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ABSTRACT

Land Use Pressure and Climate Impacts on Fire Regimes and Forest Regeneration in the

Upper Tuul River Watershed, Mongolia

Thomas M. Saladyga

This dissertation is composed of three chapters addressing the broad issues of land use,
climate variability, and wildfire in central Mongolia. The first chapter describes a GIS model
developed to map human impacts in the Upper Tuul River watershed. Forest establishment data
were used to validate the application of the model with results indicating a high level of
correspondence with a field assessment of human disturbance. Chapter two is a tree-ring based
reconstruction of Palmer Drought Severity Index (PDSI) for the central Khan Khentii Mountains
from 1675-2000. Changes in moisture availability were more frequent during the 20" century
than any other period of the reconstruction, suggesting a growing need for increased adaptability
of the livestock industry and natural resource managers. In the final chapter, we used tree rings
to reconstruct wildfire frequency and extent in the Upper Tuul River watershed during the period
1875-2009. Results indicate a recent decrease in wildfire frequency and extent; trends which
might be observed in other arid regions where prolonged drought and human land use inhibit fuel
accumulation. Chapter one was formatted for and submitted to The Geographical Journal on
July 2, 2011, while the remaining two chapters are pending submission to peer-reviewed

journals.
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Overview

This dissertation is divided into three chapters that address the interacting variables of
land use, climate and wildfire in the Upper Tuul River watershed (UTRW) in central Mongolia.
To keep this section focused and devoid of unnecessary language, | have not recreated scenes of
academic enlightenment that have occurred over the course of four years. The reader should
simply know that this dissertation developed primarily from experiences and observations while
conducting fieldwork in Mongolia. My universal objective was to investigate the intersection of
human and ecological systems, specifically forests, in the context of climate variability.

My goal for the first chapter was to develop a basic GIS model for mapping human
impacts on forests in regions where economic development is outpacing the implementation of
management and conservation strategies. Specifically, the objectives of my research were to: 1)
assess the GIS model in predicting human impacts in the UTRW; 2) evaluate the effectiveness of
the model in assessing human impacts on forests; and 3) make recommendations for further
applications of the model and future research needs. | used forest establishment data to validate
the application of the model to the study area with results indicating a high level of
correspondence between the model and a field assessment of human disturbance. This type of
model can be used to assist in policy development and implementation, particularly in regions
with limited or newly developing natural resource management strategies.

The main objective of chapter two was to create a local spring-summer Palmer Drought
Severity Index (PDSI) reconstruction that places moisture availability into a regional and
historical context. Additionally, my intention was to indentify major drought and pluvial events
as well as significant shifts in moisture regimes throughout the time series. | used a nested

reconstruction that extends from 1675 to 2000 and explains 60% of the variance in instrumental



PDSI (1945-1993). The results can be used to further understand local variation in drought
conditions and to inform sustainable resource management initiatives in this mountainous region.
This study also highlights the need for meteorological stations in mountainous regions in order to
decrease uncertainties in predicting and understanding localized climate change.

The purpose of the third chapter was to assess human and climatic influences on fire
frequency and extent during the period 1875-2009 in the UTRW. | was interested in addressing
the following questions: 1) To what degree does human land use influence fire activity? 2) Is
moisture availability related to fire activity? and 3) Has wildfire frequency and extent in the
study area increased coincident with rising temperatures? | used tree rings to reconstruct wildfire
frequency and extent during the period 1875-2009 during which I identified four distinct wildfire
regimes using regime shift detection methods. The most recent regime (1998-2009) is
characterized by the lowest frequency and extent of wildfire, which is contrary to expected
trends in wildfire activity. Areas with the greatest present-day human impact have recorded less
fire than other areas throughout the entire period of analysis, suggesting fire exclusion via
grazing and fuelwood collection. As temperatures rise, similar trends of decreased wildfire
frequency and extent might be observed in other arid regions where prolonged drought and
human land use inhibit fuel accumulation. Rapid economic development and land use
intensification might be compounding the effects of prolonged drought on wildfire and forest
regeneration in the UTRW. In reading this dissertation, the reader might consider the realistic

application of these results to policy development and on-the-ground implementation.
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Abstract

Human systems are on par with other natural systems in driving global environmental change.
This influence is evident in the transformation of most terrestrial ecosystems during the last 300
years to anthropogenic biomes. Understanding and predicting the spatial distribution of human
impacts is essential to developing sustainable resource management plans especially in rapidly
developing countries undergoing rapid environmental change. Our objective was to develop a
GIS model of human impacts for the Upper Tuul River watershed (UTRW) in central Mongolia.
In representing the most extreme range of urban to rural development in Mongolia, the UTRW is
an ideal case study for mapping human impacts. Here we present the results of the GIS-based
model in predicting the spatial distribution of human impacts. We used forest establishment data
to validate the application of the model to the study area. Results indicate a high level of
correspondence between the model and a field assessment of human disturbance. Errors in the
model are concentrated in the urban fringe where land use patterns are most unpredictable.
Forests within high impact areas have seen little regeneration since the mid-20™ century. Other
studies have shown evidence of forest decline in this region due to prolonged drought and other
ecological forcings, but forests under greater pressure from human activities will inevitably be
affected sooner and to a greater degree. Management and conservation initiatives should focus
on these forests as they provide valuable ecosystems services to the sprawling capital city of

Ulaanbaatar.

Key Words: Mongolia, forest disturbance, GIS, human impacts, dendrochronology, conservation



Introduction
Human activities are a pervasive force in driving Earth system processes (Crutzen 2002; Steffen
etal. 2011). In a world transformed by humans, mapping the distribution of human impacts on
terrestrial ecosystems will be crucial for conservation planning and resource management.
McCloskey and Spalding (1989) provided the first global-scale assessment of undisturbed (i.e.
wilderness) areas, and determined that less than one third of the Earth’s surface remained as
wilderness. In the last twenty years others have examined global-scale human impacts in terms
of biodiversity and natural habitat (Hannah et al. 1995), forested ecosystems (Bryant et al. 1997),
the global human footprint (Sanderson et al. 2002), and domestication of the landscape for
human benefit (Kareiva et al. 2007). More recently, Ellis and others (2010) determined that in
the last 300 years the terrestrial biosphere transitioned from being mostly wild to being mostly
anthropogenic. This shift has varied across regions and biomes as some have remained
wilderness while most were altered for human use. These global-scale assessments of human
impacts have applications to the study of global environmental change, but issues of resolution
and appropriateness arise when considering regional ecological, social, and economic systems.
The differences in regional politics and socioeconomic conditions that influence land
management practices cannot fully be understood in a global-scale assessment. This is important
as the impacts from landscape modifications are not necessarily wholesale (i.e. complete or
irreversible destruction), especially as more sustainable methods of agriculture and development
are being implemented in certain regions (e.g. shade tree coffee plantations, energy efficient
buildings). When assessing or predicting anthropogenic disturbance of local and regional
ecosystems, it is more suitable to work at a finer scale and consider conservation needs in the

context of the associated social and economic environment (e.g. Woolmer et al. 2008) rather



than using large-scale generalizations. Additionally, the intensity and rate of human disturbance
to Earth systems is not uniform across the globe. Regions undergoing rapid increases in human
population and economic growth might be the most vulnerable to natural resource degradation
(Barbier 1997; Shandra et al. 2003). This vulnerability is especially high in arid and semiarid
lands where the abundance and quality of natural resources such as water, forests, and grasslands
are sensitive to abrupt changes in climate and land use.

In Mongolia, a traditionally pastoralist nation located in Central Asia at the intersection
of the Gobi Desert, the semi-arid steppe and the boreal forests of Siberia, rapid industrialization
began with the transition to a Soviet-backed, centrally-planned economy during the 1920s.
Herding collectives that tended state-owned livestock were established following the founding of
the People’s Republic of Mongolia in 1924. These collectives were segregated by species and
each step in the processing of livestock became specialized (Fernandez-Gimenez 1999). The
collectives also resulted in a reduction in herder mobility and a campaign was initiated to
construct permanent winter camps (Figure 1) to protect animals from harsh weather conditions
(Fernandez-Gimenez 1996). Livestock populations remained stable during the collective era
until 1990 when Mongolia began an abrupt transition to a free market economy and livestock
numbers (particularly goats) increased dramatically (Figure 2). The privatization of livestock
and other previously state-owned industries led to an increase in poverty, loss of formal
regulations, increases in out-of-season grazing and further diminished the spatial distribution of
livestock (Johnson et al. 2006). Although the land itself remains under government ownership,
the increased differentiation in wealth among herders has negatively influenced access to
campsites and pasture for the poor (Fernandez-Giménez 2001). These changes in land use and

social conditions have recently intensified as the human population is becoming increasingly



urbanized (Figure 3) and dependent on limited resources such as water in this semiarid
environment. Mapping human impacts in Mongolia will be crucial to sustainable resource
management as these conditions evolve.

Understanding the spatial distribution of human impacts on natural resources not only
provides a baseline status, but can aid in future land management and conservation strategies.
The Tuul River basin, located in central Mongolia, provides an excellent opportunity to
investigate methods for mapping human impacts as it contains the sprawling capital city of
Ulaanbaatar as well as more remote areas of the Khan Khentii Mountains (Figure 4). In this
study, we used forest establishment data to test the application of a GIS-based human impact
model for the Upper Tuul River watershed (UTRW). Others have studied the impacts of human
activity (e.g. grazing, fire suppression) on forest regeneration in western North America
(Rummel 1951; Michalk 1982; Belsky and Blumenthal 1997; Keeley et al. 2003), Patagonia
(Armesto et al. 1992; Veblen et al. 1992), Europe (Bradshaw and Hannon 1992; Rozas 2003)
and Mongolia (Sankey et al. 2006), but none have attempted to predict human impacts on forest
establishment at the watershed scale.

Recently, the European Commission’s Joint Research Centre in Ispra, Italy and the World
Bank (2009) published a model that was developed to map the world’s most remote places. In
this model, terrain and access to road, rail, and river networks were considered, including factors
that may slow travel such as elevation, steepness of terrain, and border crossings. Another study
published by the Wildlife Conservation Society (WCS) and the Center for International Earth
Science Information Network (CIESIN) at Columbia University (2005) set out to map the human
footprint at the global and continental scales. We attempted to downscale these approaches to

the watershed scale and assess their predictive power. Our goal was to create a foundation for



mapping human impacts on natural resources in regions where economic development is
outpacing the implementation of management and conservation strategies. Specifically, the
objectives of our study were to: 1) assess the GIS model in predicting human impacts in the
UTRW,; 2) evaluate the effectiveness of the model in assessing human impacts on forests; and 3)

make recommendations for further applications of the model and future research needs.

Methods

Study area

The entire Tuul River basin makes up only 3.2% of the total land area of Mongolia, but contains
more than half of the country’s population (Figure 4). The UTRW includes the upper reaches of
the Tuul River and its tributaries, located in central Mongolia spanning approximately 46.5° to
49° N latitude and 103° to 108° E longitude. Land and resources of the Upper Tuul River
watershed currently contribute income and marketed products worth around Tug 28 billion (~22
million USD) per year in tourism, herding, and forest-based sectors (Emerton et al. 2009).
Therefore, in representing the most extreme range of urban to rural development in Mongolia,
the UTRW is an ideal case study for exploring human impacts on forests.

Forested area in the UTRW totals 3,876 km? with 55% dominated by Larix sibirica, 42%
by Pinus spp., and the remaining 3% by Betula spp., Abies sibirica, and Picea obovata (Ministry
of Nature and Environment 2009). Elevation in the UTRW ranges from 1187 m in the Tuul
River valley just southwest of Ulaanbaatar to 2795 m at Asralt Khairkhan Mt. in the Khan
Khentii Mountains. Three conservation areas exist within the Khentii region including the

Strictly Protected Area of Khan Khentii (12.3 km?), the Gorkhi-Terelj National Park (2.9 km?),



and the Onon-Balj (4.2 km?). These conservation areas have relatively low human use; however,

this protection status does not prevent use of resources by local residents.

GIS-based human impact index (HI)

We described the watershed based on relative human impacts (i.e. potential access). Ulaanbaatar
was permanently settled in 1778, but did not experience industrial growth until the early 20"
century. Therefore, it is assumed that potential access to forest and rangeland resources has
remained stable during the most recent 150 years even as use intensity increased during the 20"
century. In an effort to downscale from the global Last of the Wild Project (WCS and CIESIN
2005), the parameters for our watershed-scale study included (1) distance to nearest road, (2)
road type (i.e. paved or unimproved), (3) distance to nearest urban center, (4) relative population
of nearest urban center, and (5) elevation difference between grid point and nearest urban center.
Sources for these variables were a digitized roads layer and urban center point data (Ministry of
Nature and Environment 2009) and a digital elevation model (DEM; 3-sec grid; World Wildlife
Foundation/USGS HydroSHEDS 2009). We ran analysis on a 2, 5, and 10 km grid to interpolate
a continuous surface of potential human impacts for the UTRW. Results based on the 2 and 5
km grid were qualitatively similar, while the 10 km grid produced an index that was too
generalized for the purposes of this study. Therefore, the 5 km resolution was deemed the most
appropriate in terms of accuracy and processing time. Methods for developing the HI index are
detailed in the appendix. Twenty sample sites were located randomly to span the range of the HI
index. All locations were located in forests comprised of Larix sibirica solely or dominated by

Larix sibirica.



Rapid on-site assessment (ROSA)

Sites were located using a random sample design that captured variability in HI values. A
qualitative rapid (15 minutes per site) on-site assessment (ROSA) was used to assess present-day
human impacts at each site. We looked for evidence of grazing, logging, trash, and campfire
remains and scored each variable (0 - 3) based on presence and area (ocular estimations; see
Appendix). The index was calculated by summing qualitative assessment scores for each
disturbance variable. Grazing indicators included the presence of dung, hoof prints, livestock
remains and trails. Indicators of logging disturbance included the presence of stumps, slash,
machinery tracks, and other altered microtopography. These variables were chosen because of
their nearly ubiquitous presence on the landscape and their direct or indirect influence on

ecosystem processes such as forest regeneration and productivity.

Forest history

We developed forest age structures based on tree recruitment dates from cross-dated cores and
cross-section samples from each of the 20 sites. To determine tree recruitment dates, we used
five n-tree distance plots (e.g., Jonsonn et al. 1992) to sample the nearest four trees to each plot
center (n = 20 trees). Four plots were arranged in a square with 100 m spacing while the fifth
plot was located at the center of the square. Samples included living trees > 7.5 cm in diameter
at breast height (1.4 m; DBH) and remnant trees (stumps, snags, and logs) that were not too
decayed to be sampled. Distance from each plot center was measured, the condition (i.e. live,
stump, snag, or log) and species was recorded for all trees. Fire-scarred samples collected for the
purposes of another study were included in establishment data if the pith was present in the

sample. These samples were not included in any calculations of tree density. Two increment
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cores were removed from approximately 10 cm in height above ground level on living trees
while cross sections were cut from stumps, logs, and snags from a similar height. At each site,
two 1 mradius regeneration plots were located 10 m from the center point of two of the 5 n-
distance plots (n =4). All stems < 7.5 cm DBH were counted and placed into height classes (<

0.5m,0.5-1.0m, > 1.0m).

Laboratory

All tree-ring samples were surfaced with progressively finer grit sandpaper until cells were
clearly visible under magnification according to established tree-ring procedures (e.g., Stokes
and Smiley 1968). Samples were crossdated using already established chronologies via
Mongolian American Tree-ring Project (MATRIP) and NOAA'’s International Tree Ring
Databank (ITRDB) to provide absolute dates for all tree rings. Establishment dates for each tree
were derived from crossdated increment cores (two from each tree) collected as close to the base
of each tree as possible (< 10 cm). If the pith was not present in the sample, estimations were
made according to the curvature of the innermost visible rings (Arno and Sneck 1977).
Establishment dates were collapsed into 10 year bins to account for possible error in age

estimation.

Analysis

Linear regression was used to assess the relationship between HI and ROSA and to test whether
a basic GIS model is useful for predicting on-the-ground human disturbance. Prior to regression
analysis it was necessary to log transform values for HI and ROSA due to the non-normal

distribution of each index.
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Sites were classified into human impact classes based on lower and upper quartile values
of the log transformed indices. Binning the continuous variables is appropriate because the
relative position of an individual value, for each respective index, is more meaningful than the
value itself. For both indices, sites with index values less than Q1 were classified as low impact
sites, index values between Q1 and Q3 as medium impact sites, and index values greater than Q3
as high impact sites. This classification method ensured the grouping of sites with typical human
impacts (Medium) and sites outside the typical range (Low and High). Other methods such as
quantiles, natural breaks, or equal intervals were not appropriate due to the non-normal
distribution of each index.

A comparative analysis was used to compare site classification results for HI and ROSA
(e.g. Fuller et al. 1998). Descriptive statistics were calculated for each impact class including;
median establishment dates, median tree density, the percentage of live and remnant samples,
and the percentage of stumps, snags, and logs sampled. Tree establishment distributions for each
impact class were graphed and the shape of each distribution was assessed (i.e. skewness and
kurtosis). To understand general temporal patterns of establishment, the percentage of trees
established prior to 1900, between 1900 and 1949, and since 1950 was calculated for each index
and impact class. These dates were chosen to represent the increase in land use intensity during
the 20™ century due to human population growth and changes in land management. The
nonparametric Kruskal-Wallis test was used to assess within group (i.e. within index) variation
in the temporal distribution of establishment dates, % remnant sampled, % stumps sampled, and
tree density. The nonparametric Mann-Whitney test was used to test for a difference in the
temporal distribution of establishment dates, % remnants sampled, % stumps sampled, and tree

density between indices for corresponding impact classes. These nonparametric tests were
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chosen over their parametric counterparts (i.e. ANOVA and t-test) due to the non-normal

distribution of all data.

Results

Human impact indices

The GIS-based human impact index (HI) resulted in a range of values from 1.60 to 6.34 for the
field sites; the higher values indicate greater potential for human impacts (Table 1, Figure 5).
ROSA index values range from 2 - 16, the higher values indicating more human disturbance
(Table 1). No correlation exists between HI and slope or HI and elevation (p = 0.250 and p =
0.344, respectively). Sites classified as Low impact were generally lacking evidence of grazing
and salvage logging (Figure 6). The Medium impact class was characterized by more evidence
and grazing and logging (Figure 7), while sites in the High impact class had substantial evidence
of human disturbance (Figure 8).

Linear regression testing the relationship between HI and ROSA indicate a weak, but
statistically significant positive relationship (Figure 9; r*= 0.23, p = 0.035). If, however, site
UT20 (HI = 1.60, ROSA = 14) is removed from the analysis, the r* value increases to 0.37 (p =
0.006). A comparative analysis of impact classes between HI and ROSA resulted in 80%
agreement (Table 2). Human impacts were slightly overestimated by HI at two sites (UT29 and
UT33), slightly underestimated at one site (UT31), and drastically underestimated at another site
(UT20). Sites UT29 and UT33 were most likely overestimated due their proximity to the main
road between Ulaanbaatar and points east (Figure 10). The underestimation of human impacts

(H1) at sites UT31 and UT20 was due to high ROSA scores for grazing (i.e. dung and hoof
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prints) and logging (i.e. stumps) even though these sites are located in a relatively remote

drainage, but with the unexpected presence of winter encampments nearby (Figure 1).

Forest characteristics

Tree establishment dates, sample composition, and tree density were assessed for each of the 20
sites in the UTRW (Table 3). Differences in sample size between sites are due to the presence of
tree cores that were incomplete or damaged. Also, the existence of trees (live or remnant) with
preserved fire scars varied between sites (13 - 26 trees). Median tree establishment varied by
more than 100 years and remnant trees made up a large proportion of samples (0% - 86%) taken
across the study area. Tree density also varied between sites (235 trees/ha to 1424 trees/ha),
suggesting different disturbance histories. Seedlings and samplings were recorded at five of the

twenty sites (ranging from 1 - 20 seedlings/saplings).

Human impacts on forests

Descriptive statistics were generated for each index and related human impact classes. Median
establishment dates range from the early 1920s in the High impact class to the 1940s for the Low
and Medium impact classes (Table 4). There is significant within index variation in the temporal
distribution of establishment dates for each index (HI, p = 0.003; ROSA, p < 0.001) suggesting
that the timing of tree establishment is associated with human impacts regardless of the index
used. There is no significant difference in establishment dates between respective impact classes
indicating that both indices resulted in similarly grouped human impact classes. All distributions
are negatively skewed (Figure 11; Table 4), meaning that the majority of trees established more

recently than mean establishment dates. Skewness values are similar for the Low and Medium
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impact classes, but are markedly different for the High impact class. Kurtosis varies between
impact classes with the Medium impact class being the most “peaked”. Kurtosis values were
similar for the Low impact class and the Medium impact class, but again the distribution was
different for the High impact class.

We divided the period of analysis into three groups to assess temporal patterns of
establishment as related to increases in human population and reduced pastoral mobility during
the 20" century. Tree establishment prior to 1900 was greatest in the Low and High impact
classes (Table 4). Tree establishment during the period 1900-1949 was markedly greatest in the
High impact class (55% HI and 74% ROSA). Only a small proportion of trees were established
after 1950 (22% HI and 8% ROSA) in the High impact class.

Tree density varied between impact classes for each index (Table 5). There is significant
within index differences in tree density for ROSA (p = 0.014), but not for HI (p = 0.252). Tree
density was shown to increase with human impact based on the field-based index, while there
was an insignificant difference in tree density between indices for each impact class.

Sample composition (live/remnant) was calculated for both indices (Table 5). The
percentage of remnant samples increases with human impact, but this pattern is most pronounced
for ROSA where the percentage more than triples from the Low to High impact class. There is
not significant within index variation in the percentage of remnant samples. A comparison of the
median percentage of remnant samples between each index resulted in no significant difference
for each impact class.

The percentage of stump, snag, and log samples was calculated by impact class for each
index (Table 5). The percentage of samples taken from stumps is least in the Low impact class

and greatest in the High impact class. There was significant within index variation of the
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percentage of stumps sampled for ROSA (p = 0.034), but not for HI (p = 0.120). A comparison
of the median percentage of stump samples between each index resulted in no significant
difference for each impact classes. Results indicate an inverse pattern of the percentage of snags
sampled for each index. The percentage of logs sampled was generally low, making up only 1%

of the remnant samples.

Discussion

Predicting human impacts

Human land use activities influence forest ecosystems in other developing regions (Chazdon
2003; Baker et al. 2005; Thapa and Chapman 2010). However, this study is the first to evaluate
forest regeneration along a classified human impact gradient at the watershed scale. We have
demonstrated that a basic GIS model can be used to predict on-the-ground human disturbance in
the UTRW (r*= 0.37, p = 0.006, excluding one obvious outlier). Classifying sites into three
human impact classes strengthened this prediction (80% agreement). The temporal distribution
of establishment dates was significantly different between human impact classes with
establishment centered in the mid-1920s for the High impact class, which may be the result of a
decrease in grazing pressure near urban areas during the Soviet era. An abrupt decrease in
grazing pressure at these sites could have promoted larch establishment as the inverse effect has
been observed in the Darhad Valley in northern Mongolia (Sankey et al. 2006). The recent
(post-1950) decline in forest regeneration and high percentage of remnant samples in the High
impact class might be due to the increase in grazing activity near urban areas and roads observed
during the latter half of the 20" century (Fernandez-Gimenez 1999), an urbanizing population,

and the intensification of economic activity in the Ulaanbaatar metropolitan area. Since all
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twenty sample locations are situated within the same climatic region, it can be concluded that
broad-scale variation in moisture availability was not the primary driver of observed regeneration
patterns. Instead, the temporal differences in regeneration between human impact classes could
only be the result of land use pressure or, alternatively, micro-site variation in soils, solar
radiation, or individual site disturbance history (typically associated with land use), which were
not addressed in this study.

Despite its general predictive strength, the GIS model has its limitations, as seen in the
over- or underestimation of human disturbance at a few sample locations. These inaccuracies
can be attributed to unpredicted land use as seen in one drainage north of Ulaanbaatar (UT20 and
UT31) and the lack of human activity near certain stretches of road (UT29 and UT33; Figure
10). Grazing and logging activity was much greater than expected in the area of UT20 and
UT31, which is most likely due to the presence of multiple winter camps in the area. The
removal of sites, other than UT20, did not improve the predictive power of the model and,
therefore, justified the treatment of UT20 as a true outlier. In comparison, less human impacts
were observed in the neighboring drainage to the immediate west (UT19 and UT32) due to its
confining topography and lack of pasture. Although located near the main east-west road, no
motor vehicle tracks were present in the approach to sites UT29 and UT33 where human impacts
were overestimated by the GIS model.

Human impacts near the Ulaanbaatar metropolitan area was more difficult to predict than
in the upper reaches of the Tuul River valley due to unpredicted land use patterns. The spatial
distribution of HI and ROSA index values are influenced by urban centers as well as geographic
features (Figure 10). For HI, sites in the High impact class are located near Ulaanbaatar and just

north of the main east-west road. For ROSA, however, all five sites in the High impact class are
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clustered around Ulaanbaatar. Medium impact sites are primarily located along the main branch
of the Tuul and up one river valley north of Ulaanbaatar (Figure 10). With the exception of site
UT20, Low impact sites are all located to the north and east of the main branch of the Tuul
where access is limited to human activities.

Error in the model occurred on the urban fringe, the transition zone between the edge of
urban sprawl and the more remote pastures and forests of the Khan Khentii Mountains, where
human disturbance is highly variable. In these areas, our model was unable to predict variation
in pastoral land use which is strongly influenced by variables such as mobility, access to water,
livestock preferences, land tenure, and herder motivations (Sternberg 2008). The spatial
distribution of forest resource use (e.g. salvage logging, antler collection) is also more uncertain
in the urban fringe. Since privatization in the early 1990s, human impacts have been dependent
not only on geography but also market pressure and individual financial decisions. A goal of
predicting human impacts in other regions should be to focus on the use of social variables that

would more accurately assess human impacts at the urban fringe.

Forests as disturbed ecosystems

Most of the world’s forests are either intensively managed for timber production or under some
form of conservation management as human dominance of forest ecosystems continues to
increase (Noble and Dirzo 1997; Kareiva et al. 2007). The forest-steppe ecological zone in
central Mongolia is not managed intensively for forest products, but it is under pressure from
urban sprawl, non-commercial forest products (i.e. fuelwood collection and small-scale salvage
logging), and the pastoral market economy. These human pressures on forests are compounded

by climate variability and other ecological disturbances.
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The global phenomenon of forest dieback has been attributed to increased drought
incidence and an overall decrease in moisture availability (Allen 2009; van Mantgem et al.
2009), insect defoliation (e.g. Hogg et al. 2002), and urban air pollution (e.g. Kubikova 1991).
In Mongolia, it is predicted that increasing aridity in the western Khan Khentii Mountains will
result in a further decline in larch-dominated forests during the 21* century (Dulamsuren et al.
2010a). Outbreaks of native gypsy moths, however, have been shown to have little effect on the
overall presence of Siberian larch in the Khan Khentii Mountains (Dulamsuren et al. 2010b).
Regarding air pollution in Ulaanbaatar, chemicals and particulates from wood and coal burning
stoves in the sprawling Ger (circular, felt-covered traditional home) districts, power plants,
burning garbage, vehicle emissions, and road dust have dramatically increased in the last twenty
years (Guttikunda 2008). This increase is likely too recent to draw conclusions about regional
forest decline. However, it has been shown that to the immediate south of Ulaanbaatar, one
forested slope facing a thermal power plant had higher concentrations of sulfur dioxide in larch

needles than other nearby sites (Sase et al. 2005).

Conclusions

Human systems have become a defining planetary process on par with biological, atmospheric,
hydrologic, and geologic systems (Ellis 2009). Understanding and assessing the impacts human
systems have on other Earth system processes will require new and innovative methods in every
region of the world as climatic, social, and economic conditions continually evolve. The
methods described in this study can be used to establish a baseline spatial distribution of human
impacts at various locations, especially at the local scale. Using only three GIS layers (roads,

urban centers, DEM) and data on relative human population, we developed a useful assessment
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of human impacts on forests in the UTRW and demonstrated its utility for describing spatial
patterns in forest regeneration. These types of GIS data, which are easily accessible, can be used
by resource managers and regional planners to develop spatial models of current and potential
human impacts. Using HI to assess variables such as grassland quality, fire regimes, or water
pollution is valuable in Mongolia or other regions where pressures from rapid development and
increasing climate variability are threatening the quality and quantity of natural resources.
Similar to assessing forest establishment, developing models for assessing other natural
resources will involve indentifying and quantifying disturbance variables such as livestock
density and composition (for grasslands), ignition sources (for fire regimes), and point sources of
pollution (for water quality). In Mongolia, understanding human impacts on ecological systems
is crucial to ensuring the sustainability of natural resources on which the country depends.

The issues facing Mongolia in terms of natural resource degradation are similar to those
being experienced by other rapidly developing nations (see Larsen et al. 2006). Understanding
the spatial distribution of human impacts at the local scale will be vital for resource management
planning as Mongolia and other nations continue to adjust to the pressures of a market economy
and climatic variability in the 21% century. Assessing and predicting human impacts on the
landscape are transparent tools that can be used immediately to assist in policy development and
implementation. This is especially true in regions with limited or newly developing natural
resource management practices. Future research should concentrate on understanding land use
dynamics in the urban fringe; for example, the foothills on the outskirts of Ulaanbaatar that are
experiencing unplanned development and less predictable resource use. Conservation and
management plans should target these forests which provide valuable ecosystem services, such

as watershed protection, fuelwood and pasture to the growing population of Ulaanbaatar.
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Tables

Table 1 Sample locations in the UTRW including latitude, longitude, elevation, slope, aspect, and

human impact indices (HI and ROSA).

. Latit Longit Elevation | A t
Site ID a(ONL;de ° (9E)“de e(rf‘]) ° S(Oc}(f’)e S(E)ec HI  ROSA
UT02  47.84206 107.17078 1734 30 298 634 12
UT04  48.08456 106.84557 1725 10 42 430 16
UT09  48.12324 107.62940 1620 42 20 1.80 2
UT17  48.14603 107.78245 1683 314 2.23 5
UT19  48.13272 107.03880 1707 216 1.91 7
UT20  48.10066 107.23615 1755 12 80 160 14
UT21  48.15174 108.15524 1793 10 340 1.20 4
UT23  48.19616 107.98087 1788 4 100 1.68 2
UT29  47.80426 107.66104 1991 31 30 371 5
UT30  48.10613 106.91950 1712 11 218 398 10
UT3L  48.01608 107.25186 1688 26 338 250 13
UT32  48.08819 107.13362 1640 10 320 1.92 5
UT33  47.85780 107.73329 1676 8 352 3.25 5
UT34  47.94095 107.74693 1834 12 272 3.04 5
UT35  48.01538 107.79398 1699 18 68 2.28 8
UT36  48.07238 107.87352 1648 10 358 1.93 8
UT37  48.12383 107.95766 1629 5 36 2.38 6
UT38  48.06269 107.75574 1571 40 29 2.67 6
UT39  48.19140 107.69537 1676 16 31 1.86 4
UT40  48.03878 107.60961 1666 12 62 1.94 7

HI = GIS-based human impact index

ROSA = Rapid on-site assessment (sum of grazing, logging, trash, and campfire scores)
r?=0.37, p = 0.006; ROSA (log10) = 0.843 + 0.444 HI (log10); UT20 not included

Table 2 Contingency table of HI (GIS-based) and ROSA (field-based) human impact classifications.

Impact Class Low (ROSA) Medium (ROSA) High (ROSA) | Total % agreement

Low (HI) 4 0 1 5 80

Medium (H1) 0 9 1 10 90

High (HI) 0 2 3 5 60
Total: 4 11 5 20

% agreement: 100 82 60

sum of diagonal = 16; overall accuracy = 80%
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Table 3 Sample locations with number of samples (N), HI and ROSA classes (Low, Medium, High),
median establishment date, the total percentage of remnant samples, the percentage of stumps, snag,

and logs that were sampled, total seedling/sapling counts, and tree density (trees/hectare).

Sliée N H : RO.SA I\égsalgn Rer:ﬁant % % % Sezgrﬁr:g/ D-grrlgﬁy
[Bin] [Bin] Date Samples Stumps Snags Logs Sapling (trees

per ha)
UTo2 21  High High 1925 86 67 19 0 0 657
uTo4 21  High High 1908 24 24 0 0 0 816
uTo9 27  Low Low 1861 11 0 11 0 0 287
UT17 25 Medium Medium 1934 48 36 8 4 0 930
UT19 20 Medium Medium 1962 40 0 35 5 0 1249
UT20 20 Low High 1944 15 15 0 1 1424
ut21 21 Low Low 1928 5 0 11 273
uT23 23 Low Low 1943 17 17 0 14 308
UT29 23 High  Medium 1888 22 22 0 0 0 730
UT30 21 High High 1921 19 14 5 0 1 1294
UT31 26 Medium High 1920 57 42 15 0 0 1206
UT32 13 Medium Medium 1928 27 27 0 0 0 1104
UT33 25 High Medium 1985 0 0 20 380
UT34 20 Medium Medium 1962 0 0 0 1075
UT35 22 Medium Medium 1927 59 59 0 0 0 233
UT36 25 Medium Medium 1950 0 0 0 0 0 1054
UT37 23 Medium Medium 1943 38 17 17 4 0 380
UT38 22 Medium Medium 1957 28 23 5 0 0 840
uT39 23  Low Low 1945 15 13 0 0 235
UT40 25 Medium Medium 1961 10 0 0 0 664

HI [Bin] and ROSA [Bin] = sites classified by quartile ranges;

Low (index < Q1), Medium (Q1 < index < Q3), and High (index > Q3)
Note: samples are 94% Larix sibirica, 5% Pinus sylvestris, and 1% Pinus sibirica
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Table 4 Tree establishment distributions for HI and ROSA. Sites classified by quartile ranges; Low
(index < Q1), Medium (Q1 <index < Q3), and High (index > Q3).

Impact N N Median % % %
Index Clgss (sites)  (trees) Estab. Skewness Kurtosis | Pre- 1900- Post-
Date 1900 1950 1950

Low 5 114 1942* -1.37 0.97 21 44 35

HI Medium 10 221 1945* -3.70 19.21 13 45 42

High 5 111 1925* -3.89 24.04 23 55 22

Low 4 94 1941* -1.15 0.22 25 36 39

ROSA Medium 11 243 1948* -3.98 21.56 14 40 46

High 5 109 1922* -0.10 1.44 18 74 8

*p < 0.05 (Kruskal-Wallis test)

Table 5 Sample composition and tree density for HI and ROSA. Sites classified by quartile ranges;
Low (index < Q1), Medium (Q1 < index < Q3), and High (index > Q3).

Index Impact N N % % % % Mediar] Tree
Class (sites)  (trees) Remnant | Stumps*  Snags Logs Density”
Low 5 114 12 2 10 0 0.03
HI Medium 10 221 31 22 8 1 0.10
High 111 29 24 5 0 0.07
Low 4 94 12 12 0 0 0.03*
ROSA Medium 11 243 24 17 6 1 0.08*
High 5 109 41 33 8 0 0.12*

ATrees/sq meter (does not include samples collected outside of n-distance plots)
*p < 0.05 (Kruskal-Wallis test)
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Figure Captions
Figure 1. Winter camp in the foothills of the Khan Khentii Mountains north of Ulaanbaatar.

Figure 2. Livestock population of Mongolia 1918-2008 (in thousands). *Recreated from
Humphrey and Sneath 1999. ~Mongolian National Statistics Office 2011 (no data for 1999,
2000, and 2009).

Figure 3. Human population of Mongolia 1960-2009. Source: United Nations 2011

Figure 4. Map of the Tuul River basin in central Mongolia. Sample locations are located in the
forest-steppe ecological zone to the north and east of the capital city of Ulaanbaatar.

Figure 5. GIS-based human impact index (HI) for the UTRW; 5 grid km resolution. Index values
range from 1 to 10. Variables used in analysis included 1) distance to nearest road 2) road type 3)
distance to nearest urban center 4) relative human population of nearest urban center and 5) elevation
difference between nearest urban center and grid point.

Figure 6. UT21 — Low Impact Class. Note: minimal evidence of grazing and logging; coarse
woody debris is present.

Figure 7. UT32 — Medium Impact Class. Note: some evidence of grazing and salvage logging.
Figure 8. UT02 — High Impact Class. Note: substantial evidence of grazing and salvage logging.

Figure 9. Regression analysis for GIS-based human impact index (HI) and Rapid on-site assessment
(ROSA). The outlier UT20 is circled. r*=0.23, p = 0.035; ROSA (logyo) = 0.675 + 0.535 HI (logso).

Figure 10. GIS-based index (HI) and field-based index (ROSA) classified by human impact
(quartiles). Low (index < Q1), Medium (Q1 < index < Q3), and High (index > Q3).

Figure 11. Tree establishment distributions by human impact class for HI and ROSA; Low (index <
Q1), Medium (Q1 < index < Q3), and High (index > Q3). DBH > 7.5 cm.
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Figure 6
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Appendix

Al. GIS-based human impact index (HI)

LVariables chosen are based on a combination of field observations in 2009 and previous regional and/or global

10km buffer of Upper Tuul River watershed (to limit edge effects)
5km grid overlain the buffer and watershed (533 grid cells)

Variables®

1.
2.
3.
4,
5.
Value assi
o]

O O O O o0 o0 O

(@]

Result: human impact gradient for the Upper Tuul River watershed with a range 1-10

Distance to nearest urban center

Urban center level (based on population/original map symbol)
Distance to nearest road

Road type (paved/unimproved)

Elevation difference between grid cell and nearest urban center
gnment for each grid cell?:

If distance to nearest urban center < 10km, then +1

If urban level = 1, then +6

If urban level = 2, then +5

If urban level = 3, then +3.5

If urban level = 4, then +2

If urban level =5, then +1

If distance to nearest road < Skm, then +1

If road type = paved, then +1

If elevation difference between grid cell and nearest urban center < 100m, then +1
Kriging interpolation using 533 grid points

scale studies (e.g. WCS and CIESIN 2005)

2Appropriate thresholds were developed using detailed field notes (2009) and conversations with Mongolian

researchers.
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A2. Human impact indices

ROSA Variables*
Site ID HI ROSA Grazing Logging Trash Campfire
uT02 6.34 12 4 6 2 0
UTo04 4.30 16 4 7 2 3
UT09 1.80 2 1 1 0 0
uT17 2.23 5 2 3 0 0
UT19 1.91 7 2 5 0 0
uT20 1.60 14 6 6 1 1
uT21 1.20 4 2 2 0 0
uT23 1.68 2 1 1 0 0
UT29 3.71 5 3 2 0 0
UT30 3.98 10 3 5 1 1
UT31 2.59 13 5 7 1 0
UT32 1.92 5 2 2 1 0
UT33 3.25 5 3 1 1 0
UT34 3.04 5 3 1 1 0
UT35 2.28 8 4 3 1 0
UT36 1.93 8 6 1 1 0
uT37 2.38 6 3 3 0 0
UT38 2.67 6 4 2 0 0
UT39 1.86 4 2 1 0 1
UT40 1.94 7 3 2 2 0

HI = GIS-based human impact index (range 1-10)
ROSA = Rapid on-site assessment (max score of 33)

*ROSA variables

Presence
0 = no presence

1 = extremely limited presence/areal extent

2 = limited presence/areal extent

3 = presence/areal extent is ubiquitous with the site

Evidence of grazing (max 15) Evidence of logging (max 12)

Dry dung
Wet dung
Hoof prints

Livestock remains

Livestock trails

Stumps

Slash

Machinery tracks

Other altered microtopography

Other human disturbance (max 6)
Trash
Campfire remains
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Abstract

In mountainous regions where climate change is least understood, long, high-resolution records
of climate variability are typically unavailable. Here, we present a tree-ring reconstruction of
spring and summer (April-August) Palmer Drought Severity Index (PDSI) for a grid point in the
central Khan Khentii Mountains (48.75 N, 108.75 E) near the capital city of Ulaanbaatar. Our
nested reconstruction extends from 1675 to 2000 and explains 60% of the variance in
instrumental PDSI (1945-1993). Major drought events occurred from 1722-1726, 1730-1739,
1898-1907, 1928-1932, 1943-1947, and 1978-1983. The most recent drought event from 1996-
2005 is the most severe only when instrumental data (2001-2005) are appended to the end of the
reconstruction. The strongest pluvial events were 1933-1942 followed by 1783-1790. We used
regime shift detection to indentify major discontinuities in moisture availability throughout the
reconstruction. These shifts were more frequent during the 20" century than any other period of
the reconstruction, suggesting a growing need for increased adaptability of the livestock industry
and natural resource managers. This study also highlights the need for meteorological stations in
mountainous regions in order to decrease uncertainties in predicting and understanding localized

climate change.
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Introduction

Regional drought and local historical circumstances have influenced land use strategies in inner
Asia for centuries (Lattimore 1938; Humphrey and Sneath 1999; Fernandez-Gimenez 2000).
This adaptability and risk management in the face of extreme climatic conditions, including
drought, is characteristic of pastoralist societies across the vast steppe and forest-steppe
ecosystems of the region. However, recent trends of increasing drought frequency and severity
have been documented in parts of China (Ma and Fu 2006; Li et al. 2007), Chinese Inner
Mongolia (Liang et al. 2007) and Mongolia (Davi et al. 2010). In Mongolia, the 20" century in
particular was a period of continuous social and political change including the establishment of
the People’s Republic of Mongolia in 1924, the intensification of livestock collectives in the
1950s, and the transition from a centrally-planned economy to privatization in the 1990s.
Following privatization, prolonged drought conditions and severe winters from 1999-2002
resulted in the death of approximately 12 million livestock (Batima et al. 2005). More recently,
drought in 2009, followed by harsh winter conditions (referred to as dzud) resulted in the loss of
more than 7.8 million livestock. Due to these effects on the Mongolian economy and potential
risk to limited water resources, it is of great importance to place these recent trends in moisture
availability into a historical context.

Since the mid-1990s there has been a concerted effort to describe the historical variability
of temperature and hydroclimatic conditions in Mongolia using tree-ring data (Jacoby et al.
1996; D’ Arrigo et al. 2000; Pederson et al. 2001; Jacoby et al. 2003; Davi et al. 2006, 2010).
This research has shown warming temperatures for the latter half of the 20" century (e.g. Jacoby
et al. 1996), especially in high mountain regions such as the Altai in western Mongolia (Batima

et al. 2005). Spatial trends in moisture availability, however, are highly variable. For example,
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there has been a general drying trend in eastern Mongolia since the 1950s, while no significant
trend exists in the central and western part of the country (Li et al. 2009). This inherent
variability creates issues when attempting to generalize large-scale historic trends in drought
occurrence and severity.

It is not only important to consider the severity of individual events, but also the temporal
context of change from one event to the next. That is, it might not be the event itself, but the
rapid shift from one relatively stable state to another that is more influential on the resilience of
ecological and social systems (Holling 1973; Scheffer et al. 2001; Folk et al. 2004; Walker et al.
2004). Such is the case, fluctuations in surface and groundwater resources will have profound
effects on the economy and urban population in the Ulaanbaatar metropolitan area (Tsogtbaatar
et al. 2009). Furthermore, adaptability of the livestock sector to predicted temperature increases
(IPCC 2007) and spatially complex precipitation patterns (Davi et al. 2010) in the mountainous
Khan Khentii region will be dependent upon the seamless use of meteorological data and local
herder knowledge (Fernandez-Giménez 2000; Marin 2010).

Here we use an already established network of tree-ring chronologies (n = 15) to develop
a local-scale drought reconstruction of mean April-August Palmer Drought Severity Index
(PDSI) for the central Khan Khentii Mountains, near the capital city of Ulaanbaatar (Figure 1).
Ten of the fifteen chronologies were developed since the publication of the most recent
hydroclimatic reconstruction in eastern Mongolia (Pederson et al. 2001). Climate data from the
nearby Ulaanbaatar meteorological station indicate a spring-summer (April-August) temperature
increase of 2.5°C during the last forty years. This increase is likely reflective of actual warming
as the urban heat island effect has been shown to be negligible for other cities in Asia (Li et al.

2004). Increasing temperatures and drought occurrence in this region will have profound
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impacts on the health and volume of headwater streams (Gomi et al. 2002) and aquifer levels.
These impacts will be particularly noticeable in the Tuul River basin, which is home to more
than half of Mongolia’s population.

The main objective of this study is to use climate-sensitive tree-ring records to create a
local spring-summer PDSI reconstruction that places moisture availability into a regional and
historical context. Additionally, we intend to indentify major drought and pluvial events as well
as significant shifts in moisture regimes throughout the time series. The results can be used to
further understand local variation in drought conditions and to inform sustainable resource

management initiatives in this mountainous region.

Study area
The Khan Khentii Mountains are located in north-central Mongolia at approximately 48°40
north latitude and 107°45” east longitude (Figure 1). The region is characterized by an extremely
continental climate with average temperatures ranging from -19.3°C in winter (Dec/Jan/Feb) to
16.4°C in summer (Jun/Jul/Aug) based on data from the nearest meteorological station in
Ulaanbaatar (1969-2010). Total annual precipitation is low (252 mm) and peaks in summer
when approximately 72% of precipitation falls (Davagdorj and Mijidorg 1996).

The mountains are situated at the interface between the western Siberian dark taiga
(Picea obovata, Abies sibirica, Pinus sibirica, and Larix sibirica), the eastern Siberian light taiga
(Betula platyphylla, Larix sibirica, and Pinus sylvestris) and the Mongolian forest-steppe zone
(Ermakov et al. 2002). Elevations range from approximately 950 meters in the northwestern
foothills to 2795 meters at Asralt Khairkhan Mountain. This region is particularly species rich,

relative to the rest of central Asia, due to the intersection of boreal, temperate and steppe
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vegetation. Three major rivers originate within an area of 785 km? in the central Khan Khentii
Mountains including the Onon, Kherlen, and Tuul. The Onon is the only river that reliably flows
into the Pacific Ocean via the Amur River which forms the border between Russia and China.
The Kherlen also flows east and ultimately drains into Lake Hulun in Chinese Inner Mongolia
where its waters typically evaporate in the arid climate. The Tuul River flows south and then
west through Ulaanbaatar and eventually drains into Lake Baikal in Russia via the Orkhon and

Selenge Rivers.

Data and methods
Tree-ring data

Regional tree-ring chronologies were obtained from the International Tree-Ring Data Bank
(ITRDB) maintained by the National Oceanic and Atmospheric Administration’s (NOAA)
World Data Center for Paleoclimatology (Mongolian American Tree-Ring Project and
unpublished data). Sample sites are located east of the Khan Khentii Mountains along the Onon
River, in the southern and western foothills, the northern border forests, and on the eastern flank
of the Khangai Mountains (Figure 1). Median elevation of sites is 1125 m. Samples were taken
from both living and remnant specimens of Siberian pine (Pinus siberica), Scots pine (Pinus
sylvestris), and Siberian larch (Larix siberica).

In total, 417 series from fifteen chronologies were used for the drought reconstruction
(Table 1). All time-series of ring width were crossdated using standard dendrochronology
techniques (e.g. Stokes and Smiley 1968) and checked for quality control using the program
COFECHA (Holmes 1983; Grissino-Mayer et al. 1997). Chronologies were developed using the

program ARSTAN (Cook 1985) and the statistic of expressed population signal (EPS) was used
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with a threshold of 0.85 to determine reasonable signal strength of the chronologies (e.g. Wigley

et al. 1984). The common period of all the chronologies with an acceptable EPS is 1815-1994.

Climate data

Tree-ring chronologies were compared to Palmer Drought Severity Index (PDSI) data. PDSI is
a dryness index based on temperature, precipitation, and soil evaporation (Palmer 1965) and has
been utilized for paleoclimate reconstructions in Asia (Liang et al. 2007; Fan et al. 2008; Fang et
al. 2010; Davi et al. 2010) and other regions (Stahle et al. 1985; Cook et al. 1999; Pohl et al.
2002; Touchan et al. 2010). The PDSI network used in this study was developed by Dai et al.
(2004), which is based on a 2.5° x 2.5° gridded system that does not account for elevation or
topography. Instrumental temperature and precipitation data from regional meteorological
stations and soil moisture data from forty-two stations in Mongolia were used to interpolate
PDSI for the selected gridpoint. We chose one grid point situated over the central Khan Khentii
Mountains (48.75 N, 108.75 E) to reconstruct PDSI.  This location was chosen for its proximity
to the headwaters of three major rivers and for use in a nearby assessment of climate-wildfire

relationships (see Chapter 3).

Calibration and verification

We used correlation analysis between monthly PDSI data and individual chronologies to
indentify April-August as the optimum season for reconstruction. The average April-August
PDSI reconstruction was developed using the common period of the fifteen chronologies and
instrumental data (1945-1994) at lags t or t + 1, taking into account the effect of previous year’s
climate on tree growth. We used a split calibration-verification procedure to test model

reliability (Meko and Graybill 1995). We calibrated on 1970-1993 and verified 1945-19609, as
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well as calibrated on 1945-1969 and verified 1970-1993. To assess model strength, we
calculated Pearson’s correlation coefficient (r), r square (), reduction of error (RE) and
coefficient of efficiency (CE). We used a nesting procedure to develop a statistically robust
reconstruction as well as extend the length of the reconstruction (Meko 1997; Cook et al. 2002;
Davi et al. 2010). This included eight backwards nests that extend the model 140 years prior to
the common period (1815-1994) to 1675 and two forward nests that extend the model to the year
2000. Calibration and verification statistics, including variance explained, are summarized in

Table 2.

Temporal variation in PDSI

We quantified the relative severity of multi-year (> 2 years) drought and pluvial events using an
approach developed by Biondi et al. (2002). This method utilizes three temporal parameters
including duration (number of years an event remains above or below the median PDSI value of
the entire time series), magnitude (cumulative departure of an event), and intensity
(magnitude/duration). An overall score for each event is calculated by summing the individual
value rankings for duration, magnitude, and intensity. These scores provide a useful means for
ranking the severity of individual drought and pluvial events in the context of historical moisture
availability.

We used regime shift detection to identify significant changes in our reconstructed April-
August PDSI. Regime shift detection uses a sequential analysis algorithm and a user-determined
cut-off length to indentify discontinuities in time series datasets (Rodionov 2004). For our
purposes, the regime shift detector (RSD; Microsoft Excel add on) used a sequential t-test to

indentify rapid changes in mean PDSI value using cut-off lengths of 5, 10, and 20 years (o =
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0.05). The cut-off length determines the minimum length of regimes, for which the magnitude of
the shifts remains intact. Similar methods have been used to identify regimes shifts in a variety
of ecological and climate systems (D’Arrigo and Wilson 2006; Litzow 2006; Daskalov et al.

2007; Oguz and Gilbert 2007; Marty 2008).

Results

PDSI reconstruction

Fifteen chronologies and 20 of the 30 possible predictors (t and t + 1) were significantly
correlated (o = 0.05) to April-August PDSI during the common period for all chronologies
(1815-1994). The reconstruction (Figure 2) accounts for 60% of the variance in instrumental
PDSI for the period 1945-1993 (Table 2). Although the number of chronologies decreases with
each backwards nest, the percentage of variance explained remains generally stable as the model
is extended back in time (Figure 4). A backwards nest testing the model past the year 1664
failed, though marginally, calibration-verification for the 1970-1993 split period (verification RE
=-0.004 and verification CE = -0.074) and was not included.

The model was extended to the year 2000 using two forward nests (Table 2). A
subsequent forward nest for 2001 failed calibration-verification tests for the 1970-1993 split
period (verification CE = -0.179). This failure was due to a substantial underestimation of actual
drought conditions by the model. For example, instrumental mean April-August PDSI value for
2001 is -6.03, while the reconstructed value from tree rings was -2.83. This underestimation at
the end of the reconstruction might be a product of trend fitting distortions within individual
chronologies caused by decadal to century-long climate variability (Melvin and Briffa 2008).

Trends in mean April-August PDSI are reflected by Kherlen River instrumental streamflow at
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Undurkhaan (Figure 2). Most notable is the extreme drought from 1978-1983 and a shift to
prolonged drought conditions in 1996. Reliable streamflow data for the Tuul and Onon Rivers
are not available, but it can be inferred that drought conditions in the central Khan Khentii

Mountains would have similar effects on these major rivers.

Multi-annual and decadal-scale events

The top ten drought and pluvial events were indentified based on duration, magnitude, and
intensity. The drought event from 1730-1739 was ranked the highest followed by the events of
1722-1726, 1898-1907, 1928-1932, 1943-1947, and 1978-1983 (Table 3). The drought event
from 1996-2000 is ranked tenth, which again could be the result of trend-fitting distortion during
standardization of individual time-series. The most recent drought event from 1996-2005 is
ranked the highest in all three variables (duration, magnitude, and intensity) when instrumental
data (2001-2005) are appended to the end of the reconstruction, although with the loss of
variance in the reconstructed record, this needs to be considered with caution. The highest
ranked pluvial events occurred during the 1930s and during the mid to late 18" century (Table
4). Of note is the relatively high intensity pluvial event that occurred from 1993-1995, just prior

to a shift to prolonged drought conditions.

Drought and pluvial regimes

Regime shift detection was used to indentify discontinuities in mean April-August PDSI using
three temporal scales (cut-off lengths of 5, 10, and 20 years). Although instrumental data (2001-
2005) show continued drought conditions, these years were excluded from the analysis. Using a
five-year cut-off length, we indentified twenty-three regimes ranging from 4 to 69 years (Table

5). Shifts from pluvial (low Drought:Pluvial ratio) or intermediate moisture regimes
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(Drought:Pluvial ratio near 1) to periods of sustained drought (> 5 years, mean PDSI < -1.5)
occurred frequently throughout the time series. Years in which this type of shift occurred
include 1692, 1723, 1771, 1903, 1928, 1943, 1978, and 1996. Regime shift detection is designed
to indentify rapid changes in systems and, therefore, identified only two regime shifts during the
19" century, which is characterized by more gradual changes in April-August PDSI. There were
eight and ten regime shifts during the 18" and 20" centuries, respectively.

Decreasing the temporal resolution to a ten-year cut-off length resulted in fourteen
regimes ranging from 6 to 117 years (Table 6, Figure 4). Five shifts during the 18" century,
none during the 19™ century, and eight during the 20" century were identified. A shift into
prolonged drought conditions (> 5 years, mean PDSI < -1.5) from a pluvial or intermediate
moisture regime occurred in 1731, 1771, 1922, 1942, 1978, and 1996. With a cut-off length of
ten years, the shifts to drought conditions at the end of the 17" century (1692) and at the turn of
the 20" century (1903) are not identified. Figure 5 shows these regime shifts in relation to multi-
annual and decadal-scale drought and pluvial events. Regime shifts that occurred in the same
year or within one year of the start of a major drought (D) or pluvial (P) event include 1731 (D),
1740 (P), 1771 (D), 1784 (P), 1908 (P), 1933 (P), 1942 (D), 1978 (D), and 1996 (D). Not only
do these years mark the beginning of a new PDSI regime, they are also the onset of major
drought or pluvial events in terms of duration, magnitude, and intensity.

We also used a twenty-year cut-off length to highlight long-term trends in mean April-
August PDSI, which resulted in five regimes ranging from 10 to 192 years (Table 7). The only
shift from a pluvial or intermediate moisture regime to prolonged drought conditions (> 5 years,
mean PDSI <-1.5) occurred in 1996. Regimes 2 (1740-1766) and 4 (1959-1995) were

dominated by pluvial years, while regimes 1 (1675-1739) and 3 (1767-1958) were generally dry.
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Even with a twenty-year cut-off length, the drought magnitude for the years 1996 to 2000 was

great enough to be identified as a unique regime.

Discussion
We found significant correlations between regional tree growth and average April-August PDSI
over the central Khan Khentii Mountains. Variance explained (60%) during the full common
period (1945-1993) was similar to a large-scale drought reconstruction in Mongolia (Davi et al.
2010), but had greater predictive strength than studies in western Mongolia (Davi et al. 2009)
and China (Fan et al. 2008; Fang et al. 2010). The latter studies utilized high-elevation trees to
reconstruct PDSI for mountainous regions, which typically experience localized precipitation
patterns due to complex topography and orographic effects (Batima et al. 2005; Sato et al. 2007).
Therefore, an inherent disconnect exists between high elevation tree growth and instrumental
data that is typically available only in accessible (i.e. less mountainous) locations. Our model
used trees sampled at an elevation of approximately 1125 m to reconstruct a PDSI gridpoint
representing an elevation of 2030 m. The relative robustness of our model might be attributed to
high correlations between tree growth and the local instrumental data used by Dai et al. (2004) to
interpolate values for the PDSI gridpoint. Consequently, our model is an estimation of
interpolated April-August PDSI for the study area. These results must be interpreted with
caution as neither tree-ring data or instrumental data were collected at higher elevations in the
central Khan Khentii Mountains.

Our average April-August reconstructed PDSI is similar to reconstructed Kherlen River
streamflow (r = 0.80) and precipitation for eastern Mongolia (r = 0.69) during the period 1675-

1995 (Pederson et al. 2001) in that both reconstructions contain severe droughts occurring during
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the 1720s, 1730s, 1920s and 1940s. The six-year drought event from 1978 to 1983 also
correlates with both streamflow and precipitation records from eastern Mongolia (Pederson et al.
2001) . The most recent drought (1996-2000) was relatively less severe than previous events.
However, when instrumental data (2001-2005) is appended to the reconstruction, the drought at
the turn of the 21% century is ranked highest. Periods of drought in the central Khan Khentii
Mountains occurred during wet periods in western Mongolia (Davi et al. 2009); most notably
during the 1940s, the late 1990s, and turn of the 21* century. These regional differences are
consistent with the spatial complexities of moisture availability present in Mongolia (Davi et al.

2009, 2010).

Moisture regime shifts

In the context of our 326-year reconstruction of average April-August PDSI, it is evident that the
20™ century was a period in which moisture availability in central Mongolia changed frequently
and with great magnitude. If these rapid changes in moisture availability continue, they will
have profound impacts on water resource planning, especially as population growth and
urbanization in central Mongolia place additional pressure on groundwater sources (Dore and
Nagpal 2006).

We have indentified significant changes in average April-August PDSI using regime shift
detection methods. A cut-off length of five years was the most sensitive to short-term drought
and pluvial events, identifying twenty-three regime shifts. Only two regime shifts were detected
during the 19" century due to low variability and gradual change in PDSI values; a trend which
is consistent with precipitation and streamflow reconstructions in eastern Mongolia (Pederson et

al. 2001). Four of the seven shifts from a pluvial or intermediate moisture regime to a period of
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prolonged drought occurred during the 20" century. These major changes in moisture conditions
have the potential to impact water resource use and the livestock industry in Mongolia.
Increased frequency of dramatic shifts in moisture availability can make planning for water
resource allocation difficult and can potentially cause instability in the livestock sector.
Increasing the temporal scale for regime shift detection to ten years resulted in fourteen
drought and pluvial regimes. Eight of the fourteen regime shifts occurred during the 20" century
and four of the six shifts from a pluvial or intermediate moisture regime to a period of prolonged
drought occurred during the 20™ century. Additionally, five of the nine regime shifts that
occurred within one year of the beginning of a major drought or pluvial event happened during
the 20" century. Finally, common patterns observed for each cut-off length included drought in
the early 18" century, less variable moisture conditions from the late 18" century to the early

20™ century, a wetting trend from the mid-20™ century to 1995, and drought through 2000.

Conclusions

We have developed a multi-century spring and summer drought reconstruction for the central
Khan Khentii Mountains in Mongolia. The robustness of the model was related to strong
correlations between tree growth and instrumental data used to develop the PDSI gridded
network (Dai et al. 2004). Nevertheless, our model provides the best available estimation of
average April-August PDSI for a mountainous region that is lacking meteorological data.
Drought events, especially the 1720s, 1730s, 1920s, 1940s and from 1978 to 1983, reflect events
previously reported in eastern Mongolia (Pederson et al. 2001). Pluvial conditions from 1933 to
1942 were ranked highest, whereas the drought from 1996 to 2005 was the most severe only

when instrumental data is appended to the reconstruction.
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Regime shift detection was useful for identifying rapid changes in moisture availability,
which might be more influential on the resilience of ecological and social systems than isolated
events. These shifts were more frequent during the 20" century than any other period of the
reconstruction, suggesting the growing need for appropriate and flexible climate adaptation
measures in the Khan Khentii region. This study also emphasizes the need for meteorological
stations in mountainous regions in order to decrease uncertainties in understanding and

predicting the inherent complexities of local precipitation patterns.
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Tables and Figures

Table 1 Chronologies used and their statistics for the April-August PDSI reconstruction.

Site Lat. Long. Species®  Full Period No.of  Median EPS EPS YrEPS  Chron.
(°N) (°E) P Series  Length  (Tree)® >0.85° >0.85%  Type®
Bugant* 4941 10757 PISY  1730-2008 34 210 0970 1815 1793  ARS
Dadal* 4901 11159  PISY  1704-2001 22 250 0968 1735 1716 STD
Dulaan 49.94 10620  PISY  1653-2008 44 281 0981 1675 - STD
Khan Nars*
Inferno
Ridge 4883 11167  PISI  1692-1996 35 175 0980 1750 - ARS
m?gzsr‘" 47.77 107.00  PISI 1505-1994 25 183  0.985 - 1787 ARS
BZLS;:L” 4837 10618  PISY  1740-2008 20 181 0.972 - 1802  ARS
Onon Gol* 4883 111.69 LASI  1576-2001 25 201 0952 1680 - ARS
Orkhon Gol )6 29 10105  LASI  1503-2009 27 290 0966 1585 - STD
Hurshee*
Shaamar
Mahan 50.25 106.18  PISY  1770-2008 17 208 0.965 - 1786 ARS
Nars*
Terelj 4796 10746  LASI  1590-2002 28 288 0.980 - 1622 STD
Tujin Nars* 50.15 10637  PISY  1731-2008 18 169 0897 1815 - ARS
32:22?"“ 4841 11020  PISY  1705-2009 16 171 0924 1770 - ARS
UrgunNars 4858 11055  PISY  1651-1996 33 189  0.984 - 1664 STD
Zurkh Uul* 4865 106.03  PISY  1714-2009 22 192 0971 - 1737 STD
ZunMod 4778 10750 LASI  1582-2001 51 332 0.993 - 1582 STD

PISI, Pinus sibirica; PISY, Pinus sylvestris; LASI, Larix sibirica
® = between tree EPS; © = segment where between-tree EPS >0.85; @ = year when between-tree EPS >0.85 if earlier than °
® ARS = ARSTAN; STD = Standardized
*Chronologies collected since Pederson et al. 2001
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Table 2 Calibration-verification statistics for the April-August PDSI reconstruction. RE = reduction
of error. CE = coefficient of efficiency.

Nest® | NO- r Pearson r RE CE
Crns
Backwards Nests
11%‘;%_ 1945-1969 1970-1993 1945-1969 1970-1993 1945-1969 1970-1993

Calib. | Veri. | Calib. | Veri. | Calib. | Veri. | Calib. | Veri. | Calib. | Veri. | Calib. | Veri.
1675 5 57.78 0.766 | 0.777 | 0.820 | 0.786 | 0.586 | 0.458 | 0.673 | 0.194 | 0.586 | 0.443 | 0.673 | 0.138
1680 6 57.65 0.766 | 0.777 | 0.827 | 0.749 | 0.586 | 0.458 | 0.684 | 0.086 | 0.586 | 0.443 | 0.684 | 0.022
1737 8 60.56 0.766 | 0.777 | 0.841 | 0.758 | 0.586 | 0.458 | 0.707 | 0.318 | 0.586 | 0.443 | 0.707 | 0.270
1750 9 60.98 | 0.766 | 0.777 | 0.843 | 0.732 | 0.586 | 0.458 | 0.711 | 0.188 | 0.586 | 0.443 | 0.711 | 0.131
1770 10 59.55 | 0.728 | 0.775 | 0.839 | 0.723 | 0.530 | 0.479 | 0.704 | 0.203 | 0.530 | 0.464 | 0.704 | 0.147
1787 12 59.81 | 0.757 | 0.766 | 0.850 | 0.763 | 0.573 | 0.481 | 0.722 | 0.339 | 0.573 | 0.466 | 0.722 | 0.293
1793 13 61.32 | 0.757 | 0.766 | 0.838 | 0.754 | 0.573 | 0.481 | 0.703 | 0.351 | 0.573 | 0.466 | 0.703 | 0.305
1802 14 61.14 | 0.757 | 0.766 | 0.833 | 0.745 | 0.573 | 0.481 | 0.694 | 0.421 | 0.573 | 0.466 | 0.694 | 0.381
1815° 15 60.13 | 0.757 | 0.766 | 0.839 | 0.715 | 0.573 | 0.481 | 0.703 | 0.300 | 0.573 | 0.466 | 0.703 | 0.250

Forward Nests

1995° 14 56.68 | 0.728 | 0.736 | 0.822 | 0.704 | 0.530 | 0.453 | 0.676 | 0.26 | 0.530 | 0.439 | 0.676 | 0.218
2000¢ 12 57.79 | 0.761 | 0.652 | 0.813 | 0.677 | 0.579 | 0.328 | 0.661 | 0.425 | 0.579 | 0.216 | 0.661 | 0.177

3 Date = 1% yr of nest; ® = common period of all CRNs; ¢ = 1945-1995 full calibration, 1945-1969, 1970-1995 cali-veri; ¢ =
1945-2000 full calibration, 1945-1972, 1973-2000 cali-veri
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Table 3 Multi-annual to decadal-scale drought events.

Rank Event Duration Magnitude Intensity  Score
1 1730-1739 10 -28.67 -2.87 102
2 1722-1726 5 -14.34 -2.87 93
3 1898-1907 10 -21.95 -2.19 91

1943-1947 5 -14.22 -2.84 91
1978-1983 6 -15.62 -2.60 91
6 1928-1932 5 -13.94 -2.79 89
7 1676-1686 11 -20.86 -1.90 87
1771-1778 8 -16.65 -2.08 87
9 1821-1825 5 -12.06 -2.41 82
10 1996-2000 5 -12.06 -2.41 80

®Duration is the number of years in the event.

bMagnitude is the cumulative departure of the event from a median PDSI value of -0.793.

“Intensity is the average magnitude of the event over event duration.

GIScore is the sum of the rankings for absolute duration, absolute magnitude, and absolute intensity. Higher score
values indicate stronger drought events.

Table 4 Multi-annual to decadal-scale pluvial events.*

Rank Event Duration Magnitude Intensity  Score

1 1933-1942 10 28.10 2.81 101
2 1761-1766 6 23.86 3.98 100

1783-1790 8 24.13 3.02 100
4 1908-1912 5 19.35 3.87 96
5 1826-1833 8 19.81 2.48 92
6 1716-1721 6 16.63 2.77 90
7 1812-1814 3 9.56 3.19 85
8 1749-1757 9 16.75 1.86 84
9 1893-1897 5 11.46 2.29 82

1962-1968 7 13.88 1.98 82

1993-1995 3 8.78 2.93 82

ab&d g6 table 3
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Table 5 Drought and pluvial regimes as determined by regime shift detection (5-year cut-off
length, o = 0.05) including time period, duration (years), mean, minimum, and maximum PDSI

value and variance for each regime and drought to pluvial ratio (D : P).

April-August

4 Period Years Mean Variance Min Max D:P
PDSI Regime

1 1675-1686 12 -2.440 2.026 -4239 0293 11:1
2 1687-1691 5 0.794 0.313 0.680 1.408 0:5
3 1692-1702 11 -1.911 1.677 -3.921 0258 10:1
4 1703-1722 20 0.065 4,539 -4.051 4423 10:10
5 1723-1739 17 -3.280 2.5682 -5.019 -0.616 17:0
6 1740-1761 22 0.294 2.994 -3.207 4471 10:12
7 1762-1765 4 4.522 0.507 3.663 5404 0:4
8 1766-1770 5 -0.662 0.645 -1.873 0190 4:1
9 1771-1783 13 -2.325 3.038 -5439 0402 12:1
10 1784-1790 7 2.604 2.181 0.730 4716 0:7
11 1791-1828 38 -1.119 4.645 -5928 3166 29:9
12 1829-1833 5 2.640 6.684 -0.001 5686 1:4
13 1834-1902 69 -1.107 3.501 -5.325  4.211 17
14 1903-1907 5 -3.856 2.545 -5.058 -1675 5:0
15 1908-1912 5 3.078 0.851 1928 4019 0:5
16 1913-1927 15 -0.624 2.873 -3.212 169 9:6
17 1928-1932 5 -3.581 1.442 -5.053 -1966 5:0
18 1933-1942 10 2.018 1.400 -0.160 3206 1:9
19 1943-1958 16 -1.862 2.743 -6.066 -0.110 16:0
20 1959-1977 19 0.643 2.975 -3.072 2749 6:13
21 1978-1983 6 -3.340 1.576 -4808 -1374 6:0
22 1984-1995 12 0.561 3.357 -3.059 3178 4:8
23 1996-2000 5 -3.204 1.677 -5.049 -1960 5:0
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Table 6 Drought and pluvial regimes as determined by regime shift detection (10-year cut-off
length, o = 0.05) including time period, duration (years), mean, minimum, and maximum PDSI

value and variance for each regime and drought to pluvial ratio (D : P).

April-August

4 Period Years Mean Variance Min Max D:P
PDSI Regime

1 1675-1730 56 -1.164 4.373 -5.019 4,423 37:17
2 1731-1739 9 -3.951 0.874 4776 -2.144 9:0
3 1740-1770 31 0.685 4.611 -3.207 5404 14:17
4 1771-1783 13 -2.325 3.038 -5.439 0402 11:2
5 1784-1790 7 2.604 2.181 0.587 4716 0:7
6 1791-1907 117 -1.088 4.780 -5.928 5.686 87:30
7 1908-1921 14 1.281 3.191 -2.052 4019 3:11
8 1922-1932 11 -2.710 2.152 -5.0563 -0.162 11:0
9 1933-1941 9 2.260 0.916 0.683 3206 0:9
10 1942-1958 17 -1.761 2.741 -6.066 -0.110 17:0
11 1959-1977 19 0.643 2.975 -3.072 2.749 6:13
12 1978-1983 6 -3.400 1.576 -4808 -1.374 6:0
13 1984-1995 12 0.561 3.357 -3.059 3178 4:8
14 1996-2000 5 -3.204 1.677 -5.049 -1960 5:0

Table 7 Drought and pluvial regimes as determined by regime shift detection (20-year cut-off
length, o = 0.05) including time period, duration (years), mean, minimum, and maximum PDSI

value and variance for each regime and drought to pluvial ratio (D : P).

April-August

4 Period Years Mean Variance Min Max D:P
PDSI Regime
1 1675-1739 65 -1.551  4.808 -5.019 4.423 48:17
2 1740-1766 27 0.903  4.850 -3.207 5.404 11:16
3 1767-1958 192 -0.823 5.440 -6.066 5.686 133:59
4 1959-1995 37 -0.038  4.976 -4.808 3.178 16:21
5 1996-2000 5 -3.204 1.677 -5.049 -1960 5:0
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Figure 1 Map of north-central Mongolia showing the location of regional PDSI grid points
(diamonds) and the locations of the 15 tree-ring sites (triangles, Pederson et al. 2001; squares,
expanded network) used for the reconstruction. The reconstructed PDSI grid point situated over
the Khan Khentii Mountains is indicated by the boxed diamond.
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Figure 2 Actual (solid line) and reconstructed (dotted line) mean April-August PDSI.
Instrumental data are from Dai et al. 2004 (grid point 48.75 N, 108.75 E). Vertical line indicates
where the data are split for calibration and verification. R = 0.78 for the entire period (1945-
1993). Instrumental streamflow data for the Kherlen River at Undurkhaan (shaded area) is
provided for comparison (1959-2008). Note the extreme drought from 1978-1983 and the abrupt
shift to prolonged drought conditions in 1996.
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Figure 3 Mean April-August PDSI reconstruction based on tree rings (1675-2000; light gray
bars) with instrumental April-August PDSI values from 2001-2005 (Dai et al. 2004; dark gray
bars). The black line shows the data smoothed by a 21-year loess curve. Below are the number
of chronologies included in the model through time, calibration r square for nested full period
reconstruction, and the statistics of correlation (r), reduction of error (RE), and coefficient of
efficiency (CE) for calibration and verification of the split periods (1945-1969 and 1970-1993).
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2004).
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Abstract

Global wildfire frequency and extent are expected to increase under projected climate change
scenarios in the 21% century, but little is known about how human activities might affect this
trend. In Ulaanbaatar, the capital city of Mongolia, there has been a 2.5°C rise in spring and
summer temperatures during the last 40 years and a decrease in moisture availability during the
latter half of the 20™ century. Concurrently, Mongolia has experienced multiple shifts in
socioeconomic systems during the 20" century, most notably the establishment of a Soviet-
backed communist economy in the 1920s and a rapid transition to privatization in the 1990s.
Our objective was to identify trends in wildfire activity in the context of changing climatic and
social conditions since 1875. We used tree rings to reconstruct wildfire frequency and extent
during the period 1875-2009 during which we identified four distinct wildfire regimes using
regime shift detection methods. Fifty site-level and seven watershed fire events (> 20% sites
recording) were dated from 1877-2009, with the most extensive fire occurring in 1914. Fire
events were infrequent, but extensive during the first regime (1875-1913) and were associated
with significant departures in tree-ring reconstructed April-August PDSI (Palmer Drought
Severity Index). Fire frequency and extent was greatest during the third regime (1965-1997).
The most recent regime (1998-2009) is characterized by the lowest frequency and extent of
wildfire, which is contrary to expected trends in wildfire activity. Areas with the greatest present-
day human impact have recorded less fire than other areas throughout the entire period of
analysis, suggesting fire exclusion via grazing and fuelwood collection. As temperatures rise,
similar trends of decreased wildfire frequency and extent might be observed in other arid regions

where prolonged drought and human land use inhibit fuel accumulation.
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Introduction

Sustainable use and management of forest resources will be integral to preventing landscape
degradation as rapid changes in climate (e.g. temperature and precipitation) are expected to alter
historic fire regimes during the coming century (Overpeck et al. 1990; Dale et al. 2000;
Sivakumar et al. 2005). This is especially critical in regions of the world where lands with low
productivity are vulnerable to abrupt changes in climate and land use pressure. The earliest and
most extreme increases in temperature are expected to occur at high latitudes, while many arid
and semi-arid regions will experience increased drought incidence (IPCC 2007). Changes in
hydroclimatic regimes might have profound effects on wildfire occurrence such as increased fire
frequency and a longer fire season (Wotton and Flannigan 1993; Stocks et al. 1998; McKenzie et
al. 2004; Westerling et al. 2006; Kilpeldinen et al. 2010; Yang et al. 2011). Despite increasing
temperatures, however, wildfire occurrence in northern forests might not be as catastrophic as
globally predicted (Flannigan et al. 1998) and changes in ignition sources and forest fuels might
limit future wildfire occurrence (Hessl 2011). These potential changes in hydroclimatic
conditions and wildfire occurrence will have substantial influence on the livelihoods of those
dependent upon local environments.

Pastoralist societies in central Asia have a long history of sustainable range and forest
management across the expansive steppe and forest-steppe ecosystems of the region. In
Mongolia, herders have historically managed livestock in a manner that makes efficient use of
spatially and temporally heterogeneous resources (Fernandez-Giménez 1999). However, shifts
in social and economic conditions, most notably during the 20™ century, have impacted
pastoralist mobility, access to resources, and land tenure (Fernandez-Giménez 2006; Johnson et

al. 2006). Warming temperatures (Jacoby et al. 1996; D’Arrigo et al. 2000, 2001) and an overall
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decrease in moisture availability for the latter half of the 20™-century (Li et al. 2008) have been
documented for the region. Consistent with these findings, Mongolia has experienced a recent
increase in frequency and intensity of droughts, with drought from 1999 to 2002 affecting ~70%
of the country’s grasslands and killing ~12 million livestock (Batima et al. 2005). More
recently, drought in 2009 followed by an extremely harsh winter resulted in the death of more
than 7.8 million livestock (FAO United Nations 2011).

As a possible consequence of a 17% decline in spring precipitation (Batima et al. 2005)
and a 2.5°C rise in spring and summer (April-August) temperatures during the last 40 years
(Ulaanbaatar; Climate Explorer 2011), the observed frequency and aerial extent of forest and
grassland fires in Mongolia have markedly increased (Goldammer 2002, Figure 1). At the same
time, decreased pastoralist mobility and a general trend of increasing livestock numbers during
the 20™ century has led to a spatially heterogeneous landscape of fine fuels due to overgrazing in
some areas (Sneath 1998). Grazing has strong impacts on forest age structure, fine fuel volume
and continuity, and fire regimes in other semi-arid regions (Savage and Swetnam 1990; Grissino-
Mayer et al. 1995; Swetnam and Betancourt 1998), and it is possible that similar controls on
wildfire exist in Mongolia. Where human land use reduces fuel volume, forests might not
experience changes in wildfire frequency and extent that are expected under projected climate
change in Mongolia.

The history of changes in land-use patterns, land-use regulation, and land tenure in
Mongolia during the 20" century can be divided into four eras: Manchu rule and autonomy (pre-
1911); early communism (1924-1959); collective (1960-1990); and privatization (1992-present)
(Fernandez-Gimenez 1999). With each transition, administrative units decreased in area as each

era is characterized by markedly different informal and regulatory institutions and patterns of
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pastoralist movements (Fernandez-Giménez 2006). While seasonal rotation of pasture use was
maintained, an overall decrease in pastoral mobility during the collective era limited herders’
access to the variety of ecological zones and forage resources. The transition from a centrally-
planned economy to a market economy, including the privatization of livestock (early 1990s),
marked a further decrease in pastoral mobility, as seen in an increase in the number of
inexperienced herders, increased trespassing on leased pastureland, a concentration of livestock
near towns and roads, and reduced frequency and distance of moves (Fernandez-Giménez 2006).
Mongolia’s livestock population remained relatively stable during the communist era, but
increased sharply (especially goats for Kashmir textiles) after privatization in the 1990s and has
experienced multiple crashes during the 21% century (Sankey et al. 2006, Figure 2).

Reduced moisture availability, rising temperatures and intensifying land use pressure can
contribute to changes in the frequency and extent of wildfire (Donnegan et al. 2001; Grissino-
Mayer et al. 2004; Westerling et al. 2006). These interacting drivers of wildfire are often
difficult to disentangle, but attempting to understand their individual effects is crucial to
developing sustainable fire management plans. Changing social conditions during the 1990s,
including high rates of unemployment, forced many people to depend on forest resources (e.g.
fuelwood, logging, haymaking, and hunting) for livelihood and/or survival (United Nations
Economic and Social Council 2002). Also, the recent influx of inexperienced herders and the
collection of non-timber forest products such as deer antlers, pine nuts, berries, herbs, and
grasses have increased the potential for anthropogenic fire ignitions. With increasing economic
activity and concentrated use of natural resources in central Mongolia, forests are becoming

increasingly vulnerable to wildfire. However, this vulnerability and predicted increases in
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wildfire frequency and extent may be buffered by the effects of a drying climate and reduced fuel
accumulation.

The purpose of this study was to assess human and climatic influences on fire frequency
and extent during the period 1875-2009 in the Upper Tuul River watershed in central Mongolia.
Specifically we wanted to address the need to place recent trends in wildfire activity (frequency
and extent) in the context of the past 135 years. In doing so, we were interested in addressing the
following questions: 1) To what degree does human land use influence fire activity? 2) Is
moisture availability related to fire activity? and 3) Has wildfire frequency and extent in the

study area increased coincident with rising temperatures?

Methods

Study area

The entire Tuul River basin makes up only 3.2% of the total land area of Mongolia (Figure 3),
but contains more than half of the country’s population, most of which is in the capital city of
Ulaanbaatar (pop. 1,067,472 in 2008). The UTRW includes the upper reaches of the Tuul River
and its tributaries, located in central Mongolia spanning approximately 46.5° to 49° N latitude
and 103° to 108° E longitude. The UTRW has a drainage area of 8,735 km?and has a boundary
that extends ~180 km from southwest of Bogd Khan Uul (mountain) to the northeast into the
higher elevation Khan Khentii Mountains. Land and resources of the Upper Tuul River
watershed currently contribute income and marketed products worth around Tug 28 billion (~22
million USD) per year in tourism, herding, and forest-based sectors (Emerton et al. 2009).
Therefore, in representing the most extreme range of urban to rural development in Mongolia,

the UTRW is an ideal case study for exploring human impacts on wildfire in semi-arid Asia.
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Mongolia is characterized by an extremely continental climate. Temperatures in central
Mongolia range from approximately -18° C in winter to approximately 16° C in summer, though
winter temperatures have been rising since the 1940s (Davagdorj and Mijidorg 1996; Jacoby et
al. 1996). Total annual precipitation is low (252 mm) and peaks in summer when approximately
72% of precipitation falls (Davagdorj and Mijidorg 1996). Between 1940 and 2001, spring
precipitation declined 17% (Batima et al. 2005). More recently, between 1979 and 1995,
precipitation has decreased 25% in May and increased 33% in August, shifting the peak in
annual precipitation one month (Jacoby et al. 1996). No single synoptic system strongly
influences Mongolian climate except perhaps the winter Siberian High, centered over Mongolia
from winter through late spring (Samel et al. 1999; D’Arrigo et al. 2005). The East Asian
Monsoon and EI Nifio-Southern Oscillation have a somewhat stronger influence on Mongolia’s
climate in the east than the west (Zhang and Lin 1992; Samel et al. 1999).

Forested area in the UTRW totals 3,876 km? with 55% dominated by Larix sibirica, 42%
by Pinus spp., and the remaining 3% by Betula spp., Abies sibirica, and Picea obovata (Ministry
of Nature and Environment 2009). Elevation in the UTRW ranges from 1187 m in the Tuul
River valley just southwest of Ulaanbaatar to 2795 m (Asralt Khairkhan Uul)) in the Khentii
Mountains. The mountains are situated at the interface between the western Siberian dark taiga
(Picea obovata, Abies sibirica, Pinus sibirica, and Larix sibirica), the eastern Siberian light taiga
(Betula platyphylla, Larix sibirica, and Pinus sylvestris) and the Mongolian forest-steppe zone
(Ermakov et al. 2002). This region is particularly species rich, relative to the rest of central Asia,
due to the intersection of boreal, temperate and steppe vegetation. Three conservation areas exist
with the Khentii region including the Strictly Protected Area of Khan Khentii (12.3 km?), the

Gorkhi-Terelj National Park (2.9 km?), and the Onon-Balj (4.2 km?). These conservation areas
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have relatively low human use; however, this protection status does not prevent use of resources
by local residents.

In Mongolia, the fire season has two peaks with 80% of fires occurring between March
and mid-June, and 5-8% occurring during a short period in September and October (Valendik et
al. 1998). Fires are rare during the summer months when precipitation is greatest. Annually, 50-
60 forest fires occur in Mongolia, of which 95% are human caused (Goldammer et al. 2004).
Unlike other pastoralists, Mongolian herders are not known to deliberately use fire to clear land
or encourage grassland productivity (personal communication with forestry officer), suggesting

that the majority of these ignitions are unintentional.

Rapid on-site assessment (ROSA)

A qualitative rapid (15 minutes per site) on-site assessment (ROSA) was used to assess present-
day human impacts at each site. We looked for evidence of grazing, logging, trash, and campfire
remains and scored each variable (0 - 3) based on presence and area (ocular estimations). The
index was calculated by summing qualitative assessment scores for each disturbance variable
with higher scores indicating more disturbances. Grazing indicators included the presence of
dung, hoof prints, livestock remains and trails. Indicators of logging disturbance included the
presence of stumps, slash, machinery tracks, and other altered microtopography. These variables
were chosen because of their nearly ubiquitous presence on the landscape and their direct or
indirect influence on ecosystem processes such as forest regeneration and productivity. Sites
with index values less than quantile 1 (Q1) were classified as low impact sites, index values
between Q1 and Q3 as medium impact sites, and index values greater than Q3 as high impact

sites. This classification method ensured the grouping of sites with typical human impacts
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(Medium) and sites outside the typical range (Low and High). Other methods such as quantiles,
natural breaks, or equal intervals were not appropriate due to the non-normal distribution of the
index. Each site was located in its own drainage, which decreased spatial autocorrelation in fire

chronology development (Figure 4).

Fire history

All sites fall into the very high, high, or medium classes of natural fire danger established by
Arkhipov (2000) and are comprised of pure stands of Larix sibirica or mixed Larix/Pinus stands
dominated by Larix sibirica. Our stratified random sampling design targeted an elevation range
of 1500-2000 m and includes an area of 2620 km? (of a total forested area of 3876 km?). Fire
histories are based on crossdated fire scars from 19 of the 20 sites. We sampled every fire-
scarred tree in a 4-hectare search area, collecting up to 10 samples per site. We removed partial
cross sections from the base of fire-scarred trees with a chainsaw (Arno and Sneck 1977) and
recorded their location with a GPS unit. The number of samples at each site varied as a result of
individual site histories (see Table 1); with a low number of samples indicating either the

absence of fire or the occurrence of a high severity stand replacing fire.

Laboratory

All fire-scar samples were surfaced with progressively finer grit sandpaper until cells were
clearly visible under magnification according to established tree-ring procedures (e.g., Stokes
and Smiley 1968). Samples were crossdated using an already established tree-ring chronology
(Jacoby, G., D’Arrigo, R.D. B. Buckley and N. Pederson, 2009, International Tree- Ring Data

Bank, Manzhir Hiid) to provide absolute dates for all tree rings and fire scar injuries. If possible,
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season of occurrence was assigned to each fire scar based on its position within aring. It is
known that 80% of all fires occur from March to mid-June; therefore, it can be assumed that any
fires with unknown season most likely occurred during this period (Nyamjav et al. 2007).

Consequently, fire scars that fell within the dormant season were assigned to the previous year.

Fire chronology

Analyses were limited to the period 1875-2009 due to a substantial decrease in sample size prior
to the late 19" century (see Appendix). Site-level and watershed fire analysis was conducted
using FHX2 (Grissino-Mayer 2001) and standard database software. Fire history data were
analyzed using a filter of two scars per site (reducing the risk of false positives) to determine fire
frequency (i.e. fire events) and fire extent (i.e. % sites recording fire). Years in which > 20%
sites recorded fire were considered watershed fire events. Fire history data were composited into
a time-series of the percentage of sites recording fire during each year (e.g., Brown et al. 2008).
An 11-year loess curve was applied to the watershed composite to highlight decadal trends in fire
frequency and extent. Similar analyses were conducted with groups of sites classified into the
three human impact classes using ROSA.

The definition of a fire regime has varied depending on application and region since the
concept first appeared in 19" century France (Krebs et al. 2010). Here, we define fire regimes
based on variability and heterogeneity (sensu Lertzman et al. 1998) in fire extent (% sites
recording fire) using regime shift detection. Regime shift detection has been applied to climate
data (D’Arrigo and Wilson 2006) and fisheries management (Daskalov et al. 2007) when
considering rapid reorganizations of systems from one relatively stable state to another. For this

study, we applied the methods developed by Rodionov (2005) to our annual fire event time series

76



data. The regime shift detector (RSD; Microsoft Excel add on) used a sequential F-test to
indentify rapid changes in the variance of the percentage of sites recording fire. Multiple cut-off
lengths were applied (5, 10, 15, 20, 25, and 50 years) with a significance level of 0.05 to
determine the most realistic regime shifts. Shorter cut-off lengths will be more sensitive to
interannual variability, whereas longer cut-off lengths might disregard important shorter-term
changes in fire activity. The percentage of years with fire, mean fire interval and mean fire

extent (% sites recording fire) were calculated to further characterize each fire regime.

Climate-fire relationships

A tree-ring reconstruction of April-August PDSI (Palmer Drought Severity Index) was
developed near the study area (see Chapter 2) using instrumental data from Dai et al. 2004 (grid
point 48.75 N, 108.75 E). PDSI is a moisture index based on temperature, precipitation, and soil
evaporation (Palmer 1965). We also used superposed epoch analysis (SEA) to compare average
annual April-August PDSI values during years in our site-level and watershed fire chronologies
for the six preceding and four years following an event (e.g. Grissino-Mayer and Swetnam 2000;
Taylor and Beaty 2005). SEA uses Monte Carlo simulations (1000 runs) to compare average
climatic conditions preceding, during, and following event years to conditions present over the
entire fire chronology. Significant departures in PDSI were identified as those exceeding the

95% confidence interval (Grissino-Mayer 2001).

Results

Past surface fire timing was reconstructed from all fire-scarred trees sampled (n = 140). A total

of 353 fire scars (52% dormant season, 18% early wood, 2% middle wood and 28% unknown)
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and 104 cambial injuries were identified and dated for 19 of the 20 sites. The number of fire-
scarred trees sampled at each site ranged from 1 to 13. Sample size reflects the amount of fire
evidence at each site, suggesting that sites with only a few samples have experienced stand-
replacing fires or have not burned often or at a temperature sufficient to create scars during the
last approximately 150 years (given typical sample preservation). A total of fifty site-level and
seven watershed (> 20% sites recording) fire events were recorded from 1877 to 2009 (Table 2,
Figure 6). The most extensive event occurred in 1914, when 43% of sites recorded fire. The
most recent major fire events in the study area occurred in 1996 and 1997 when much of
Mongolia experienced extensive wildfire (Goldammer 2002). In comparison to the 1914 event,
the 1996 and 1997 fire events were recorded at only 29% and 18% of the sites, respectively. The
low and medium impact classes recorded fire most often and throughout the entire period of
analysis, while the high impact class recorded fire only from 1914 to 1980 (Table 2, Figure 7).
Using regime shift detection, we identified four distinct fire regimes (p < 0.05) for the
study area during the period 1875-2009 (Table 3). These regimes are based on the variance of
the percentage of sites recording fire and were determined using a 25-year cut-off length. The
extensive 1914 fire was identified as an anomalous event (i.e. outlier) and, therefore, not
included in any fire regime. A 25-year cut-off length was deemed the most appropriate as fire
management plans should consider long-term trends in fire activity, but also be flexible to new
scientific knowledge and rapidly changing social conditions. Shorter cut-off lengths were too
quick to detect very brief periods of fire activity as “regimes” (e.g. 1996-1998) and a 50-year
cut-off length washed out important changes in fire activity by detecting only two regimes

(1875-1997 and 1998-2009).
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We calculated the number of fire events, the percentage of years with fire, and mean fire
interval and extent to further characterize each fire regime (Table 3). The percentage of fire
years and fire frequency increase stepwise during the first three regimes, and then markedly
decrease during the most recent regime. Variability in the percentage of sites recording fire (i.e.
fire extent) is different for each fire regime (Figure 5). Fire frequency and variability in fire
extent were greatest during regime 3 (1965-1997), which corresponds to Goldammer’s (2002)
period of analysis (1963-1997). Although fire frequency was low during regime 1 (1875-1913),
seven site-level fires and two watershed fires were recorded. In contrast, fire events during
regime 4 (1998-2009) were both infrequent and spatially limited

We observed different patterns of fire frequency and extent between human impact
classes over time (Figure 7). Fire regime 1 included events recorded in only the low and medium
human impact classes. The absence of fire events in the high impact class may be a result of
limited sample size in this class (< 4 sites). Fire regimes 2 and 3 included events recorded in all
three human impact classes, but were more frequent in the low and medium class than events in
the high class. Fire frequency and extent during regime 3, the period often referred to when
predicting an increase wildfire activity in Mongolia, was limited at sites in the high human
impact class. Finally, during regime 4, no fires were recorded in the high impact class and low
fire frequency and extent was observed for low and medium impact classes.

Superposed epoch analysis determined no significant departures of average annual April-
August PDSI during fire years or any years prior to or following a site-level fire event (Figure
8a). A significant departure was identified six years prior to watershed fire events (> 20% sites
recording fire; n = 7), but probably has little influence on the timing of wildfire considering the

subsequent five years of variability prior to fire events and limited sample size (Figure 8b).
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Average April-August PDSI during watershed fire years was less than any year in the 11-year
analysis period, but not significantly so. There was a significant departure in April-August PDSI
during fire years as well as six years prior to fire events during fire regime 1 (n = 7; Figure 8c).
No significant departures were found for fire regimes 2 and 3 and there were too few events (2
with corresponding PDSI data) during fire regime 4 for SEA. Although significant positive
departures in April-August PDSI were generally absent, pluvial events (i.e. periods during which

PDSI > 0) did precede the 1914, 1966, 1969, and 1996/1997 watershed fire events (Figure 6).

Discussion

Wildfire potential is expected to increase during the 21% century due to projected increases in
temperature and extended fire seasons in many regions including central Asia (e.g. Pofiil et al.
1998; Spracklen et al. 2009; Liu et al. 2010). In the forest-steppe ecotone, our results indicate an
increase in both wildfire frequency and the percentage of years with fire during the 20" century
for each fire regime, but this trend does not continue into the present. Land use intensity has
most likely influenced wildfire regimes throughout the 20™ century, but its effect might have
interacted with the recent severe drought to reduce fuel volume and continuity. Other studies
have incorporated the influence of human populations on historic wildfire (e.g. Grissino-Mayer
et al. 1995; Guyette et al. 2002; Hessl et al. in review), but none used a sampling scheme that
addresses human influence on contemporary fire regimes. The absence of fire management and
ongoing land use traditions in Mongolia provided an opportunity to examine wildfire in the
context of recent social and environmental conditions.

The frequency and extent of wildfire has varied under different land use pressures in the

study area. Human disturbance has been shown to influence fire regimes in many parts of the
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world by altering forest structure and fuel volume (Veblen et al. 1999; Guyette et al. 2002,
Hellberg et al. 2003; Keeley et al. 2003). Our results indicate that sites in the low and medium
human impact classes continue to experience fire up until the present while the high impact class
has recorded none. Excluding the 1914 fire event, the high impact class recorded fire only
during the early communism and collective eras (mid-20" century) when livestock numbers were
low. With a rapid increase in herders and livestock numbers in the 1990s, a lack of recent fires
in high impact areas can be attributed to fire exclusion via grazing as similar patterns have been
observed in Spain (Rozas 2003), the Colorado Front Range (Mast et al. 1998), and southeastern
Arizona (Grissino-Mayer et al. 1995). In conjunction with a drying climate and less biomass
production in the study area, it is expected that more intense grazing in areas with easier access

might reduce fuel volume and wildfire potential.

Fire regimes
In Mongolia, there has been no departure from a pastoralist-based society for millennia
(Fernandez-Gimenez 1999). However, the 20™ century in Mongolia was a period of increasing
industrialization, urbanization and shifting socioeconomic systems in which we identified four
distinct fire regimes independent of any known changes in fire use and management. The first
three regimes are marked by an increasing frequency of wildfire, while a shift in the opposite
direction occurred in the late 1990s and continues into the 21* century (Figure 6). Although this
fourth regime consists of only twelve years, it was identified as a significant departure from the
previous fire regime.

Wildfire was infrequent at the end of the 19™ century and in the early years of the 20"

century as characterized by the first fire regime (1875-1913). During this time, under Manchu
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rule, livestock herds were managed by monasteries, which promoted grazing in a variety of
ecological zones, but prohibited use in some areas (Fernandez-Gimenez 1999). Although there
were only seven fire events, when fire events occurred, they were associated with statistically
significant departures in April-August PDSI (i.e. very dry fire seasons). Human ignition sources
were most likely minimal as human population in central Mongolia was low during Manchu rule
(Tumurjav 2006), herders were experienced, and a global market for non-timber forest products
(e.g. deer antlers) was not yet realized. A lack of ignition sources and periodic wet periods may
have allowed forest fuels to accumulate between infrequent, but relatively extensive fire events
during dry years.

The major watershed fire in 1914 followed an extended pluvial event and a fire-free
period of nine years. This was during a period of social and political upheaval following
Mongolia declaring its independence in 1911. In addition to climatic conditions, social and
political instability have been linked to widespread forest fires in other regions (e.g. Gellert
1998; Kuhlken 1999) and may have contributed to the extensive fires of 1914 in the study area.
The second fire regime begins in 1915, continuing until 1964 and includes Chinese occupation
(1919-1921), the establishment of the Soviet-backed People’s Republic of Mongolia in 1924 and
extended drought events of the 1920s and 1940s. During this regime, wildfire was not associated
with significant departures in April-August PDSI and fires occurred under both drought and
pluvial conditions. Wildfire frequency increased as the extent of individual fire events
decreased. A restructuring of the livestock sector, including further reduced pastoralist mobility,
may have led to an increase in human ignition sources.

The third fire regime (1965-1997), which corresponds to Goldammer’s (2002) period of

analysis, was an era in which human population was increasing, urban population surpassed rural
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population (ca. 1980; United Nations 2011), herding collectives were dismantled (ca. 1990),
unemployment rates increased, and there was an influx of inexperienced herders in the newly
privatized economy. Like the previous regime, fire events during the third regime were not
associated with significant departures in April-August PDSI. The early years of this regime were
during the height of the collective era. This may have been a unique period in time that was
conducive to increased fire frequency due to specific land use and management strategies.
During this era, many herds were transported between grazing grounds via truck (Fernandez-
Gimenez 1999), increasing the risk of ignitions from sparking vehicles.

The third fire regime also includes the period of transition to a free market economy
during the early to mid-1990s. A combination of increased human ignition risks (i.e.
inexperienced herders, unemployment, and poverty [Ferndndez-Giménez 2006; Johnson et al.
2006]) and the accumulation of forest fuels during a brief pluvial event from 1993-1995 likely
caused the widespread wildfires in 1996 and 1997. The shift into the fourth fire regime occurred
in 1998 following these major fire years and was also marked by drought conditions that have
extended into the 21% century. This particular regime shift is in conflict with projections of
increased fire frequency and extent in Mongolia (Goldammer 2004) and globally (e.g.
Westerling et al. 2006; Running 2006; Chapin et al. 2008; Fried et al. 2008; Girardin and
Mudelsee 2008; Kasischke et al. 2010). Widespread wildfires might occur during the initial
years of drought conditions (i.e. 1996/1997). However, sustained drought limits subsequent fuel

accumulation and, therefore, wildfire potential in arid systems like the forest-ecotone.
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Conclusions

Identifying fire regime shifts has proven useful in disentangling the complex interactions
between continually evolving social and environmental conditions in the Upper Tuul River
watershed and in Mongolia in general. The last fire regime associated with significant
departures in PDSI ended in 1913, suggesting that human activity during the majority of the 20"
century strongly influenced the frequency and extent of wildfire. We have shown that the
frequency and extent of fire events in areas of high human impact have been less compared to
other areas, possibly due to continuous pressures from grazing and fuelwood collection. The
history of watershed fires throughout the 20" century does not indicate that these fire events are
increasing in frequency, but are rather infrequent events occurring throughout the last 135 years.
Finally, wildfire frequency and extent may be buffered by the effects of a drying climate and low
biomass (fuel) productivity (Hogg and Hurdle 1995) and rapid economic growth and land use
intensification in central Mongolia. Similar trends of decreased wildfire frequency and extent
might be observed in other arid regions where prolonged drought and intensive human land use

inhibit fuel accumulation.
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Tables and Figures

Table 1 Sample locations in the UTRW including latitude, longitude, elevation, number of
samples, total number of dated scars and injuries, first and last ring dates, ROSA scores, and
ROSA classification bins.

Site D Latitude  Longitude Eleelri;mn Sam?)'les Slt\:lec\)rls Inj!\lljc:ies Elifg IR:?r?gt; ROSA [F‘I;ci)nS]A
uT02 47.842 107.171 1734 1 9 0 1833 2001 12 High
uTO04 48.085 106.846 1725 5 9 0 1857 2009 16 High
uTO09 48.123 107.629 1620 9 50 16 1753 2009 2 Low
uT17 48.146 107.782 1683 7 26 8 1626 2009 5 Med
UT19 48.133 107.039 1707 1 1 0 1962 2009 7 Med
uT20 48.101 107.236 1755 8 13 1 1868 2009 14 High
uT21 48.152 108.155 1793 11 25 0 1782 2009 4 Low
uT23 48.196 107.981 1788 10 20 3 1869 2009 2 Low
uT29 47.804 107.661 1991 4 16 7 1488 2009 5 Med
UT30 48.106 106.920 1712 5 6 0 1889 2009 10 High
UT31 48.016 107.252 1688 8 9 3 1864 2007 13 High
uT32 48.088 107.134 1640 6 8 3 1865 2009 5 Med
uT33 47.858 107.733 1676 10 16 6 1945 2009 5 Med
uUT34 47.941 107.747 1834 0 n/a n/a n/a n/a 5 Med
uUT35 48.015 107.794 1699 13 33 19 1808 2009 8 Med
UT36 48.072 107.874 1648 10 28 3 1869 2009 8 Med
uT37 48.124 107.958 1629 12 22 7 1942 2009 6 Med
uT38 48.063 107.756 1571 7 17 15 1626 2009 6 Med
uT39 48.191 107.695 1676 8 19 11 1755 2009 4 Low
UT40 48.039 107.610 1666 5 26 2 1625 2009 7 Med

ROSA = Rapid on-site assessment of human disturbance
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Table 2 Fire events based on a two scar per site filter. Impact class indicates which site(s)
recorded fire (L=Low, M=Medium, H=High). Watershed events with greater than 20% sites
recording fire are highlighted. Mean fire interval = 3.04 years.

No. Sites % Sites No. Sites % Sites

. . ; Impact . No. ; Impact
Year Reclé)i :c; g qitos Reclgi:(g ing CIZss Year Reclgirr(: g qitoe Reclé)irr?3 ing Clgss
2009 1 16 6 M 1950 1 16 6 M
2000 1 17 6 M 1949 1 16 6 M
1998 1 17 6 M 1948 2 16 13 L/M
1997 3 17 18 M 1947 1 16 6 M
1996 5 17 29 L/M 1946 2 16 13 M/H
1990 1 17 6 M 1945 2 16 13 L/M
1988 1 17 6 M 1942 1 15 7 L
1987 1 17 6 M 1939 1 14 7 M
1984 1 17 6 L/M 1938 1 14 7 H
1983 1 17 6 M 1937 1 14 7 M
1981 1 17 6 M 1934 1 14 7 L
1980 3 17 18 M/H 1933 3 14 21 L/M/H
1979 1 17 6 M 1925 1 14 7 H
1977 2 17 12 M 1922 1 14 7 M
1976 1 17 6 M 1919 1 14 7 M
1975 2 17 12 L/M 1917 1 14 7 M
1973 1 17 6 M 1916 1 14 7 M
1971 1 17 6 M 1914 6 14 43 L/M/H
1969 5 17 29 L/M/H 1904 1 13 8 M
1967 2 17 12 M 1903 2 13 15 L/M
1966 5 17 29 L/M 1899 1 13 8 L
1965 2 17 12 M 1893 1 10 10 L
1960 1 17 6 L 1887 2 9 22 L
1957 2 17 12 L/M 1880 2 8 25 L/M
1956 1 17 6 L 1877 1 8 13 L
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Table 3 Fire regimes as determined by regime shift detection including time period, number of
years, number of fire events, the percentage of years with fire, mean fire interval (MFI), and

mean fire extent (MFE; % sites burned per event).

Fire Regime Period Years # Fires % Fire Years  MFI MFE
1 1875-1913 39 7 17.9 4.5 16
- 1914 1 1 100.0 - -
2 1915-1964 50 20 40.0 2.3 9
3 1965-1997 33 19 57.6 1.8 12
4 1998-2009 12 3 25.0 5.5 6
Note: The extent of the 1914 fire event was anomalous and, therefore,
considered a unique regime period by regime shift detection.
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Figure 1 The number of fires and area burned in Mongolia during the period 1963-1997
(redrawn from Goldammer 2002).
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Figure 4 Sample locations in the UTRW classified by human impact (Rapid on-site assessment;
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Figure 5 Box plots of four fire regimes as determined by regime shift detection. 1875-1913: low

frequency, variable extent. 1915-1964: increased frequency, less variable extent, with one
watershed fire. 1965-1997: greatest frequency, highly variable extent. 1998-2009: low
frequency and extent, low variability. The 1914 fire event is shown for comparison.
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Figure 6 Above: Reconstructed April-August PDSI with fire events using a 2-scar per site filter
(closed triangles are > 20% sites recording; refer to table 2). Below: Percentage of sites
recording fire (dotted line) with an 11-year loess curve (solid black line). Number of sites is
indicated by the solid gray line. The vertical lines divide the period of analysis into four fire
regimes based on regime shift detection. The extent of the 1914 fire event was anomalous and,
therefore, considered a unique regime period. There is a documented fire event in 2009 at UT19,
but no corresponding PDSI data exists.
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Figure 7 Above: Reconstructed April-August PDSI with fire events using a 2-scar per site filter

(closed triangles are > 20% sites recording; refer to table 2). Below: Percentage of sites
recording fire (dotted line) with an 11-year loess curve (solid black line); (a) low (b) medium
and (c) high human impact class. Number of sites is indicated by the solid gray line. The

vertical lines divide the period of analysis into four fire regimes based on regime shift detection.
The extent of the 1914 fire event was anomalous and, therefore, considered a unique regime

period. There is a documented fire event in 2009 at UT19, but no corresponding PDSI data

exists.
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regimes 2 and 3 and there were too few events during fire regime 4 for SEA.

99



Appendix

00

=
g
241838 %

Sample Deptl)
&

OTx0z201
UT0401
UTX0402
UTX0403
UTX0404
UTX0405

1 UTX0902
UTX0903

+ UTX0905
H UTX0906
UTX0907
UTX0908
UTX0909
U1 701

b + + —UTx1 T02

UTX2106
+ HUTX2107

+H UTX2110
UTX2111

t UTx2902

1 t + + t UTX2903
¥ } UT2004
———F4——unam

F UTX3002
—_— UTX3003
+ UTX3004
[ — UTX3005
H UTX3101
0] 2]

+ + UTX3103

+ UTx3104

e +——lumaz

} {LUTX3204
1 [UTX3205
—_— UTX3207

UTX3310

HUTX3603
fUTX3604

UTX3608

UTX3709
UTX3710
FUTK3T11
UTX3712
UTX3801
UTX3802
UTx3803
fUTX3804
fuT¢3805
UTX3806
UTX3807
fUTX3901
UTX3902
UTX3903
UTX3904
[UTX3905
UTX3906
fuTX3907
UTX3908
fUTX4001
fUTX4002
UTX4003
HUTX4004
[UTX4005

Composite

1480 1500 1520 1540 1580 1580 1600 1620 1840 1660 1880 1700 1720 1740 1760 1780 1800 1820 1840 1880 1880 1900 1620 1940 1960 1880 2000
Year

100



Summary

| have demonstrated that a basic GIS model can be used to predict on-the-ground human
disturbance in the UTRW (r?= 0.37, p = 0.006, excluding one obvious outlier) and classifying
sites into three human impact classes strengthened this prediction (80% agreement). However,
despite its general predictive strength, the GIS model has its limitations, as seen in the over- or
underestimation of human disturbance at a few sample locations. For example, human impacts
near the Ulaanbaatar metropolitan area were more difficult to predict than in the upper reaches of
the Tuul River valley due to unpredicted land use patterns.

The recent (post-1950) decline in forest regeneration and high percentage of remnant
samples in the High impact class might be due to the increase in grazing activity near urban areas
and roads observed during the latter half of the 20™ century, an urbanizing population, and the
intensification of economic activity in the Ulaanbaatar metropolitan area. Since all twenty
sample locations are situated within the same climatic region, it can be concluded that broad-
scale variation in moisture availability was not the primary driver of observed regeneration
patterns. Instead, the temporal differences in regeneration between human impact classes could
only be the result of land use pressure or, alternatively, micro-site variation in soils, solar
radiation, or individual site disturbance history (typically associated with land use), which 1 did
not address in this study.

In chapter 2, | found significant correlations between regional tree growth and average
April-August PDSI over the central Khan Khentii Mountains. Variance explained (60%) during
the full common period (1945-1993) was similar to a large-scale drought reconstruction in
Mongolia (Davi et al. 2010), but much more robust than studies in western Mongolia (Davi et al.

2009) and China (Fan et al. 2008; Fang et al. 2010). Our April-August reconstructed PDSI is
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similar to reconstructed Kherlen River streamflow (r = 0.80) and precipitation for eastern
Mongolia (r = 0.69) during the period 1675-1995 (Pederson et al. 2001) with severe droughts
occurring during the 1720s, 1730s, 1920s and 1940s. In the context of our 331 year record of
average April-August PDSI, it is evident that the 20™ century was a period in which moisture
availability changed frequently and with great magnitude. These rapid changes in moisture
availability might have profound impacts on water resource planning, especially as population
growth and urbanization in central Mongolia are placing additional pressure on groundwater
sources.

Chapters one and two establish that patterns in forest regeneration are associated with
human impacts and that the 20" century was a period in which moisture availability changed
frequently and with great magnitude, respectively. These results, along with the GIS-based
human impact index, allowed me to evaluate fire history in the context of land use intensity and
moisture availability. My results in chapter 3 indicate an increase in both wildfire frequency and
the percentage of years with fire during the 20™ century for each fire regime, but this trend does
not continue into the present. Land use intensity has most likely influenced wildfire regimes
throughout the 20™ century, but its effect has intensified during the recent severe drought. 1 have
shown that the frequency and extent of fire events in areas of high human impact have been less
compared to other areas, possibly due to continuous pressures from grazing and fuelwood
collection. The history of watershed fires throughout the 20" century does not indicate that
watershed fire events are increasing in frequency, but are rather infrequent events occurring
throughout the last 135 years. In conjunction with a drying climate and less biomass production
in the study area, it is expected that more intense grazing in areas with easier access might reduce

fuel volume and wildfire potential. Similar trends of decreased wildfire frequency and extent
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might be observed in other arid regions where prolonged drought and intensive human land use
inhibits fuel accumulation.

In conclusion, human use of the landscape was shown to influence both forest
regeneration patterns and wildfire activity in the UTRW. With increasing frequency of moisture
regime shifts, there will be a growing need for appropriate and flexible climate adaptation
measures in the Khan Khentii region. Future work in the UTRW should include 1) research on
wildfire ignition sources and patterns 2) expanding the sample area of forest and fire histories to
include the higher elevation forests of the Khan Khentii Mountains 3) developing a network of
meteorological stations in the headwater region of the Tuul River and 4) further improving

communication lines between (foreign) researchers and natural resource managers.
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