ABSTRACT

Woodland Patch Mosaic Structure and Microclimate Response
to Contemporary and Historical Disturbances

Darrel B. Murray, Ph.D.

Mentor: Joseph D. White, Ph.D.

In this study, changes in area and structure of Ashes’s juniper (Juniperus ashei)-
dominated woody vegetation patches, growth response of an oak species codominant, and
changes in interior patch microclimate in response to disturbance were investigated. A
historical aerial photo analysis, a tree ring study, and microclimate monitoring were
performed on woody vegetation patches within Balcones Canyonlands National Wildlife
Refuge in central Texas. Aerial photograph analysis indicated that although overall
woody vegetation area did not change considerably, configuration of patches was highly
variable through time related to small and large-scale disturbance inferred from areas of
woody vegetation loss. The tree ring analysis, performed on a within-patch co-dominant
oak species, Texas red oak (Quercus buckleyi), indicated that climate, fire, and loss of
neighboring woody vegetation were highly variable within the study area and influenced
growth of oaks. Microclimate analysis indicated that protections provided by intact
woody patch edges, including decreased wind and lower daytime temperatures and vapor
pressure deficits, were only minimally reduced following disturbances that reduced edge

vegetation. The overall results of these studies indicate woodlands in central Texas are



influenced by disturbances at both patch and landscape scales. Disturbance drives
variability within these systems, yet aids stability in the overall coexistence of woody

patches within herbaceous areas.
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CHAPTER ONE

Introduction and Background

The Woodland Mosaic

Woodlands as Ecotonal Boundaries

Woodlands exist broadly across the landscape as ecotones due to constraints of
climate, substrate, and topographic relief (Wiens et al. 1985). Ecotones can be defined as
scale-dependent transition zones at the interface between adjacent ecological systems
(Gosz and Sharpe 1989, Gosz 1992, Risser 1995). Broad-scale ecotonal ecosystems
often remain in some type of dynamic equilibrium, with higher variability at smaller
scales, such as the patch level (Connell and Sousa 1985, Pickett and White 1985, Favier
et al. 2012). At the patch level, the interface between woody and herbaceous vegetation
forms an ecotonal boundary where edges are stabilized by competition and site conditions
and destabilized by climate variability and disturbances (Martinez and Fuentes 1993,
Allen and Breshears 1998, Davis et al. 2005, Renison et al. 2006). Within woodlands,
this small-scale variability results in dynamics of woody patches, including shifts in size,
location, composition, and structure (White and Walker 1997). Loss of variability in the
woodland patch mosaic at the landscape scale may have ecological implications for

biodiversity and the potential disturbance regime (Kupfer 2006, Hessburg et al. 2007).

The Shifting Mosaic
In the south central and western portions of the U.S., complex mosaics of wooded

areas and grasslands are a common configuration within the Southwest Plateau and



Plains Dry Steppe and Shrub Province ecoregion of the U.S. (Bailey 1988). These semi-
arid woodland ecosystems often represent a shifting mosaic (Haase 1999, Radeloff et al
2000). Bormann and Likens (1979) defined the concept of “shifting mosaic steady state”
as a landscape of patches gaining and losing biomass, while total biomass of the system
remains fairly constant in the absence of a major change in disturbance. Within these
systems, an ecological threshold may be overridden to a new steady state with a large
enough increase or decrease in disturbance depending on the resilience of the system

(Fuhlendorf et al.1996, Allen and Breshears 1998).

Disturbance Control on the Mosaic

Natural disturbance and human land use both contribute to woodland variability
and often change the trajectory of the affected communities (Motzkin et al. 1999, de
Blois et al. 2002, Grossman and Mladenoff 2007). Presence or absence of disturbance
has been documented to drive contraction and expansion of woody vegetation (Yeaton
1988, Foster 1992, Foster et al. 1999, Fule et al. 2002, Western and Maitumo 2004,
Holdo 2006). Favorable environmental conditions and lack of disturbance have been
related to expansion of woodland patches (Grover and Musick 1990, Coop and Givnish
2007). However, contemporary expansion of woody vegetation is often is preceded by
natural disturbance or human land use-initiated contraction events tied to changes in
cultural and economic influences (Asner et al. 2003, Atasoy et al. 2006, Freeman and

Seabrook 2006, Hermann et al. 2007).



Characterization of Woodland Disturbance

Pickett and White (1985) define a disturbance as any relatively discrete event in
time that disrupts ecosystem, community, or population structure and changes resources,
substrate availability, or the physical environment. The scale, frequency, and intensity of
these disturbances defines the disturbance regime and determines the effect on the
system, which in turn affects the species present adapted to the size and environmental
conditions of the local mosaic of microhabitats of patches determined by disturbance
(Karr 1982, Pickett and White 1985). Intense, large-scale disturbance, such as stand-
replacing fires, may result in whole community change (Perez et al. 2003, Yao et al.
2012), while small-scale disturbances, such as gap formation through treefall , ice,
windthrow, and disease, can have strong cumulative impacts (Brokaw 1985, Denslow
1987). For example, oak wilt, a common widespread disease caused by infection with
the fungi Ceratocystis fagacearum is a common small-scale disturbance, with broad-scale
implications in central Texas woodlands. The disturbance regime is affected by both
exogenous factors, such as climate variation, and endogenous factors, such as fuel

accumulation.

Fire

Fire Impacts on Trees

Fire has both direct and indirect effects on woodland community structure. Fire
directly alters the relative abundance of tree species present by affecting the health and
mortality of individual trees, which in turn alters competitive dynamics (Batek et al.

1999, Bonafil et al. 2004, Rodrigo et al. 2004). The disturbance regime creates



variability in the composition and structure of communities where fire-sensitive and fire-
resilient species coexist by influencing how long competition can continue (Clark 1991,
Allen and Breshears 1998, Fule and Covington 1998, Reemts and Hansen 2008). Fire
effects are also dependent on size classes of trees present and the length of time between
fires, with smaller trees within a species more susceptible to fire injury, due to thinner
bark (Batek et al. 1999, Guyette et al. 2003, Davis et al. 2005). However, under certain
circumstances, for example when large amounts of fuel accumulate in the form of duff or

brush undergrowth, larger trees may be more susceptible (Varner et al. 2005).

Fire Behavior: Stochastic Events

Fire behavior and impact within woodlands is often a stochastic event that is
dependent on weather and fuel characteristics. Fires have been observed where most fire
sensitive species were killed by the burn, but some survived in scattered cool spots,
resulting in clumps of survivors (Abrams 1985, Smith and Sutherland 2001, Davis et al.
2005). Fuel and topographical features, such as slope, aspect, and natural fire breaks,
play a large role in fire behavior and resulting woodland structure across the landscape
(White et al. 1996, Smith and Sutherland 2001, Taylor and Skinner 2003). Community
reaction to fire is dependent on biotic interactions and environmental conditions before
and after the disturbance (Rodrigo et al. 2004). For example, areas of intense severity
within fires have been found to favor seed germination, which benefited from increased
nutrient availability and decreased competition from grasses and forbs (White 1985,

Pausas et al. 2003).



Interactions of Fire and Land Use: Human Influence

Human influences on fire regimes include fire ignition, fire suppression, and
alteration of fuel characteristics, which is often a function of population density and
cultural factors (Sutherland 1997, Foster et al. 1999, Fule et al. 2002, Guyette and Spetich
2003). Land use-associated changes in the structure and composition of the woody
communities can change fire behavior and community reaction to fire (Lezberg et al.
2008, Stephens et al. 2009), making it difficult to differentiation between which
disturbance regimes are natural or human influenced (Landres et al. 1999, Swetnam and
Baisan 2003). For example, historical accounts along with fire scar and stand recruitment
data from oak forests in the Ozark Mountains indicate that fires often accompanied or
followed logging activities (Soucy et al. 2005). Lack of relationships of fire occurrence
with drought, along with variability in the fire return interval, suggests that ignitions

could be anthropogenic (Guyette et al. 2003).

Extreme Climate Events and Woodland Systems

Climate extremes affect competitive dynamics within woodland systems through
recruitment and mortality (Allen and Breshears 1998). Favorable conditions result in
pulses of recruitment, while drought can cause stress and mortality, both resulting in
community changes, particularly in semi-arid ecosystems (Warner and Chesson 1985,
Gosz and Sharpe 1989, Higgins et al. 2000, Brown and Wu 2005). Differential response
to drought, including drought-induced mortality, has resulted in shifts that are often long-
term, with changes in stand dynamics preventing or delaying a return to pre-drought
stand relative abundances among species (Allen and Breshears 1998, Mueller et al.

2005). Drought effects including direct mortality, increased wildfire, and possible



changes in land use resulted in decreased woody cover in the 1950’s throughout the
southwestern United States (Archer et al. 1988, Allen and Breshears 1998, Swetnam and
Betancourt 1998). In semi-arid woodland systems, patches of established woody
vegetation are often at a threshold with respect to conditions allowing their persistence,
with relatively small disturbance-related changes in environmental conditions causing a
change in the community or disappearance of the patch altogether (Grover and Musick

1990).

Woodland Microclimate

The Woodland Patch Microenvironment

A microenvironment is a relatively small sheltered area with its own unique
climate that is influenced by both physical, abiotic factors and biotic factors related to
organisms present that results in a unique environment that differs from the greater
surrounding environment (Campbell and Norman 1998). The canopy of woody
vegetation provides the structural and biophysical properties for a microenvironment
(Chen et al. 1999, Harper et al. 2005). Across the edge of woody patches, microclimate
gradients are highly dependent on the variable of interest, time of day and season, edge
orientation, edge position, landform, and current weather conditions (Matlack 1994, Chen
et al. 1995, Asbjornsen et al. 2004, Ramos and Santos 2006). From studies of conifer
forests, tropical forests, and woodlands, the degree of differences between outside and
interior and length of gradients are influenced by canopy and edge type (Williams-Linera

1990, Chen et al.1992, Freifelder et al. 1998, Hennenberg et al. 2005).



Important for microclimate, interactions between organisms and their
environment include the movement and exchange of mass, energy, and momentum
(Campbell and Norman 1998, Harper et al. 2005). This can best be summed up and
accounted for up using a canopy energy budget to describe the interior patch
microclimate: [Rp - G - H - AE = 0, where Ry, = net solar radiation, G = energy storage
within the vegetation in the form of heat, H = sensible heat loss from vegetation to air,
and AE = evapotranspiration]. Going from outside to the interior of a woody patch, solar
radiation and wind generally decrease within meters of the edge dependent on cover type
(Wiens et al. 1985, Chen et al. 1995, Freifelder et al. 1998, Davies-Colley et al. 2000).
Increased shading from the canopy reduces the heat load of vegetation with largest
differences between outside and interior patch temperatures occurring during clear
midday, while the smallest differences occur evening and morning, and under cloudy
conditions (Chen et al.1992, Davies-Colley et al. 2000, Newmark 2005). Released heat
stored in the vegetation is buffered at night by the canopy (Porte et al. 2004). Although
not directly accounted for in the energy budget, wind influences microclimate by
transporting air with different temperature and humidity, and affecting evapotranspiration

(Palik and Murphy 1990, Chen et al. 1995, Burton 2002).

Interior Microclimate, Edge Alteration, and Fragmentation

The same moderated microclimate that provides favorable conditions for interior
woodland species helps to perpetuate the woodland edge. Favorable microclimate for
growth of woody vegetation allows the persistence or slow expansion of the edge as
favorable conditions such as above average rainfall and absence of disturbance allow

recruitment along the woodland boundary (Van Auken 2004, Coop and Givnish 2007).



However, edges are less stable than woodland patch interiors. For example, insect
activity is highly variable near edges and is influenced more strongly by daily weather
than interior conditions (Fowler et al. 1993). Composition and structure of the edge also
varies as plants respond to changes in the edge microenvironment in an integrated fashion
(Beals 1984, Fraver 1994, Malcolm 1994, Matlack 1994). The amount of edge versus
interior habitat is important for woodland community dynamics, with larger patches with
less edge being more stable (D’Angelo et al. 2004, Lawes et al. 2004, McDonald and
Urban 2004, Laurance et al. 2006). Fragmentation and canopy gaps due to disturbance or

natural turn-over can also increase edges and affect understory microclimate (Saunders et

al. 1991, Clinton 2003, Ritter et al. 2005, Miller et al. 2007).

Historical Ecology and Ashe’s Juniper Biology

Historical Ecology

In “applied historical ecology’, ecologists use historical knowledge to manage
ecosystems (Hammett 1992, Swetnam et al. 1999). Past land use often changes the
trajectory of the affected communities creating persistent changes to the landscape
(Motzkin et al. 1999, de Bois et al. 2002). Documentation of these historical changes and
integration into ecological studies expands my understanding of processes affecting
landscapes (Miller and Hobbs 2002, Lunt and Spooner 2005, Freeman and Seabrook
2006).

The existing landscape at BCNWR is highly influenced by past human activity
from the potential use of fire by Native Americans to tree harvesting and land use by

Europeans. In a compilation of witness tree data from original land surveys conducted



from1876 to 1884 and historical records, Wills (2005) concluded that major vegetation
change occurred at a site in Kerr County within the Balcones Canyonland region
beginning at the end of the nineteenth century. Foster (1917) wrote that within the last
25-30 years, the Edwards Plateau region had transformed from grasslands, with woody
vegetation confined to canyons, stream borders, steep bluffs, and mesa tops, to a
“forested condition”. Even today, there’s a distinction between mature juniper stands
found in topographically protected areas and juniper encroaching on previous open areas
(Diamond 1997). Carbon isotope analysis in the eastern Edwards Plateau indicates that
Ashe’s juniper has had a long-term presence (>200 years) within protected interior
woodland sites (Jessup et al. 2003). Foster (1917) further wrote that he believed the
primary reason for the forestation was a shift from Native American repeated burning to
fenced grazing, with reduced fuel for fire spread.

Cedar (Ashe’s juniper) harvesting for fences posts, structural poles, and fuel
wood, has also had a large impact on the landscape. Evidence of juniper harvesting is
apparent throughout the region in the form of cut stumps. Both Bray (1904) and Foster
(1917) indicated that Ashe’s junipers were commercially important, and because fire
impacted juniper production, there was a strong sentiment against burning. However,
Bray (1904) indicated that fire was common, with generally more juniper burned than
harvested. These historical accounts can lead to a couple of conclusions concerning land
cover change: 1) Ashe’s juniper, at least to some land owners, was a valuable
commodity, with regrowth following harvesting encouraged; 2) Fire, which would be
detrimental to cedar harvesting operations, would be suppressed; however, the ability to

suppress fires was probably very limited at that time.



Ashe’s Juniper Biology

Considering that change in Ashe’s juniper abundance within the region has been
prominent, understanding establishment patterns and response to disturbance of this
evergreen tree is important. Ashe’s juniper is a native, fire-sensitive woody species
(Wink and Wright 1973, Diamond 1997). Expansion of juniper out from existing woody
patch edges is dependent on seed dispersal, substrate, climate, competition, and
disturbance. Seed dispersal primarily includes dropping seeds directly from the
producing tree or dispersal by birds (Chavez-Ramirez and Slack 1994, Van Auken 2004).
Juniper seedlings cluster under and close to the canopy of more mature trees, where the
majority of seeds fall and favorable microclimate exists to allow seed germination
(Danner and Knapp 2003). However, because competition for resources inhibits juniper
growth under canopies, saplings may persist in this suppressed state until an opening in
the canopy occurs, with self-thinning occurring throughout the process (Van Auken 2004,
Strand et al. 2007). Thick grass cover can limit juniper seedling germination and
establishment through competition for light and other resources, and provide fuel for fire,
both of which may control juniper expansion into established grassland (Fuhlendorf and

Smiens 1997).

The Need for More Studies in Central Texas Woodlands
Perceptions are that Ashe’s juniper encroachment has occurred uniformly over the
past century within the central Texas Edwards Plateau region (Fuhlendorf and Smeins
1997, Van Auken 2008). However, because of the lack of long term field data on
woodland patch dynamics in this region, most evidence of this is anecdotal and site

specific. The steep canyons of the Balcones Canyonlands region are different systems

10



than the rolling grasslands described in the western Edwards Plateau region (Amos and
Gehlbach 1988, Diamond 1997), which may be more susceptible to juniper encroachment
(Ueckert et al 2001).

Although Ashe’s juniper biology and community studies have been performed,
studies of the Ashe’s juniper-deciduous community type represented in the Balcones
Canyonlands region are few considering their conservation value. These communities
are stand-alone systems resulting from a unique combination of topography, climate,
disturbance, and land use. However, the deciduous components (oaks) within this system
appear to be in decline, as documented in other oak communities (Iverson et al. 2008,
McEwan et al. 2011). Potential regional causes for this decline are thought to be
combinations of oak wilt, drought stress, and competition from Ashe’s juniper; however
few studies are apparent in the literature addressing this regional decline.

The main co-dominant component of these slope and canyon woodland patch
communities, Texas red oak, has been described very little in the literature. Studies
include investigation on lack of recruitment (Russell and Fowler 2002, Russell and
Fowler 2004) and descriptive studies of Edwards Plateau communities which include
Texas red oak (Van Auken et al. 1981, Amos and Gehlbach 1988). Little is known about
its life history traits, including persistence on the landscape and response to disturbance.
An interesting observation in many areas of the refuge is the abundance of multi-stem
Texas red oaks. These multi-stem trees form rosettes of 3-6 stems on average,
surrounding a central area, where the original single stem was located by basally
sprouting following topkill disturbance. Similar patterns have been documented in oak

forests in the Ozark Mountains indicative of historic cutting (Kettle et al. 2000).

11



Fire history studies in central Texas are rare to non-existent. Much of the work on
fire history studies in the U.S. has been done either in western U.S. conifer and mixed-
conifer forests (Stephens et al. 2003, Swetnam and Baisan 2003 ) or in the deciduous
forest of the eastern and central U.S. (Abrams 1992, Shumway et al. 2001); both of which
are very different ecosystems, subject to different climate and disturbance regimes than
central Texas. Because junipers are not utilized for tree ring analysis due to the fact that
false and missing rings are common, making cross dating difficult (Brown and Wu 2005),
most information on juniper community responses to fire have been from observed fires
and anecdotal historical accounts (Wink and Wright 1973, Fuhlendorf and Smeins 1997).

Woodland systems have unique microenvironments due to heterogeneity in
structure; however, microclimate studies are scant in woodland systems (Freifelder et al.
1998, Wright et al. 2010). A study relating microclimate to seedling survival within
Ashe’s juniper patches has been done by Van Auken and Wayne (2004). Although, no
microclimate studies within Ashe’s juniper-oak woody patches were found. Finally,
shaded fuel breaks (SFB’s), which are created by removal of woody ladder fuels along
vegetation patch edges, are commonly used to reduce the potential of canopy fire risk on
public lands (Agee et al. 2000, Radeloff et al. 2005), including within BCNWR; however,

the impacts on microclimate have not been assessed in the literature.

Study Focus
Habitat for the endangered golden-cheeked warbler (Dendroica chrysoparia)
within Balcones Canyonlands National Wildlife Refuge (BCNWR) consists of patches of
mature, mixed-hardwood and Ashe’s juniper within an open mixed grassland community

matrix. This patch-mosaic habitat type is a common configuration in central Texas;

12



however, this system is not static and resembles the “shifting mosaic” described by
Bormann and Likens (1979) with patches expanding and contracting in response to
climate variation and disturbance. My research involves an analysis of historic aerial
photographs of woody patches, a tree ring study, and microclimate monitoring of woody
patch edges within BCNWR to answer specific questions regarding processes affecting
this woodland type. Information from analysis of historic aerial photos on fragmentation,
woody encroachment, and changes in woody patch size and structure can be used to infer
disturbance. Because both fire sensitive and fire-resistant species coexist here and are
critical components of golden-cheeked warbler habitat, understanding the occurrence,
behavior, and role of fire within this landscape is important. Also, the woodland-
grassland patch mosaic is a landscape where boundaries are important. The relatively
sheltered, moderated environment of the woody patches directly adjacent to open
grassland, with more variable microclimate, creates a transition zone or ecotonal
boundary between the two very different vegetation types. Events that affect either of
these maintained climates have the potential to alter the existing edge.

Chapter Two describes a study using historical aerial photographs to assess the
assumption that woody vegetation encroachment has occurred within BCNWR. I
evaluated changes in pixels classified as woody vegetation in aerial photographs from
1937, 1951, 1964, 1980, 1995, and 2004. From this, I determined the percentage of total
area classified as woody vegetation, along with classification changes between woody
non-woody vegetation pixels between each photograph date. To assess potential causes
of woody vegetation change, I detected and analyzed contiguous pixels with area < 1 ha

and area > 1 ha representing small and large-scale disturbances respectively. I then

13



determined average patch size, area coverage, number, and topographic position of large-
scale disturbance patches for each time interval. I compared the timing and area of these
potential disturbances with drought and fire frequency within my study area. This
methodology can be used to detect inter-decadal variability related to changes in types of
disturbance over longer periods of time.

Chapter Three describes a tree ring study of Quercus buckleyi (Texas red oak), a
common co-dominant deciduous oak species with Ashe’s juniper in woody patches. In
this study, I assessed growth response of Texas red oak to changes in competition, fire,
and climate over time to evaluate factors related to documented regional decline of this
species. I collected and analyzed 372 tree slabs of Texas red oaks within BCNWR from
which I aged fire scars and measured tree-ring widths to calculate basal area increment
and ring-width indices. Next, I used historical aerial photos from 1937 to 2004 to
evaluate changes in woody vegetation cover for the locations of the trees sampled and
fire scars to determine if sampled trees had higher average basal area increment with fire
evidence and loss of cover. I also determined aspect and slope of sampled tree locations.
I then determined if there was a correlation between annual Palmer Drought Severity
Indices and ring-width indices for the time interval of 1937-2004. My goals within this
study were to describe local demographics, fire occurrence, and tree ring response of this
particular oak species, to assess potential factors related to observed decline. Increases in
woody cover surrounding Texas red oaks, especially from Ashe’s juniper have been
observed in central Texas.

Chapter Four describes a study using measured variables of leaf area, canopy-

level temperature and relative humidity, and wind speed across woodland patch edges to
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determine if moderated microclimates exist within the patches, detect the degree and
length of microclimate gradients if present, indicate if alteration to the woodland edge
structure in the form of SFB’s affects interior microclimate, and derive potential factors
that influence microclimate. Measured sites included two 25m SFBs and two 5m SFBs,
with each site having a corresponding control. I measured bimonthly leaf area and hourly
temperature and relative humidity for one year each, and hourly wind for one month at
each site. I then analyzed both within-site differences, comparing distances from the
edge, then between-site differences between same distances between SFBs and
corresponding controls. I expect that woodland patches are protected microenvironments
and structural changes in edge vegetation related to SFB creation will change the interior
microenvironment of woodland patches, which may have landscape-scale fragmentation

consequences.

Review of Previous Research

Semi-Arid Juniper Woodlands

Semi-arid juniper woodland-grassland ecosystems within the United States have
been described in a number of studies as disturbance-sensitive systems that are both
temporally and spatially dynamic (Fuhlendorf and Smeins 1997, Breshears 2006). A
general consensus has been that woody vegetation has encroached within grasslands as
gradual, long-term, broad-scale directional changes resulting from persistent changes in
climate or disturbance intensity and frequency (Fuhlendorf et al. 1996, Fuhlendorf and
Smeins 1997, Briggs et al. 2002). Simulation of increased Ashe’s juniper on the western

Edwards Plateau by Fuhlendorf (1996) indicated that fire return intervals of 10-20 years
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were adequate to prevent juniper encroachment. Ashe’s juniper mortality related to fire
has been investigated (Wink and Wright 1973, Noel and Fowler 2007), as well as
interactions of fire and grazing (Fuhlendorf et al. 2008), seedling survivability (Van

Auken et al. 2004), and seed dispersal (Chavez-Ramirez and Slack 1994).

Slope and Canyon Woodlands of the Balcones Canyonlands

Diamond (1997) gave a generalized description of slope, canyon, and creekside
woodlands in the Balcones Canyonlands region as having Ashe’s juniper and Texas red
oak as canopy co-dominants in most stands; however, he stated that recognition of
distinct community types is problematic in canyon systems. Van Auken et al. (1981)
indicated an association of upland deciduous bands of Texas red oak in seepage zones on
north-facing slopes with deeper, more organic soils with higher water holding capacity.
South-facing slopes are generally more evergreen, but still with deciduous banding
prominent (Diamond 1997).

Some studies have indicated potential important factors influencing community
dynamics including climate variation, fire, and browsing. Harris (1958) indicated large-
scale mortality of both Ashe’s juniper and Texas red oak during extreme and prolonged
drought in the1950’s within the Edwards Plateau region. Vegetation patterns following a
known catastrophic fire in oak-juniper woodlands similar to those found in BCNWR
indicate major shifts in species composition, with recovery by basal sprouting of Texas
red oaks immediately following the fire, and virtually no recovery of burned Ashe’s
juniper up to 10 years later (Reemts and Hansen 2008), which supports anecdotal
evidence by Bray (1904) of change from a juniper-dominated community to Texas red

oak shinneries following fire. Browsing by whitetail deer have also been related to a
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lack of recruitment of Texas red oaks (Russell and Fowler 2002, Russell and Fowler

2004).

Literature Review of Major Study Methods

Use of Historical Aerial Photographs for Vegetation Change

Historical aerial images have been used in a variety of studies involving
vegetation change through time in a range of habitat types including savannahs (Fensham
et al. 2003), woodlands (Coppedge et al. 2002), and forests (Hessburg et al. 2000).
Studies which use only a reference point and ending point (Bowman et al. 2001, Asner et
al. 2003, Lawes et al. 2004, Coop and Givnish 2007) may bias conclusions about
directional change in vegetation. The use of multiple photograph dates has the benefit of
documenting variability through time, and gives a more complete picture of the
vegetation dynamics (Kettle et al. 2000, Fujita et al. 2003, Narumalani et al. 2004).
Methods of delineating woody and non-woody vegetation in the literature have ranged
from manual delineation (Coop and Givnish 2007, Grossman and Mladenhoff 2007) to
semi-automated classification methods based on brightness and texture (Copedge et al.
2001, Asner et al. 2003) to sophisticated algorithms (Anderson and Cobb 2004, Strand et
al. 2006). Once vegetation is delineated, studies have analyzed landcover change by
classifying two or multiple cover types and using metrics such as patch size, patch
number, and edge to interior ratios to denote changes (Lawes et al. 2004 Narumalani et al
2004). Detected changes have been shown to be related to landuse (Hessburg et al. 2000)

climate variation (Banfai and Bowman 2006), and landscape position (Kettel et al. 2000).
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Dendrochronology

Dendrochronology has appeared in the scientific literature for almost a century
beginning with Douglass’ (1920) description of dating tree rings with systematic
comparison of annual ring-width patterns among trees within a region and across regions.
The pattern of year-to-year variation in tree ring width provides points of comparison
between tree ring series and allows accurate dating of rings and disturbances that are
apparent as injuries in the tree rings (Fritts 1976, Fritts and Swetnam 1989, Soucy et al.
2005). The frequency of disturbance has been determined and quantitated with tree ring
analysis. For example, fire return interval for other oak-dominated woodlands has been
determined to be in the range of 3-10 years (Shumway et al. 2001, Guyette et al. 2003).
Disturbances can also be inferred from abrupt changes in ring widths, apparent as
suppression or release events, without evidence of direct injury (Abrams and Orwig
1995). Fire or other catastrophic disturbance has also been inferred from stand-origin
dating using tree ring analyses (Reed 2001, Taylor and Skinner 2003).

Tree ring studies on the relationship between climate and fire histories have used
climate proxies, such as drought indices and precipitation (Grissino-Mayer and Swetnam
2000, Stephens et al. 2003, Swetnam and Baisan 2003). Synchrony of fire scars among
widespread sites, including the study area, may indicate a regional climatic influence on
fire occurrence (Swetnam and Bancourt 1998) with studies using 300 specimens, across
a broad area deemed adequate (Grissino-Mayer and Swetnam 2000, Taylor and Skinner
2003). Tree ring studies have been combined with ancillary data, such as relating fire

frequency with fuel characteristics and topography (Swetnam 1993, Li 2000, Renison et
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al. 2006); however, few studies have combined fire history with aerial photograph data

(Minnich et al. 2000, Stephens et al. 2003).

Patch Edge Microclimate Monitoring

Studies of microclimate associated with different type of edges have been
performed over a range of cover types. These studies include conifer forests adjacent to
clear-cuts edges (Chen et al. 1995), conifer forests adjacent to thinned stands (Meyer et
al. 2001), tropical rainforests adjacent to pasture land (Williams-Linera et al. 1998),
tropical forests with fire-encroached edges (Didham and Lawton 1999), and deciduous
forests adjacent to clear cuts (Godefried et al. 2006). A few have been in more open-
canopy type woody vegetation found in woodland systems including seasonally dry
tropical woodlands with fire-encroached edges (Freifelder et al. 1998) and temperate
woodlands adjacent to agriculture fields and plantations (Wright et al. 2010). Methods of
analysis have included using combinations of minimum and maximum values (Williams-
Linera 1990, Chen et al. 1993), differenced values (Chen et al. 1995, Newmark 2005),
and division of data into time of day and seasonal components (Williams-Linera 1997,
Davies-Coley et al. 2000, Meyer et al. 2001, Newmark 2005). Most studies measured
microclimate variables across patch edges at certain distances from the edge, with
variables measured manually (Williams-Linera et al. 1998, Didham and Lawton 1999) or
automatically with datalogging climate stations (Chen et al. 1995, Freifelder et al. 1998).
Measured data has been analyzed with a variety of statistical techniques including linear
regression (Godefroid et al. 2006), ANOVA (Meyer et. al. 2001, Asbjornsen et al. 2004),

and ordination (Williams-Linera et al. 1998).
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Study Location

Balcones Canyonlands National Wildlife Refuge is located along the eastern edge
of the Edwards Plateau, northwest of Austin, Texas. The Balcones Canyonlands region
consists of rugged topography, including woody vegetation associated with canyons,
steep slopes, riparian areas, and grass present in more level areas. The existing mix of
tree species within BCNWR includes fire-sensitive species, such as Ashe’s juniper, and
various fire-tolerant co-dominant hardwood species, such as Texas red oak, plateau live
oak (Quercus fusiformis), scalybark oak (Quercus sinuata var. breviloba), and
escarpment black cherry (Prunus serotina var. eximia), that have the ability to basally
sprout following topkill. Within BCNWR, Ashe’s juniper woodlands can be divided into
two types: mature stands and secondary growth stands. Mature junipers exist within the
refuge in areas protected from disturbance, including cedar harvesting activities and fire
occurrence. Secondary stands occur where juniper has begun to establish following

disturbance due to favorable establishment conditions, including fire suppression.
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CHAPTER TWO
Woody Vegetation Persistence and Disturbance in Central Texas Grasslands Inferred
From Multi-Decadal Historical Aerial Photographs
Introduction

Woody vegetation encroachment within the southern Great Plains of the U.S.
during the past century has been associated with climate change and land use, including
increased grazing by livestock concomitant with loss of fine fuels and reduced frequency
of wildfires (Rippel et al. 1983, Ansley et al. 1995, Van Auken 2000). However, woody
plant encroachment is often not a homogeneous process depending on the intensity and
frequency of disturbance factors within a region. Interpretation of broad spatial scale,
long-term trends in woody vegetation coverage may be site-specific and influenced by
observation frequency.

Grasslands with site water balances of <400 mm per year have the potential for
encroachment with productivity typically subject to combined climate variability and
disturbance (Woodward 1987). In regions where long-term adequate precipitation
occurs, canopy closure may occur in woody vegetation patches with reduced disturbance
(Scholes and Archer 1997, Sankaran et al. 2005). As a function of varying precipitation
inputs, topography, soil water holding capacity, and vegetation-specific transpiration
rates, woody cover can reach a site maximum and then show short-term fluctuation,
rather than directional change due to climatic variability and disturbance (Browning et al.
2008). In areas that have reached a potential climatic site maximum of woody vegetation

cover, frequent disturbances such as severe drought and intense wildfire, decrease woody
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vegetation cover, while less frequent, less intense disturbances, such as low-intensity fire,
may increase the likelihood of woody vegetation persistence by reducing understory
competition (Yao et al. 2012).

To characterize woody vegetation change, it is important to consider history of
land use and disturbance of an area along with the frequency and reference point of
observation (Swetnam et al. 1999, Lawes et al. 2004). It is widely accepted that broad-
scale, long-term encroachment of woody vegetation within grasslands is coincident with
land use changes since European settlement, especially those that resulted in reduced fire
(Foster 1917, Wink and Wright 1973, Van Auken 2000). However, within this long-term
trend, variability exists resulting from disturbances of different scales and intensity.
Observed change in woody vegetation cover within shrub and woodland ecoregions is
often related to regrowth following periodic disturbance, including clearing to increase
herbaceous production for grazing (Drummond et al. 2012), drought (Allen and
Breashears 1998), and fire (Archer et al. 1988).

Across the U.S., studies indicate that increased juniper densities in historical
grasslands, including increases in western juniper (Juniperus occidentalis Hook) (Miller
and Rose 1999), eastern redcedar (Juniperus virginiana L) (Briggs et al. 2002, Engle et.
al. 2008), and redberry juniper (Juniperus pinchotti Sudw.) (Uekert et al. 2001), are
often related to land use changes. However, the rates and types of land use changes
affecting woody vegetation encroachment have varied greatly. Changes in regional land
uses within the Great Plains are tied to climate, soil fertility, and socioeconomic factors
(Coppedge et al. 2002, Drummond et al. 2012), making broad-scale generalizations

concerning juniper encroachment difficult.
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The rates and processes of juniper regrowth after disturbance differ from
establishment and are species-specific (Van Auken et al. 2004), which also adds to the
complexity of discerning growth trends. For example, following mechanical control of
redberry juniper within the northwest Edwards Plateau region, recovery growth was rapid
at 1% woody vegetation cover per year, resulting from resprouting, release of juveniles,
and establishment from existing seed banks (Ueckert et al. 2001). The increase of eastern
redcedar from east to west across the Great Plains, although a large-scale process, has
been heterogeneous as a consequence of fire exclusion and intentional plantings,
followed by efforts at eradication and regrowth (Engle et al. 2008). For the Edwards
Plateau in Texas, Ashe’s juniper (Juniperus ashei J. Buchholz) has been described as
expanding into grasslands due to similar factors described in other studies coupled with
its high growth and reproductive rates (Fuhlendorf and Smeins1997, Van Auken 2008).

In this study, I detected changes in Ashe’s juniper-dominated woody vegetation at
near-decadal time scales over a 66 year period utilizing historical aerial photographs
acquired in 1937, 1951, 1964, 1980, 1995 and 2004. Because of the relatively short
intervening time periods between photograph acquisition, I assessed the potential causes
of woody vegetation disturbance and establishment based on woody patch appearance
and disappearance over time (Kettle et al. 2000, Bowman et al. 2001, Fensham et al.
2003, Narumalani et al. 2004). From this analysis, I expected to detect that woody plants
have not increased cover in this region since 1937, rather reorganized in the landscape
through patch dynamics influenced by interactions between climate, topography, land
use, and fire. By covering a large area over a long time extent, coupled with frequent

photography, I hoped to document changes in long-lived woody vegetation where in sifu
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data are absent. This study is intended to improve interpretation of woody plant
encroachment for the past century and provide information for disturbance management

in southern Great Plains grasslands of the U.S.

Methods

Site Description

To assess woody vegetation changes over time, I chose the Balcones Canyonlands
National Wildlife Refuge (BCNWR), a 7,109 hectare (ha) refuge located on the eastern
edge of the Edwards Plateau northwest of Austin, Texas, USA (Fig. 2.1). This refuge is
composed of non-contiguous tracts of land that range in size from 38 to 1655 ha, most of
which were previously used for cattle and goat ranching. The refuge was established in
1992 to conserve habitat for the endangered golden-cheeked warbler and the black-
capped vireo (Vireo atricapilla ) (USFWS 1992). These species require habitat
composed of closed mature juniper and oak woodlands and more open areas with short
shin oak, respectively. Habitat management for these species has included combinations
of juniper removal and prescribed burning since 1995.

The BCNWR is located within the Southwest Plateau and Plains Dry Steppe and
Shrub Province of the United States and is dominated by grasslands composed of native
little bluestem (Schizachyrium scoparium) and the exotic King Ranch bluestem
(Bothriochloa ischaemum). Woody patches located within the grassland are dominated
by Ashe’s juniper with co-occurring hardwood species, such as Texas red oak, plateau
live oak, scalybark oak, escarpment black cherry, and post oak. The topography of the

area consists of hills, valleys, and steep canyons with highly-sloped drainages of eroded
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limestone primarily from the Glen Rose formation of Cretaceous origin (Sellards et al.
1933). Mean annual precipitation is 855 mm and mean annual minimum and maximum
temperatures range from 5.7 °C to 16.8 °C in winter and 22.4 °C to 33.5 °C in summer

(NOAA 2009) with the area climatically classified as subhumid and subtropical.

A
BCNWR acquiisition boundary -\ \
I Ashe juniper distribution "
Il 5CNWR Tracts

Figure 2.1. Distribution of Ashe’s juniper woodlands (USGS 1999) and the BCNWR in
central Texas.
Aerial Photograph Preparation and Standardization

I acquired panchromatic aerial photographs and false-color infrared Digital
Orthophoto Quadrangles (DOQ) ranging in spatial resolution from 1:15840 to 1:20000
from the Texas Natural Resource Information Service (TNRIS), United States Geological
Survey, and Tobin International, Ltd., a private firm. Aerial panchromatic photographs
from 1937, 1951, 1964, and 1980 were digitized on a flat-bed scanner at 500 dots per
inch with an 8-bit radiometric resolution. To compare the panchromatic aerial

photographs to the false-color infrared DOQ data, I averaged the green, red, and near
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infrared channel digital number values of the DOQ data to simulate the panchromatic
reflection of the photos. I georeferenced all digitized photos (Imagine 9.3, ERDAS,
Norcross, GA) to the 1995 and 2004 DOQ data by identifying features such as rocky
outcrops, roads, and houses as ground control points. Because the photographs were
collected at different flight altitudes, spatial resolution of the photographs varied from 0.8
to 1.0 m (Table 2.1). I resampled all images to a 1 m x 1 m pixel size to standardize
images for my analysis.

Table 2.1. Acquisition date, photo scale, pixel spatial resolution, number of photos

acquired, and mean #° value of linear regression equations used to standardize digital
number values with the 2004 DOQ data for each photograph year.

Photograph  Acquisition Date Photo Pixel Spatial ~ No. of Avg. ¥

Year Scale Resolution Photos
(m)
1937 November 1937  1:18000 0.9 4 0.63 (£ 0.13)
1951 January 1951 1:15840 0.8 25 0.49 (£0.19)
1964 October 1964 —  1:20000 1.0 35 0.51 (£ 0.19)
January 1966
1980 November 1980  1:15840- 0.8-1.0 52 0.61 (£0.21)
— May 1981 1:20000
1995 January 1995 1:12000 1.0 10 0.63 (£ 0.16)
2004 December 2004  1:12000 1.0 10 NA

To standardize the radiometric range of photographs acquired for the same year, I
located 25 points in overlap areas between photograph pairs and constructed linear
regression models from their respective digital number values. I normalized all images
for each photographed year by inverting the derived regression models to calculate
adjusted digital numbers. Because this regression modeling only affected the mean
values of the comparison images, I used histogram matching (Imagine 9.3, ERDAS,

Norcross, GA) to scale variances between images. Histograms matching of each image

26



was accomplished by comparing the frequency distribution of digital number values
which were matched to the means and standard deviation of a of reference image.
Analysis resultant ranges of digital number values showed similar distribution for each
image within each photographed year.

To standardize the radiometric range of photographs acquired for different years, I
randomly selected 25 points to extract digital number values for images from each
photographed year. I compared these data with digital numbers from the 2004 images to
construct a linear regression model for each photographed year (Table 2.1). I then
derived inverted regression models for each time period and calculated adjusted digital
numbers.

To classify pixels, I established a threshold value of 115 by trial and error where
pixels with digital number values < 115 were assigned as woody and > 115 were assigned
as non-woody vegetation. Accuracy was determined from 105 randomly-chosen
locations where vegetation type was determined from the line-intercept method for two
30 m transects oriented perpendicular to each other. This method categorized vegetation
into the two classes with a 94% accuracy level. Careful georectification and
standardization of the images provided consistent delineation of woody vegetation and
non-woody pixels across the photographed years. This provided confidence that pixel
changes apparent in the images accurately reflected changes in woody vegetation through

time.

Aerial Photograph Change Analysis
To assess the amount of change between photographed time intervals, I compared

the classification of each pixel for the following time intervals: 1937-1951, 1951-1964,
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1964-1980, 1980-1995, and 1995-2004. I categorized each pixel as no change, woody
vegetation loss, or woody vegetation gain depending on the result of this change analysis.
To estimate overall loss or gain of woody vegetation pixels between photographed years,
I tabulated the number of woody vegetation pixels that changed.

From the change analysis, I also identified potentially disturbed areas in the data
by classifying pixels as either woody vegetation loss or other. Next, the adjacent 8 pixels
bordering each pixel classified as woody vegetation loss were analyzed to determine the
size of woody vegetation loss area. I referred to groups of pixels classified as woody
vegetation loss as a patch. Patches with area < 1 ha were referred to as small scale and
patches with area > 1 ha were referred to as large scale. I interpreted small scale patches
as small scale, diffuse disturbance events potentially associated with canopy gap
formation such as windthrow and ice-damage. Large scales patches were interpreted as
large scale, contiguous disturbances potentially associated with common historical large
scale events such as fire and tree harvesting. Areas of recent prescription cutting or
burning performed by the USFWS resulted in areas of contiguous woody vegetation loss
and were used in the accuracy assessment described below. For large scale patches, I
calculated average patch size, percent area, and number of patches to assess changes in
landscape composition over time (FRAGSTATS, McGarigal et al. 2002).

To verify patch classification, I identified sites within the study area as having
known tree removal or burning prescriptions during the 1995 to 2004 time interval.
Boundaries of sixteen prescription areas ranging in size from 8.1 ha to 234 ha (C.
Schwope, personal communication, May 2008) were overlaid digitally with the large

scale woody vegetation pixel loss patch images to visually assess if these areas could be
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detected with this methodology. Detection of known areas of tree removal or burning in
the 1995 to 2004 photograph interval would give further validation that large scale
woody vegetation pixel loss patches detected in earlier photograph intervals are
potentially related to historical disturbances such as tree harvesting and fire.

To characterize topographic factors influencing large scale woody vegetation
pixel loss, I identified 262 patches from all time intervals and analyzed topographic
location and configuration. I derived median topographic slope and aspect values for
each large scale woody vegetation pixel loss patch from a 30 m resolution digital
elevation model (DEM) acquired from TNRIS. Slopes were grouped into flat (< 5°) and
steep slopes (> 10°) based on personal observation of terrain for the study area. Aspects
were grouped into cardinal directions represented as north (> 315° to < 45°), east (>45°,
<135°), south (> 135° to < 225°), and west (> 225 ° to < 315°). To determine the expected
proportions of the topographic slope and aspect values for the landscape, I constructed a
uniform grid of points 30 m apart covering a DEM of the study area. I performed a one-
sample chi square test to assess differences between proportions of observed large scale
patches located on flat and steep sites as compared to expected proportions derived from
the entire study area. For steep-slope large scale patches, I performed a one-sample chi
square test to test if observed frequencies significantly differed by aspect from expected
frequencies. I assumed aspect would be more influential on disturbance for steep areas.
Utilizing the DEM to visually assess surrounding topography, I tested for significant
differences for observed verses expected proportions (assumed as 50:50) of flat large
scale patches found on hilltops versus those found within valleys with a one-sample chi

square test.
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Results

The percentage of pixels classified as woody vegetation in 1937 was 62.0% and
increased to 64.2% by 2004, for a total net increase of 156 ha (Fig. 2.2). Of the pixels
classified as woody vegetation present in 1937 (4407.2 ha), 29.1 % remained classified as
woody vegetation for all photograph years. The largest change in woody vegetation
pixels (4.4%) occurred across three photographed time intervals between 1964 and 2004.
The percentage of pixels that changed from non-woody and woody vegetation and vice
versa decreased from 37% in the 1937-1951 time interval to 24% in the 1995-2004 time
interval (Fig. 2.3). The percentage of pixels that did not change classification between

successive time intervals increased from 63% to 76% from 1937 to 2004.
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Figure 2.2. Pixels classified as woody vegetation pixels expressed as a percentage (%)
for the BCNWR from aerial photographs taken in 1937, 1951, 1964, 1980, 1995, & 2004.

The percentage of pixels categorized as small-scale versus large-scale woody
vegetation pixel loss patches showed different trends for the analysis period (Fig. 2.4).

The percentage of small-scale woody vegetation pixel loss remained fairly constant
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across all years with values of 11.1% to 12.6%. The percentage of large-scale woody
vegetation pixel loss was highest during the 1951-1964 time interval with a value of 7.6%
of the total refuge area affected then decreased to a value of 0.7% during the 1995-2004
interval. Within the known tree removal and burn prescription areas, 13 of 16 (81%)
observed woody vegetation loss patches were correctly identified as large-scale woody

vegetation pixel loss patches.
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Figure 2.3. Percentage of pixels which changed classification for BCNWR for the time
intervals: 1937-1951, 1951-1964, 1964-1980, 1980-1995, & 1995-2004.

The highest average large-scale woody vegetation loss patch size I found (8.1 ha)
was during the 1951-1964 period, which also had the highest number of patches (98) and
highest proportion of the BCNWR (7.6%) (Fig.2. 5). After 1964, average patch size,
percent area, and number of large-scale patches generally declined, with the exception of

an increased average patch size of 5.8 ha occurring in the 1995-2004 time interval.
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Figure 2.4. Percentage of BCNWR area characterized as small or large-scale woody

vegetation pixel loss patches for the time intervals: 1937-1951, 1951-1964, 1964-1980,
1980-1995, & 1995-2004.
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Figure 2.5. Average size in hectares, percent area, and number of patches of large-scale
woody vegetation pixel loss for BCNWR for the time intervals: 1937-1951, 1951-1964,
1964-1980, 1980-1995, & 1995-2004.

My analysis of topographic position of large-scale woody vegetation pixel loss

patches showed that 63% occurred on flat positions and 37% on steep positions (Fig.
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2.6), which was significantly different than the expected 80% flat and 20% steep (5° =
36.1, p=.05). Large-scale woody vegetation loss patches located on steep slopes occurred
more frequently on south (36%) and west-facing (38%) aspects (x* = 21.7, p = .05) than
the expected 29% south and 20% west-facing aspects derived for the entire study area.
For flat terrain, significantly more large-scale patches occurred on hilltops (66%) than

within valleys (34%) (1> = 68.4, p =.05).

Figure 2.6. Radial plot of topographic slope (degrees) and aspect (north, south, east,
west) of large-scale woody vegetation pixel loss patches for BCNWR analyzed for this
study. The percentage of contiguous woody vegetation pixel loss patches within each
slope category is shown.
Discussion
My results showed that total area classified as woody vegetation pixels remained
fairly constant for the period of analysis (Fig. 2.2). Woody vegetation has encroached in

grasslands of this ecological province beyond its historical norm in recent decades

(Rippel et al. 1983, Ansley et al. 1995, Engle et al. 2008). However, my results indicate
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that current woody vegetation cover of the eastern boundary of the Edwards Plateau may
have has simply recovered to 1937 levels. The eastern Edwards Plateau may have
higher sustained woody vegetation cover associated with combined proximity to the Gulf
Coast and its maritime climatic influence and topo-edpahic features (Diamond and True
2008). Therefore, further expansion of woody vegetation is not necessarily expected
given that woody vegetation may have reached a climatic site maximum sometime before
1937. Browning et al. (2008) found that Sonoran arid grasslands reached a climatic site
maximum woody cover of 35%, depending on soil type, and then fluctuated with no
detectable directional change based on aerial photo analysis.

Once at a climatic site maximum, these woodland-grassland systems may behave
as shifting mosaics as proposed by Bormann and Likens (1979) where the proportion of
patches in the landscape at different developmental stages remains constant, with single
patches gaining and losing biomass, while total biomass of the system remains fairly
constant in the absence of a large-scale exogenous disturbance. For my study area,
variable site water availability due to soils and topography coupled with periodic
droughts, disturbance, and stand-level density-dependent thinning may create transient
patches of woody vegetation similar to the shifting mosaic paradigm envisioned by
Bormann and Likens.

Extreme droughts during the 1930’s and 1950’s are likely to have contributed to
woody vegetation loss directly or through interactions with other disturbance, resulting in
decreased woody vegetation as observed throughout the south central and southwestern
United States during these time periods (Archer et al. 1988, Allen and Breshears 1998;

Swetnam and Betancourt 1998, Mueller et al. 2005). Changes in woody cover are
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associated with persistent changes in precipitation lasting more than one to two years
(Archer et al. 1988, Allen and Breashears 1998, Banfai and Bowman 2006). These
results coincide with the timing of highest large-scale woody vegetation pixel loss area
and number of patches (Fig. 2.4). From 1964 to 1995, decreased disturbance coincident
with increased absentee ownership and moister climate may have resulted in increased
contiguity and area of patches of woody vegetation. Sankaran et al. (2005) found that
semi-arid savannas in Africa with mean annual precipitation above 650 mm were
unstable systems, where precipitation was enough to allow canopy closure and
disturbance was required for tree-grass coexistence. I attribute the increase in large-scale
woody vegetation pixel loss patches between 1995 and 2004 to management activities
within the refuge, including documented tree removal and prescribed burning (C.
Schwope, personal communication, May 2008) I used to assess accuracy (81%) of my
large-scale disturbance detection methodology.

The eastern Edwards Plateau may retain woody vegetation on its steep slopes in
the absence of repeated clearing due to establishment failures of herbaceous species and
loss of soil (Diamond and True 2008). My study showed that large-scale woody
vegetation pixel loss patches occurred more frequently on steep slopes than expected
relative to a random distribution determined from the grid analysis of the study site.
Steep-slope, large-scale woody vegetation pixel loss patches occurred most on south and
west-facing slopes. Steep south and west-facing slopes are generally drier and more
likely to ignite and carry intense fire (Fule and Covington 1999). Although reducing

woody vegetation in this landscape may be optimized by focusing on south and west-
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facing steep slopes predisposed to disturbance, increasing herbaceous cover may be better
optimized in other areas.

I attribute the change in the number of large-scale woody vegetation pixel loss
patches observed over time to historical factors related to land use changes and altered
fire occurrence. Major vegetation change coinciding with European settlement of this
region began at the end of the nineteenth century and continued into the early part of the
twentieth century resulting from activities such as juniper harvesting, land clearing, and
alteration of the fire regime (Bray 1904, Foster 1917, Wills 2005). Interactions occur as a
result of land use changes or climate variability that alter fire regimes and are associated
with gain or loss of woody vegetation (Lezberg et al. 2008, Stephens et al. 2009). 1
consider changes in the fire regime to be the most important direct driver of woody
vegetation change within the study area.

A fire history study of the area indicated fire was common early in the century
and peaked in the 1950°s (Murray and White, in review). Charring is apparent on many
cut stumps within BCNWR indicating either intentional burning or accidental fire carried
by increased fine fuels following canopy clearing. Ashe’s juniper, the dominant woody
species for my study site, is a fire-sensitive, non-sprouting evergreen species (Wink and
Wright 1973, Diamond 1997) and may require >20 years to recapture sites following
intense fire (Reemts and Hansen 2008). Some juniper species, such as redberry juniper,
can resprout following topkill (Ueckert et al. 2001), allowing quicker and more complete
regrowth following disturbance. Differences in sprouting ability further contribute to

site-specific differences in woody vegetation change within the southern Great Plains.
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Although site differences potentially exist that influence growth rates, the length
and frequency of observations from the historical aerial photographs I used revealed
inter-decadal variability important for interpreting results. Interpreting loss or gain of
woody vegetation from the landscape is associated with a reference point in the past. For
example, an observer viewing this landscape in 1980 and 2004 would conclude that
woody vegetation is expanding (Fig.2. 2). For my study, I showed that total area of
woody vegetation was potentially similar from 1937 to 2004. This necessitates
contextualizing interpretation of woody plant growth as either regrowth or encroachment.
The lack of aerial photographs before the 1930’s may require assessment with
biochemical surrogates, such as stable carbon isotopes, which may retain chemical
signatures of past dominant vegetation (Archer 1995).

The average change in pixels classified as woody vegetation of 31.5% (Fig. 3)
was due to both small and large-scale contiguous woody vegetation patch formation
change (Fig. 4.2). I interpreted individual tree loss due to self-thinning and weather
related damage primarily from ice storms and windthrow which occur in this area
approximately every 3 years (Chagnon and Chagnon 2002, Bragg et al. 2003). Ice storms
affect juniper trees primarily due to the low modulus of elasticity of its wood tissue that
breaks under the weight of ice in the canopy (Soulé and Knapp 2007). Assessment of
small-scale disturbance through this type of remote sensing is possible with the small
spatial resolution of the photographic data coupled with careful geo-registration and
radiometric normalization of the digital data through time (Browning et al. 2009).

Although differences among historical aerial photographs were minimized with

processing, inconsistencies among sequential aerial photos exist that include differences

37



in film and camera types, flight altitudes, and timing of acquisition that that can affect
interpretation of vegetation changes over time (Table 2.1). The georectification and
normalization process presented here should minimize image brightness and spatial
resolution differences in the data. Time of year differences among the images did exist,
but were minimized because deciduous trees generally have similar brightness values in
the visible spectrum for growing and non-growing seasons. Shadows also are a potential
source of error in processing and interpretation when utilizing threshold methods of
classification. However, classification errors associated with shadows may be offset by
increased brightness on the opposite side of individual or groups of trees.

For my study, assessment of small-scale patches may have been affected by these
errors, however, the percentage of area I found, 11.1% to 12.6%, showed consistent
change in the woody vegetation canopy that is likely to be, in part, driven by fine-scale
disturbances. The photographic errors are less likely to have influenced the analysis of
large-scale patches, where large-scale (> 1 ha or 10,000 pixels) changes in woody
vegetation were identified. These changes are beyond simple photographic processing

artifacts and likely the result of broad disturbances across the BCWNR landscape.

Conclusions
I developed consistent methodology for detecting woody vegetation change which
I applied to grasslands of the Edwards Plateau to discern woody vegetation encroachment
and disturbance through time. Analysis of sequential historical aerial photographs
provided documentation of past variability of woody vegetation cover where in situ did
not exist and indicated that observation frequency is important for interpretation woody

vegetation encroachment. Analysis of shape and size of areas with contiguous change in
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woody vegetation cover provided information regarding potential disturbance types when
used with ancillary historical data. My results indicate that, although this area has not
increased in overall area of woody vegetation from 1937 to the present, there have been
changes in the location and size of woody patches within these grasslands which may
have been mistakenly interpreted as encroachment. My results support the idea that land
use-driven changes in woody vegetation across the southern Great Plains are site-specific

and not always directional and homogeneous.

Study Acknowledgments
I would like to acknowledge D. Holle, C. Schwope, and C. Sexton of BCNWR for
support in the field. I would also like to thank T. Roerhig of TNRIS, A. Gonzales of the
University of Texas, and A. Adhikari, M. Sides, J. Thomas, and J. Yao of the Baylor

Spatial Ecology Lab.

39



CHAPTER THREE
Loss of Neighbors, Fire, and Climate Effects on Texas Red Oak Growth in a Juniper-
dominated Woodland Ecosystem
Introduction

Reduced recruitment and growth of oaks in forests and woodlands in North
America is a growing concern due to the difficulty in attributing a consistent set of
factors for this trend (Abrams 1992, Dwyer et al. 1995, Thomas et al. 2002). This oak
decline has been correlated with herbivory (Russell and Fowler 2004), canopy closure
(Iverson et al. 2008), reduced fire occurrence and frequency (Abrams et al. 1995), and
climate change (Kueppers et al. 2005) or some combination (McEwan et al. 2011).
Continued loss of oaks from North American ecosystems may exacerbate projected
potential biodiversity decreases with escalated risk to threatened and endangered species
(Hansen et al. 2001). In central Texas, further oak decline in remnant woodlands may
threaten future critical habitat for the endangered golden-cheeked warbler (Dendroica
chrysoparia).

Disturbance in oak forests and woodlands appears to increase oak recruitment and
growth through a variety of mechanisms. Oak-dominated vegetation communities may
be maintained due to frequent, low-intensity fires (Abrams 1992, McEwan et al. 2007,
Hutchinson et al. 2008). For example, periodic fire reduces competition from fire-
sensitive species and increases growth of oaks by increasing irradiance from openings in
the upper canopy (Clinton et al. 1994) and nutrient mineralization (Trammell et al. 2004,

Gray and Dighton 2006). Fire wounding potentially stimulates a tree-ring response and
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induces basal sprouting in oaks (Smith and Sutherland 1999, Arevalo et al. 2009, Moreira
et al. 2009).

Climate affects oak growth primarily through constraints on carbon assimilation
as stomatal conductance, sensitive to plant water potential, is decreased under low site
water conditions as an adaptation to reduce xylem cavitation (McDowell et al. 2008).
Annual variations in climate often have direct control on variations in tree-ring width,
depending on the tree’s sensitivity to climate (Douglas 1920, Fritz 1966). In addition to
year-to-year variation, prolonged climate events such as severe drought, can influence
tree growth by changing competition between woody species through direct mortality
with feedbacks to disturbance, such as fire, due to increased fuel accumulation,
potentially shifting species dominance (Swetnam and Baisan 2003, Suarez et al. 2004;
Mueller et al. 2005). In the 1950’s, prolonged and extreme drought was widespread
throughout the southwest and central United States resulting in direct mortality of trees,
reduced canopy cover, and increased fire occurrence that potentially influenced current
species composition of contemporary woodlands (Archer et al. 1988, Allen and Breshears
1998).

In dendrochronology, release may be observed as abrupt increases in tree-ring
widths interpreted as increased growth following loss of adjacent trees from the canopy
(Abrams et al. 1998, Soucy et al. 2005). In this study, I analyzed tree-ring widths and fire
scars for slabs collected from downed and dead specimens of a deciduous oak species,
Texas red oak, located in central Texas. The growth and response to disturbance of this
oak species has been scarcely covered in the literature (Russell and Fowler 2002, Russell

and Fowler 2004). I assessed changes in growth of trees by assessing tree-ring response,
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including changes in basal area increment (BAI) and ring-width indices (RWI), to
changes in local woody cover derived from classification of historical aerial photos and
occurrence of fire derived from the tree rings. In the absence of historical plot data,
multi-temporal remotely sensed information, such as high-resolution aerial photos, can be
used to detect changes in vegetation canopy cover related to disturbance (Bowman et al.
2001, Narumalani et al. 2004) and potentially confirm growth release measured from tree
rings associated with neighbor losses. We also assessed changes in RWI’s in response to
climate represented by annual Palmer Drought Severity Indices (PDSI’s). Both BAI and
RWI were derived from raw tree-ring width measurements; BAI is measure of an
individual tree’s assimilate allocation given its age and environmental conditions,
whereas RWI is a relativized indicator meant to assess similarities and differences
between tree responses to stress using the same scale.

My goals within this study were to describe local demographics, fire occurrence,
and tree ring response of this particular oak species, to assess potential factors related to
observed decline. I hypothesized that changes in competition, fire, and climate are
influential in this system and may be related to this decline. Increases in woody cover
surrounding Texas red oaks, especially from Ashe’s juniper, have been observed in
central Texas (Fuhlendorf et al. 1996). Given that these increases are potentially related
to decreased disturbance, I wanted to assess the tree ring response of Texas red oak to
loss of neighbors and fire. I also hypothesized that the extreme drought of the 1950°s in
the study area potentially affected the community and would be apparent in tree-ring
variation, fire occurrence, and mortality of sampled trees. Given the conservation value

and recent regional decline of this oak species, this information would be directly useable
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for regional ecosystem management for disturbance-related changes in woody cover and

fire within the context of continued climate change.

Methods

Site Description

For my study, I sampled Texas red oak trees within the BCNWR. The region
where the refuge is located is classified as woodland within the Southwest Plateau and
Plains Dry Steppe and Shrub Province ecoregion of the U.S. (Bailey 1988). The
topography of the area is characterized by hills composed of eroded limestone of
Cretaceous origin that rise 250 to 500 m above steep sloped valleys (Sellards et al. 1933).
Mean annual precipitation is 855 mm and mean annual minimum and maximum
temperatures range from 5.7 °C to 16.8 °C in winter and 22.4 °C to 33.5 °C in summer
with the area climatically classified as subhumid and subtropical. The refuge was
established in 1992 to conserve habitat for the endangered golden-cheeked warbler and
the black-capped vireo (USFWS 1992). The remnant mixed juniper-oak woodlands are
critical breeding habitat for the golden-cheeked warbler which uses stringy, sloughed
bark from mature Ashe’s juniper exclusively for nesting material and feeds on
Lepidopteran (Geometridae) larvae associated with broad-leafed deciduous foliage

primarily from Texas red oaks (USFWS 1992, Pulich 1976).

Tree Sample Collection and Tree Ring Analysis
To assess tree ring response and fire occurrence, I first located and cut 5 cm thick
tree slab cross sections with a chainsaw < 1 m above the root flare of stems from 372

standing and fallen Texas red oaks. I used contour maps to stratify potential sample
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locations by topography, defining areas as hilltops, slopes, or valleys. For each
topographic zone, I located and sampled fallen, standing dead, and live stems broken
from windthrow, with all aspects sampled given that trees were available. I established
all sampled tree geographic locations with a Global Positioning System (GPS) with a
positional error of £2 m and recorded tree diameter, topographic position, and whether
tree boles were single or multi-stemmed.

Tree slabs were returned to the laboratory and sanded progressively with
sandpaper to a fine polish using a final grit of 1200. Next, I cross-dated the tree slabs
using the method by Fritz (1976) where variations in ring width were matched among
trees grown in nearby locations. For this, I produced skeleton plots for each tree slab to
note patterns of narrow rings by ring year as a widely accepted method of cross-dating. I
then used these plots to match patterns of narrow rings from several live and dead tree
samples to develop a master chronology, which is a composite skeleton plot that
identifies narrow rings dated to the year. The master chronology allowed us to date tree
rings and fire scars from all tree slabs by comparing the chronology with individual tree
slab skeleton plots.

Once dates of rings were established, I then measured growth increment with a
Velmex Unislide (Velmex, Inc., Bloomfield, NY) to the nearest .001 mm for each growth
ring of the slabs, avoiding deformed areas. To assess dating accuracy, I first compared
growth measurements to skeleton plot data to identify differences in dates of narrow ring
patterns. Any identified mismatches were corrected through additional remeasurement of
the tree slabs. Secondly, once differences in chronology and growth measurements were

minimized, I verified crossdating with the COFECHA program (Holmes 1983) to identify
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potential dating errors and calculate series statistics, including series intercorrelation and
mean sensitivity. Following transformations, individual tree ring series are tested in
segments for correlation with a master chronology derived from all other series within
COFECHA. Series intercorrelation is the average correlation of each series with the
master chronology. Mean sensitivity is a measure of the relative change in ring width
between successive years. Using series intercorrelation and sample size, I calculated the
expressed population signal (EPS) (Cook et al. 1990) to assess the strength of the
common signal within the range of years which I analyzed loss of neighbors, fire, and
climate (1937-2004). An EPS value of >0.85 has been suggested as a threshold for
adequate signal strength (Wigley et al. 1984). Because the effective sample size depends
on the strength of the common signal, sample depth is important, as there are fewer older
trees further back in time.

To standardize growth rates of trees and remove potential trends related to radial
growth from my measured ring-width values, I produced RWI’s from indexed measured
tree-ring increments using the ARTSTAN program (Cook 1985, Cook et al. 1990). This
process included detrending the ring-width data, which is a common technique used to
reduce long-term trends within the tree-ring series associated with adding a volume of
wood to a stem of increasing radius. To detrend my data, I first attempted to fit a
negative exponential curve to the individual series raw data. If the negative exponential
curve had a negative constant or positive slope and failed to match the growth pattern of
the individual series, I used a linear model as a second alternative. If the linear model
predicted below 0.0 before the end of the ring width series, a Hugershoff growth curve

(Cook 1985) was used as a third alternative. For my analysis, only two specimens
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required use of the Hugershoff growth curve. My detrending methods were conservative,
with my goal being to remove only the growth curve and retain as much short-term
variation as possible resulting from influences such as loss of neighboring trees,
disturbance, and extreme climate events including drought (Wyckoff and Bowers 2010).
Because trees have different growth rates, I standardized the individual detrended series
for comparing all sampled trees. By dividing each raw ring width by the corresponding
expected value derived from the best detrending model, I obtained RWI’s which had a
mean value of 1.0 for each sampled tree. As a second way to express the master
chronology, in addition to the composite skeleton plot, I averaged all RWI’s into a master
series.

To assess tree growth, I calculated annual BAI from raw ring-width
measurements and diameters of sampled trees. Diameter measurements were made close
to the cut area at the time of tree slab collection. Basal area increment represents tree
growth more directly than RWI’s alone, as it represents an area of wood (mm?) without
underlying trends removed with detrending. I calculated BAI as [BAI= 7 (% - r’y.)),
where 1 is the tree radius and t is the year of ring formation], assuming a circular shape
of the tree slab. Tree radiuses were adjusted for average bark thickness (6.9 mm) prior to
calculating BAI. Because trees generally have sigmoidal-shaped BAI trends resulting
from high early growth, I did not use the first 5 years of BAI values for each tree. Also,
due to a period of declining growth with declining age-related vigor being identified in
oaks (Johnson and Abrams 2009), I also did not use the last 5 years of BAI values. This
allowed me to use relatively stable raw BAI data, while retaining as much of the data as

possible.
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I identified fire scars on the tree slabs using the fire injury criteria from Smith and
Sutherland (1999) that includes wound-initiated discoloration, decay, and ring
deformation (Fig 3.1). Year and season of fire was noted whenever possible as dormant
(ring junction), early season (early wood) or late season (late wood). Because most trees
sampled were from multi-stem individuals resulting from past basal sprouting, I used the
term initiation instead of tree recruitment to denote the pith date, as recruitment indicates
establishment of the tree from seed. For tree slabs with center rot or missing centers
(N=57), I developed predictive linear regression equations (Clark and Hallgren 2004)
from complete tree slabs with similar diameter and radial growth trend, derived from
plots of increasing radius from pith to the last outer ring. The year of tree mortality for

all sampled dead trees was determined as the last ring of outer growth.

Fig 3.1. A representative Texas red oak tree slab with fire scar is shown.

Tree Neighborhood Analysis from Aerial Photos
As part of a companion study on landcover change in the BCNWR, I classified 1

m resolution digitally-scanned, aerial photographs acquired in 1937, 1951, 1964, 1980,
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1995, and 2004 into woody and non-woody categories (Murray et al., in review).
Because the aerial photographs were taken from different flight elevations, cameras, and
film quality, resulting in differences in spatial resolution and image brightness, I
georectified and radiometrically standardized each photograph for each year using the
2004 images to minimize these acquisition differences. To standardize the image
brightness within and between photographed years, I randomly selected 25 points within
the 2004 images and corresponding locations in each photographed year to extract the
digital number values for these points and derived linear regression models. I then
inverted the derived regression models and used them to calculate adjusted mean digital
numbers for each photograph. I then used histogram matching (Imagine 9.3, ERDAS,
Norcross, GA) to scale image brightness variances between images to account for film
saturation differences between scanned photos. Pixels were classified into woody and
non-woody categories if the digital number value was < or > 115, respectively. I derived
this threshold value from comparison of known vegetation from 57 field site locations
with the digital imagery data. The accuracy of this classification was 94%, which I
assessed from vegetation type determined from 105 independent sample sites.

To assess changes in woody vegetation cover affecting tree growth, I extracted
pixels within a 20 % 20 matrix surrounding slab locations. The size of this matrix was
estimated to include the sampled tree and immediate neighbors based on the average size
of observed Texas red oak canopies in the field. I then determined the fraction of pixels
within each matrix that changed from woody to non-woody classification assessed
between photographed years (e.g. 1937-1951). The tree slabs were then separated into

two groups for each photographed time interval: (1) sites showing > 50% pixels changed
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from woody to non-woody classification within the matrix (interpreted as loss of
neighbors) and (2) sites with no or < 50% pixel classification change. These fractions
represent potentially significant changes in growing space for trees based on
classification change.

To assess changes in woody vegetation cover on tree initiation, I reclassified the
20 x 20 pixel matrix surrounding each sampled tree slab site as either closed-canopy,
where > 70% (280/400) of pixels classified as woody vegetation, or open-canopy, where
< 70% pixels classified as woody vegetation. The 70% fraction was based on my
observation for the study site as an average cover in which tree initiation may have
occurred under relatively closed-canopy conditions. To assess the potential canopy
environment during the first decade of each initiated tree’s growth, I determined the
change in classification of canopy openness between successive photographed years for
each sampled location. For each tree, I used the year intervals for successive photographs
pairs that included the tree’s initiation year to assess change in canopy openness derived
from photographic classifications. I also performed this same analysis for the fire-scarred
slabs to assess changes in canopy openness between photographed intervals that included

the year of fire occurrence.

Analysis of Loss of Neighbors and Fire Effects on Trees

To assess tree-ring response to the potential effect of changes in woody vegetation
cover and fire, I used ANOVA to test for significant (p<0.5) differences in absolute tree
growth between average BAI of tree slabs from the photograph time intervals. We then
repeated the ANOVA with RWI’s as a form of comparison using standardized indices.

Each photograph time interval was categorized into either loss of neighbors and fire, loss
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only, fire only, or no loss-no fire. These comparisons were controlled for climate by only
comparing tree slabs within the same photograph time intervals, with annual tree ring
variation influenced by the same period of climate. All BAI and RWI data were
determined as having homogeneous variance and being normally distributed with the

Levene’s test and Kolmogorov-Smirnov test respectively.

Analysis of Fire Frequency

To assess possible changes in fire frequency, I used methodology from Reed
(2001) where time-since-last-fire was plotted as the cumulative percent of sampled slabs
on a logarithmic scale against time-since-last-fire. I used the most recent fire scar to
determine time-since-last-fire for each sampled tree. To detect changes in the derived
curve produced by this plot, I used a sequential Student’s #-test to determine statistically
significant shifts in the running mean of the cumulative frequency of fire events
(Rodionov and Overland 2005). Temporal autocorrelation in the cumulative frequency of
fire events was removed via a first order autoregressive model prior to testing. In the
derived curve, the instantaneous slope value represented the cumulative frequency of fire
events based on the most recent fire scars. I interpreted statistically significant changes
in the slope, based on a sequential 2-tailed #-test (o = 0.1), which allowed us to divide the
curve into segments based on these significant slope changes as epochs representing
relatively constant fire frequency. In addition to my analysis of fire frequency changes, I
also evaluated the fire return interval as both the Weibull median interval and mean
interval derived with FHX2 software developed by Grissino-Mayer (1995) with a

minimum of two fire-scarred trees used to denote a fire year. We used a minimum of
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two fire-scarred trees as a filter for non-fire wounds that look similar to fire scars

(McEwan et al. 2007).

Analysis of Climate

To assess climate effects on tree-ring response, mortality, and fire, I used the
Palmer Drought Severity Index (PDSI) which is an accepted and widely used climate
proxy related to variation in RWI’s (Grissino-Mayer and Swetnam 2000, Speer et al.
2009). The PDSI is a standardized index of soil moisture based on temperature and
precipitation (Palmer 1965). Gridded annual instrumental PDSI’s were obtained from the
NOAA Paleoclimatology Program for the closest point (29.0°N 98.5°W) to my study site.

Based on sequential application of the Student’s #-test following application of a
first order autoregressive model (Rodionov and Overland 2005), I initially detected two
changes in the running mean of all tree slab RWI’s, which divided the running mean into
three time intervals that included: 1937-1956, 1957-1978, and 1979-2004. Because
changes in species dominance can potentially be detected with changes in mean primary
production (Biggs et al. 2009), I analyzed each time interval separately assuming that
these intervals represented novel conditions in the community which may respond to
climate differently. I next calculated the Spearman’s rank coefficient between average
RWTI’s and annual PDSI’s for each detected time interval. I also used DendroClim 2002
(Biondi and Waikul 2004) to assess the relationship between monthly PDSI values and
RWT’s for the entire time interval 1937-2004 using correlation and response functions to
assess both an overall relationship and changes in the relationship through time using
moving intervals. Correlation and response function coefficients are derived from

univariate estimates of Pearson’s product moment correlation and multivariate estimates
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from a principle components regression model respectively. Confidence intervals to
estimate significance are derived within the program from bootstrapping to generate 1000
random samples. Monthly historical PDSI data for the Edwards Plateau region of Texas
was obtained from the NOAA Climatic Data Center.

Finally, I assessed the relationship of sampled tree mortality to climate with a
one-sample chi-square test using observed frequencies of tree mortality in dry years
(negative annual PDSI) and wet years (positive annual PDSI) to expected frequencies
assuming mortality occurred in dry and wet years equally for the years for 1971-2000.
This time interval was determined based on the range of sampled tree mortality and
excluding five years prior to when I began sampling in 2005. For comparison, I also
plotted mean annual BAI for all samples between 1937-2004 with PDSI and RWI.

To assess the relationship between climate and fire occurrence, [ used a
superposed epoch analysis (SEA) (Swetnam, 1993) using FHX2 software (Grissino-
Mayer, 1995). In SEA, climate data, in this case annual PDSI’s, are averaged before,
during, and after each recorded fire event defined as years with a minimum of 5 fire scars
recorded for separate tree slabs. [ used 5 scars as a conservative estimate of landscape-
level fire occurrence. Significance was determined using 1000 bootstrapping simulations

based on the data to determine 95% confidence intervals.

Analysis of Slope, Aspect, and Interactions

Because of the distinctive hill and valley morphology of the study area, I also
assessed topographic influence on tree initiation and fire occurrence. To test this, I first
derived topographic slope and aspect from 30 m resolution digital elevation model

(DEM) data for the area obtained from the Texas Natural Resource Information Service.
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Rather than use point locations of each tree sampled which may have included random
errors within the DEM data, I calculated average slope and aspect values from a 7x7
pixel matrix centered on the point locations of trees sampled. I initially assessed
differences between the proportion of observed trees sampled on flat (<10°) and steep
(>10°) sites compared to expected proportions derived from the entire study area. I
derived expected proportions from the topographic slope and aspect data by constructing
a uniform 30 m grid of points covering the sample area. Then, I grouped samples
according to number of fire scars and repeated the analysis. To test combined effects of
topographic aspect, slope, and fire, I compared observed frequencies for samples grouped
by topographic aspect in the four cardinal directions for all trees slabs collected and fire-
scarred trees on steep slopes (>10 °) using a one-sample chi-square test.

To assess possible interactions between tree ring changes, loss of neighbors, fire,
slope, and aspect,  used ANOVA on BAI’s and RWTI’s for each tree slab averaged for the
years of the five photographic intervals. Between subject factors included woody
vegetation cover and fire classification (loss-fire, loss-no fire, no loss-fire, no loss-no
fire), slope (flat, steep) and aspect (north, east, south, west). Criteria for classification of
woody vegetation cover and fire, slope, and aspect were the same as the previous
analyses. All BAI and RWI data were determined as having homogeneous variance and
being normally distributed with the Levene’s test and Kolmogorov-Smirnov test
respectively. I used a Bonferroni correction for multiple comparisons for post hoc

analysis of interactions.
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Results

The mean annual BAI for all samples was 453 + 174 mm?/yr. For mean annual
RWI, the value was 1.00 + 0.22. Initiation of most trees occurred within the time
intervals 1910-1919 and 1940-1949. I observed that 25% of total samples initiated
during 1940-1949. The average age of trees sampled was 66.2 y, with individual tree
series ranging from 20 to 138 y. Seventy four percent of trees sampled died between
1971 and 2004 before sampling started in 2005. Of trees sampled, 84% were multi-stem
trees. Series statistics derived from COFECHA included series intercorrelation (0.44)
and mean sensitivity (0.35) (Table 3.1). Problem segments, which are segments of
individual tree ring series with low series intercorrelation (< 0.37), made up 30% of all
segments tested. Of these problem segments, almost half contained fire scars. The

derived EPS value remained constant with a value of 0.99 from1937 to 2004.

Table 3.1. The results from analysis using COFECHA for all samples are shown

Ring Series Variable Value
Number of dated series 372
Master series (y) (1874-2007) 134
Mean length of series (y) 66.2
Total number of rings measured 24295
Series intercorrelation 0.44
Mean sensitivity 0.35
Segment length (no of ring units used) 40
Percent problem segments 30%
Percent problem segments with fire scars 13%

Change in Woody Classification and Fire
The average percent change in woody vegetation classification within the 20 x 20
pixel matrix surrounding sampled trees from the historical air photos was -0.2% , -6.6%,

-3.5%, 2.1%, and 3.4%, for the photographed time intervals of 1937-1951, 1951-1964,
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1964-1980, 1980-1995, and 1995-2004, respectively. My analysis of canopy openness
showed that 179 (48%) sampled trees initiated under closed-canopy conditions that
remained classified as closed-canopy between photographed time periods (Fig 3.2). For
fire-scarred trees, 233 (63%) fire scars occurred within closed-canopy stands that

remained as closed-canopy.
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Fig. 3.2. Woody vegetation cover surrounding sampled trees is shown. The number of all
trees sampled, initiations, and fire scars identified for all photographed time intervals
maintained as closed canopy (> 70% pixels classified as woody vegetation cover), open
canopy (< 70%), or having converted between closed and open canopy classifications are
shown.

I found that 123 (33%) fire scars were detected within the 1950-1959 time
interval, which was the highest number of all decades analyzed (Fig 3.3). For 74% of fire
scars detected, wounding was apparent in the dormant or early wood of the tree ring
indicating potential fires during late winter or early spring. The derived Weibull median
fire interval and mean fire interval was 2.2 y and 2.6 y respectively for the entire fire scar

record (1917-2001) with a maximum interval of 14 y (Fig 3.4). My analysis showed

significant changes in the cumulative frequency of fire and initiation events over time
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represented by changes in slope of the curve at 1935, 1940, 1948, 1952, 1956, and 1964
(Fig 3.5). 1did not include changes detected prior to 1935 because the sample pool was

less than 10% of total trees collected.
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Fig. 3.3. The histogram shows the initiation (pith date) and fire-scar years for all trees
sampled in 10-year bins. The sample depth is shown above the histogram and illustrates
the percent running total of initiations (equivalent to total tree slabs collected) and fire
scars for each 10-year bin.

For all photograph time intervals, I found no significant differences of average
BATI’s for sites with different canopy conditions and fire occurrence over time; however,
higher average BAI values for trees were noted for photograph time intervals with loss of
woody vegetation ( > 50%) and evidence of previous fire (Table 3.2). A general trend of
higher to lower average BAI existed for loss-fire, loss-no fire, no loss-fire, and no loss-no
fire categories respectively. For analysis of RWI’s, I found no significant differences

between average values for combined canopy loss and fire or canopy loss and fire

analyzed separately (Table 3.2). As with BAI results, I found higher average RWI’s for
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photograph time intervals for trees with loss of woody vegetation and evidence of

previous fire; however, trends were not as apparent.
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Fig.3. 4. The sample depth and composite fire scar chronology results from FHX2
(Grissino-Mayer, 1995) are shown.
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Fig. 3.5. The sample depth and cumulative frequency of time-since-last-fire events for all
tree slabs are shown. Arrows indicate statically-significant changes in the slope of the
cumulative frequency of fire events, which divided the curve into intervals of constant
fire frequency for 1935-1940, 1941-1948, 1949-1952, 1953-1956 and 1957-1964, and
1965-2004.
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Table 3.2. Mean BAI and RWI values of tree slabs with and without loss of surrounding
woody vegetation and fire scars for aerial photograph time intervals 1937-1951, 1951-
1964, 1964-1980, 1980-1995. The photograph time interval 1995-2004 contained too

few tree slabs in the loss and fire categories to analyze.

1937-1951 1951-1964 1964-1980 1980-1995
Loss-Fire Mean Mean Mean Mean
Classification BAI SE BAI SE BAI SE BAI SE
Loss - Fire 400 98 498 203 745 203 510 115
Loss - No Fire 303 68 411 69 587 145 647 74
No Loss - Fire 348 47 335 30 560 54 674 167
No Loss - No Fire 251 31 359 36 541 51 469 58
Mean Mean Mean Mean
RWI SE RWI SE RWI SE RWI SE
Loss - Fire 1.084 .108 1.016 .129 1.171 133 .900 125
Loss - No Fire 862  .079 1.188 .098 1.173 .078 .902 .051
No Loss - Fire 907  .051 1.074 .047 1.136  .036 756 .085

No Loss-No Fire .864 .026 1.029 .031 1.163 .021 .865 .023

Climate Influence

Spearman’s rho values indicated significant correlation between average RWI’s
and annual PDSTI’s for the time intervals 1937-1956 (r = 0.63, P=.05) and 1957-1978 (r =
0.65, P=.001) (Fig 3.6). No correlation after 1978 was detected. For the interval from
1937-1956, the average RWI value was 0.86 and average annual PDSI value was -1.26.
For the interval from 1957-1978, the average RWI value was 1.21 and average annual
PDSI value was 0.74. For the interval from 1979-2004, the average RWI was 0.91 and
average annual PDSI was 0.52. Analysis with DendroClim 2002 indicated a significant
correlation between RWI and PDSI values for the fall months prior to ring formation
through the growing season months of ring formation s (P <0.05), with the highest
correlations between same-year RWI and warm season PDSI (April-June) values.
Analysis of same-year warm season PDSI and RWI values with moving intervals

indicated that this relationship became less significant in recent decades. Finally,
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mortality of sampled trees occurred more frequently for dry years (y*= 8.9, P=.05) during

the time period from 1971 to 2000.
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Fig. 3.6. The sample depth, mean annual RWI, and mean annual BAI for all tree slabs
and annual PDSI for 1937-2004 are shown. Changes in the running mean of the annual
RWTI’s occurred at 1956 and 1978.

The SEA showed that fires detected from the analysis of the tree slabs occurred in
dry years indicated by extreme negative annual PDSI’s (Fig. 3.7). The 6 years preceding
fires were slightly drier with an average annual PDSI value of -0.05, but not significantly;

fire years had an average annual PDSI value of -1.18; and the 4 years following fire years

had an average annual PDSI value of 0.01.
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Fig. 3.7. The results of the SEA indicating average annual PDSI’s before, during, and
after fire years are shown. The dashed line represents 95% confidence intervals
determined from bootstrap simulations. Fire years (N = 16) were determined as years in
which a minimum of 5 tree slabs showed fire scars during a single year.
Analysis of Interactions

For all tree slabs, significantly more were located on steep slopes (57 %) than flat
slopes (43%) than expected for the study area (y° = 388.4, P=.05) (Fig. 3.8). I found no
correlation between slope and number of fire scars. Analysis of steep-slope samples
showed that tree slabs were collected significantly more on south-facing slopes (42%)
than expected for the study area (y*=71.3, P=.05). Aspect was not influential for samples
with < 2 fire scars. However, tree slabs with >3 fire scars were found more on south and
west-facing steep slopes than all other steep-slope slabs (x*=1.2, P=.05).

Results of ANOVA indicated significant interactions between loss of neighbors,
fire, and aspect for the 1937-1951 photograph time interval (F = 2.08, df =8), with higher
average BAI for east-facing aspects with loss and fire. I found a significant interaction

for loss of neighbors, fire, and slope for the 1951- 1964 photograph time interval (F =

3.18, df =4), with higher average BAI on steep slopes with loss and fire. I also found a
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significant difference between aspect categories for the 1964-1980 photograph time
interval (F = 5.18, df =3), with higher BAI on north-facing aspects. Finally, I found a
significant interaction between loss of neighbors, fire, and aspect for the 1980- 1995
photograph time interval (F = 1.95, df =8), with higher average BAI for loss of neighbors
and fire on east and south-facing aspects. For RWI, significant difference between slope
categories existed for the 1951- 1964 photograph time interval (F = 4.22, df =1), with
higher average RWI for slabs from steep slopes. I also found a significant interaction of
loss of neighbors, fire, and slope for the 1980-1995 photograph time interval (F =4.16, df

=3), with higher average RWI’s for loss of neighbors without fire on flat slopes.

s

mNo Fire Scar @ One Fire Scar
Two Fire Scars A Three Fire Scars

Fig. 3.8. The topographic slope and aspect for all tree slabs, slabs with one fire scar,
slabs with two fire scars, and those with 3 or more fire scars are shown.
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Discussion

Tree rings are passive biological recorders of the environment that must be
critically assessed in the context of competition and disturbance factors in order to
accurately parse tree-ring responses attributed to past climate conditions. Comparison of
my tree rings with the master chronology showed that the mean series intercorrelation
value (0.44) was at the lower end of reported ranges for Quercus species in other studies
(0.37—-0.70) (Speer et al. 2009), indicative of a general mixed signal of environmental
conditions in the tree ring response of my sampled trees. I attribute lower series
intercorrelation to disturbances affecting variation in ring widths not common in all tree
ring series. This is supported by observation of lower series intercorrelation in tree rings
segments with fire scars. Fire may lower series intercorrelation within time segments
containing fire scars, resulting in anomalous ring growth (Holmes 1983). However, the
mean sensitivity value of 0.35 derived from the COFECHA analysis was relatively high
compared to other Quercus species (0.18 — 0.37), indicating a moderate potential
sensitivity to climate by Texas red oaks. Higher sensitivity of radial growth in this
species may be related to general low site water availability in which pulses of
precipitation during the growing season lead to fast and opportunistic growth patterns.

For my study, I included analysis of both BAI values derived from raw ring-width
data and standardized RWI’s. In general, raw BAI’s are a more true representation of an
individual tree’s growth, as they quantify changes in basal area (mm?”) (Johnson and
Abrams 2009, Heres et al. 2011); whereas RWI’s have had the growth trend removed and
are expressed in dimensionless units. Because RWI’s have the advantage of being

standardized for better comparison among trees, while retaining year-to-year variation,
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they are often used for correlation to annual climate proxies such as PDSI values (Speer
et al. 2009).

Potential loss of neighbors, interpreted from changes in the classification of
woody vegetation cover from the historical aerial photographs, and fire did correspond to
increased average BAI for the sampled Texas red oaks, although not significantly.
Results using RWI’s were similar, although clear trends were not as apparent. This
supports evidence from gap-phase dynamics studies in other oak woodland ecosystems
(Abrams et al. 1998, Collins and Battaglia 2008). Significant growth release response
observed in oak species from other climactic zones may be attributed to light limitation
which affects trees growing under thicker canopies in wetter climates. Canopy gap
formation may not significantly increase Texas red oak growth as indicated by the BAI
analysis potentially due to persistent low water availability. This result is important for
management as techniques such as thinning alone may show limited improvement in
vigor of mature trees.

I found that most of the current BCNWR population of Texas red oaks initiated
under closed-canopy environments that I interpreted from the remotely sensed
classification. This result does not suggest that the ideal setting for establishment of new
trees is under closed canopies; rather it denotes the legacy conditions for establishment of
current mature trees from the recent past. I have no information about recruitment
success under closed-canopy stands as the trees I sampled were the mature survivors of
initiation. However, recruitment of seed-generated Texas red oaks is increased under

high light conditions where herbivory is reduced (Russell and Fowler 2004). In addition,
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studies of other Erythrobalanid species show significantly higher rates of basal sprouting
and tree initiation success with high site irradiances (Dey et al. 2008).

If most of the Texas red oak trees sampled for this study originated under full
canopies, indicated by the remote sensing interpretation, then the conditions for the
current oak population were potentially established when initiation peaked during the
1940-1949 time interval (Fig 3.3). Current canopy conditions of the woodlands may be
even less favorable for Texas red oak initiation (and fire) than those for the 1940-1949
period. Evidence from the remote sensing classification of woody vegetation for the
1937 photographs showed that the woodlands were comprised of smaller, discontiguous
patches (Murray et al., in review). Current woody vegetation covers approximately 64%
of the BCNWR, which is organized into large, contiguous patches. The change in
landscape structure is potentially a result of decreased woodcutting, fire suppression, and
habitat preservation for endangered species such as the golden-cheeked warbler.

However, the peak Texas red oak initiation in 1940-1949 proceeded the period of
highest fire occurrence for my samples, which was 1950-1959. This suggests that other
disturbance events, such as harvesting, ice-damage, and wind-damage to canopies, were
potentially responsible for top-killing events (Chagnon and Chagnon 2002, Bragg et al.
2003). For my samples, 84% were from multi-stem trees, indicating a high incidence of
regeneration from basal sprouting following top-killing disturbance. I also found that
initiation was high during 1910-19 with no identified cause. Both decades of 1910-1919
and 1940-1949 are associated with anomalously high occurrence of hurricanes that
affected Texas (Jarrell et al. 2001) potentially linking large storm events to woodland

succession for this region.
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I found that the above ground Texas red oaks life spans are relatively short with
an average age of 66.2 y within my study area. However, this age limit may be related to
disturbance, such as fire, which potentially constrains the Texas red oak population at
BCNWR. While aboveground stems live relatively short lives, persistence of
underground vegetative root structures may extend the total life of individuals, as has
been found in other oak woodlands (Clark and Hallgren 2003). For my study, I observed
that 84% of my samples exhibited basal sprouting in the typical rosette pattern of multi-
stem individuals. Asexual regeneration in Texas red oak, may increase its’ competitive
advantage over non-sprouting species (Pefia-Rojas et al. 2004, Rodrigo et al. 2004).

Findings of higher growth rates for trees with loss of neighbors and fire scars, as
indicated by the BAI analysis, also provides potential evidence for growth stimulation
from fire wounding (Iverson et al. 2008). Although growth differences between scarred
and unscarred trees may be an artifact related to localized wounding, I intentionally
avoided local ring deformations in my ring-width measurements. In addition to
individual tree growth, fires can increase oak dominance within these woodlands where
fire intensity is high (Reemts and Hansen 2008). Within BCNWR, Texas red oaks
showed higher growth for periodic surface fires when combined with loss of surrounding
vegetation, potentially due to increased basal sprouting as a form of recruitment.
However, the pre-fire vigor of trees is important to consider as prolonged drought can
induce carbon stress and reduce post-fire growth response from belowground
carbohydrate reserves in response to surface burning (Voelker et al. 2008).

The detection of fire is contingent on sensitivity of trees to surface burning (Baker

and Ehle 2001); however, red oaks generally have relatively thin bark (Peterson and
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Reich 2001) and wound easily by low-intensity ground fires (Sutherland 1997, Smith and
Sutherland 1999). With the use of fire scars, aerial photos, and PDSI, I determined the
fire regime of the past half-century for the study area may be characterized as frequent,
spatially variable, surface fires that occur mostly early in dry years. Both the Weibull
median (2.2 y) and mean (2.6 y) fire return intervals I estimated were on the low end of
fire return intervals found in other North American oak communities which range from
3.6 and 5.2 y, respectively, in a woodland-grassland transition to 7.6y and 8.4 y,
respectively, in more closed-canopy oak communities (Shumway et al. 2001, Guyette et
al. 2003, McEwan et al. 2007, Stambaugh et al. 2009). The short fire return interval
within the study site may be influenced by high herbaceous cover surrounding the woody
vegetation patches. My finding that fire scars occurred mostly during the dormant and
early portion of the growing season was also similar to other studies of mixed-species oak
communities (Sutherland 1997, Shumway et al. 2001, DeSantis et al. 2010).

Fires occurred more frequently in dry years and the 1950s were exceptional in
both drought and fire with the highest frequency of tree slabs with fire scars during the
1950-1959 period coinciding with the drought of record for Texas (NOAA National
Climatic Data Center 2011). Extreme climate-fire interactions potentially affect species
dominance, which were reflected in my results with changes in both fire frequency and
mean RWTI’s. Increased fragmentation of woody vegetation patches with higher
herbaceous vegetation may have resulted in increased fine fuel loading contributing to
increased fire events during this period (Murray et al., in review). Also, lower fire
occurrence observed beginning in the 1970s may be due to active fire suppression

associated with the wildland urban interface coupled with increased contiguity of juniper
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patches and decreased grassland fine fuels. This supports simulations by Fuhlendorf et
al. (1996) where they found sharp reductions in herbaceous biomass with fire intervals >
20 years in juniper-dominated woodlands.

Climate correlated with tree ring response for 1937-1956 and 1957-1978. For
1937-1956, decreased RWI’s were potentially due to drought conditions represented by a
mean annual PDSI value of -1.26. During 1957-1978, average RWI’s were higher and
potentially related to higher moisture availability, with a mean annual PDSI value of
0.74, or benefits associated with increased fire noted in the previous time period. After
1978, RWI’s and annual PDSI’s were not correlated. Analysis in DendroClim 2002 with
monthly PDSI values generally supported these results and indicated that growing season
PDSI had the highest correlation with RWI’s. Decoupling of tree growth from climate
has been detected in other woodland systems (Wyckoff and Bowers 2010), and is an
important finding which will require further study with possible mechanisms including
decreased tree vigor related to sampling mostly dead trees, increased competition from
Ashe’s juniper (Diamond 1997), increased surface ozone concentration from Austin, TX,
automobile traffic (Felzer et al. 2007), and widespread outbreak of the oak fungal
phytopathogen Ceratocystis fagacearum in 1975 (Appel 1995). Although average annual
BATI’s were not analyzed for shifts because they were not detrended and indexed, it
appears a change in the mean or variance was apparent sometime near 1956.
Disturbance-related reorganizations within ecological systems can be detected with
changes in the mean, variability, or correlation of certain variables within the system

(Biggs et al. 2009), along with changes in disturbance frequency.
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I found that fire frequency changed five times during my study period: 1940,
1948, 1952, 1956, and 1964. I do not include 1935 here because the shift in the running
mean detected may have resulted from changes in the overall number of tree slabs found
initiating pre-1935. The corresponding annual PDSI’s for these years were 0.84, -2.14, -
3.64 -5.17, and -2.84 respectively, implying that disturbance frequency changes may have
been associated with drought. Although the annual PDSI for 1940 was > -1.0, the annual
PDSI value for 1939 was -2.70, which either suggests a one year lag between onset of
extreme dry conditions and increased fire occurrence or an artifact of using annual
values. The change in both fire frequency and average RWI’s I found at 1956 is likely
associated with extreme and prolonged dry conditions during the 1951-1956 drought with
an average annual PDSI of -4.13 (NOAA National Climatic Data Center 2011). The year
1956 (PDSI = -5.17) was associated with increased fire occurrence followed by
subsequent increased average RWI’s (1.21) during the time interval 1957-1978.
Analyses using fire scars to determine time-since-last-fire may be affected by factors
such as the stochastic nature of fire and the sensitivity of sampled trees to fire (Baker and
Ehle 2001).

The SEA analysis supported conclusions that fire occurrence and drought are
associated in this ecosystem but that antecedent fuel loading or conditions are not as
important as in other ecosystems (Stephens et al. 2003, Swetnam and Baisan 2003). In
this region, fire spread is more dependent on extreme fire weather such as dry fuel, low
relative humidity, and high wind. During drought conditions, low humidity persists
overnight, overriding fine fuel moisture limits that typically restrict fire spread between

successive days in the study region. However, fire ignitions are most likely
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anthropogenic within the period of analysis, as has been found in east-central Oklahoma
in the last century (DeSantis et al. 2010). The SEA results support my hypothesis that
fires are associated with periodic extreme droughts that potentially cause rapid
community change in the study area.

Texas red oaks have been previously reported to be associated with limestone-
dominated hillslopes in this area without association with topographic aspect (Diamond
1997). My attempt to representatively sample all topographic environments within the
BCNWR was contrasted by the result that most trees I collected were from south-facing
slopes, which are typically dry and hot in this region. This supports evidence that oaks
may be more competitive on drier sites with higher potential fire frequency (Iverson et al.
2008). However, because I preferentially sampled dead trees, I may also conclude that
mortality may be more prevalent in these environments, requiring more information to
clarify this result.

When I analyzed differences in average BAI associated with loss of neighbors and
fire with slope and aspect, I found significant interactions which generally supported my
interpretation of additive effects of slope and aspect. For the photograph time interval
1937-1951 and 1980-1995, I found significantly higher average BAI for east and south-
facing aspects with loss of neighbors and fire. These topographic aspects have also been
found to be associated with repeated disturbances (Murray et al. in review) which may
favor Texas red oak dominance. We also found significantly higher BAI from 1951-
1964 on steep slopes with loss of neighbors and fire. Texas red oaks have been found to
be associated with seepage zones near the tops of slopes in this region (Diamond 1997).

From 1964-1980, I found significantly higher BAI on north-facing aspects, regardless of
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loss or fire. The additive effects of slope and aspect I determined for the BAI analysis
were not as apparent for the RWI analysis. For average RWI values from1951- 1964, 1

found significantly higher RWI for slabs from steep slopes.

Conclusions

Given the documented failure in recruitment from sexual reproduction (Russell
and Fowler 2002), general decline in oak dominance within this community type may be
linked to conditions of past and present asexual tree initiations, altered competition from
decreased fire occurrence, and periodic drought. I determined that loss of neighbors and
fire increased BAI, especially when topography was considered. Climate appears to be
an important influence on RWI’s, with water an important limiting factor in this region.
In 2011, this area received little or no precipitation during the entire growing season and
average PDSI’s were < - 4.0, with observed increased tree mortality and fire occurrence
across the region. With future climate projected to potentially include more periods of
extreme drought, understanding growth responses and interactions of oaks to
competition, fire, and climate is important for predicting impacts of continued land use

and climate change on remnant oak woodlands as critical habitat.
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CHAPTER FOUR

Shaded Fuel Breaks Minimally Affect Microclimate of Woodland Patches

Introduction

The wildland-urban interface (WUI) is a geographically defined zone where
human-dominated land uses intersect natural vegetation and is based on the potential for
wildfire. In the U.S., WUI’s cover approximately 719156 km” and are of increasing
concern to natural resource managers because of the potential legal liability of public
lands with regard to fire risk (Radeloff et al. 2005). Within WUTI’s, the proximity of
flammable vegetation, concentration of human dwellings, and increased ignition sources
increase the risk of fire spread (Platt 2010). Reducing fire risk has been approached
using shaded fuel breaks (SFB’s), which are created by removal of woody ladder fuels
along woody vegetation patch edges to reduce the potential of canopy fire initiation
(Agee et al. 2000). In juniper-dominated woodland systems, this risk may be increased
as trees do not self-prune lower branches in the open-grown conditions at the edge of
patches, resulting in high densities of ladder fuels (Correll and Johnson 1970).

Both the horizontal and vertical physical structure of woody patch edges affect
microclimate within the interior (Chen et al. 1999). The degree and length of these ‘edge
effects’ depends on the difference in vegetation types that compose the patch and
surrounding matrix, with the spatial structure of the edge vegetation being particularly
important (Risser 1995). For example, a contiguous closed-canopy conifer forest patch
adjacent to herbaceous cover will have relatively cooler and moister understory daytime

conditions with increasing distance from the edge (Chen et al. 1995). A previous study
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by Chen (1999) indicates that the magnitude and change with distance from patch edge to
interior for temperature and relative humidity is contingent on vegetation type and
landforms. Generally, patches with low density vegetation at the edge, such as in conifer
forests, have gradual microclimate changes with distance from the edge that may extend
up to 100 m into the forest interior (Chen et al. 1995, Didham and Lawton 1999, Meyers
et al 2001, Godefroid et al. 2006). Patches with high densities of woody vegetation at the
edge, such as found in tropical forests, often have interior microclimate changes limited
to within 50 m of the edge (Williams-Linera 1990, Williams-Linera et al.1998, Davies-
Colley et al. 2000). Tree cover also decreases interior environmental variability, such as
temperature extremes, relative to adjacent herbaceous areas (Chen et al. 1999, Meyer et
al. 2001).

Woodland patches growing in warm, semi-arid conditions have heterogeneous
structural complexity from potentially stunted growth forms of the comprising species,
which complicates consistent detection of changes in microclimate with distance from
patch edges (Wright et al. 2010). Woodlands are generally defined as semi-open stands
of trees > 5m tall, comprising 25-60% cover (Kuchler and Zonneveld 1988, Grossman et
al. 1998), which often form patches in semi-arid systems. Leaf area generally increases
with distance from the patch edge to interior (Chen 1992, Malcom 1994); however,
variation in interior and patch edge structure in more open-canopy woody patches results
in higher spatial variability of leaf area in woodlands as compared to forests (Scurlock et
al. 2001). Altering intact vegetation along patch edges, such as from creating SFBs, adds

to this variability and potentially changes energy and momentum transfer through
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changes in radiation and wind, with resulting changes in wood patch interior
microclimate (Matlak 1994).

Wind, as an advective force, transports air masses with different temperatures and
humidities across woodland patch edges, potentially affecting interior microclimate
(Miller et al. 1991). This is dependent on patch edge orientation, wind speed, and wind
direction (Matlack 1993, Chen et al. 1995, Newmark 2005). In addition, differences in
vegetation type of the edge and interior affect wind speed due to changes in roughness
length (Chen et al. 1995). For example, winds in grasslands are generally much higher
than inside adjacent closed-edge contiguous woody vegetation patches (Wiens et al.
1985, Davies-Colley et al. 2000). Previous studies in forest systems have found that
wind decreases more or less continuously from outside into uniform canopy structure
(Raynor 1971, Chen et al. 1995). However, wind within woodland systems has been
found to be more variable (Freifelder et al. 1998, Wright et al. 2010). In these systems,
heterogeneous vegetation disrupts patterns of airflow and causes increased turbulence,
with areas of low pressure creating wind eddies, which sometimes counter and sometimes
reinforce air flow, creating gusts and lulls that further affect transport of energy (Noval et
al. 2000, Dupon and Brunet 2006).

The effect of wind on woody patch microclimate may have seasonal differences.
Daytime winds during warmer months have been found to transport warm, dry air into
open-edged interior patches affecting growing conditions for interior vegetation (Chen et
al 1999, Hernandez-Santana et al. 2011). However, wind can also cool woodland

interiors by increasing sensible heat conductance and latent heat flux of the canopy
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(Campbell and Norman 1998, Harper et al. 2005). In the absence of wind, vegetation
transpiration may increase vapor pressure within and below-canopy space (Tuller 1973).

Daily differences between external and woody patch interior temperature and
relative humidity values are generally largest during daytime, clear-sky conditions
(Williams-Linera 1990, Chen et al. 1995, Williams-Linera et al.1998, Davies-Colley et
al. 2000). At night, woody patches may retain heat relative to outside due to the higher
thermal intertia of moist vegetation; however, temperature and relative humidity
differences between the outside and interior parch are less than daytime (Porte et al.
2004). Microclimate between outside and inside woodland patches is more similar
during transitional times of the day and seasons, such as morning and evening, and fall
and spring seasons (Chen et al.1992, Newmark 2005).

Studies of microclimate changes associated with perturbation of patch edges have
been performed over a range of cover types. These studies include closed-canopy
conifer, deciduous, and tropical rain forests adjacent to a variety of cover types (Chen et
al. 1995, Williams-Linera et al. 1997, Didham and Lawton 1999, Meyer et al. 2001,
Godefried et al. 2006). However, few have been conducted in more open-canopy type
woody vegetation found in woodland systems similar to my study site (Freifelder and
Vitousek 1998, Wright et al. 2010). Here, I expect that woody patches are protected
microenvironments and structural changes in edge vegetation related to SFB creation will
change the interior microenvironment; however, these changes will potentially be to a
lesser degree and more variable than those detected in forests patches.

In this study I show changes in leaf area, wind speed and direction, temperature,

and VPD across intact edges of woody patches and those associated with SFB
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perturbation. I theorize that interior leaf area and wind influence microclimate through
shading, buffering, and transporting energy at the edge. I expect that alteration of edge
structure will cause measureable changes in temperature and humidity with increasing

distance from edges into woody patch interiors.

Methods

Study Site

To assess the effect of SFB on woodland patch microclimate, I chose Balcones
Canyonlands National Wildlife Refuge (BCNWR), a woodland region located along the
eastern edge of the Edwards Plateau, northwest of Austin, Texas, managed by the U.S.
Fish and Wildlife Service (USFWS). Within BCNWR, woody vegetation forms patches
within grasslands which is a common vegetation configuration throughout the Southwest
Plateau and Plains Dry Steppe and Shrub Province ecoregion of the U.S. (Bailey 1988).
These woody vegetation patches consist primarily of Ashe’s juniper (Juniperus ashei), an
evergreen, and various hardwood codominant species, such as Texas red oak (Quercus
buckleyi), plateau live oak (Quercus fusiformis), scalybark oak (Quercus sinuata var.
breviloba), and escarpment black cherry (Prunus serotina var. eximia). Individual
patches often exceed 60% cover; however, overall woody vegetation covers
approximately 60% of the area across the landscape (Murray et al. in press).

Surrounding these patches are open grasslands dominated by Schizachyrium
scoparium (little bluestem) and Bothriochloa ischaemum (King Ranch bluestem).
Typically, these woodland patches are located along the upper slopes of canyons in the

refuge bounded on both lower and upper slopes by grasslands. The refuge manages these
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woodland patches for the federally listed golden-cheeked warbler (USFWS 1992), which
require mature woody vegetation patches with high canopy cover for breeding habitat

(Robbins 1981).

Woodland Patch Edge Modifications

In 2005, the USFWS began creating SFB’s at BCNWR to reduce the risk of
wildfire moving from grasslands into woodland canopies by edge ladder fuels. These
SFB’s consisted of removing aerial fuels up to 2 m from the soil surface by vertically
trimming branches, both live and dead within a swath of 25 m along woodland edges.
These SFB’s were located primarily along the perimeter of the refuge adjacent to
residential areas to reduce fire risk in the WUI. Within the refuge, modified versions of
the SFB’s were also created in conjunction with prescribed burning in adjacent open
grasslands. These modified SFB’s included removing all aerial fuels 2 m above the soil
surface vertically for 5 m into the woody patch edge rather than 25 m. The 5 m SFB’s
were created to reduce the potential for canopy fire spread given that occasional
individual tree torching along edges of some woody patches occurred during prescribed
fires in adjacent grasslands.

For this study, I utilized areas that had been affected by the two types of SFBs
along woodland patches in the BCNWR as treatment types which included: 1) edges
with SFB comprised of fuel removal 25 m from the edge into the patch, referred to as a
25mSFB, which included sites SFB1 and SFB2, and 2) edges with fuel removal 5 m from
the edge into the patch, referred to as a SmSFB, which included sites SFB3 and SFB4.
Differences in the SFB types were due to attempts by BCWNR managers to refine cutting

to minimize impact on golden-cheeked warbler habitat. To reduce confounding effects of
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edge orientation and topography, I chose sites with south to south-west facing orientation.
Sites with any SFB at edges were referred to as cut. In addition, I established companion
sites with similar landscape orientation, tree composition, and age without SFB, which I
referred to as control. Within each control and cut site, I located 10 points to establish
climate stations outside and interior to the woody patch edge at distances Sm, 35m, and
65m. Within each site, climate stations included: 2 reference stations located 5m outside
from the woody patch edge, 3 stations located Sm interior from the woody patch edge, 3
stations located 35m interior from the woody patch edge, and 2 stations located 65m

interior from the woody patch edge (Fig 4.1).

65m © o
35m o o) o
Sm = o o
Ref © o
»\ SFB p\ Control
/ ", ~, .,/l l\‘x i, [ \\ /t\\ A i
(5/ I;{rt l‘,\ r'lll.{l Ik,/ [rr}/y %.{’f Jl\l'\
| ‘-\.. r"l Y P H \\l/ n ".I / . N B r’ . ""T\
REER N YA T O B AT A
{7 [ Sy Pl e {{’ U) WA TE A S LN { S
{'y \.\_ , ]\ r‘\r{ I“"f”; ] N w7 Q J ,I\{J: < rri ) <[ il q. ll
A2 ) : A A ) ! 1
NS Ll UJ | 1 f\@ﬁf-’mlf\. oSl |
65m 35m Sm Ref 65m 35m Sm Ref

Fig. 4.1. The above figure represents a view from the side and overhead of climate
station placement within monitored cut and control sites including climate stations at
reference points Sm outside of the edge and Sm, 35m, and 65m distances from the edge
into the interior woody patch.
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Leaf Area

To assess woodland patch canopy conditions, I measured leaf area index (LAI)
approximately bi-monthly at each point for each control and cut site using an LAI-2000
(Li-Cor, Lincoln, NB) (Fig 4.1). The LAI is defined as the one-sided area of leaves per
unit ground surface area, and is an indication of the amount of solar radiation passing
through the vegetation (Campbell and Norma 1998). These data were collected

bimonthly for one year concurrently with my hourly microclimate data collection.

Wind

Wind speed and direction were measured with anemometers that recorded hourly
average wind speed (m/s) and direction, and highest hourly instantaneous 3s gust speed
(m/s) (HOBO Wind Speed Smart Sensor model #S-WSA-M003, HOBO Wind Direction
Smart Sensor model #S-WDA-M003, Onset Computer Corporation, Bourne, MA). I was
limited to four anemometers which I located as pairs at 2 m above soil level with one
located outside the woodland patch at the reference point with simultaneously monitoring
of a second anemometer located at varying interior site distances of 5, 35, and 65 m (Fig.
4.1). The interior anemometer was monitored at each of these distances for
approximately one month. Prevailing winds in the study area are generally from the
south, with average wind speeds of 4.2 m/s + 0.4 and 3.9 m/s &+ 0.3 for cool and warm
seasons respectively (National Climatic Data Center, Climatic Wind Data for the United
States). For this reason, I felt that one month of measurement, regardless of time of year,
represented the dominant wind pattern affecting these patches. Data-logging
anemometers were not available until after the microclimate data was collected and used

in SFB2, SFB3, and SFB4, which were better protected from vandalism or theft.
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Temperature and VPD

At each site I monitored temperature and relative humidity with dataloggers
(HOBO HS8, Temp RH, Onset Computer Corporation, Bourne, MA) deployed across
woody patch edges and interiors (Fig. 4.1). Sensors were mounted on metal poles
approximately 2 m above soil level and covered by 10 cm white plastic enclosures
(plastic drinking cups) that were placed upside down over the dataloggers for protection
from precipitation and direct sunlight exposure. The sensors were small relative to the
size of the enclosure and were considered well-ventilated. Hourly temperature and
relative humidity data was recorded at climate station locations for one year (Fig 4.1).
Shaded fuel break and corresponding control sites were measured simultaneously for
each SFB type. However, because I had a limited number of dataloggers, SFB types

were monitored during different years.

Analysis

I analyzed LAI for cut and control sites by first separating my data into cool
(October-April) and warm seasons (March-September) to account for expected
phenology differences associated with deciduous tree species in the canopy. I then
calculated differenced LAI values (ALAI) by subtracting average interior LAI
measurements at distances Sm, 35m, and 65m and outside reference LAI for each season
to standardize values for comparison within and between sites (c.f. Wright et al. 2010).
For example, ALAI at 5Sm was calculated as the average LAI at Sm minus the average
LALI at the reference. I first tested for within-site ALAI differences using repeated-
measures ANOVA to compare ALAI values between 5 to 35 m and 35 to 65 m to

determine if significant differences existed between each successive distance from the
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edge into the patch interior. I referred to these as within-site differences. Next, I
compared ALAI values of control and cut sites measured at the same distance from the
edge with ANOVA. For example, for 5Sm distance from the edge, I compared ALAI of all
control and cut sites with one another. I referred to these as between-site differences. If
significant differences were found, pair-wise comparisons were tested for significance
with Fisher’s Least Significant Difference (Fisher’s LSD) (p < 0.05). Finally, I tested
for significant differences in LAI between the outside reference and 5Sm distance from the
edge for each site with a repeated-measures t-test.

For wind, I restricted my analysis to the time periods when the mean wind
direction, determined from the outside reference anemometer, was perpendicular (+ 10°)
to the woody patch edge. I assumed that wind entering into the woody patch with this
orientation would have the highest effect on interior woody patch microclimate as a
potential transport mechanism for temperature and humidity from outside the woody
patch. For these specific time periods, I calculated differenced wind speed data (Awind)
by subtracting the interior hourly average wind speed measurements at distances 5Sm,
35m, and 65m from the outside reference wind speed. I also calculated differenced gust
speed data (Agust) by subtracting the interior hourly instantaneous 3s gust speed
measurements at distances Sm, 35m, and 65m and outside reference gust speed
measurements. Negative Awind and Agust values indicated higher outside reference
values than those in the woody patch interior.

I used repeated-measures ANOVA to test within-site differences at distances Sm,
35m, and 65m from the woody patch edge for both Awind and Agust. However, prior to

ANOVA testing, a constant value was added to all data to transform all data to positive
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values. This constant value was determined from the highest negative Awind and Agust
values, which were -2.48 m/s and -6.57 m/s respectively. Next, to test for between-site
differences, I compared Awind and Agust values of control and cut sites measured at the
same distance from the edge with ANOVA. If significant differences were detected,
pair-wise comparisons were tested for significance with Fisher’s LSD (p < 0.05). I also
tested for significant differences in wind speed and gust speed between the outside
reference and Sm distance from the edge for each site with repeated-measures t-tests.

I chose to convert measured relative humidity to VPD as a direct physical factor
potentially influencing plant-water relationships in the woodland patches. VPD is the
difference between the actual water vapor pressure (ea) and the saturation water vapor
pressure (es) that I calculated from measured temperature (T) and relative humidity (Rh)
using the Teten’s equation [VPD = ea-es; (ea) = Rh / 100 * es; (es) = 0.611 kPa * exp
(17.502 * T/ (T + 237.3°C))] (Campbell and Norman 1998).

For analysis of temperature and VPD, I first separated my data into day (1000 -
1500h) and night (2200 — 0600h) and cool (October-April) and warm (March-September)
seasons. These divisions were based on the preliminary analysis of my data based on
graphs of averaged monthly AT and AVPD data for daytime and nighttime periods for
each control and cut site. This preliminary analysis showed that temperature and VPD
had daily maximum and minimum values during these time periods with minimal
variation. I then averaged the data for each month for the warm (N=6) and cool season
(N=6) respectively. Next, I calculated differenced temperature and VPD values referred
to as AT and AVPD, respectively, by subtracting values at 5m, 35m, and 65m distances

from the outside reference temperature and VPD values. Negative values for AT and
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AVPD indicated higher outside reference values than those recorded at 5Sm, 35m, and
65m interior. I then made within-site comparisons of AT and AVPD between 5m and
35m distances and between 35m and 65m distances, with repeated-measures ANOVA to
account for distance-related correlation. Next, to test for between-site differences, I
compared AT and AVPD values of control and cut sites measured at the same distance
from the edge with ANOVA. Prior to ANOVA testing, a constant value was added to all
data to transform all data to positive values. This constant value was determined from the
most negative daytime AT and AVPD values for each season, which were - 6.4 °C and -
2.0 kPa for the warm season, and - 6.2 °C and - 1.3 kPa for the cool season respectively.
If significant differences were detected, pair-wise comparisons were tested for
significance with Fisher’s LSD (p < 0.05). All data were determined as having
homogeneous variance and being normally distributed with the Levene’s test and
Shapiro-Wilk test respectively prior to running the ANOVA. Finally, I tested for
significant differences in average T and VPD between the outside reference and Sm
distance from the edge for each site and season with repeated-measures t-tests.

Next I used Principal component analysis (PCA) as a form of data reduction to
reduce potentially correlated variables into a smaller number of principal components
(PC) and assess patterns in the data. Variables used in the analysis included daytime AT,
daytime AVPD, nighttime AT, nighttime AVPD, Awind, and ALAI. I separated the data
into cool and warm seasons and performed two PCA’s, one for each season. Because
some data had negative values, I transformed the data to positive values prior to analysis
with PCA by adding a constant (7) to all data. I used the Kaiser criterion, where PC’s

with eigenvalue values > 1 are retained (Kaiser 1960). An eigenvalue represents the
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amount of variance that is accounted for by a given PC. I considered a loading to be
large if its absolute value exceeded 0.40. I retained two components and used the
unrotated component solution to calculate component scores for the retained components.
I then plotted component scores from PC’s 1 and 2, with different symbols representing
control and cut sites at distances 5m, 35m, and 65m from the edge, to visually assess

patterns in the data and highlight similarities and differences.

Results

Leaf Area Index

Average warm-season control site LAI values for reference, Sm, 35m, and 65m
distances from the edge were 0.05 + 0.04, 1.50 +0.48, 2.21+0.31, 2.07 +£0.22 respectively.
Average warm-season cut site LAI values for reference, Sm, 35m, and 65m distances
from the edge were 0.13 £0.11, 1.33 +0.25, 1.59 £0.23, 2.31 £0.66 respectively. For the
cool season, average control site LAI values for reference, Sm, 35m, and 65m distances
from the edge were 0.03 £0.03, 1.44 + 0.38, 1.94 + 0.27, 1.94 +£0.09 respectively.
Average cool season cut site LAI values for reference, Sm, 35m, and 65m distances from

the edge were 0.10 £0.07, 1.43 £0.24, 1.50 £0.07, 2.10+ 0.51 respectively.

Warm Season

Within-site differences. All sites had significantly higher LAI at S5m distance from
the edge as compared to the outside reference site, with the exception of the SFB4 control
site. Analysis of within-site ALAI warm-season differences showed higher values with

increasing distance from the edge (Table 4.1). I found significant differences in ALAI
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values based on the within-site repeated measures ANOVA for three of the four control
sites at 35m distance from the edge compared to 5Sm, and two cut sites at 65m distance

compared to 35m.

Table 4.1. Average ALAI values + one standard error are shown for the warm season for
each site. Significant increases or decreases between consecutive within-site distances
from the edge are indicated as (+) or (-) respectively. Italicized values indicate
significant between-site control and cut differences at each distance. Positive ALAI
values indicate higher LAI values within the woody patches relative to outside.

Average Warm Season ALAI

Site Sm 35m 65m
25m SFBlcon (+) 1.63 £0.50 1.73 +£0.18 1.72 +£0.48
SFB SFBI cut (+) 1.16 £0.24 1.58 +£0.54 1.61 +£0.45

SFB2con (+) 1.79 £0.10 (+) 2.03 £0.23 1.91 £0.25
SFB2 cut (+) 1.40 £0.39 1.22 £0.29 1.41 £0.19
5S5m SFB3con (+) 1.64 £0.59 (+) 246 +0.81 227 +£0.63
SFB SFB3 cut (+) 124 £041 1.75 £0.42 (+) 2.80 £0.13
SFB4 con 074 £043 (+) 2.40 +£0.38 2,18 £0.53
SFB4 cut (+) 098 £0.12 1.28 £0.19 (+) 2.87 £0.37

Between-site differences. Analysis of between-site ALAI warm-season
differences showed that control site values were higher than corresponding cut sites at
each distance. Three sites (SFB2 con, SFB3 con, SFB4 con) had significantly higher
ALALI values in the control sites compared to those of cut sites at 35m distance from the
edge. Only SFB3 had significantly different ALAI at 65m distance from edge between

the control and cut sites.

Cool Season

Within-site differences. As with the warm season, all sites had significantly

higher LAI at 5m distance from the edge as compared to the outside reference site, with
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the exception of the SFB4 control site. Analysis of within-site ALAI cool-season
differences showed higher values with increasing distance from the edge (Table 4.2).
Significant differences in ALAI were found for the SFB2 and SFB4 control sites at 35m
distance from the edge compared to 5Sm and the SFB3 cut site at 65m distance from the
edge compared to 35m.
Table 4.2. Average ALAI values + one standard error are shown for the cool season for
each site. Significant increases or decreases between consecutive within-site distances
from the edge are indicated as (+) or (-) respectively. Italicized values indicate

significant between-site control and cut differences at each distance. Positive ALAI
values indicate higher LAI values within the woody patches relative to outside.

Average Cool Season ALAI

Site Sm 35m 65m
25m SFBlcon (+) 1.61 £0.17 1.82 £0.30 1.75 £0.36
SFB SFBI1 cut (+) 1.15 £041 1.31 £0.36 1.56 £0.39

SFB2con (+) 1.64 £+033 (+) 2.02 £0.30 1.93 £0.27
SFB2 cut () 1.64 £0.46 1.31 £0.28 1.49 £0.13
5m SFB3con (+) 1.51 £0.30 1.58 £0.41 1.91 £0.27
SFB SFB3 cut (+) 145 +£0.34 1.55 £0.57 (+) 254 £0.30
SFB4 con 0.87 £0.54 (+) 225 £0.41 2.05 £ 047
SFB4 cut (+) 1.09 £0.13 1.44 +£0.36 245 +0.51

Between-site differences. Analysis of between-site ALAI cool-season differences
showed that the SFB2 and SFB4 control sites were significantly higher at 35m distance
from the edge compared to the cut sites. Only SFB4 showed significant differences

between the control and cut site ALAI at 65m distance from the edge.

Seasonal Differences
Significantly different ALAI values were detected between the warm and cool
seasons for the SFB1 control site at 65m distance from the edge and the SFB2 cut site at

5Sm distance from the edge.
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Wind

From my measurements, the average control site reference, Sm, 35m, and 65m
distances from the edge wind speed values (m/s) were 1.35 £ 0.46, 0.51 £0.14, 0.28 +
0.12, and 0.32 £ 0.11 respectively. Average cut site reference, Sm, 35m, and 65m
distances from the edge wind speed values (m/s) were 1.67 £ 0.41, 1.00 + 0.46, 0.42 +
0.12,and 0.36 = 0.21 respectively. The average hourly instantaneous 3s gust speeds
(m/s) of all control sites for the reference, Sm, 35m, and 65m distances from the edge
were 4.59 +£1.41,2.42+0.97,1.29 £ 0.36, and 1.18 + 0.21 respectively. Average hourly
instantaneous 3s gust speeds (m/s) of all cut sites for the reference, 5Sm, 35m, and 65m
distances from the edge were 4.62 + 0.82, 3.78 + 1.88, 1.90 £ 0.59, and 1.38 £ 0.47

respectively.

Wind Speed

Within-site differences. Average wind speed was significantly lower within Sm
distance from the edge at all sites with the exception of the SFB2 cut site; however, no
consistent trend in Awind speed was noted for Sm, 35m, and 65m distances from the edge
(Table 4.3). Analysis of within-site average Awind speed differences showed that all
sites had significantly lower average Awind speed at 35m distance from the edge
compared to Sm. Of these, three sites (SFB2 con, SFB2 cut, SFB3 cut) had significantly
higher average Awind speed, one site (SFB3 con) had significantly lower average Awind
speed, and two sites (SFB4 con, SFB4 cut) were not significantly different at 65m

distance from the edge compared to 35m.
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Table 4.3. Average Awind speed (m/s) values + one standard error are shown.
Significant increases or decreases between consecutive within-site distances from the
edge are indicated as (+) or (-) respectively. Italicized values indicate significant
between-site control and cut differences at each distance. Negative average Awind speed
values indicate lower average wind speeds within the woody patches compared to
outside.

Average AWind Speed (m/s)

Site S5m 35m 65m
25m SFB2con (-) -1.31 £0.19 (-) -1.66+024 (+) -0.91 £0.06
SFB SFB2 cut -0.08+0.18 (=) -1.58+034 (+) -0.36 £0.05

5Sm SFB3con (-) -086+0.12 (-) -1.16x0.18 (-) ~-1.45 +0.22
SFB SFB3 cut () -1.53+x026 () -1.89+035 (+) -1.67 £0.25
SFB4con (-) -037+£0.07 (-) -0.59+0.05 -0.51 +£0.09
SFB4 cut <) -0.73x0.15 (-) -1.02+0.08 -1.14 £0.20

Between-site differences. My analysis of between-site average Awind speed
showed that differences between control and cut site average Awind speed were all
significant with the exception of the 35m distance from the edge in SFB2. I found
significantly lower average Awind speed at all distances in the SFB2 control, SFB3 cut

and SFB4 cut sites. I observed higher average Awind speed SE values in cut sites.

Gust Speed

Within-site differences. As with wind speeds, average wind gusts were
significantly lower within Sm distance from the edge at all sites with the exception of the
SFB2 cut site; however no consistent trend was detected at distances 5Sm, 35m, and 65m
from the edge into the interior (Table 4.4). My analysis of within-site average Agust
speed differences showed that all sites had significantly lower average Agust speed at
35m distance from the edge compared to Sm. Of these, three sites (SFB2 con, SFB2 cut,

SFB3 cut) had significantly higher average Agust speed at 65 m distance from the edge
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compared to 35m, while three sites (SFB3 con, SFB4 con, SFB4 cut) had significantly

lower average Agust at 65m distance from the edge compared to 35m.

Table 4.4. Average Agust speed (m/s) values + one standard error are shown. Significant
increases or decreases between consecutive within-site distances from the edge are
indicated as (+) or (-) respectively. Italicized values indicate significant between-site
control and cut differences at each distance. Negative average Agust speed values
indicate lower average gust speeds within the woody patches compared to outside.

Average AGust Speed (m/s)
Site 5m 35m 65m

25m SFB2con (-) 414 £0.39 (-) -5.41 £0.64 (+) -3.04%0.13
SFB SFB2 cut 0.32 £0.66 (- -2.96+0.74 (+) -1.15+0.13
Sm SFB3con (-) -2.54 £0.29 () -3.14 £0.36 (-) -3.65+0.51
SFB SFB3cut () -3.27 £0.63 (-) -4.08 £0.57 (+) -3.39+0.38
SFB4con (-) -0.89 +0.14 (-) -1.94 £0.19 (-) -1.98+0.19
SFB4cut  (-) -1.26 £0.57 (-) 229 £024 (9 -2.71+0.37

Between-site differences. My analysis of between-site average Agust speed
showed that all differences between control and cut sites were significant at all distances
from the edge, with the exception of the 35m distance from the edge in SFB4, and the
65m distance from the edge in SFB3. As with average Awind speed, significantly lower
average Agust speed occurred in the SFB2 con, SFB3 cut and SFB4 cut sites. I noted that

cut sites had higher average Agust speed standard error values.

Daytime Temperature

Seasonal variation in daytime temperature did exist within respective control and
cut sites (Fig 4.2). Average warm-season daytime control-site temperatures (° C) for
reference, Sm, 35m, and 65m distances from the edge were 33.53 £3.79, 31.44 + 3.55,

30.77 £3.44,30.18 =+ 3.28 respectively. Average warm-season daytime cut-site

&9



temperatures (° C) for reference, 5m, 35m, and 65m distances from the edge were 34.01
+3.70, 30.96 £3.48, 31.28 & 3.39, 29.79 £3.13 respectively. The average cool season
daytime control site temperatures (° C) for reference, 5m, 35m, and 65m distances from
the edge were 20.19 +4.61, 18.48 + 4.48,17.96 +4.56, 18.19 +4.23 respectively.
Average cool season daytime cut site temperatures (° C) for reference, 5m, 35m, and 65m
distances from the edge were 21.18 =4.79, 18.67 + 4.33, 18.96 £4.43, 18.11 +4.24

respectively.
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Fig. 4.2. Average monthly daytime AT (° C) for control and cut 25m SFB sites (SFBI,
SFB2) and 5m SFB sites (SFB3, SFB4) at distances 5m, 35m, and 65m from the edge
into woody patch interiors.
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Warm Season

Within-site differences. Average warm season daytime temperatures were
significantly lower in the woody patches within 5m distance from the edge at all sites
with the exception of the SFB4 control site (Table 4.5). Analysis of within-site average
AT differences showed that half the sites had significantly higher average AT (warmer) at
35m distance from the edge compared to Sm. Of these sites, two (SFB1 cut, SFB2 con)
were not significantly different at 65m distance from the edge compared to 35m, and one
site (SFB2 cut) continued the warming trend with a significantly higher average AT at
65m distance from the edge compared to 35m, and one site (SFB3 con) showed lower
average AT (cooler) at 65m distance from the edge compared to 35m. Two sites (SFB3
cut, SFB4 cut) showed significantly lower average AT at 65m distance from the edge
compared to 35m, but were not significantly different at 35m distance from the edge
compared to Sm. One site (SFB4 con) had significantly higher average AT at 65m
distance from the edge compared to 35m, after having lower average AT at 35m distance

from the edge compared to Sm. All other differences were non-significant.

Between-site differences. My analysis of between-site average AT differences
showed that two cut sites (SFB2 and SFB3) had significantly lower average AT (cooler)
than the control at all distances from the edge. At 35m distance from the edge, two
control sites (SFB1, SFB4) showed significantly lower average AT (cooler) than their

corresponding cut sites. All other differences were non-significant.
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Table 4.5. Average daytime AT (° C) values + one standard error for the warm season are
shown. Significant increases or decreases between consecutive within-site distances
from the edge are indicated as (+) or (-) respectively. Italicized values indicate
significant between-site control and cut differences at each distance. Negative average
AT values indicate cooler temperatures within the woody patches compared to outside.

Average Warm Season Day AT

Site 5m 35m 65m
25m SFBlcon (-) -4.06+ 1.03 () -438+1.12 -4.30+1.33
SFB SFBlcut () -332+022 (+) -2.96+0.26 3.77+£1.25

SFB2con (-) -290+0.34 (+) -2.66+0.34 2.71+0.47
SFB2cut () -4.66 £0.49 (+) -4.24+044 (+) -3.88+0.53
Sm SFB3con (-) -1.19 £0.69 (+) 0.64+0.59 (-) -2.61+0.72
SFB SFB3cut (-) -3.31 +£0.60 -2.70+£0.68 (-) -4.45+0.46
SFB4 con -0.23 £1.00 (-) -4.66 £0.67 (+) -3.79+0.81
SFB4cut (-) -0.91 £0.69 -1.03+£0.75 (-) -4.80+1.04

Cool Season

Within-site differences. Average cool season daytime temperatures were

significantly lower in the woody patch within 5Sm distance from the edge at all sites with

the exception of the SFB1 cut site (Table 4.6). My analysis of within-site AT differences

showed that four sites had significantly higher average AT (warmer) at 35m distance

from the edge compared to Sm. Of these sites, three sites (SFB3 cut, SFB4 cut, SFB1

con) had significantly lower average AT (cooler) at 65m distance from the edge

compared to 35m. One site (SFB1 cut) had significantly lower average AT at 35m

distance from the edge compared to 5Sm, then significantly higher average AT at 65m

distance from the edge relative to 35m.

Between-site differences. My analysis of cool season between-site average AT

differences showed that two cut sites (SFB3 and SFB4) had significantly lower average

AT (cooler) than corresponding controls at 35m and 65m distances from the edge.
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Table 4.6. Average daytime AT (° C) values + one standard error for the cool season are
shown. Significant increases or decreases between consecutive within-site distances
from the edge are indicated as (+) or (-) respectively. Italicized values indicate
significant between-site control and cut differences at each distance. Negative average
AT values indicate cooler temperatures within the woody patches compared to outside.

Average Cool Season Day AT

Site S5m 35m 65m
25m SFBlcon (-) -0.84 £0.55 (+) -0.62 £0.65 (-) -0.88 +£0.53
SFB SFBI1 cut -1.09 £145 (-) -2.11 £1.51 (+) -129 +1.21

SFB2con () -2.11 £0.25 -3.86 £1.73 -2.56 +£0.30
SFB2cut () -2.76 £0.63 -2.91 £0.48 -3.04 +£0.54
5S5m SFB3con (-) -1.94 £0.47 (+) -1.19 £1.07 -1.23+1.02
SFB SFB3cut () -285 £040 (+) -134 £046 (-) -2.99+0.51
SFB4con () -1.96 £0.58 (-) -3.26 £0.80 -3.31+0.66
SFB4cut () -333 £064 (+) -252 +061 (-) -4.97 +1.11

Seasonal Differences

Seasonal differences did exist between corresponding control and cut sites (Fig
4.2). One site (SFB2) had significantly lower average AT (cooler) in the cut at all
distances from the edge in the warm season, but showed no significant differences in the
cool season. One control site (SFB1) had significantly lower average AT (cooler) in the
warm season than the corresponding cut at 35m distance from the edge, but had

significantly higher AT (warmer) than the cut in the cool season.

Daytime VPD

Seasonal variation in daytime VPD did exist within respective control and cut
sites (Fig 4.3). The average warm season daytime control-site VPD values (kPa) for
reference, Sm, 35m, and 65m distances from the edge were 3.59 + 0.86, 2.89 = 0.70, 2.70
+ 0.65, and 2.52 + 0.58 respectively. Average warm season daytime cut-site VPD values

(kPa) for reference, Sm, 35m, and 65m distances from the edge were 3.67 + 0.85, 2.79 =+

93



0.67,2.83 £0.66, and 2.36 +0.52 respectively. The average cool-season daytime
control-site VPD (kPa) values for reference, Sm, 35m, and 65m distances from the edge
were 1.56 £0.49,1.24 £0.37,1.17£0.37, and 1.19 £ 0.32 respectively. Average cool-
season daytime cut-site VPD (kPa) values for reference, Sm, 35m, and 65m distances

from the edge were 1.69 £0.53, 1.28 + 0.36, 1.31 £0.39, and 1.17 + 0.31 respectively.
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Fig. 4.3. Average monthly daytime AVPD (kPa) values for control and cut 25m SFB
sites (SFB1, SFB2) and 5m SFB sites (SFB3, SFB4) at distances 5m, 35m, and 65m from
the edge into woody patch interiors.

Warm Season

Within-site differences. In the warm season, all sites showed significantly lower

daytime VPD at 5m distance into the woody patch compared to outside, with the
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exception of the SFB4 control site (Table 4.7). Analysis of within-site average AVPD
differences showed that four sites had higher average AVPD (increased VPD) at 35m
distance from the edge compared to Sm. Of these sites, three (SFB1 cut, SFB2 con,
SFB2 cut) showed non-significant differences in average AVPD at 65m distance from the
edge compared to 35m, and one site (SFB3 con) had lower average AVPD at 65m
distance from the edge compared to 35m. At 65m from the edge, two sites (SFB1 con,
SFB4 con) had significantly higher average AVPD after having lower average AVPD at
35m distance from the edge compared to Sm. Two sites (SFB3 cut, SFB4 cut) had
significantly lower average AVPD at 65m distance from the edge compared to 35m after
showing no significant differences at 35m distance from the edge compared to Sm.
Table 4.7. Average daytime AVPD (kPa) values + one standard error for the warm

season are shown. Significant increases or decreases between consecutive within-site

distances from the edge are indicated as (+) or (-) respectively. Italicized values indicate

significant between-site control and cut differences at each distance. Negative AVPD
values indicate decreased VPD within the woody patches compared to outside.

Average Warm Season Day AVPD

Site Sm 35m 65m
25m SFBlcon () -1.18+0.40 (-) -1.26+0.43 (+) -121+0.47
SFB SFBlcut () -092+0.16 (+) -0.81+0.12 -1.12+0.53

SFB2con (-) -1.07+021 (+) -1.01+0.20 -1.03+0.24
SFB2cut (-) -129+030 (+) -120+0.27 -1.13+0.26
5m SFB3con (-) -041+020 (+) 0.08+0.17 () -0.88+0.29
SFB SFB3cut () -1.01+0.27 -0.98+0.33 () -1.49+0.37
SFB4 con 0.10+031 () -1.36+038 (+) -1.13+0.33
SFB4cut (-) -0.31+0.18 -0.35+0.20 () -1.49+0.42

Between-site differences. My analysis of warm season between-site average

AVPD differences showed that one cut site (SFB3) had significantly lower average
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AVPD than the corresponding control at all distances from the edge. The SFB1 and SFB
3 control sites had significantly lower average AVPD than cut sites at 35m distance from

the edge.

Cool Season

Within-site differences. As with the warm season, all sites showed significantly
lower cool season daytime VPD at 5m distance into the woody patch compared to
outside, with the exception of the SFB1 cut site (Table 4.8). My analysis of within-site
average AVPD differences showed that three sites (SFB1 con, SFB3 cut, SFB4 cut) had
significantly higher average AVPD at 35m distance from the edge compared to Sm. Of
these sites, two (SFB3 cut, SFB4 cut) showed significantly lower average AVPD at 65m
distance from the edge compared to 35m, and one site (SFB1 con) showed no significant
difference between 65m distance from the edge and 35m. Two sites (SFB1 cut, SFB4
con) had significantly lower average AVPD at 35m distance from the edge compared to
Sm. Of'these, one site (SFB1 cut) had higher average AVPD at 65m distance from the
edge compared to 35m and one site (SFB4 con) showed no significant difference in
average AVPD 65m distance from the edge compared to 35m. One site (SFB2 cut) had

lower average AVPD at 65m distance from the edge compared to 35m.

Between-site differences. My analysis of cool season between-site average AVPD
differences showed that two cut sites (SFB3, SFB4) had significantly lower average

AVPD compared to corresponding control sites at 35m distance from the edge.
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Table 4.8. Average daytime AVPD (kPa) values + one standard error for the cool season
are shown. Significant increases or decreases between consecutive within-site distances
from the edge are indicated as (+) or (-) respectively. Italicized values indicate
significant between-site control and cut differences at each distance. Negative AVPD
values indicate decreased VPD within the woody patches compared to outside.

Average Cool Season Day AVPD

Site Sm 35m 65m
25m SFBlcon (-) -0.14+0.11 (+) -0.11+0.12 -0.12+0.10
SFB  SFBI cut 0204028 (-) -034+029 (+) -023+0.25

SFB2con (-) -0.50+0.25 -0.74 +0.39 -0.56 +0.27
SFB2cut  (-) -0.44+0.22 048+020 () -0.50+0.21
5m SFB3con (-) -0.31+0.12 0.23+0.17 0.27+0.22
SFB SFB3cut (-) -047+0.16 (+) -031+0.11 () -0.57+0.20
SFB4con (-) -033+0.13 () -0.51+0.24 -0.53+0.22

SFB4cut () -052+0.15 (+) -040+0.12 (-) -0.81+0.31

Seasonal Differences

Seasonal differences did exist between corresponding control and cut sites (Fig
4.3). Of the four sites that had significantly higher average AVPD at 35m in the warm
season, only one (SFB 3 cut), along with two new sites (SFB1 con, SFB4 cut), had
significantly higher average AVPD at 35m in the cool season. Two sites (SFB3 cut,
SFB4 cut) had significantly lower average AVPD at 65m distance from the edge in the
warm season, with no significant differences detected between 5m and 35m, while a
different site (SFB2 cut) showed similar results in the cool season. In the warm season,
one cut site (SFB3 cut) had significantly lower average AVPD than the control at all
distances from the edge, while in the cool season it was significantly lower at only the

35m distance from the edge.
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Night Temperature

Seasonal variation in nighttime temperature did exist within respective control
and cut sites (Fig 4.4). The average warm-season nighttime control-site temperatures (°
C) for reference, S5Sm, 35m, and 65m distances from the edge were 21.38 £3.15,21.80 +
3.15,22.04 £3.13, and 22.10 + 3.12 respectively. Average warm-season nighttime cut-
site temperatures (° C) for reference, 5m, 35m, and 65m distances from the edge were
21.59 £3.10,21.90 + 3.09, 22.06 =+ 3.09, and 22.43 + 3.43 respectively. Average cool-
season nighttime control-site temperatures (° C) for reference, 5m, 35m, and 65m
distances from the edge were 10.51 = 3.77, 11.01 £3.76, 11.47 + 3.80, and 11.40 + 3.80
respectively. Average cool-season nighttime cut-site temperatures (° C) for reference,
5m, 35m, and 65m distances from the edge were 10.73 +3.77, 11.20 £3.77, 11.37 +

3.79, and 11.39 + 3.83 respectively.

Warm Season

Within-site differences. In the warm season, all sites were significantly warmer at
night within the woody patches at Sm distance from the edge compared to outside (Table
4.9). My analysis of within-site average AT differences showed that five sites had
significantly higher average AT values (warmer) at 35m distance from the edge compared
to Sm. Of these sites, two (SFB1 con, SFB4 cut) had significantly higher average AT and
three sites (SFB2 con, SFB2 cut, SFB4 con) had significantly lower average AT (cooler)
at 65m distance from the edge compared to 35m. Additionally, three sites (SFB1 cut,

SFB3 con, SFB3 cut) that were not significantly different at 35m distance from the edge
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compared to Sm, had significantly higher average AT at 65m distance from the edge

compared to 35m.
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Fig. 4.4. Average monthly nighttime AT (° C) for control and cut 25m SFB sites (SFB1,
SFB2) and 5m SFB sites (SFB3, SFB4) at distances 5m, 35m, and 65m from the edge
into to woody patch interiors.

Between-site differences. Analysis of warm-season between-site average AT
differences showed that three control sites (SFB1, SFB2, SFB4) had significantly higher
average AT (warmer) at 5Sm and 35m distances from the edge than corresponding cut
sites. The SFB3 cut site had significantly higher average AT at 5Sm and 35m distances
from the edge than its corresponding control site. The SFB1 cut site had significantly

higher average AT at 65m distance from the edge than its corresponding control site,

however high SE values indicated it was highly variable.
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Table 4.9. Average nighttime AT (°C) values + one standard error are shown for the
warm season. Significant differences between consecutive distances within the same site
are indicated as increases (+) or decreases (-). Italicized values indicate significant
between-site control and cut differences at each distance. Positive average AT values
indicate warmer temperatures within the woody patches compared to outside.

Average Warm Season Night AT

Site Sm 35m 65m
25m SFBlcon (1) 0.38 + 0.04 +) 0.53+0.07 (1) 0.58 +0.09
SFB SFBI cut (+) 0.24 +0.05 0.26 £0.05 (+) 1.49+ ].44

SFB2con (+) 0.86+0.10 (+) 0.99+0.12 () 0.94+0.12
SFB2cut  (+) 0.37+£0.06 () 058010 () 0.50%0.08

Sm SFB3con (+) 0.21+0.19 0.30£026 (+) 0.65+0.25
SFB SFB3cut (+) 0.57+0.16 0.53+£0.17 (+) 0.66=0.22
SFB4con (+) 025+0.13 () 083+031 () 0.72+032
SFB4cut (+) 0.09+0.04 (+) 052+027 () 0.71£0.32

Cool Season

Within-site differences. As with the warm season, all sites were significantly
warmer at night in the cool season within the woody patches at 5m distance from the
edge compared to outside (Table 4.10). My analysis of within-site average AT
differences showed that four sites had significantly higher average AT values at 35m
distance from the edge compared to Sm. Of these, the SFB2 cut site had significantly
lower average AT at 65m distance from the edge compared to 35m and three sites (SFB1
con, SFB4 con, SFB4 cut) showed no significant differences at 65m distance from the
edge compared to 35m. The SFB3 control and cut sites also had significantly higher
average AT at 65m distance from the edge compared to 35m, but not at 35m compared to

Sm.
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Table 4.10. Average nighttime AT (°C) values + one standard error are shown for the
cool season. Significant differences between consecutive distances within the same site
are indicated as increases (+) or decreases (-). Italicized values indicate significant
between-site control and cut differences at each distance. Positive average AT values
indicate warmer temperatures within the woody patches compared to outside.

Average Cool Season Night AT

Site 5m 35m 65m
25m SFBlcon (+) 044+£009 (+) 0.64+£0.12 0.67+0.14
SFB SFBI cut (+) 043+£0.17 0.45+0.19 0.55+0.20

SFB2con (+) 0.96+0.14 1.85+1.17 1.17+0.37

SFB2cut (+) 0.52+0.12 (+) 074014 () 0.56+0.12

Sm SFB3con (+) 0.21+0.08 026+0.16 (+) 0.67+0.24
SFB SFB3cut (+) 0.56+0.12 0.53+£0.17 (+) 0.60+0.18
SFB4con (+) 040+0.09 (+) 1.10+0.34 1.06 + 0.30
SFB4cut (+) 037+0.09 (+) 0.83+0.15 0.95+0.25

Between-site differences. My analysis of cool-season between-site average AT
differences showed that the SFB2 control site had significantly higher average AT at all
distances from the edge than the cut site. The SFB3 cut site had significantly higher AT

at Sm distance from the edge than its corresponding control.

Seasonal Differences

Seasonal differences did exist between corresponding control and cut sites (Fig
4.4); however, they were minimal. Of the five sites that had significantly higher average
warm season AT at 35m distance from the edge, four (SFB1 con, SFB 2cut, SFB 4 con,
SFB4 cut) had similar results in the cool season. Of three sites that had non-significant
differences at 35m distance from the edge compared to Sm and significantly higher
average AT at 65m distance from the edge in the warm season, two sites (SFB 3 con,

SFB3cut) showed similar results in the cool season. Of three sites (SFB1 con, SFB2 con,
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SFB 4 con) with significantly higher average warm season AT at Sm and 35m distances

from the edge, one site (SFB2 con) had similar results in the cool season.

Night VPD

Seasonal variation in nighttime VPD did exist within respective control and cut
sites (Fig 4.5). The average warm-season nighttime control-site VPD (kPa) for reference,
5m, 35m, and 65m distances from the edge were 0.75 £ 0.25, 0.67 £ 0.20, 0.71 £ 0.21,
and 0.72 £ 0.22 respectively. Average warm-season nighttime cut-site VPD (kPa) for
reference, Sm, 35m, and 65m distances from the edge was 0.64 £ 0.19, 0.69 + 0.20, 0.71
+0.21, and 0.76 + 0.27 respectively. The average cool-season nighttime control-site
VPD (kPa) for reference, Sm, 35m, and 65m distances from the edge were 0.40 + 0.16,
0.39+0.14,0.43 £0.15, and 0.42 + 0.15 respectively. Average cool-season nighttime
cut-site VPD (kPa) for reference, Sm, 35m, and 65m distances from the edge were 0.37 £

0.13,0.41 £0.14, 0.42 £ 0.15, and 0.41 £ 0.15 respectively.

Warm Season

Within-site differences. In the warm season, all sites showed significantly higher
average AVPD at Sm distance from the edge inside the woodland patch compared to
outside, with the exception of the SFB4 cut site and the SFB 2 control site, which had
significantly lower AVPD (Table 4.11). My analysis of within-site average AVPD
differences showed that six sites had significantly higher average AVPD at 35m distance
from the edge compared to Sm. Of these sites, two (SFB1 con, SFB4 cut) were also
higher at 65m distance from the edge compared to 35m, and two (SFB2 cut, SFB4 con)

had significantly lower average AVPD at 65m distance from the edge compared to 35m.
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The SFB3 control and cut sites had significantly lower average AVPD at 35m distance
from the edge compared to Sm, with higher average AVPD at 65m distance from the edge

compared to 35m.
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Fig. 4.5. Average monthly nighttime AVPD (kPa) values for control and cut 25m SFB
sites (SFB1, SFB2) and 5m SFB sites (SFB3, SFB4) at distances 5m, 35m, and 65m from
the edge into woody patch interiors.

Between-site differences. My analysis of warm season between-site average
AVPD differences showed that the SFB2 control site had significantly lower average
AVPD than its corresponding cut site at all distances from the edge. The SFB1 cut site
had significantly higher average AVPD than its corresponding control site at 65m from

the edge.
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Table 4.11. Average nighttime AVPD (kPa) values + one standard error are shown for
the warm season. Significant differences between consecutive distances within the same
site are indicated as increases (+) or decreases (-). Italicized values indicate significant
between-site control and cut differences at each distance. Positive average AVPD values
indicate higher VPD within the woody patches compared to outside.

Average Warm Season Night AVPD

Site Sm 35m 65m
25m SFBlcon (+) 0.08 £0.02 (+) 009 £0.02 (+) 0.12 £0.02
SFB SFBlcut (+) 0.06 £0.02 (+) 0.09 +0.03 0.30 +0.31

SFB2con () -0.44+0.24 (+) -0.41+0.22 041 £0.22

SFB2cut  (+) 0.09 £0.02 (+) 010 £0.02 () 0.07 £0.02

SFB3con (+) 0.03 £0.03 () 0.00 £0.04 (+) 0.07 +0.05

5m SFB3cut (+) 0.08 £0.02 () 0.03 +0.03 0.02 +0.03
SFB' SFB4con (+) 0.02+0.01 (+) 0.16+0.04 (-) 0.12+0.03
SFB4 cut 0.01+£0.02 (+) 0.08+0.04 (+) 0.09+0.04

Cool Season

Within-site differences. In the cool season, all sites showed higher average
interior patch AVPD at Sm distance from the edge compared to outside with the
exception of the SFB2 control site (Table 4.12). My analysis of cool-season within-site
average AVPD differences showed that four sites had significantly higher average AVPD
at 35m distance from the edge compared to Sm. Of these sites, one site (SFB1 con) had
significantly higher average AVPD and one site (SFB2 cut) significantly lower average
AVPD at 65m distance from the edge compared to 35m. The SFB 3 control and cut sites

had significantly lower average AVPD at 35m distance from the edge compared to Sm.

Between-site differences. My analysis of cool season between-site average AVPD
differences showed similar results as found in the warm season. The SFB2 control site

had significantly lower AVPD than its corresponding cut site at all distances.
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Table 4.12. Average nighttime AVPD (kPa) values + one standard error are shown for
warm and cool seasons. Significant differences between consecutive distances within the
same site are indicated as increases (+) or decreases (-). Bolded values indicate
significant between-site control and cut differences at each distance. Positive average
AVPD values indicate higher VPD within the woody patches compared to outside.

Average Cool Season Night AVPD

Site Sm 35m 65m
25m SFBlcon (+) 0.05 £0.01 (+) 0.06 £0.02 (+) 0.07 +0.02
SFB SFBlcut (+) 0.04 +0.02 0.06 +0.04 0.05 +0.03

SFB2 con -0.12+0.21 -0.04+0.16 0.11+0.22

SFB2cut  (+) 0.06 £0.02 (+) 0.06 £0.02 (-) 0.04 £0.02

5m SFB3con (+) 0.2 £0.01 () 0.00 £0.01 (+) 0.04 +0.03

SFB SFB3cut (+) 0.04 £0.02 () 0.01 +0.02 0.01 +0.02
SFB4con (+) 0.01+0.01 (+) 0.09%0.04 0.08 +0.03
SFB4cut (+) 0.01+0.01 (+) 0.05+0.03 0.05 +0.03

Seasonal Differences

Seasonal differences did exist between corresponding control and cut sites (Fig
4.5); however, they were minimal. Of the six sites that had significantly higher average
warm season AVPD at 35m distance from the edge compared to Sm, four (SFB1 con,
SFB2 cut, SFB4 con, SFB 4 cut) showed similar results in the cool season. Two sites
(SFB3 con, SFB3 cut) showed lower average AVPD at 35m distance from the edge
compared to Sm in both the warm and cool seasons. The SFB2 control site had
significantly lower average AVPD than the cut site at all distances in both the warm and

cool seasons.

Principal Components Analysis
Results of the PCA were similar for cool and warm seasons. The amount of

variance explained with the first two components of the PCA was 62% and 68% for the
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cool and warm seasons respectively. The strongest loadings, or strongest correlations, for
PC1 were (+) daytime AT and AVPD, and (-) nighttime AT and ALAI (Table 4.13). The
strongest loadings for PC2 were (+) wind and nighttime AVPD and (-) daytime AT. In
the two-dimensional ordination space (Fig 4.6), sites at Sm distances from the edge were
most associated with positive PC1 and PC2 values; however cut sites were more
associated with positive PC2 values than control sites for both seasons. This would
indicate association of 5m sites with microclimates of relatively higher daytime
temperatures and VPD, higher wind speed, and higher nighttime VPD. The sites at 35m
and 65m distances from the edge were most associated with negative PC1 and PC2
values in the two-dimensional ordination space with the exception of the cool season cut
site 35m distance from the edge. This would indicate association of 35m and 65m sites
with microclimates of lower daily minimum and maximum temperatures and VPD, and
lower wind speed. I also noted that, overall the 35m control sites cover most of the
variance of these two components, subsuming all other treatments and distances. This
may indicate that the treatment effects of the cuts are within the variance of the control
sites. There were also slight trends observed with temperature variation and VPD with

distance from the edge

Table 4.13. Component variables for the cool and warm seasons are shown.

Cool Season Component Matrix Warm Season Component Matrix

Variable PC1 PC2 Variable PC1 PC2
dayTcool .87 -.39 dayTwarm .87 -42
nightTcool -.81 -.03 nightTwarm -.78 -.29
dayVPDcool .89 -.08 dayVPDwarm 91 -27
nightVPDcool .16 .67 nightVPDwarm 13 75
wind 19 75 wind 23 .68
LAI cool -.46 -.29 LAI warm -.64 -.18
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Fig 4.6. Score plots of the first two principal components for the cool and warm seasons
with control and cut 5m, 35m, and 65m distances from the edge indicated by different
symbols. Grouping of symbols are indicated with encompassing ovals.

Discussion

Leaf Area Index

In general, average ALAI values were higher with increasing distance into the
woody patches and were higher in control sites than corresponding cut sites. These
general trends were as expected given that woody cover generally increases with
increasing distance into contiguous patches (Wright et al. 2010) and cut sites are expected
to have decreased canopy cover and edge vegetation relative to controls. Because LAI is
a hemispherical measurement, it detected these differences in both canopy and
surrounding edge vegetation. I used measured LAI values at 65m distance from the edge
within control sites as an indication of the maximum average LAI within woody patches
in my study area in the warm (2.09 + 0.54) and cool (1.96 £ 0.38) seasons. I contribute
the similarity in LAI between warm and cool seasons to the presence of Ashe’s juniper in

the woody vegetation patches. These evergreen junipers form patches with deciduous
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hardwoods, resulting in spatially variable canopy cover with generally lower average LAI
values compared to forests. Average LAI values within woody vegetation have been
found to range from 5.7 + 2.43 in closed canopy forests to 2.08 &+ 1.58 in more open

woodlands (Scurlock et al. 2001).

Wind

I observed that average wind speed decreased within the woody patches compared
to outside; however, speeds varied with increasing distance from the edge into the
interior. Previous studies have found that wind decreases continuously from outside into
contiguous forest (Chen et al. 1995). However, similar to my results, Wright et al. (2010)
found that wind into woodlands may be variable up to 50m from the patch edge. The
heterogeneous structure of vegetation within woodland patches may affect wind speed
and direction, creating variable average wind speed, with no consistent decreasing trend
in wind speeds with increasing distance from the edge into the patch interior.

I found that wind was most decreased, with lower average Awind and Agust
speed, at 35m distance from the edge within woody patches rather than 65m, which is
different than what I expected, given findings from other studies showing decreasing
wind with distance into forest patches (Chen et al. 1995). When I investigated possible
reasons, I noted that wind direction measured as into woody patches at the outside
reference station was often measured as changed at 65m distance from the edge, with
wind reversing its trajectory by almost 180°, likely associated with a larger horizontal
eddy effect. I also anticipated less reduction in wind speed within cut sites, with reduced
edge vegetation, compared to corresponding control sites. However, I found that two cut

sites (SFB3, SFB4) had significantly lower average Awind speed, indicating greater wind
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reduction, at all distances from the edge compared to corresponding control sites. These
two sites were slightly different configurations, with SFB cuts extending only 5m into
woody patches, versus 25m for SFB1 and SFB2, which may have affected differences in
average wind among the SFB types. I also found that wind speed was generally more
variable in cut sites than in corresponding control sites.

I anticipated that gusts of wind could be important for interior microclimate.
Instantaneous bursts of wind, or gusts, can transport energy, including air of different
temperature and humidity, both from outside into woody patch interiors and mixing air
already within the interiors (Chen et al. 1995). Average Agust speeds were higher than
average Awind speeds as expected, though patterns were similar to those of Awind speed
results. Average Agusts were highly variable at distances into the monitored woody
patches, with the highest average Agust speed reductions at 35m distance from the edge,

compared to both 5m and 65m.

Daytime Temperature and VPD

Average daytime temperatures were cooler within woody patches compared to
outside average temperatures, as expected. However, I did not find a clear
correspondence of lower average daytime temperature with distance into woody patches
as some studies in forest patches indicated (Chen et al. 1995). In the warm season, I
found that half the sites had warmer average AT at 35m distance from the edge compared
to Sm (SFBI1 cut, SFB2 con, SFB2 cut, SFB3 con), indicating a trend of warmer average
temperatures with increasing distance from 5m to 35m distance from the edge into
woodland patches, which was surprising. To investigate this trend, I looked at average

ALAI and Awind speed, which I theorized to be the main influences on daytime
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microclimate. Average ALAI generally increased with distance from 5m to 65m into the
woody patch, which would tend to reduce interior temperature through shading with
increasing distance into the interior. Because LAI has a direct relationship with
transmitted insolation (Q,) according to Beer’s Law [ Qs = Qoe ™) ] (Campbell and
Norman 1998), I expected this variable to also influence daytime temperature and VPD in
the under-canopy space (Tuller 1973). However, I did not find the same trend for wind
which had the lowest average Awind and Agust speed at 35m distance from the edge.
Lower wind may have propagated higher temperatures at 35m from the edge compared to
other distances.

Decreased wind has been found to be associated with warmer interior
temperatures within woodlands (Wright et al. 2010), thus countering the cooling effects
of shading. Freifelder et al. (1998) found open-canopy woodlands (40% tree cover) to be
warmer 2 m off soil level than in adjacent open grassland areas. It was theorized that
enough cover existed for a windbreak, but with sufficient light penetration to warm the
ground surface. Knoerr and Gay (1965) found leaf-air temperature differences to be
generally highest in still air. Wind can also have a cooling, drying effect through mixing
below canopy air space and transporting heat and moisture. Chen et al. (1993) found that
areas with less wind mixing created more stable air, resulting in increased air temperature
and moisture.

I found that two cut sites (SFB2 and SFB3) were significantly cooler, with lower
average AT, than their corresponding control sites in the warm season. The SFB2 cut site
had generally lower warm season ALAI compared to the control, with 35m distance from

the edge being significantly lower, and wind less reduced compared to the control.
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Within the control, average Awind speed was significantly lower at Sm and 65m distance
from the edge and Agust was significantly lower at all distances from the edge. This
suggests that reduced wind within the control site may have had a larger warming
influence than the cooling effect of increased LAI, resulting in warmer control
temperatures compared to those found in the cut sites. I could not explain why the SFB3
cut site had generally lower ALAI relative to the control, with 35m significantly lower,
and significantly reduced wind speed at all distances, yet was still cooler. At 35m
distance from the edge, two control sites (SFB1, SFB4) were significantly cooler, with
lower AT, than their corresponding cut sites. The SFB1control had non-significant
differences in ALAI and I did not measure wind speed in SFB1. The SFB4 control had a
significantly higher LAI, with higher average ALAI, and a lower reduction in average
wind and gust speed, with higher Awind and Agust, than its corresponding cut site at 35m
distance from the edge. For the control sites, my results indicate higher LAI combined
with lower reduction in wind speeds may contribute to the cooler temperatures relative to
the corresponding cut sites. This implies that shading is important for daytime
temperature control and wind further mixes cool air within control site woodland patch
interiors.

Average daytime cool season temperature differences at distances from the
woodland patch edge into the interior and between control and corresponding cut sites
were different than warm season results. The trend of increased temperature, with higher
average AT, at 35m distance from the edge compared to Sm was still apparent, but at
different sites than in the warm season. For example, SFB1 control, SFB 3 cut, and SFB4

cut all had significantly increased temperature, with higher average AT, at 35m distance
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from the edge compared to Sm in the cool season, whereas they were decreased or not
significantly different in the warm season. Also, while the SFB2 cut site was
significantly cooler, with lower average AT, than the control at all distances from the
edge in the warm season; it was not significantly different at all distances in the cool
season.

Average warm season daytime VPD was generally decreased within the woodland
patches, with lower average AVPD within the interior compared to outside. Daytime
VPD showed similar patterns to temperature, with increased AVPD at 35m from the edge
into the woody patch compared to Sm. The similarity in results may be from using the
Tetens equation to calculate VPD, which is positively related to air temperature. This
would indicate that shading reduces interior temperatures, which lowers VPD. However,
the interactions between temperature and VPD are complicated. Leaves are transpiring,
increasing interior patch moisture, with changes in incident radiation and wind affecting
the heat load of leaves, determined by reradiation, convection, and latent heat transfer by
transpiration, which further influences air temperature and vapor pressure (Knoerr and
Gay 1965, Tuller 1973, Bladon et al. 2006). Wind also affects interior patch VPD by
dispersing transpired moisture with increased wind, or allowing moisture build-up with
less wind. Some notable differences did exist between average AT and average AVPD
results. For example, the SFB2 site did not have significantly different AVPD between
the cut and control patches at any distance while the temperature was significantly cooler
in the cut site, with lower average AT, at all distances from the edge. The lower average
AT in the cut site without coinciding lower AVPD may indicate a higher absolute

humidity in the control.
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Cool season average daytime VPD showed a similar pattern with three sites
(SFB1 con, SFB3 cut, SFB4 cut) having higher average AVPD at 35m distance from the
edge compared to Sm and 65m, however, these were different sites than in the warm
season. Patterns also didn’t match cool season temperature results, which may indicate
that temperature is not as influential on VPD in the cool season versus the warm season.

This may account for the seasonal differences in daytime AVPD I noted.

Nighttime Temperature and VPD

All sites showed warmer nighttime interior temperatures, with positive average
AT, compared to outside, indicating a potential storage and buffering effect of the interior
woody patch vegetation. Wright et al. (2010) found that tree stems in more sparse
woodlands acted as heat sinks, which stored and reradiated heat. Unlike daytime
temperature, a gradient existed from edges to interiors of increasing average temperature,
as shown by higher average AT. I postulate that LAI, which increases from woodland
patch edge to interior, may drive nighttime temperature differences, whereas wind, which
generally tends to decrease at night within the study area, may be less influential. Also, I
found the differential between outside and inside temperatures to be not as extreme at
night, with cooler nighttime air compared to daytime.

The general trend of increasing nighttime temperature, indicated by higher
average AT, with increasing distance from the edge into the woody patches and within
control sites relative to cut sites, was expected with slightly higher LAI values in control
sites. The SFB1, SFB2, and SFB4 control sites were all significantly warmer, as
indicated by higher average AT, at Sm and 35m distance from the edge than

corresponding cut sites. The SFB3 cut site was significantly warmer than its
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corresponding control at 5Sm and 35m distances from the edge. The SFB3 control and cut
sites had slight downbhill slopes from the edge to interior, which may have influenced
nighttime temperature with downhill cold air movement. All corresponding control and
cut sites were not significantly different at 65m from the edge, with the exception of
SFB1, which may have been an anomaly with abnormally high SE noted. This indicates
that all differences between control and cut sites were equalized by 65m from the edge
into the woody patch, which potentially indicates a depth of edge influence less than 65m
distance from the edge for nighttime temperatures. In the cool season, I observed the
same general trends in average AT’s as observed in the warm season, however, values
were slightly higher in the cool season. This seasonal difference was probably a
reflection of overall lower cool season nighttime temperatures relative to warm season,
which caused larger differentials between outside and interior temperature.

A general trend of higher average AVPD with increasing distance from the edge
into the woody patch interiors existed at night. Six of eight sites showed higher AVPD at
35m distance from the edge compared to 5Sm. Differences between control and cut
nighttime average AVPD were somewhat less pronounced than temperature differences,
with only one site (SFB2) showing significantly higher AVPD in the cut over the control,
in both warm and cool seasons. This was unexpected because nighttime AT was
significantly higher (warmer) in the control at all distances and in warm and cool seasons.

The only other significant difference was in SFB1at 65m distance from the edge.

Principal Components Analysis
Results of PCA did indicate some trends in the data that reinforced my findings.

Variables showing high correlations on PC1 were (+) daytime AT and AVPD, and (-)
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nighttime AT and ALAI, and on PC2 were (+) wind and nighttime AVPD and (-) daytime
AT. This reinforces the idea of a general influence of LAI and wind on temperature, with
increased daytime interior temperatures (higher AT) with lower LAI, and decreased
daytime interior temperatures (lower AT) with increased wind. The association of higher
Awind (windier) with lower nighttime AVPD may potentially be related to an evening
adiabatic wind present associated with the slope and canyon topography of the area. My
plotted component scores also reinforced my findings of relatively higher daytime
temperatures and VPD, and higher wind speed associated with 5m sites and lower diurnal
minimum and maximum temperatures and VPD, lower wind speed, and lower VPD were
associated 35m and 65m sites. The higher variance I found at 35m distance from the
edge may potentially be a result of being an edge transition zone, where microclimate is
shifting from the influences of the edge to those of the interior. However, because the
35m distance from the edge cut sites coincide with the ordination zone associated with
the 5m distance from the edge sites, this transition is shifted further than the control at

35m distance from the edge.

Influence of Prevailing Site Conditions

South and southwest-facing edges influence patch microclimate and vegetation
most in the Northern hemisphere due to prevailing winds and solar insolation (Burton
2002, Chen et al. 1995, Palik and Murphy 1990). Assuming insolation is a major driver
of edge climate, Chen et al. (1993) showed south-facing edges in the northern hemisphere
had the highest daily short-wave insolation values for clear weather compared to edges
with other orientations. Because of this, I chose study sites with generally south-facing

orientations to assess the potential maximum sensitivity of SFB creation on patch
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microclimate. Extrapolation of my results to SFB oriented to other directions may be

considered to have less influence on patch interior climate.

Physiological Implications for Edge and Interior Woody Vegetation

Semi-arid woodlands, such as my study site, are often composed of trees living on
the edge of their physiological range. Patch formation of woody vegetation within these
areas allows abiotic benefits to interior trees such as a more stable growing environment;
this is especially true for establishment and growth of seedlings (Van Auken 2004). This
type of facilitation is important during seasonal and daily extremes, by providing lower
daytime warm-season temperatures and VPD and higher nighttime cool-season
temperatures. My findings indicate that woody vegetation patches within my study area
are, on average, cooler (2.09 °C, 2.77 °C, 3.36 °C) and have lower VPD (0.69 kPa, 0.89
kPa, 1.06 kPa) compared to outside in daytime warm season at distances 5Sm, 35m, and
65m from the edge into the interior. At night, in the cool season, woody vegetation
patches are warmer (0.54 °C, 0.81 °C, 0.97 °C) and have increased VPD (0.03 kPa, 0.05
kPa, 0.07 kPa) compared to outside at distances Sm, 35m, and 65m from the edge into the
interior.

Warm season temperature extremes can potentially reduce photosynthesis and
increase autotrophic respiration resulting in carbon-stress, which affects health and vigor
of trees (Laurance et al. 2001, Porte et al. 2004). High VPD can cause closure of
stomates to prevent desiccation resulting in low photosynthetic carbon uptake and
potentially leading to starvation, or reduced health and resistance to disease if prolonged
(Salisbury and Ross, 1978, Oren et al. 1999, Mcdowell et al. 2007, Noormets et al. 2008).

Adams et al. (2009) found that experimentally induced warmer temperatures (~4 °C)
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shortened the time to drought-induced mortality in a conifer species by nearly a third,
indicating an interaction between high temperatures and VPD for tree stress. Warmer
nighttime woody patch interiors potentially lower the possibility for frost damage at night
in the cool season.

In other studies, it was indicated that reduction of edge vegetation changes
interior patch microclimate and can potentially result in physiological stress and lower
growth rates, increased disease and insect susceptibility, and mortality of trees
developmentally acclimated for a particular microclimate (Fowler et al. 1993, Laurance
and Ferreira 1998, Didham and Lawton 1999). This is important to conservation efforts
within the study area with the potential of SFB to increase woody plant mortality rates
leading to subsequent patch fragmentation with landscape-scale implications (Laurance
and Ferreira 1998, Gascon et al. 2000, Laurance et al. 2001, de Blois et al. 2002).
However, contrary to my expectations, SFB cut sites, on average, were slightly cooler (~
1°C) with lower VPD (0.2 kPa) than control sites in daytime up to 65m distance from the
woody patch edge. However, at night, controls were generally warmer (~0.2) than cut
sites up to 65m distance from the woodland patch edge. Given that the changes in
interior microclimate related to creation of SFB’s I found were minimal, I expect minimal
changes in the health of individual trees and with no significant impacts on woodland
patch integrity.

Conclusions

As expected, leaf area (LAI), a measure of edge vegetation and canopy cover,

increased with increasing distance into the woodland patch interior and was greater in the

control sites than the cut sites. Unexpectedly, wind did not decrease continuously with
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distance into the woody patch interior, but in general was most decreased at 35m from the
edge, compared to both Sm and 65m, which coincided with highest daytime temperatures
and VPD at 35m distance. My findings that SFB sites were, on average, slightly cooler
than control sites in daytime implicate that advection of warm, dry air into SFB sites, as
expected, was probably not a driving factor in daytime below-canopy temperature and
VPD. A more probable effect of wind was that it was important in mixing below canopy
space, having a cooling effect in the daytime. At night, canopy cover rather than wind
was the primary influence on interior temperature relative to outside, with increasing
temperature gradients with increasing distance into the woody patches and slightly
warmer average temperature in the control sites. I conclude from my findings, that SFB’s

have minimal microclimate effects when used in semi-arid woodland patch systems.
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CHAPTER FIVE

Conclusion

Defining a Woodland

Physiognomic and floristic definitions of woodlands exist that address structure,
growth form and species composition that generally define a woodland as open stands of
trees >5m tall, comprising 25-60% cover, with herbaceous or shrub understory
(Zonneveld and Kuchler 1988, Grossman et al. 1998). However, these definitions are
incomplete as the short-term variability inherent in this formation type is not considered.
Woodlands are often found in areas that vary around a site water balance of 400 mm per
year (Woodward 1987) and are dominated by woody or herbaceous growth depending on
the presence or absence of disturbance (Van Auken 2008). Incorporating spatial and
temporal transience as a functional characteristic of woodlands could lead to effective
management strategies in terms of restoring an appropriate disturbance regime for a given

arca.

Historical Range of Variability and Conservation Implications
for the Golden-Cheeked Warbler

The dynamic nature of most ecosystems has led to the idea of a “historical range
of variability” as a conservation strategy based on the premise that native species have
adapted to historical disturbance events and resulting range of habitat patterns (Pickett
and White 1985, Cissel et al. 1994, Landres et al. 1999). This strategy would be
applicable in semi-arid woodland ecosystems where creating patches and maintaining

heterogeneity has switched from historical disturbances such as fire (Fuhlendorf et
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al.1996, Fuhlendorf and Smeins 1997) to human activities that reduce woody vegetation
(Radeloff et al. 2000, Grossman and Mladenoff 2007), which may serve to preserve
species diversity and ecosystem integrity if the disturbance patterns resemble those
historically characteristic of the community. Although required habitat for golden-
cheeked warblers exists as patches of mature, mixed-hardwood and Ashe’s juniper

woodlands (Ladd and Gass 1999), this habitat type is not permanent or static.

Conclusions

In chapter two, using sequential historical aerial photographs, I documented that
patches of woody vegetation within BCNWR are highly variable through time. My
results indicated that, although overall area of woody vegetation from 1937 to the present
has not changed much, there has been a general trend from smaller, discontiguous
patches to larger, contiguous patches. This trend coincided with a decrease in large-
scaled disturbances inferred from areas of woody vegetation loss, which peaked during
the 1951-1964 photograph time interval coincident with severe drought and increased fire
frequency within the area.

In chapter three I investigated growth response of Texas red oak, the major co-
dominant deciduous species comprising patches of golden-cheeked warbler habitat, to
changes in competition, fire, and climate using aerial photos, tree rings, and climate data.
I found that trees affected by loss of surrounding woody vegetation cover and fire had
higher average growth rates, indicated by higher basal area increment, than trees without
fire evidence and loss of cover. I also found that climate appears to be an important
influence on tree ring width and mortality, with water an important limiting factor in this

region.
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My findings in chapter four indicated that interior woody patch leaf area and wind
influence temperature and VPD through shading, buffering, and transporting energy at
the edge. Woody vegetation patches within the study site are protected
microenvironments that are cooler and moister in the daytime and warmer at night. 1
found that disturbances that reduced woody patch edge vegetation allowed increased
wind which further cooled shaded daytime canopy space through mixing and dispersing
air. At night, canopy cover rather than wind was the primary influence on interior
temperature relative to outside. Overall, I found that disturbances that decrease woody
patch edge vegetation may only have minimal effects on interior microclimate.

With increases in large contiguous patches and decreased large-scale disturbance
detected in the aerial photographs and observed decline in the health of Texas red oaks
within BCNWR, I theorize that increased competition from Ashe’s juniper may be a
factor in Texas red oak decline, ultimately related to decreased fire within the region.
Findings in chapter three of increased Texas red oak growth with a loss of surrounding
neighbors and fire support this. Chapter four supported the idea that past large-scale
disturbances, which likely increased exposure of woody patch edges, would not have
been detrimental, with only minimal effects on interior patch microclimate. Finally,
because drought affects changes in ring width, fire, and mortality, along with observed
large-scale disturbances and increased fire in the extreme drought of the 1950s, I theorize
that drought is potentially the most important driver of community change in this system.
In 2011, this area received little or no precipitation during the entire growing season and
average PDSI’s were < - 4.0, with observed increased tree mortality and fire occurrence

across the region.
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