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Abstract. Northern Eurasia is highly sensitive to climate change. Fires in this region can have
significant impacts on regional air quality, radiative forcing and black carbon deposition in the
Acrctic to accelerate ice melting. Using a MODIS-derived burned area data set, we report that the
total annual area burned in this region declined by 53 % during the 15-year period of 2002-2016.
Grassland fires dominated the trend, accounting for 93 % of the decline of the total area burned.
Grassland fires in Kazakhstan contributed 47 % of the total area burned and 84% of the decline.
Wetter climate and increased grazing are the principle driving forces for the decline. Our
findings: 1) highlight the importance of the complex interactions of climate-vegetation-land use
in affecting fire activity, and 2) reveal how the resulting impacts on fire activity in a relatively
small region such as Kazakhstan can dominate the trends of burned areas across a much larger
landscape of northern Eurasia. Our findings may be used to improve the prediction of future fire
dynamics and associated fire emissions in northern Eurasia.

1 Introduction

Fire activity worldwide is very sensitive to climate change and human actions, especially over
high latitude ecosystems (Goetz et al., 2007). Identifying and unraveling confounding fire drivers
is critical for understanding the recent and future impacts of fire activity. In northern Eurasia fire
activity impacts of chief concern include carbon cycling, boreal ecosystem dynamics, fire
emissions (Hao et al., 2016a), accelerated ice melting in the Arctic (Hao et al., 2016a;
Evangeliou et al., 2016), early thawing of permafrost, the hydrological cycle of high-latitudes
(IPCC, 2014), and air quality in Europe, Asia and North America. An improved understanding of
the region’s fire dynamics can also be applied to develop climate change mitigation policy and
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be incorporated into the fire modules of Earth System Models to improve their predictions
(Hantson et al. 2016).

Global mean surface temperature rose by approximately 0.72° C from the year 1951 to 2012
according to the 5" Intergovernmental Panel on Climate Change Report (IPCC) (IPCC, 2013),
but remained relatively constant (“warming hiatus”) from 1998 to 2013 (Fyfe et al., 2013;
Cowtan and Way, 2014; Trenberth et al., 2014). Nevertheless, extreme high temperature events
continued to occur even during the warming hiatus (Seneviratne et al., 2014; Trenberth et al.,
2015). Since 2013, the global temperatures have risen rapidly (NASA Global Climate Change,
2019). High latitudes are projected to have the largest temperature increase globally by 2100
(IPCC, 2013). At the same time, however, components of the fire weather index (FWI1), an index
of fire intensity potential, have experienced regional divergence at these latitudes with a positive
FWI trend in Eastern Asia and a negative trend in Kazakhstan (Jolly et al. 2015), suggesting
divergent regional climate impacts.

Northern Eurasia, defined here as a region from 35° N to the Arctic and from the Pacific Ocean
to the Atlantic Ocean, comprises 21 % of the Earth’s land area and encompasses diverse
ecosystems from the steppes of central Asia to the Arctic. Forest is the major ecosystem covering
an area of 27 % in northern Eurasia (Friedl et al., 2010), followed by grassland of 16 %. Over the
past 20 years, the decline of total area burned in Eurasia has been observed by Giglio et al.,
2013; Hao et al., 2016a and Andela et al., 2017.

Fire activity is greatly influenced by climate, fuels and human activity in different ways over
different ecosystems (e.g. Pausas and Ribeiro, 2013; Andela et al., 2017). Considerable research
has been done to understand climate-fire-grazing interactions in grassland ecosystems. In
grasslands reductions in fuel availability due to decreasing net primary production, grazing, or
other management activities can be the key variables limiting fire spread (Moritz et al., 2005). In
the western United States, the research has significant implications on forest and rangeland
management (e.g. Bachelet et al., 2000; Gedalof et al., 2005; Riley et al., 2013; Abatzoglou and
Kolden, 2013). Similar issues were investigated on African savanna for maintaining sustainable
grassland (e.g. Archibald et al., 2009; Koerner and Collins, 2014). In this study we closely
examine the interactions of climate, fire, grazing and fuel availability in the region of northern
Eurasia with the largest decline in burned area during 2002-2016.

To disentangle keystone variables affecting fire activity, we examined the trends of the spatial
and temporal distribution of the area burned from 2002 to 2016 across different land cover types
and geographic regions of northern Eurasia. Daily NASA MODIS (Moderate Resolution
Imaging Spectroradiometer) dataset at a 500 m x 500 m resolution was used. The burned area
data were analyzed at multiple spatial and temporal scales using frequentist statistical methods to
identify the regional trends. We identified the geographic region with the largest declining trend
and explore the influence of the confounding factors of climate and human activity on burned
area in this region. Assessing burned area changes in northern Eurasia over this time period
benefits from the lack of fire suppression in this region (Goldammer et al., 2013), so the impact
of climate and land use on fire activity can be better understood.
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2 Methodology
2.1 Mapping burned areas

Since the year 2000, global burned area has been mapped by remote sensing (e.g. Mouillot et al.
2014) with different sensors and detection algorithms (Chuvieco et al., 2019), leading to multiple
datasets with a significant uncertainty in the magnitude of spatial distribution, interannual
variability and trends in burned area (Hantson et al. 2016). Our methodology used for mapping
daily burned area is very similar to that used by Hao et al. (2016a, 2016b), with the only
difference being the land cover product. This study used annual edition of land cover/land cover
change product (MCD12) for 2002—2013 and the land cover map for 2013 was used for the years
of 20142016 because current versions were not available. The study of Hao et al. (2016a,
2016b) used the MCD12 land cover map of 2005 for all years. This study used the land cover
map for collection 5 (Friedl et al., 2010) which was no longer available for download. The
methodology has been validated in eastern Siberia (Hao et al., 2016a). The Forest Service Fire
Emission Inventory — Northern Eurasia (FEI-NE) burned area dataset has been used to estimate
black carbon emissions in northern Eurasia and their transport and deposition to the Arctic (Hao
et al., 2016a; Evangeliou et al., 2016).

2.2 Data sources of drought, land cover and livestock

We will describe the data sources for estimating the factors affecting the burned area in
Kazakhstan: drought, land cover, ecosystem productivity and livestock density. All data were
evaluated at the county level for 174 counties during the period of 1992-2016 (Fig. 1). We
focused on Kazakhstan as the region with the largest decline of burned area in northern Eurasia
(see section 3.1).

Drought

The Palmer Drought Severity Index (PDSI) from the TerraClimate site
(http://wvww.climatologylab.org/) was used to estimate drought throughout the study area. The
PDSI was developed by Palmer (1965) and is widely used to estimate a rough soil water budget
based on monthly precipitation, potential evapotranspiration with varying soil property of
available water content to account for pedological variations and species roots access to water.
Among the monthly PDSI values available, we used monthly PDSI data from March to July,
defined as the fire season (Roy et al., 2008), to compute a cumulative drought effect index from
March to July in 2002-2016. The gridded PDSI data were available at a spatial resolution of ~ 4
km and were aggregated to the 174 counties within the study area (Fig. 1). PDSI varies from +4
for wet conditions to -4 for dry conditions.

Livestock

The annual population of livestock in each of the 14 provinces of Kazakhstan from 2002 to 2016
were compiled by the official agriculture statistics of the Ministry of National Economy of the
Republic of Kazakhstan Committee on Statistics (MANE 2019). These data included yearly
numbers of large horned livestock and sheep and goats at the province level which is coarser
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than the counties. Livestock populations are only available at the province level and the
population was distributed proportionally to the size of the county area so that all potential
drivers of fire activity could be evaluated on a common spatial scale. The livestock density for
each county is defined as the ratio of the number of animals to the size of the county.

Annual Biomass Production

We estimated the annual biomass production within the grassland domain of the study area (Fig.
2) using the production subroutine of the Rangeland Vegetation Simulator model (RVS) (Reeves
2016). The RVS, which was originally developed for simulating rangeland vegetation dynamics
in the continental United States, models annual production based on MODIS normalized
difference vegetation index (NDVI) at a 250 m spatial resolution (MOD13Q1). The MOD13Q1
NDVI data are composited on a bi-weekly basis and are available at a spatial resolution of 250
m. The QA/QC flags were used to isolate only the best quality NDVI pixels. The conversion of
NDVI to aboveground net primary production (ANPP) for non-forest environments in the RVS
is divided into two groups to enable different models to be fit to the lower and upper end of
production given as

ANPP = 240.31 * ¢36684 (X 1)

where estimated ANPP is in Ibs ac™? of dry weight and X is the annual maximum NDVI for the
upper range (X > 0.46) and

ANPP =971.1 * In (X) + 1976 (2)
where X is the annual maximum NDVI for the lower range (X < 0.46).
Land Cover

The MODIS land cover product (MOD12Q1) Version 6.0 was used to assess factors affecting
the burned area in Kazakhstan. The product is available at a 500 m spatial resolution and
describes the distribution of broad vegetation types. We screened these data to subset only those
vegetation types considered to represent grassland vegetation (Class 10 in the MOD12Q1
dataset) from 2000 to 2016.

Statistical Analysis

For each pixel of 0.5° x 0.5°, the annual trend was estimated as the robust linear slope computed
from burned area on year using M-estimation as described in Huber (1981). The trends were
estimated using the R platform (R Core Team, 2019) with R function rlm in package MASS
(Venables and Ripley, 2002). Pairwise robust rank correlations were computed as described in
Kendall (1938) using the R function cor.

To validate our estimates on burned areas, we compare of our annual northern Eurasia burned
areas (FEI-NE) with the latest version of the MODIS burned area product (MCD64AL1, collection
6) (Gigilio et al., 2018) from 2002 to 2016. The burned areas reported by FEI-NE and MODIS
MCD64 were each modeled separately by year. The models each include a first-order
autoregressive term on the residuals to account for the presence of temporal autocorrelation. The
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response was assumed to be gamma distributed. A generalized linear mixed model (GLMM)
approach was used and estimated using the R function gimmTMB in platform (R Core Team,
2019) with R package gimmTMB (Brooks et al., 2017).

The potential driving forces of burned area at the county level of 174 counties over a period of
15 years from 2002 to 2016 were modeled using frequentist to interpret the effects on the extent
of the area burned. The proportion of burned area per county was modeled on the effects of year,
PDSI during the fire season (May-July), proportion of grass area, ANPP and livestock density
along with two-way interactions. The model included a random effect that accounts for spatial
correlation within each region along with a first-order autoregressive term on the residuals within
each county that accounts for temporal autocorrelation. The response was assumed to be beta
distributed. A generalized linear mixed model (GLMM) approach was used and estimated using
the R platform (R Core Team, 2019) with R package gimmTMB (Brooks et al., 2017).

3 Results

3.1 Spatial and temporal distribution of burned areas

The declining trends in the spatial distribution of the area burned from 2002 to 2016 in northern
Eurasia at a 0.5° x 0.5° resolution are shown in Fig. 2. The majority of the area burned in the 15
years was grassland of Kazakhstan in central Asia. However, substantial areas were also burned
in the Russian Far East along the Chinese border because of illegal logging (Vandergert and
Newell, 2003) and the subsequent fires to burn the remaining forest residues. The annual areas
burned according to ecosystem and geographic region are summarized in Table 1. The
interannual burned area in northern Eurasia varied about four times within a range from 1.2 x 10°
km? in 2013 to 5.0 x 10° km? in 2003 with an average of (2.7+1.0) x 10° km? (n = 15). Grassland
accounted for 71 % of the total area burned, despite comprising only 16 % of the land cover
(Friedl et al., 2010). Almost all the grassland fires occurred in Kazakhstan in central and western
Asia (Table 1). In contrast, forest is the major ecosystem that covers 27 % of northern Eurasia
(Friedl et al., 2010), but contributes only 18 % of the total area burned. About ninety percent of
the forest area burned occurred in Russia.

3.2 Trends of burned areas

Comparisons of our annual northern Eurasia burned areas (FEI-NE) with the latest version of the
MODIS burned area product (MCD64AL, collection 6) (Gigilio et al., 2018) from 2002 to 2016
are shown in Fig. 3. The burned areas in these two datasets agree better in recent years after
2010. Both FEI-NE and MCD64A1 demonstrated declining trends and similar interannual
variability. The FEI-NE dataset was used to analyze the driving forces for the decline of burned
area in Kazakhstan (see sections 3.3-3.4).

Grasslands of Kazakhstan dominate the changes of the burned area with significant declines
mostly in central and northern Kazakhstan, adjacent to the Russian border. The temporal trend of
annual burned areas over all vegetation types and in grasslands in northern Eurasia and in
Kazakhstan from 2002 to 2016 are shown in Fig. 4. The burned area trends shown in Fig. 4 were
modeled like that reported in Fig. 3 with the same response distribution. The annual total area
burned over northern Eurasia during this period decreased by 53 % from 3.3 x10° km? in 2002 to
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1.6 x 10°km? in 2016 (Table 1), or at a rate of 1.2 x 10*km? (or 3.5 %) yr*. The grassland area
burned during the 15 years declined by 74 % from 2.8 x 10° km? in 2002 to 7.3 x 10* km? in
2016, or at a rate of 1.3 x10* km? (or 4.9 %) yr. Grassland fires in Kazakhstan accounted for 47
% of the total areas burned but contributed 84 % of the declining trend. The annual forest burned
area varied by a factor of 5 from 21,243 km2 in 2010 to 111,019 km in 2003, but there is no
trend over the 15 years (Table 1).

3.3 Regional trends in driving forces over time

One of our objectives was to evaluate trends in the primary drivers responsible for reducing area
burned, especially in grasslands at the county level. Pairwise correlation results are shown in Fig.
5. Each panel of Fig. 5 illustrates the coefficient of correlation between a key variable and year
(2002-2016) for the 174 counties of Kazakhstan. The major factors affecting the trend of area
burned in Kazakhstan are wetter climate (represented as PDSI), the proportion of grassland
cover, ANPP and livestock density (Table 2). Grassland enables spreading fires and ANPP
enables sustaining fires.

The declining trends in the fraction of the area burned annually are shown in Fig. 5a. The trend
of PDSI from March to July during the 15-year period is illustrated in Fig. 5b. A higher PDSI
value indicates a wetter environment. Increasing wetness, i.e. higher PDSI, during the fire season
reduces the probability of fire ignition and fire spread. The declining trend of the burned area
(Fig. 5a) is then consistent of the increasing trend of PDSI (wet conditions) especially in central
and southern Kazakhstan (e.g. East Kazakhstan, Qaraghandy, Zhambyl, Almaty) (Fig. 5b).

Through time the proportion of grassland cover has been asymmetric with some counties having
exhibited strong decreases such as in the north central region of Kazakhstan, while others have
seen increases such as in the north western region (Fig. 5¢). This north central region has also
exhibited decreases in burned area (Fig. 5a). Similarly, some regions have shown increasing
trends of grassland cover through time without commensurate increases in the proportion of
burned area (Figs. 5a and 5c).

The impacts of year, PDSI, grassland layer, ANPP and livestock density on the extent of the area
burned and the correlations of burned area with these driving forces are illustrated in Fig. 6. Area
burned and PDSI were negatively correlated in most of the counties in Kazakhstan (Fig. 6b).
Therefore, as Kazakhstan becomes wetter during the fire season, the area burned declined over
the 2002-2016 period. At the same time, grassland cover decreased across most of Kazakhstan,
with a notable exception being the north central region and south western region (Fig. 6¢). ANPP
decreased with time over most of Kazakhstan, the exception being central and south western
counites (Fig. 6d).

Finally, we investigated livestock density as a potential non-climatic driver affecting fuel
amount. The population density of livestock increased with time in all counties and was greatest
in the central, northern and southern counties of Qostanay, Pavlodar and Qaraghandy (Fig. 5e).
The coupling of livestock density with PDSI affected the extent of the area burned (Fig. S1.4)
with p =0.042 (Table 2). The area burned was negatively correlated with the population of
livestock throughout nearly all of Kazakhstan (Fig. 6e). This observation suggests the increasing
population of grazing livestock may have reduced fuelbed continuity leading to the decrease of
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the area burned in Kazakhstan. Since 2000, the numbers of sheep, goats and cattle have increased
by 60% in Kazakhstan based on MANE statistics (2019), respectively (Figs. S2 and S3). Thus,
increased livestock grazing could decrease the amount of herbaceous fuel across the landscape
and offset increases in fuel quantity due to expanded grassland cover. The net result would be
reductions in fire spread and the area burned.

3.4 Interactions of driving forces

The driving forces (e.g. year, PDSI, proportion of grassland cover, ANPP, livestock density) for
the decline of the burned areas in Kazakhstan from 2002 to 2016 are inter-related. It is therefore
critical to evaluate their interactions. For instance, Figures S1.1-S1.4 illustrate the proportion of
burned area is affected by the interactions of the driving forces at 174 counties over 15 years in
Table 2.

Proportion of grassland cover and year Both year and the proportion of grassland area had
significant effects on burned area when interacted (Table 2, p < 0.001). While the proportion of
grassland cover in a county is very low (e.g. 0.48 %), only about 0.6 % of the area was burned
annually during the period of the year 2002 to 2016 (Fig. S1.1, upper left panel). On the contrary,
while the grassland cover is 25 %, the area burned declined steadily from 1.5 % in the year 2000
to 0.6 % in 2016 (Fig. S1.2 lower right panel). This observation is consistent with grassland
enhancing the spread of fires in the absence of opposing factors.

PDSI and proportion of grassland area Both PDSI and the proportion of grassland area had
significant effects on burned area when interacted (Table 2, p = 0.028). As in Fig. S1.2, for PDSI
in a range of -4.5 to ~ 2, the percentage of the area burned remained about 0.6 % for grassland
area of 0.5 % (upper left panel). On the other hand, when grassland cover of 60 %, the fraction of
area burned declined from 2.2 % to 0.8 % (lower right panel). This analysis is consistent with
grassland enhancing the spread of fires, as in the previous section of proportion of grassland
cover through time, and illustrates that increasing wetness significantly decreases burned area
mostly when grassland cover is high.

Livestock density and year We investigated livestock density as a potential non-climatic driver
affecting fuel amount and area burned. The effects of grazing on the area burned during 2002 —
2016 are shown in Table 2, p = 0,089. The declining trend of the area burned with time for
different livestock density are illustrated in Fig. S1.3. The higher the livestock density resulting
in less available biomass to burn, the less area burned (lower right panel). It provides additional
evidence that grazing could reduce the area burned in Kazakhstan.

PDSI and livestock density The interaction between PDSI and livestock was significant to
affect the area burned (p = 0.042). Figure S1.4 shows the decline in the proportion of burned area
with PDSI at different livestock densities. As PDSI increases (wetter landscape), less area is
burned. However, the declining trends differ with livestock density. This relationship is quite
different for the livestock density of 0.002 heads km™ (Fig. S1.4 upper left panel) and 0.05 heads
km (Fig. S1,4 lower right panel). For instance, for low PDSI (-4, dry), 1.5 % of the area was
burned for all livestock densities. On the contrary, at high PDSI (+2, wet), the percentage of
burned area decreased with increasing livestock density. Thus, during dry years the area burned
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is unaffected by grazing intensity, but during wet years with high biomass (based on our RVS
analysis of Reeves, 2016), high grazing intensity tends to decrease burned area.

4 Discussion

Burned area

The spatial and temporal extent of the area burned were examined in different ecosystems in
northern Eurasia during 2002 to 2016, during which the average area burned was (2.7+1.0) x 10°
km? yrl. The burned area in grasslands declined 74 % from ~ 282,000 km? in 2002 to ~ 73,000
km? in 2016 at a rate of 1.3 x10% km? yr', The area burned in forest showed no trend over time.
Our burned area is higher than the MODIS MCD®64 collection 6, in which the average annual
burned area was 9.7 x 10 km? in boreal Asia during the same period (Gigilio et al., 2018).
Boreal Asia of MCD64 has a similar geographic region as our northern Eurasia. Nevertheless,
the interannual variability and the trends of burned area for the two datasets are consistent (Fig.
3).

Our results on burned area trends are also consistent with other published results (Giglio et al.,
2013; Hao et al., 2016a; Andela et al., 2017) that concluded the area burned in northern Eurasia
declined, contrary to the projections of increased fire frequency driven by climate change
(Groisman et al., 2007; Kharuk et al., 2008). Uncertainty in global burned area remains a critical
challenge with high variability on trends and interannual variability between sensors and
processing algorithms (Hantson et al., 2016; Chuvieco et al., 2019).

Grassland fires and grazing

Grassland fires in Kazakhstan accounted for 47 % of the total area burned but comprised 84 % of
the decline of the total area burned in northern Eurasia during the 15 years of 2002-2016. The
grassland fires are human caused to produce fresh grass for grazing (Lebed et al., 2012) with a
cycle of about every two years. A similar temporal pattern characterizes grassland fire
occurrence in the African savanna (Hao and Liu, 1994; Andela and van der Werf, 2014).

Central Asia experienced tremendous socioeconomic change, with the collapse of the Soviet
Union in the 1990’s leading to a full restructure of the agricultural system, followed by a rapid
collapse of cattle industry and progressively recovered in the last 20 years, and potentially
altering fuel availability to burn as observed in other ecosystems (Holdo et al. 2009, Vigan et al.
2017) (Figs. S2 and S3) (Food and Agriculture Organization, 2016; Robinson and Milner-
Gulland, 2003). The coincident decline in burned area with increasing livestock population
suggests changing agricultural practices may have exerted an influence on fire activity in
Kazakhstan and northern Eurasia. In addition, the relationship between livestock population and
the burned area was observed in arid grassland in a small region of southern Russia from 1986 to
2006 (Dubinin et al., 2011). During this time period, the livestock population was negatively
correlated with the area burned.

The fire activity data for Kazakhstan and Mongolia can be estimated from1985 to 2017 as shown
in Fig. 7 based on the recently released AHVRR long term fire history (Oton et al. 2019). This
new information extends the analysis before our observed decrease during the 2002-2016 period
and shows that fire activity increased in Kazakhstan just during the economic collapse and the
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associated reduction of livestock in the year 2000. This opposite trend supports our interpretation
on the relationship between grazing and burned area, particularly when this variation in burned
area is not clearly observed in neighboring Mongolia where grazing collapse did not occur.

In the steppe of neighboring Mongolia, overgrazing also affected fire activity from 1988-2008
(Liu et al., 2013) in a manner similar to Kazakhstan. However, extreme winter freezing and
inadequate preparation affected the increasing livestock trend driven by the poorly prepared
feeding of hay and foliage. It led to livestock reductions during the colder season than the
average period during the years of 2000 to 2014 (Nandintsetseg et al. 2018), highlighting the
potential impact of climate on livestock population beside human decisions and practices (Xu et
al., 2019).

Modelling fire and grazing interactions

Accounting for confounding factors related to burned area and the subsequent effects on
ecosystems, biosphere/atmosphere interactions and climate have been a challenge in developing
fire modules in global vegetation models (Hantson et al. 2016). Climate (drought, temperature
and humidity), land cover and fuel amount are the main drivers related to fire activity in
Dynamic Global Vegetation Models (DGVMs) coupled with human-related information as
population density. Obtaining data for simulating the dynamic of these human-related
information remain a challenge. Major efforts have been devoted to understanding land use
dynamic (Prestele et al. 2017), but forest management, fire prevention and grazing practices are
still the major unknown requiring better data assemblage and modeling processes (Pongratz et al.
2018). In our study, we showed the strong impact of political events (here the collapse of the
political regime) on grazing intensity and the subsequent effect on fire activity. These stochastic
events are hard to forecast and simulate so that DGVM can capture long term trends in burned
area (Yue et al. 2014, Kloster et al. 2010) when compared to observed burned area
reconstructions (Mouillot and Field 2005).

The Russian economic collapse is unique to provide fruitful information on potential impact of
grazing changes on ecosystem functioning when associated to socio-economic scenarios.
Integrating grazing in DGVM has recently emerged for global models (Chang et al. 2013,

Dangal et al. 2017, Pachzelt et al. 2015) and for local studies (Bachelet et al. 2000, Caracciolo et
al. 2017, Vigan et al. 2017). Grazing processes can hardly capture both socio-economic scenarios
and climate impact on livestock population which could be affected by climate extremes
(Nandintsetseg et al. 2018) and lack of forage or water (Vrieling et al. 2016, Tachiiri and
Shinoda 2012).

5 Conclusions

The spatial and temporal extent of the area burned were examined in different ecosystems in
northern Eurasia from 2002 to 2016. We conclude

1) The burned area in grasslands declined 74 % from ~ 282,000 km? in 2002 to ~ 73,000 km? in
2016 or at a rate of 1.3 x10* km? yrt. The area burned in forest did not show a trend.
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2) Grassland fires in Kazakhstan accounted for 47 % of the total area burned but comprised 84
% of the decline of the total area burned in northern Eurasia during the 15 years.

3) Wetter climate and the increase of grazing livestock in Kazakhstan are the major factors
contributing to the decline of the area burned in northern Eurasia.

4) Most of Kazakhstan became wetter from 2002 to 2016, decreasing high fire years due to less
frequent dry years.

5) The population of livestock increased in most of Kazakhstan from 2002 to 2016, decreasing
the burned area during the wettest years by fuel removal from grazing.

6) The major factors affecting the availability of the fuels for the decline of burned area are:
climate, proportion of the grassland cover, aboveground net primary production and livestock
density. These factors interact to reduce the area burned in Kazakhstan, especially in
grassland.

Data availability. All data and materials are available in the manuscript or the supplementary
materials. The original geospatial dataset of the burned area is large and will be available upon
reasonable request. However, a derived dataset has been used to estimate black carbon emissions
from fires in the same region. It has been archived at the Forest Service Data Archive web site
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612  Figure 1. The distribution of grassland cover in Kazakhstan with counties and states shown as
613  administrative boundaries.
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634  Figure 3. Comparison of burned areas between the dataset of Forest Service Fire Emission
635  Inventory — northern Eurasia (FEI-NE) and MODIS MCD64. The FEI-NE (blue) and MCD64
636  (pink) bands illustrate the 95% confidence intervals.
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Figure 5. Pairwise robust rank correlations of year with (a) fraction of burned area, (b) PDSI, (c)
proportion of grassland layer, (d) ANPP and (e) livestock density without considering their
interactions.

EGU



https://doi.org/10.5194/bg-2020-139 . ) %
Preprint. Discussion started: 7 May 2020 BlogeOSC|ences 2 EG U
(© Author(s) 2020. CC BY 4.0 License. Discussions %

21

(0.8,1]

(0.4,0.6]
(0.2,0.4]
(0,0.2]
(-0.2,0]
(-0.4,-0.2]
(-0.6,-0.4]
(-0.8,-0.6]
[1,-0.8]

656
657

658  Figure 6. Pairwise robust rank correlations of fraction of burned area with (a) year, (b) PDSI, (c)
659  proportion of grassland layer, (d) ANPP and (e) livestock density without considering their
660  interactions.
661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685



https://doi.org/10.5194/bg-2020-139
Preprint. Discussion started: 7 May 2020
(© Author(s) 2020. CC BY 4.0 License.

686
687
688
689
690
691
692

22

KAZAKHSTAN MONGOLIA

25000
|
Q
2000
1
O

o
o
s 4
=1 o
o~ 8_
=
— o (R
a = I
£ =
58 =<
= @©
©
o ® 8
3 < O
= o e v
£ g =
5 o =]
m ° /] m i
'4
o \\
. —
S |
B A J

y | y /F\.J"‘ \ ’ \/ \/\;‘f

T T T T T T T T T T T T T T
1985 1995 2005 2015 1985 1995 2005 2015

0
|
0
L

Year Year

Figure 7. Yearly burned area (in km2) in (a) Kazakstan and (b) Mongolia for the 1982-2017
periode based on the AVHRR remotely sensed burned area Long Term Data Record_Climatte
Change Initiative (FIRECCILT10) (https://www.mdpi.com/2072-4292/11/18/2079, Otén et al.,
2019). Black line represents mean burned fraction and grey area the burned area 95% uncertainty
delivered by FIRECCILT10
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Table 1. The area burned in forest, grassland, shrubland and savanna in geographic regions from 2002 to 2016. The data of the area burned in
Kazakhstan are listed for comparison only, and are not included in the tabulation.

Burned Area (kmz)

Region 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total
Forest (Evergreen Needleleaf, Evergreen Broadleaf, Deciduous Needleleaf, Deciduous Broadleaf, Mixed)
Russia 26,458 99,944 16,715 20,561 32,929 23,731 72,671 33,356 19,309 43,910 73,920 29,791 62,701 38,511 51,718 646,223
East Asia 1,483 9,697 6,368 4,202 2814 2,524 4597 6,676 1258 3379 4,189 1,819 3,151 2,944 1,336 56,436
\(/:Ve:sttr:rlnisia 131 206 367 259 388 469 641 389 348 159 321 307 517 726 455 5,684
Europe 376 1,172 467 592 491 1,170 850 863 328 1,206 2,307 537 1,224 1,756 575 13,911
Subtotal 28,448 111,019 23917 25,613 36,623 27,894 78,758 41,283 21,243 48,653 80,736 32,455 67,592 43,937 54,084 722,254
Grassland
Russia 32,019 97,754 33372 61,755 62,973 55220 65,144 46,375 30,634 43,760 37,261 21,114 51,745 49,857 22,178 711,160
East Asia 10,643 21,235 15551 12,433 14456 16,819 15278 11,259 8,097 18716 23,870 18,123 26,689 29,361 13,962 256,492
\(/:Ve:sttr:rlnisia 239,160 193,580 220,080 185,531 204,627 109,248 163,814 92,592 161,668 41,943 97,363 24,364 78,203 81,517 36,369 1,930,057
Europe 128 271 108 555 241 616 325 217 104 401 526 150 186 237 179 4,242
Subtotal 281,948 312,840 269,112 260,273 282,296 181,903 244,560 150,443 200,503 104,819 159,021 63,752 156,822 160,972 72,688 2,901,951
Kazakhstan 237,335 191,466 215977 182,968 202,292 106,558 162,474 91,873 160,318 40,995 96,420 23,195 76,977 80,251 35249 1,904,348
Shrubland (Closed Shrubland and Open Shrubland)
Russia 7,042 27,749 4894 13,149 5924 2,868 10,901 13,096 18854 6,697 12,650 10918 5,717 3,486 14529 158,470
East Asia 337 79 264 828 934 675 790 645 375 914 796 193 317 153 191 7,490
\if:;:::nisia 1,022 2,83 5632 2384 1255 1728 999 1217 3279 964 769 845 1066 1287 1,720 27,001
Europe 20 38 23 70 39 121 112 87 21 83 70 11 13 10 17 732
Subtotal 8,421 30,701 10,813 16,430 8,152 5,391 12,802 15,044 22,529 8,657 14,285 11,966 7,112 4,934 16,457 193,693
Savanna (Woody Savanna and Savanna)
Russia 11,136 43,574 8,307 19,343 25129 10465 33,347 14,191 6,745 12,473 16,387 12,076 8,324 6,261 12,039 239,796
East Asia 589 3,504 3,257 1,275 1,564 694 1,268 1,349 465 611 660 205 147 510 131 16,226
\if:;:::nisia 575 500 437 395 442 317 413 391 261 115 193 112 161 301 178 4791
Europe 83 207 110 293 200 653 340 400 113 319 426 212 201 142 243 3,941
Subtotal 12,383 47,785 12,110 21,306 27,335 12,128 35,368 16,330 7,584 13,517 17,666 12,604 8,832 7,215 12,592 264,753
Total 331,199 502,346 315,951 323,621 354,405 227,317 371,488 223,100 251,859 175,646 271,707 120,777 240,358 217,058 155,820 4,082,650
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Table 2. Model parameters and associated p-values.

Parameter Estimate IESrt;‘ir z Pr(>|z])
Year * ANPP -0.02 0.01 -4.03 <0.001
Year * PDSI 0.00 0.00 0.20 0.838
Year * Proportion Grass Area -0.26 0.04 -6.77 <0.001
Year * Livestock Density (head km?) 1.04 0.61 1.70 0.089
ANPP * PDSI -0.01 0.01 -0.92 0.360
ANPP * Proportion Grass Area 0.72 0.19 3.83 <0.001
ANPP * Livestock Density (head km?) 0.88 3.22 0.27 0.784
PDSI * Proportion Grass Area -0.24 0.11 -2.20 0.028
PDSI * Livestock Density (head km) -3.30 1.62 -2.04 0.042
Proportion Grass Area * Livestock Density (head km) 37.78 28.32 1.33 0.182

Estimate = parameter estimate from GLMM, Std. Error = standard error of parameter estimate,
z = z-statistic, Pr(>|z|) = p-value.



