America, 109(23), 9000–9005. https://doi.org/10.1073/
pnas.11183​64109

Corlett, R. T., & Westcott, D. A. (2013). Will plant movements keep up 
with climate change? Trends in Ecology & Evolution, 28(8), 482–488. 
https://doi.org/10.1016/j.tree.2013.04.003

Das, A. J., Stephenson, N. L., Flint, A., Das, T., & van Mantgem, P. J. 
(2013). Climatic correlates of tree mortality in water- and energy-
limited forests. PLoS One, 8(7), e69917. https://doi.org/10.1371/
journ​al.pone.0069917

Das, P., & Behera, M. D. (2019). Can the forest cover in India withstand 
large climate alterations? Biodiversity and Conservation, 28(8–9), 
2017–2033. https://doi.org/10.1007/s1053​1-019-01759​-y

Dash, S. K., Nair, A. A., Kulkarni, M. A., & Mohanty, U. C. (2011). 
Characteristic changes in the long and short spells of different rain 
intensities in India. Theoretical and Applied Climatology, 105(3), 563–
570. https://doi.org/10.1007/s0070​4-011-0416-x

Davidar, P., Sahoo, S., Mammen, P. C., Acharya, P., Puyravaud, J.-P., 
Arjunan, M., Garrigues, J. P., & Roessingh, K. (2010). Assessing the 
extent and causes of forest degradation in India: Where do we 
stand? Biological Conservation, 143(12), 2937–2944. https://doi.
org/10.1016/j.biocon.2010.04.032

Dial, R. J., Scott Smeltz, T., Sullivan, P. F., Rinas, C. L., Timm, K., Geck, J. E., 
Carl Tobin, S., Golden, T. S., & Berg, E. C. (2016). Shrubline but not 
treeline advance matches climate velocity in montane ecosystems 
of south-central Alaska. Global Change Biology, 22(5), 1841–1856. 
https://doi.org/10.1111/gcb.13207

Dobrowski, S. Z., Abatzoglou, J., Swanson, A. K., Greenberg, J. A., 
Mynsberge, A. R., Holden, Z. A., & Schwartz, M. K. (2012). The cli-
mate velocity of the contiguous US during the 20th century. Global 
Change Biology, 19(1), 241–251.

Dobrowski, S. Z., & Parks, S. A. (2016). Climate change velocity under-
estimates climate change exposure in mountainous regions. Nature 
Communications, 7(1), 12349. https://doi.org/10.1038/ncomm​s​
12349

ENVIS. (2020). ENVIS Centre on Wildlife & Protected Areas. Ministry of 
Environment & Forests, Govt. of India. Retrieved from http://www.
wiien​vis.nic.in/Datab​ase/Prote​cted_Area_854.aspx

FAO and UNEP. (2020). The state of the world’s forests 2020. Forests, biodi-
versity and people. Rome. https://doi.org/10.4060/ca8642en

Foden, W., Midgley, G. F., Hughes, G., Bond, W. J., Thuiller, W., Hoffman, 
M. T., Kaleme, P., Underhill, L. G., Rebelo, A., & Hannah, L. (2007). 
A changing climate is eroding the geographical range of the Namib 

https://doi.org/10.1029/2006GL026067
https://doi.org/10.1126/science.1155121
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1016/j.tree.2018.03.009
https://doi.org/10.1016/j.tree.2018.03.009
https://doi.org/10.1038/nature12976
https://doi.org/10.1073/pnas.1010070108
https://doi.org/10.1073/pnas.1010070108
https://doi.org/10.1371/journal.pone.0140486
https://doi.org/10.1371/journal.pone.0140486
https://doi.org/10.1007/s11027-010-9257-7
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.1016/j.agrformet.2017.01.002
https://doi.org/10.1016/j.agrformet.2017.01.002
https://doi.org/10.1111/ddi.12508
https://doi.org/10.1371/journal.pone.0115264
https://doi.org/10.1371/journal.pone.0115264
https://doi.org/10.3390/f8090321
https://doi.org/10.1111/ddi.13219
https://doi.org/10.1111/ddi.13219
https://doi.org/10.1017/S0266467403001081
https://doi.org/10.1017/S0266467403001081
https://doi.org/10.1126/sciadv.aav4574
https://doi.org/10.1126/sciadv.aav4574
https://www.cbd.int/countries/targets/?country=in
https://www.cbd.int/countries/targets/?country=in
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1073/pnas.1118364109
https://doi.org/10.1016/j.tree.2013.04.003
https://doi.org/10.1371/journal.pone.0069917
https://doi.org/10.1371/journal.pone.0069917
https://doi.org/10.1007/s10531-019-01759-y
https://doi.org/10.1007/s00704-011-0416-x
https://doi.org/10.1016/j.biocon.2010.04.032
https://doi.org/10.1016/j.biocon.2010.04.032
https://doi.org/10.1111/gcb.13207
https://doi.org/10.1038/ncomms12349
https://doi.org/10.1038/ncomms12349
http://www.wiienvis.nic.in/Database/Protected_Area_854.aspx
http://www.wiienvis.nic.in/Database/Protected_Area_854.aspx
https://doi.org/10.4060/ca8642en


    |  17HAUGHAN et al.

Desert tree Aloe through population declines and dispersal lags. 
Diversity and Distributions, 13(5), 645–653.

França, F. M., Benkwitt, C. E., Peralta, G., Robinson, J. P. W., Graham, 
N. A. J., Tylianakis, J. M., Berenguer, E., Lees, A. C., Ferreira, J., 
Louzada, J., & Barlow, J. (2020). Climatic and local stressor inter-
actions threaten tropical forests and coral reefs. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 375(1794), 
20190116. https://doi.org/10.1098/rstb.2019.0116

Fuentes-Castillo, T., Hernández, H. J., & Pliscoff, P. (2020). Hotspots 
and ecoregion vulnerability driven by climate change velocity in 
Southern South America. Regional Environmental Change, 20(27). 
https://doi.org/10.1007/s1011​3-020-01595​-9

García Molinos, J., Schoeman, D. S., Brown, C. J., & Burrows, M. T. (2019). 
VoCC: An r package for calculating the velocity of climate change 
and related climatic metrics. Methods in Ecology and Evolution, 
10(12), 2195–2202. https://doi.org/10.1111/2041-210x.13295

Garcia, R. A., Cabeza, M., Rahbek, C., & Araújo, M. B. (2014). Multiple di-
mensions of climate change and their implications for biodiversity. 
Science, 344(6183), 1. https://doi.org/10.1126/scien​ce.1247579

García Molinos, J., Halpern, B. S., Schoeman, D. S., Brown, C. J., Kiessling, 
W., Moore, P. J., Pandolfi, J. M., Poloczanska, E. S., Richardson, A. 
J., & Burrows, M. T. (2016). Climate velocity and the future global 
redistribution of marine biodiversity. Nature Climate Change, 6(1), 
83–88. https://doi.org/10.1038/nclim​ate2769

Giardina, F., Konings, A. G., Kennedy, D., Alemohammad, S. H., Oliveira, 
R. S., Uriarte, M., & Gentine, P. (2018). Tall Amazonian forests are 
less sensitive to precipitation variability. Nature Geoscience, 11(6), 
405–409. https://doi.org/10.1038/s4156​1-018-0133-5

Gonzalez, P. (2001). Desertification and shift of forest species in the 
West African Sahel. Climate Research, 17(2), 217–228.

Gopalakrishnan, R., Jayaraman, M., Bala, G., & Ravindranath, N. H. 
(2011). Climate change and Indian forests. Current Science, 101(3), 
348–355.

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., & Moore, 
R. (2017). Google Earth engine: Planetary-scale geospatial analysis 
for everyone. Remote Sensing of Environment, 202, 18–27. https://
doi.org/10.1016/j.rse.2017.06.031

Greenwood, S., Ruiz-Benito, P., Martínez-Vilalta, J., Lloret, F., Kitzberger, T., 
Allen, C. D., Fensham, R., Laughlin, D. C., Kattge, J., Bönisch, G., Kraft, 
N. J. B., & Jump, A. S. (2017). Tree mortality across biomes is promoted 
by drought intensity, lower wood density and higher specific leaf area. 
Ecology Letters, 20(4), 539–553. https://doi.org/10.1111/ele.12748

Gupta, H. K. (2007). Deforestation and forest cover changes in the 
Himachal Himalaya, India. International Journal of Ecology and 
Environmental Sciences, 33, 207–218.

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., 
Holt, R. D., Lovejoy, T. E., Sexton, J. O., Austin, M. P., Collins, C. D., 
Cook, W. M., Damschen, E. I., Ewers, R. M., Foster, B. L., Jenkins, 
C. N., King, A. J., Laurance, W. F., Levey, D. J., Margules, C. R., … 
Townshend, J. R. (2015). Habitat fragmentation and its lasting 
impact on Earth’s ecosystems. Science Advances, 1(2), e1500052. 
https://doi.org/10.1126/sciadv.1500052

Hamann, A., Roberts, D. R., Barber, Q. E., Carroll, C., & Nielsen, S. E. 
(2015). Velocity of climate change algorithms for guiding conser-
vation and management. Global Change Biology, 21(2), 997–1004. 
https://doi.org/10.1111/gcb.12736

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. 
A., Tyukavina, A., Thau, D., Stehman, S. V., Goetz, S. J., Loveland, 
T. R., Kommareddy, A., Egorov, A., Chini, L., Justice, C. O., & 
Townshend, J. R. G. (2013). High-resolution global maps of 21st-
century forest cover change. Science, 342(6160), 850–853. https://
doi.org/10.1126/scien​ce.1244693

Harvey, J. E., Smiljanić, M., Scharnweber, T., Buras, A., Cedro, A., Cruz-
García, R., Drobyshev, I., Janecka, K., Jansons, Ā., Kaczka, R., 
Klisz, M., Läänelaid, A., Matisons, R., Muffler, L., Sohar, K., Spyt, 
B., Stolz, J., Maaten, E., Maaten-Theunissen, M., … Wilmking, M. 

(2019). Tree growth influenced by warming winter climate and 
summer moisture availability in northern temperate forests. 
Global Change Biology, 26(4), 2505–2518. https://doi.org/10.1111/
gcb.14966

Heikkinen, R. K., Leikola, N., Aalto, J., Aapala, K., Kuusela, S., Luoto, M., & 
Virkkala, R. (2020). Fine-grained climate velocities reveal vulnera-
bility of protected areas to climate change. Scientific Reports, 10(1), 
1–11. https://doi.org/10.1038/s4159​8-020-58638​-8

Huete, A. R., Didan, K., Shimabukuro, Y. E., Ratana, P., Saleska, S. R., 
Hutyra, L. R., Yang, W., Nemani, R. R., & Myneni, R. (2006). Amazon 
rainforests green-up with sunlight in dry season. Geophysical 
Research Letters, 33(6), L06405. https://doi.org/10.1029/2005G​
L025583

IPBES. (2018). Summary for policymakers of the regional assessment re-
port on biodiversity and ecosystem services for Asia and the Pacific 
of the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services. In M. Karki, S. Senaratna Sellamuttu, S. 
Okayasu, W. Suzuki, L. A. Acosta, Y. Alhafedh, J. A. Anticamara, 
A. G. Ausseil, K. Davies, A. Gasparatos, H. Gundimeda, I. Faridah-
Hanum, R. Kohsaka, R. Kumar, S. Managi, N. Wu, A. Rajvanshi, G. S. 
Rawat, P. Riordan, S. Sharma, A. Virk, C. Wang, T. Yahara and Y. C. 
Youn (Eds.). IPBES Secretariat, Bonn, Germany. 41 pp.

IPBES. (2019). Summary for policymakers of the global assessment report 
on biodiversity and ecosystem services of the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services. 
In S. Díaz, J. Settele, E. S. Brondízio, H. T. Ngo, M. Guèze, J. Agard, 
A. Arneth, P. Balvanera, K. A. Brauman, S. H. M. Butchart, K. M. 
A. Chan, L. A. Garibaldi, K. Ichii, J. Liu, S. M. Subramanian, G. F. 
Midgley, P. Miloslavich, Z. Molnár, D. Obura, A. Pfaff, S. Polasky, 
A. Purvis, J. Razzaque, B. Reyers, R. Roy Chowdhury, Y. J. Shin, I. J. 
Visseren-Hamakers, K. J. Willis, & C. N. Zayas (Eds.), Population and 
development review (56 pp). IPBES Secretariat.

IPCC. (2019). Summary for policymakers. In P.R. Shukla, J. Skea, E. Calvo 
Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, P. 
Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. 
Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. 
Huntley, K. Kissick, M. Belkacemi, & J. Malley (Eds.). Climate change 
and land: An IPCC special report on climate change, desertification, 
land degradation, sustainable land management, food security, and 
greenhouse gas fluxes in terrestrial ecosystems.

Jha, C. S., Dutt, C. B. S., & Bawa, K. S. (2000). Deforestation and land use 
changes in Western Ghats, India. Current Science, 79(2), 231–238.

Kale, M. P., Chavan, M., Pardeshi, S., Joshi, C., Verma, P. A., Roy, P. S., 
Srivastav, S. K., Srivastava, V. K., Jha, A. K., Chaudhari, S., Giri, Y., & 
Krishna Murthy, Y. V. N. (2016). Land-use and land-cover change in 
Western Ghats of India. Environmental Monitoring and Assessment, 
188, 387. https://doi.org/10.1007/s1066​1-016-5369-1

Khan, J. A., Rodgers, A. A., Johnsingh, A. J. T., & Mathur, P. K. (1994). 
Tree and shrub mortality and debarking by sambar Cervus unicolor 
(kerr) in Gir after a drought in Gujurat, India. Biological Conservation, 
68(2), 149–154.

Kok, K. (2004). The role of population in understanding Honduran land 
use patterns. Journal of Environmental Management, 72(1–2), 73–89. 
https://doi.org/10.1016/j.jenvm​an.2004.03.013

Kosanic, A., Kavcic, I., van Kleunen, M., & Harrison, S. (2019). Climate change 
and climate change velocity analysis across Germany. Scientific Reports, 
9(1), 2196. https://doi.org/10.1038/s4159​8-019-38720​-6

Krishnan, R., Sanjay, J., Gnanaseelan, C., Mujumdar, M., Kulkarni, 
A., & Chakraborty, S. (2020). Chapter 1: Assessment of climate 
change over the Indian region. Springer. https://doi.org/10.1007/​
978-981-15-4327-2

Kumar, M., Singh, H., & Kalra, N. (2018). Dynamic forest vegetation mod-
els for predicting impacts of climate change on forests: An Indian 
perspective. Indian Journal of Forestry, 41(1), 1–12.

Laube, J., Sparks, T. H., Estrella, N., Höfler, J., Ankerst, D. P., & Menzel, 
A. (2013). Chilling outweighs photoperiod in preventing precocious 

https://doi.org/10.1098/rstb.2019.0116
https://doi.org/10.1007/s10113-020-01595-9
https://doi.org/10.1111/2041-210x.13295
https://doi.org/10.1126/science.1247579
https://doi.org/10.1038/nclimate2769
https://doi.org/10.1038/s41561-018-0133-5
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1111/ele.12748
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1111/gcb.12736
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1111/gcb.14966
https://doi.org/10.1111/gcb.14966
https://doi.org/10.1038/s41598-020-58638-8
https://doi.org/10.1029/2005GL025583
https://doi.org/10.1029/2005GL025583
https://doi.org/10.1007/s10661-016-5369-1
https://doi.org/10.1016/j.jenvman.2004.03.013
https://doi.org/10.1038/s41598-019-38720-6
https://doi.org/10.1007/978-981-15-4327-2
https://doi.org/10.1007/978-981-15-4327-2


18  |    HAUGHAN et al.

spring development. Global Change Biology, 20(1), 170–182. https://
doi.org/10.1111/gcb.12360

Lele, N., & Joshi, P. K. (2009). Analyzing deforestation rates, spatial forest 
cover changes and identifying critical areas of forest cover changes 
in North-East India during 1972–1999. Environmental Monitoring 
and Assessment, 156(1–4), 159–170. https://doi.org/10.1007/s1066​
1-008-0472-6

Lele, N., Joshi, P. K., & Agrawal, S. P. (2008). Assessing forest fragmen-
tation in northeastern region (NER) of India using landscape matri-
ces. Ecological Indicators, 8(5), 657–663. https://doi.org/10.1016/J.
ECOLI​ND.2007.10.002

Lenoir, J., & Svenning, J. C. (2015). Climate-related range shifts - A global 
multidimensional synthesis and new research directions. Ecography, 
38(1), 15–28. https://doi.org/10.1111/ecog.00967

Lewis, S. L., Edwards, D. P., & Galbraith, D. (2015). Increasing human dom-
inance of tropical forests. Science, 349(6250), 827–832. https://doi.
org/10.1126/scien​ce.aaa9932

Liang, Y. U., Duveneck, M. J., Gustafson, E. J., Serra-Diaz, J. M., & 
Thompson, J. R. (2018). How disturbance, competition, and disper-
sal interact to prevent tree range boundaries from keeping pace 
with climate change. Global Change Biology, 24(1), e335–e351. 
https://doi.org/10.1111/gcb.13847

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-
Gonzalo, J., Seidl, R., Delzon, S., Corona, P., Kolström, M., Lexer, M. 
J., & Marchetti, M. (2010). Climate change impacts, adaptive capac-
ity, and vulnerability of European forest ecosystems. Forest Ecology 
and Management, 259(4), 698–709. https://doi.org/10.1016/j.
foreco.2009.09.023

Liu, J., Dietz, T., Carpenter, S. R., Alberti, M., Folke, C., Moran, E., Pell, 
A. N., Deadman, P., Kratz, T., Lubchenco, J., Ostrom, E., Ouyang, 
Z., Provencher, W., Redman, C. L., Schneider, S. H., & Taylor, W. 
W. (2007). Complexity of coupled human and natural systems. 
Science, 317(5844), 1513–1516. https://doi.org/10.1126/scien​
ce.1144004

Loarie, S. R., Duffy, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, 
D. D. (2009). The velocity of climate change. Nature, 462(7276), 
1052–1055. https://doi.org/10.1038/natur​e08649

Maracchi, G., Sirotenko, O., & Bindi, M. (2005). Impacts of present and 
future climate variability on agriculture and forestry in the tem-
perate regions: Europe. Climatic Change, 70, 117–135. https://doi.
org/10.1007/s1058​4-005-5939-7

Maringer, J., Stelzer, A.-S., Paul, C., & Albrecht, A. T. (2021). Ninety-five 
years of observed disturbance-based tree mortality modeled with 
climate-sensitive accelerated failure time models. European Journal of 
Forest Research, 140(3), 255–272. https://doi.org/10.1007/s1034​2-  
020-01328​-x

McDowell, N. G. (2018). Deriving pattern from complexity in the pro-
cesses underlying tropical forest drought impacts. New Phytologist, 
219(3), 841–844. https://doi.org/10.1111/nph.15341

McDowell, N., Allen, C. D., Anderson-Teixeira, K., Brando, P., Brienen, R., 
Chambers, J., Christoffersen, B., Davies, S., Doughty, C., Duque, A., 
Espirito-Santo, F., Fisher, R., Fontes, C. G., Galbraith, D., Goodsman, 
D., Grossiord, C., Hartmann, H., Holm, J., Johnson, D. J., … Xu, X. 
(2018). Drivers and mechanisms of tree mortality in moist tropical 
forests. New Phytologist, 219(3), 851–869. https://doi.org/10.1111/
nph.15027

Meiyappan, P., Roy, P. S., Sharma, Y., Ramachandran, R. M., Joshi, P. K., 
DeFries, R. S., & Jain, A. K. (2017). Dynamics and determinants of 
land change in India: Integrating satellite data with village socioeco-
nomics. Regional Environmental Change, 17, 753–766. https://doi.
org/10.1007/s1011​3-016-1068-2

Milanesi, P., Breiner, F. T., Puopolo, F., & Holderegger, R. (2017). European 
human-dominated landscapes provide ample space for the recolo-
nization of large carnivore populations under future land change 
scenarios. Ecography, 40(12), 1359–1368. https://doi.org/10.1111/
ecog.02223

Mishra, A. K. (2019). Quantifying the impact of global warming on pre-
cipitation patterns in India. Meteorological Applications, 26, 153–
160. https://doi.org/10.1002/met.1749

Nadeau, C. P., & Fuller, A. K. (2015). Accounting for multiple climate 
components when estimating climate change exposure and ve-
locity. Methods in Ecology and Evolution, 6(6), 697–705. https://doi.
org/10.1111/2041-210X.12360

Nakagawa, M., Nakashizuka, T., Kenta, T., & Ohkubo, T. (2001). Impact of 
severe drought associated with the 1997–1998 El Nino in a tropical 
forest in Sarawak. Journal of Tropical Ecology, 16(3), 355–367.

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

Neumann, M., Mues, V., Moreno, A., Hasenauer, H., & Seidl, R. (2017). 
Climate variability drives recent tree mortality in Europe. Global 
Change Biology, 23(11), 4788–4797. https://doi.org/10.1111/
gcb.13724

NWAP. (2017). India’s National Wildlife Action Plan, 2017-2031.  
Retrieved from https://ntca.gov.in/asset​s/uploa​ds/Repor​ts/Other​s/  
​Wildl​ife_Action_Plan_2017_31.pdf

Ostberg, S., Schaphoff, S., Lucht, W., & Gerten, D. (2015). Three cen-
turies of dual pressure from land use and climate change on the 
biosphere. Environmental Research Letters, 10(4), 044011. https://
doi.org/10.1088/1748-9326/10/4/044011

Ovenden, T. S., Perks, M. P., Clarke, T.-K., Mencuccini, M., & Jump, A. S. 
(2021). Life after recovery: Increased resolution of forest resilience 
assessment sheds new light on post-drought compensatory growth 
and recovery dynamics. Journal of Ecology, 109(9), 1365–2745. 
https://doi.org/10.1111/1365-2745.13576

Padalia, H., Ghosh, S., Reddy, C. S., Nandy, S., Singh, S., & Kumar, A. S. 
(2019). Assessment of historical forest cover loss and fragmenta-
tion in Asian elephant ranges in India. Environmental Monitoring 
and Assessment, 191, 802. https://doi.org/10.1007/s1066​
1-019-7696-5

Palchoudhuri, Y., Roy, P. S., & Srivastava, V. K. (2015). A new socio–
economic index for modelling land use and land cover change. 
Journal of Land and Rural Studies, 3(1), 1–28.

Park Williams, A., Allen, C. D., Macalady, A. K., Griffin, D., Woodhouse, 
C. A., Meko, D. M., Swetnam, T. W., Rauscher, S. A., Seager, R., 
Grissino-Mayer, H. D., Dean, J. S., Cook, E. R., Gangodagamage, C., 
Cai, M., & McDowell, N. G. (2013). Temperature as a potent driver 
of regional forest drought stress and tree mortality. Nature Climate 
Change, 3, 292–297. https://doi.org/10.1038/nclim​ate1693

Phillips, O. L., Aragão, L. E. O. C., Lewis, S., & Fisher, J. B. (2009). Drought 
sensitivity of the Amazon rainforest. Science, 323(5919), 1344–
1347. https://doi.org/10.1126/scien​ce.1164033

Puyravaud, J. P., Davidar, P., & Laurance, W. F. (2010). Cryptic destruction 
of India’s native forests. Conservation Letters, 3, 390–394. https://
doi.org/10.1111/j.1755-263X.2010.00141.x

QGIS.org. (2019). QGIS Geographic Information System. Open Source 
Geospatial Foundation Project. Retrieved from http://qgis.org

R Core Team. (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ramakrishnan, P. S. (2007). Traditional forest knowledge and sus-
tainable forestry: A north-east India perspective. Forest Ecology 
and Management, 249(1–2), 91–99. https://doi.org/10.1016/j.
foreco.2007.04.001

Rao, C. A. R., Raju, B. M. K., Subba Rao, A. V. M., Rao, K. V., Rao, V. U. M., 
Ramachandran, K., Venkateswarlu, B., Sikka, A. K., Srinivasa Rao, 
M., Maheswari, M., & Rao, S. (2016). A district level assessment 
of vulnerability of Indian agriculture to climate change. Current 
Science, 110(10), 1939–1946.

Ravindranath, N. H., Joshi, N. V., Sukumar, R., & Saxena, A. (2005). 
Impact of climate change on forests in India. Current Science, 90(3), 
354–361. https://doi.org/10.2307/24091869

https://doi.org/10.1111/gcb.12360
https://doi.org/10.1111/gcb.12360
https://doi.org/10.1007/s10661-008-0472-6
https://doi.org/10.1007/s10661-008-0472-6
https://doi.org/10.1016/J.ECOLIND.2007.10.002
https://doi.org/10.1016/J.ECOLIND.2007.10.002
https://doi.org/10.1111/ecog.00967
https://doi.org/10.1126/science.aaa9932
https://doi.org/10.1126/science.aaa9932
https://doi.org/10.1111/gcb.13847
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1126/science.1144004
https://doi.org/10.1126/science.1144004
https://doi.org/10.1038/nature08649
https://doi.org/10.1007/s10584-005-5939-7
https://doi.org/10.1007/s10584-005-5939-7
https://doi.org/10.1007/s10342-020-01328-x
https://doi.org/10.1007/s10342-020-01328-x
https://doi.org/10.1111/nph.15341
https://doi.org/10.1111/nph.15027
https://doi.org/10.1111/nph.15027
https://doi.org/10.1007/s10113-016-1068-2
https://doi.org/10.1007/s10113-016-1068-2
https://doi.org/10.1111/ecog.02223
https://doi.org/10.1111/ecog.02223
https://doi.org/10.1002/met.1749
https://doi.org/10.1111/2041-210X.12360
https://doi.org/10.1111/2041-210X.12360
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1111/gcb.13724
https://doi.org/10.1111/gcb.13724
https://ntca.gov.in/assets/uploads/Reports/Others/Wildlife_Action_Plan_2017_31.pdf
https://ntca.gov.in/assets/uploads/Reports/Others/Wildlife_Action_Plan_2017_31.pdf
https://doi.org/10.1088/1748-9326/10/4/044011
https://doi.org/10.1088/1748-9326/10/4/044011
https://doi.org/10.1111/1365-2745.13576
https://doi.org/10.1007/s10661-019-7696-5
https://doi.org/10.1007/s10661-019-7696-5
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1126/science.1164033
https://doi.org/10.1111/j.1755-263X.2010.00141.x
https://doi.org/10.1111/j.1755-263X.2010.00141.x
http://qgis.org
https://doi.org/10.1016/j.foreco.2007.04.001
https://doi.org/10.1016/j.foreco.2007.04.001
https://doi.org/10.2307/24091869


    |  19HAUGHAN et al.

Ravindranath, N. H., Rao, S., Sharma, N., Nair, M., Gopalakrishnan, R., 
Rao, A. S., Malaviya, S., Tiwari, R., Sagadevan, A., Munsi, M., 
Krishna, N., & Bala, G. (2011). Climate change vulnerability profiles 
for North East India. Current Science, 101(3), 384–394.

Ravindranath, N. H., & Sukumar, R. (1998). Climate change and trop-
ical forests in India. Climatic Change, 39, 563–581. https://doi.
org/10.1023/a:10053​94505216

Reddy, C. S., Sreelekshmi, S., Jha, C. S., & Dadhwal, V. K. (2013). National 
assessment of forest fragmentation in India: Landscape indices as 
measures of the effects of fragmentation and forest cover change. 
Ecological Engineering, 60, 453–464. https://doi.org/10.1016/j.
ecole​ng.2013.09.064

Ross, R. S., Krishnamurti, T. N., Pattnaik, S., & Pai, D. S. (2018). Decadal 
surface temperature trends in India based on a new high-resolution 
data set. Scientific Reports, 8(1), 7452. https://doi.org/10.1038/
s4159​8-018-25347​-2

Roy, P. S., Murthy, M. S. R., Roy, A., Kushwaha, S. P. S., Singh, S., Jha, 
C. S., Behera, M. D., Joshi, P. K., Jagannathan, C., Karnatak, H. C., 
Saran, S., Reddy, C. S., Kushwaha, D., Dutt, C. B. S., Porwal, M. 
C., Sudhakar, S., Srivastava, V. K., Padalia, H., Nandy, S., & Gupta, 
S. (2013). Forest fragmentation in India. Current Science, 105(6), 
774–780.

Rupa Kumar, K., Sahai, A. K., Krishna Kumar, K., Patwardhan, S. K., 
Mishra, P. K., Revadekar, J. V., Kamala, K., & Pant, G. B. (2006). 
High-resolution climate change scenarios for India for the 21st cen-
tury. Current Science, 90(3), 334–345.

Saleska, S. R., Didan, K., Huete, A. R., & da Rocha, H. R. (2007). Amazon 
forests green-up during 2005 drought. Science, 318(5850), 612. 
https://doi.org/10.1126/scien​ce.1146663

Sandel, B., Arge, L., Dalsgaard, B., Davies, R. G., Gaston, K. J., Sutherland, 
W. J., & Svenning, J.-C. (2011). The influence of Late Quaternary 
climate-change velocity on species endemism. Science, 334(6056), 
660–664. https://doi.org/10.1126/scien​ce.1210173

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., 
Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi, J., Lexer, 
M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A., 
& Reyer, C. P. O. (2017). Forest disturbances under climate change. 
Nature Climate Change, 7, 393–402. https://doi.org/10.1038/nclim​
ate3303

Senf, C., Pflugmacher, D., Zhiqiang, Y., Sebald, J., Knorn, J., Neumann, M., 
Hostert, P., & Seidl, R. (2018). Canopy mortality has doubled in Europe’s 
temperate forests over the last three decades. Nature Communications, 
9, 4978. https://doi.org/10.1038/s4146​7-018-07539​-6

Sharma, J., Chaturvedi, R. K., Bala, G., & Ravindranath, N. H. (2015). 
Assessing “inherent vulnerability” of forests: A methodological ap-
proach and a case study from Western Ghats, India. Mitigation and 
Adaptation Strategies for Global Change, 20(4), 573–590. https://doi.
org/10.1007/s1102​7-013-9508-5

Sharma, J., Upgupta, S., Jayaraman, M., Chaturvedi, R. K., Bala, G., & 
Ravindranath, N. H. (2017). Vulnerability of forests in India: A na-
tional scale assessment. Environmental Management, 60(3), 544–
553. https://doi.org/10.1007/s0026​7-017-0894-4

Song, X.-P., Hansen, M. C., Stehman, S. V., Potapov, P. V., Tyukavina, A., 
Vermote, E. F., & Townshend, J. R. (2018). Global land change from 
1982 to 2016. Nature, 560, 639–643. https://doi.org/10.1038/
s4158​6-018-0411-9

Stralberg, D., Bayne, E. M., Cumming, S. G., Sólymos, P., Song, S. J., & 
Schmiegelow, F. K. A. (2015). Conservation of future boreal forest 
bird communities considering lags in vegetation response to climate 
change: A modified refugia approach. Diversity and Distributions, 
21(9), 1112–1128. https://doi.org/10.1111/ddi.12356

Sudhakar Reddy, C., Jha, C. S., Dadhwal, V. K., Hari Krishna, P., Vazeed 
Pasha, S., Satish, K. V., Dutta, K., Saranya, K. R. L., Rakesh, F., 

Rajashekar, G., & Diwakar, P. G. (2016). Quantification and mon-
itoring of deforestation in India over eight decades (1930–
2013). Biodiversity and Conservation, 25(1), 93–116. https://doi.
org/10.1007/s1053​1-015-1033-2

Taccoen, A., Piedallu, C., Seynave, I., Perez, V., Gégout-Petit, A., Nageleisen, 
L.-M., Bontemps, J.-D., & Gégout, J.-C. (2019). Background mor-
tality drivers of European tree species: Climate change matters. 
Proceedings of the Royal Society B: Biological Sciences, 286(1900), 
20190386. https://doi.org/10.1098/rspb.​2019.0386

Tei, S., & Sugimoto, A. (2018). Time lag and negative responses of forest 
greenness and tree growth to warming over circumboreal forests. 
Global Change Biology, 24(9), 4225–4237. https://doi.org/10.1111/
gcb.14135

Upgupta, S., Sharma, J., Jayaraman, M., Kumar, V., & Ravindranath, N. 
H. (2015). Climate change impact and vulnerability assessment 
of forests in the Indian Western Himalayan region: A case study 
of Himachal Pradesh, India. Climate Risk Management, 10, 63–76. 
https://doi.org/10.1016/j.crm.2015.08.002

Van Der Wal, J., Murphy, H. T., Kutt, A. S., Perkins, G. C., Bateman, B. L., 
Perry, J. J., & Reside, A. E. (2013). Focus on poleward shifts in spe-
cies’ distribution underestimates the fingerprint of climate change. 
Nature Climate Change, 3(3), 239–243. https://doi.org/10.1038/
nclim​ate1688

van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., Daniels, L. D., Franklin, 
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