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 Woody plant encroachment, that is, a substantial 

increase in the abundance of woody plants in a grassland or 

savanna, occurs in many parts of the world.  It often has 

large effects on plant and animal populations and 

communities and on ecosystem properties and processes.  

However, little is known about the dynamics of woody plant 

encroachment and how these are affected by soils, by 

topography, and by the spatial pattern of the vegetation.  

Encroachment in turn can affect the spatial pattern of the 

vegetation. 

 vi

 Using data from historical aerial photographs, I 

measured changes in woody plant cover and constructed, 

parameterized and compared a set of dynamic models of woody 

plant encroachment in central Texas savannas.  These models 



predicted final woody cover from initial woody cover and 

the initial spatial configuration of woody plants.  Then I 

incorporated soil and topography into these models to 

determine their effects.  Finally, I examined the effects 

of encroachment on the spatial pattern of the vegetation. 

 Incorporating negative density dependence in our 

models improved their fit, demonstrating that encroachment 

is density-dependent.  A function that predicted the 

formation of new woody patches from a density-independent 

seed supply also improved the models' performance.  The 

improvement in the models that resulted from incorporating 

the total length of woody-herbaceous edges confirmed that 

encroachment in this system occurs in part by the outward 

expansion of woody patches.   

 The spatial pattern of the vegetation changed during 

woody plant encroachment.  Spatial pattern (measured as 

degree of fragmentation) often had a non-linear 

relationship with cover.  Furthermore, the spatial 

heterogeneity in fragmentation, that is, plot-to-plot 

variation in the degree of fragmentation, also changed 

during encroachment. 

 vii

 Topography and soil type had, in general, little 

effect the dynamics of woody plant encroachment.  



Therefore, a relatively simple model of woody plant 

encroachment provided good predictions of woody cover at 

the end of the time periods.  Other systems experiencing 

woody plant encroachment, forest succession, or invasion by 

non-native plants could be modeled using the same approach. 

 viii
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Modeling woody plant encroachment in savannas: 

incorporation of density dependence and spatial 

configuration 

 

Introduction 

 Savannas are communities in which woody plants (trees 

or shrubs) or clusters of woody plants are scattered 

through a matrix of herbaceous vegetation of grasses and 

forbs.  These communities represent, depending on the 

estimation criteria, from 25% up to 40% of terrestrial 

vegetation and occur in a wide range of climatic and 

geographic conditions (Asner et al., 2004; Ramankutty & 

Foley, 1999).   

 1

 In many parts of the world, savannas and grasslands 

are experiencing increases in the proportion of woody 

plants with concomitant reductions of herbaceous cover, a 

process known as woody plant encroachment (Ansley et al., 

2001; Asner et al., 2003; Van Auken, 2000).  These 

increases in woody cover often have large effects on plant 

and animal populations, community composition and 

structure, and ecosystem processes, including water, 

nitrogen and carbon cycles as evidenced by many studies 

(Asner et al., 2004; Bai et al., 2009; Biederman & Boutton, 



2009; Brudvig & Asbjornsen, 2009; Hibbard et al., 2001; 

Hibbard et al., 2003; Kurc & Small, 2007; Scharenbroch et 

al., 2010; Sirami et al., 2009; Springsteen et al., 2010).  

Woody plant encroachment often has negative consequences 

for livestock production, for species and communities of 

conservation concern and for the spread of invasive species 

(Alofs & Fowler, 2010; Borghesio & Giannetti, 2005; 

Ceballos et al., 2010; Galt et al., 2000; Spottiswoode et 

al., 2009; Torell & Lyon, 1991; Zarovalli et al., 2007). 

 2

 The effects of woody plant encroachment on soil and 

ecosystem properties such as infiltration rates and carbon 

and nitrogen cycles have been the subject of substantial 

body of work (Bai et al., 2009; Bhark & Small, 2003; 

Hibbard et al., 2001; Hibbard et al., 2003; Huxman et al., 

2005; Kurc & Small, 2007; Petersen & Stringham, 2008; 

Springsteen et al., 2010; Wu & Archer, 2005).  Savannas, 

and the process of woody plant encroachment, have also been 

studied in the context of hypotheses about equilibrium and 

coexistence, plant competition and niche partitioning, and 

the role of disturbance in plant communities (Baudena et 

al., 2010; D'Odorico et al., 2006; Higgins et al., 2000; 

Higgins et al., 2010; House et al., 2003; Jeltsch et al., 

2000; Meyer et al., 2009; Sankaran et al., 2004; Scheiter & 



Higgins, 2007; Vazquez et al., 2010; Wiegand et al., 2006).  

The roles of fire and grazing in woody plant encroachment, 

as well as climatic and topographic influences on the 

process, have been well-documented in many regions (Baudena 

et al., 2010; Beckage et al., 2009; Briggs et al., 2005; 

Calabrese et al., 2010; Roques et al., 2001).  There is 

also a substantial literature on methods to control woody 

plant encroachment (Angassa & Oba, 2008, 2009; Ansley et 

al., 2010; Ansley et al., 2004; Bozzo et al., 1992; 

Fensham, 2008; Olenick et al., 2004; Owens & Schliesing, 

1995; Scifres, 1987; Smit, 2005; Winter et al., 1989).  

However, the dynamics of the encroachment process itself 

have not been previously studied, despite their apparent 

importance to all of the issues just mentioned.  In this 

study I constructed models and fitted them to data from 

sequential aerial photographs to investigate the dynamics 

of woody plant encroachment in savannas of central Texas.   

 3

 I used a modeling approach similar to that used to 

model population dynamics.  It was based on explicit 

assumptions about the encroachment process, rather than 

‘brute-force’ curve fitting.  I quantified the roles of (1) 

logistic negative density dependence in increases in woody 

plant cover from both patch expansion and new patch 



formation cover and (2) another kind of density-dependence 

in new patch establishment, dependent only on the amount of 

available open space.  

 This process-based modeling approach, in addition, 

allowed us to examine specific hypotheses about the role of 

spatial configuration.  The role of spatial configuration 

in invasion dynamics has been studied in other systems (e. 

g. Spartina alterniflora (Huang et al., 2008), especially 

through simulation with cellular automata models), but not 

in savannas undergoing woody plant encroachment.   

   Woody plant encroachment is part of a wider set of 

spatial vegetation processes in which one species or 

vegetation type expands and replaces another.  Succession 

and the invasion of non-native plant species are two other 

processes that are part of this set of spatial vegetation 

processes.  The results of this study therefore contribute 

to the understanding of this set of processes, and these 

methods could be readily adapted to the study of, for 

example, invasion dynamics. 

 4



Methods 

Study sites 

  The Edwards Plateau of central Texas is underlain by 

almost flat formations of early Cretaceous limestone.  In 

its eastern portion (the Hill Country) these formations 

have been deeply eroded creating a landscape characterized 

by flat plateaus separated by slopes that range from gentle 

to near-vertical.  Soils are too shallow for farming in 

most places, but the entire region has been grazed by 

domestic stock since it was settled in the mid 1800’s (Hill 

& Vaughan, 1898).  Most grassland portions have been 

heavily grazed (Riskind & Diamond, 1988).  In the eastern 

border of the study area, the average temperature in 

January is 10.0oC and in July it is 29.3oC (NCDC 2009).  In 

the western portion of the study area, average temperature 

in January is 8.5oC and in July is 28.1oC (NCDC 2009).  

Average annual precipitation is 86.9 cm and did not differ 

significantly from east to west across the study area 

during the years 1939-2004.  However, the variation in the 

temporal and local spatial distribution of rainfall is 

extreme. 
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Data for this study were obtained from aerial 

photographs of three sites on the eastern Edwards Plateau.  



Pedernales Falls State Park (Pedernales, hereafter), is a 

former ranch which became a state park in 1971 and has not 

been grazed since.  Balcones Canyonlands National Wildlife 

Refuge (Balcones, hereafter) is composed of several 

different tracts with different grazing histories acquired 

by the Refuge at different times.  Grazing ceased at 

acquisition.  Southwest Texas State University Freeman 

Ranch (Freeman, hereafter) is currently grazed at a 

stocking rate of about 1 animal unit per 25 to 40 acres 

(Gabbard & Fowler, 2007).  Within each of the three sites, 

different tracts have had different mechanical clearing and 

fire histories.  The upland vegetation in this region is a 

mosaic of savannas and woodlands.  Savanna's herbaceous 

matrix is typically dominated by some combination of the 

native grasses Schizachyrium scoparium (little bluestem), 

Nassella leucotricha (Texas wintergrass), and species of 

the genera Aristida (three-awn grasses), Muhlenbergia 

(muhly grasses) and Bouteloua (grama grasses), plus the 

non-native grass Bothriochloa ischaemum (King Ranch 

bluestem).  Their woody component is dominated by Juniperus 

ashei (Ashe juniper) and Quercus fusiformis (Plateau live 

oak) (Fowler & Dunlap, 1986).  

 6



In the absence of active management to remove woody 

plants, savannas in this region undergo woody plant 

encroachment becoming closed-canopy woodlands.  Both the 

growth of existing woody plants and the establishment of 

new woody plants contribute this process.  Periodic fires 

were likely maintaining savannas in the past (Smeins, 

1980).  Under present conditions, however, mechanical 

clearing of woody plants is the dominant factor acting in 

opposition to woody plant encroachment.  For the past half-

century, woody plant encroachment has been almost entirely 

due to the establishment and growth of J. ashei.  Saplings 

of Q. fusiformis are essentially absent in part as a result 

of intense deer browsing (Russell & Fowler, 1999; 2002; 

2004).  Saplings of other hardwood species seem to be 

equally uncommon in savannas (Fowler, pers. comm).  

 

Image preparation 
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 I used data derived from chronological sequences of 

aerial photographs of the three study sites.  All images 

were obtained from the Texas Natural Resources Information 

Service (TNRIS).  I used grayscale aerial photographs of 

each of the sites from the earliest year in the archives up 

to 1995: Pedernales (1951, 1965, and 1981), Balcones (1939, 



1951, 1962, and 1980) and Freeman (1951, 1958, 1974, and 

1980).  Each photograph was scanned at 1000 dpi using 

default settings.  I also used the three-color DOQs 

(resolution of one m2) of each site from 1995 and 2004 

(Table 1.1). 

The grayscale images were georectified (rectified to a 

common geographic coordinate system, North American Datum 

1983 zone 14, in meters).  First, I georectified the most 

recent grayscale images of a site using the corresponding 

three-color 1995 DOQ, I then used that rectified image to 

georectify the next most recent grayscale image of that 

site, and so on, back to the oldest image of the site.  I 

used a nearest-neighbor resampling method (ArcMap 9.1 ESRI 

Inc. 1999).  The final rectified images had a common 

resolution of one m2. 

 8

To georectify each image, at least 40 control points 

were used.  Control points were spread more or less 

uniformly across the image but with more emphasis on the 

borders because distortion is greater there.  The maximum 

number of control points was the number of points at which 

the Root Mean Square (RMS) error stabilized.  Initially, 

RMS increases rapidly with the addition of more points but 

then starts decreasing as more points are added and 



eventually stabilizes.  When RMS has stabilized, no further 

improvement is obtained by adding more points.  I used this 

criterion rather than selecting control points to meet a 

pre-set maximum RMS because initially RMS tends to grow 

rapidly as control points are added; simply deleting points 

with high deviations to reduce the RMS tends to result in 

having either too few points, or sets of clustered control 

points.  Georectifying an image using a set of clustered 

control points optimizes accuracy on that portion of the 

image but distorts the rest.  Therefore, when a high-

deviation point had to be excluded, I replaced it with a 

nearby point with a lower deviation.  For example, the 

precise location of the center of a large tree might be 

uncertain (high deviation) so a smaller nearby shrub (less 

uncertainty, lower deviation) would be substituted for it. 

 9

 Each rectified grayscale image was converted to a 

binary image in which each pixel was classified as 

representing woody or herbaceous vegetation.  I used 

unsupervised classification (ERDAS Imagine 9.0 or ArcGIS 

9.2) to do this.  The three-color DOQs were converted to 

similar binary images using a supervised classification 

(ArcGIS 9.2).  All of the binary images from one site 

(e.g., Pedernales Falls) in one year were combined to form 



a single composite image for that site in that year (ARCGIS 

9.2).  Buildings, borrow pits, and roads, together with a 

150 m buffer from their edges, were excluded from the 

images.  Any unfocused or damaged portions of the original 

photographs were also excluded from the binary images.  

Finally, areas with evidence of clearing of woody plants 

were excluded from the binary images (Table 1.2). 

 From the TNRIS website I obtained digital maps of soil 

types created by the National Resources Conservation 

Service.  Using this information, the binary images 

described above were divided into separate images, one 

image per site per year per soil type.   

Sample plots 

 I sampled each of these new images (one image per site 

per year per soil type) with non-overlapping circular plots 

56 m in radius (about 1 ha) located on a staggered grid.  

If a plot fell partly outside the area to be sampled (e.g., 

a road, a cleared area) and/or outside the soil type, the 

data were recorded only from the usable part of the plot.  

The resulting differences in plot size were taken into 

account in the analyses. 

 10

 For each plot, I measured total pixels, woody pixels, 

herbaceous pixels, number of woody patches, number of 



herbaceous patches, and total edge using Fragstats 

(McGarigal & Marks, 1995) with a publicly-available batch-

script for ArcGis 9.2(ESRI Inc. 1999).  In this study a 

patch was defined as a set of pixels of the same type that 

shared uninterrupted orthogonal and/or diagonal 

trajectories with the other pixels of the same type (i.e., 

the eight-neighbor rule).  Fragstats defines total edge as 

'the sum of the lengths ... of all edge segments involving 

the corresponding patch type' (McGarigal & Marks, 1995). 

 

Data subsets 

 All sequential pairs of images from a single soil type 

at one of the three study site will be referred to as a 

single case.  For example, all the plots with Brackett soil 

from Pedernales that were photographed in 1951 and again in 

1965 comprise one case.  There were 62 cases, with a range 

from 44 to 1972 sample plots per case.  Note that cases are 

not strictly independent because many plots were used 

twice: to provide end-of-interval data for one case and to 

provided initial data for another case. 

 Cases with less than 100 plots were dropped from the 

analyses, based on a preliminary analysis to determine a 

 11



conservative minimum sample size.  A total of 50 cases were 

retained.  

 

Model construction: general 

 For purposes of model construction, I considered the 

increase in woody cover to be due to two separate 

processes: (a) the growth of pre-existing woody patches and 

(b) formation of new patches due to the dispersal of seeds 

away from existing patches.  I modeled each process 

separately and then combined the two submodels by assuming 

that the two processes act additively.  Each submodel used 

relative, not absolute, woody cover.  Relative woody cover 

(X or Y) was calculated as the number of woody pixels in 

the plot divided by the total number of pixels in the plot 

(A) (Table 1.3).  Pairs of sequential images provided the 

data for models that predicted final woody cover (Y) as a 

function of initial woody cover (X).  Depending on the site 

and the time period, final woody cover (Y) was measured 4 

to 18 years after initial woody cover (X). 

 

Model construction: patch-growth submodels 

 12

  I did not distinguish the growth of existing woody 

patches due to the growth of existing woody plants from 



patch growth due to the establishment of new woody plants 

under or next to existing ones.  It is not possible to 

distinguish between these two processes in these aerial 

photographs.  Both processes contribute to the growth of 

existing patches.  Juvenile J. ashei are more common under 

existing trees (including Q. fusiformis and adult male J. 

ashei as well as adult female J. ashei) than in the open, 

due to seed dispersal by perching birds, facilitation of 

seedlings by adult junipers, and a lack of seed dispersal 

away from female parent trees (Batchelor, 2004). 

 13

 The first submodel of density-dependent patch growth 

was based on the discrete logistic equation Y = X * (1 + 

R*(K-X)/K).  I set K = 1 because the maximum woody cover 

that can possibly be attained is 1 (i.e., 100%).  This 

submodel was then extended to incorporate information about 

the spatial configuration of the woody cover in each plot.  

One of two metrics of spatial configuration was used to 

modify R: the number of woody patches in the plot or the 

total length of the woody/herbaceous edge in the plot.  

Total edge and number of patches were selected from a 

plethora of spatial configuration metrics because 

preliminary analyses showed that these two had the highest 

correlation with future woody cover.  Each of these two 



metrics was expressed either relative to total area pixels 

(A), or relative to total initial woody pixels (X*A) 

(Recall that X = relative initial woody cover, so X*A = the 

total number of woody pixels in the plot).  The spatial 

configuration of woody cover was assumed to modify R either 

multiplicatively or additively (Table 1.3).   

 In addition to patch-growth submodels based on the 

discrete logistic, a submodel that conceptualized the 

increase in woody cover as outward growth from the edges of 

existing woody patches was constructed.  This submodel, 

called edge-expansion hereafter, used edge to predict 

increase in patch area.  Spatial configuration of woody 

cover was at the core of this submodel, rather than being 

an extension of the model as it was in the other patch 

growth submodels.  This submodel is implicitly, rather than 

explicitly, density-dependent.  Note that, because edge 

increases as woody cover increases up to about 50% and then 

falls as cover approaches 100%, the edge-expansion submodel 

is positive density-dependent at low initial cover values. 

 14

 I also identified two patch-growth null submodels.  

One null submodel represented an additive increase in 

relative woody cover, e.g., from 40% to 45% to 50% of the 

total area.  The other null submodel represented geometric 



increase in woody cover (e.g., a constant rate of 10% per 

year would predict the sequence 40% cover, 44% cover, 48%, 

53%, 59%, etc) (Table 1.4). 

 

Model construction: formation of new patches submodel   

 I defined new patches as patches that were absent in 

the first pair of sequential images but are present in the 

second image and separated from existing woody patches by 

intervening herbaceous vegetation.  This definition relies 

upon the absence of clonal spread by J. ashei; it would 

have to be modified for sites with rhizomatous woody 

species.  I modeled the formation of new patches of woody 

plants as a spatially random process occurring in pixels 

not already occupied by woody plants at the beginning of 

the period with a constant rate (F).  Thus Y = F *(1-X), 

where (1-X) = the proportion of non-woody pixels in the 

plot at the beginning of the period.  

 I considered a null submodel in which increases in 

woody cover are due only to new patch formation by adding 

formation of new patches submodel, F(1-X), to the initial 

woody cover X .  

 15

 I added the submodel of new patch formation to the 

submodels of patch growth (including to the null submodels) 



to produce a set of full models.  Another null model was 

defined in which woody cover was constant over time (Y = 

mean y) (Table 1.5). 

 

Constrained and unconstrained model versions 

 To obtain the unconstrained version of each model 

(submodels and full models), I simply allowed each 

coefficient to take the value that maximized the likelihood 

of the overall model.  In the constrained version of each 

model, relationships between terms dictated by the 

underlying conceptual models were maintained.  For example, 

the formation of new patches submodel is Y = F(1-X) = F – 

FX.  Thus it predicts that the coefficient of X will be 

equal to (-1) times the intercept.  In the constrained 

versions of the models, this relationship was assumed a 

priori and the two estimated coefficient values were not 

allowed to vary independently of each other (Table 1.5).  I 

compared the estimates of the models with constrained and 

unconstrained coefficients. 

 

Data analysis and comparisons of models 

 16

Because I compared patch-growth submodels with their 

corresponding full models, there were a total of 47 models 



to be compared (Table 1.5).  Thirty-two of these were 

versions of the discrete logistic expanded to include 

spatial configuration by modifying R either additively or 

multiplicatively by either edge or patch number relative 

either to total area or to woody area and with either 

constrained or unconstrained coefficients.  There were four 

versions of the discrete logistic and four versions of the 

edge-expansion model: patch-growth submodel or full model X 

constrained or unconstrained coefficients.  The remaining 7 

models are null models. 

 Coefficients were estimated for each model version, 

for each case separately, using the SAS 9.1.3 (SAS 

Institute, 2002) procedure NLMIXED, which provides maximum 

likelihood estimates for all the coefficients in a model.  

I used a stepwise elimination method to select models that 

provided better fits to the data.  At each step, I compared 

pairs of models that differed in one criterion (Fig. 1.1).  

At each step I dropped the set of models in the category 

with poorer fits (i.e., models with higher AICc values).  

To verify the results of the five-step selection protocol I 

calculated the AICc weights for all the 47 models and 

averaged them across cases. 
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 I calculated the adjusted R2 for each of the models to 

estimate the amount of variation explained adjusted to the 

number of terms in the model as 1-(SSE*n-1)/(SST*n-p-1), 

where p is the number of parameters in the model.  

  

Results 

 The first in the five-step selection process compared 

the full models (included the new patch formation with the 

corresponding submodels of patch growth only.  Out of all 

comparisons (21 pairs of models x 50 cases), 93% resulted 

in the full model having a lower AICc values than the 

corresponding submodel with only patch growth.  Therefore, 

only the full models were retained.  

 18

 The second step included two different comparisons.  

(1) The two edge-expansion models (constrained and 

unconstrained) were compared against the corresponding 

discrete logistic models without spatial configuration (2 

pairs of models x 50 cases).  Because edge has an 

approximately parabolic relationship with cover, these 

models are algebraically similar (Table 1.6).  The edge 

expansion model outperformed the simple discrete logistic 

in 81% of the cases, so the discrete logistic was dropped 

by this stepwise procedure.  (2) Different versions of the 



expanded discrete logistic were compared: those in which R 

is modified by a function of edge with those in which R is 

modified by a function of the number of woody patches.  In 

67% of the comparisons (8 pairs of models x 50 cases), the 

models that modified R with a function of edge fit the data 

better than those which modified R with a function of the 

number of woody patches.  The latter were accordingly 

dropped from further consideration. 

 The third step compared models that differed in 

whether edge was divided by total landscape area or edge 

was divided by total woody area when it was incorporated 

into the model.  In 72% comparisons (4 pairs of models x 50 

cases), the models with edge divided by total woody area 

had lower AICc values than the corresponding model with 

edge divided by total landscape area.  Models with edge 

divided by total area were accordingly dropped from further 

consideration.  This step yielded a list of 6 full models: 

the constrained and unconstrained versions of the expanded 

discrete logistic model with R modified additively or 

multiplicatively by edge divided by the total number of 

woody pixels, and the constrained and unconstrained 

versions of the edge expansion model.   
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In the fourth step, I compared each model fitted with 

coefficients constrained by the algebraic relationships 

assumed in their derivation with the same model fitted with 

unconstrained coefficients.  As expected, in a majority of 

cases (76% of the comparisons), the models with 

unconstrained coefficients had lower AICc value than those 

with constrained coefficients.  This step retained three 

full models: the unconstrained edge expansion model and the 

unconstrained expanded discrete logistic models with R 

modified by edge/woody-area (additively or 

multiplicatively).  These three models are algebraically 

similar (Table 1.6).  

For index A (relationship between intercept and 

coefficient of X) the differences between the expected and 

observed are small for the last three models.  For index B 

(relationship between coefficient of X2 and coefficient of 

E), the differences between the expected and observed index 

values are larger (Table 1.7). 

In the last (fifth) step, I identified the best model 

as comparing which of the three models retained up to this 

point had the lowest AICc value for the highest percent of 

cases in the dataset.  The expanded discrete logistic 
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model, with R modified additively by edge/woody-area 

represented the best model (Table 1.8). 

 Average AICc weights of all 47 models are in agreement 

with the results of the step-wise model selection process 

(Table 1.9).  The two models with the greatest weights were 

the unconstrained and constrained versions of the expanded 

discrete logistic, with R modified additively by 

edge/woody-area and the terms from the new patch submodel 

included.  All of the null models had low weights.  

 The best model had the highest adjusted R2, followed by 

the other two models compared in the last step of the 

stepwise selection process (Fig. 1.2).  

 

Discussion 
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The simplest biologically realistic model of woody 

plant encroachment is multiplicative (for example, a 

constant rate 2% per year increase in woody cover over the 

previous year).  I showed that much better predictions 

result if logistic density-dependence in woody cover 

increases and non-logistic density-dependence formation of 

new woody patches are each incorporated into the models.  

Each of these factors substantially improved the fit of 

models to observed increases in woody cover (primarily 



Juniperus ashei) in central Texas landscapes.  

Incorporating information about the spatial pattern of 

existing woody patches did not substantially reduce the 

unexplained variation but allowed us to draw conclusions 

about the nature of the encroachment process in this 

system.  

However, most studies to date have used, explicitly or 

implicitly, the simple multiplicative model or assumed a 

constant increase in cover per time interval (e.g., Archer 

et al., 1988; Briggs et al., 2007; but see Fensham et al., 

2005).  These results indicate that, where management 

decisions or scientific interpretations will be affected by 

the accuracy of predictions of the rate of encroachment, 

more complex models, of the sort used in this study, should 

be considered. 
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Finding logistic density-dependence in woody plant 

encroachment was not surprising.  As encroachment proceeds, 

less open space is available, causing the relative rate of 

encroachment to slow.  Eventually maximum woody cover is 

reached and encroachment necessarily ceases.  In the 

studied landscapes in central Texas, maximum cover was 

100%.  Note, however, that the temporal pattern of 

encroachment did not follow a classic logistic curve of 



density-dependent population growth (Fig. 1.3).  Instead it 

had a non-zero intercept and a very steep initial increase.  

I interpret these as reflecting the effects of new patch 

formation. 
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Had the formation of new woody patches been strictly 

density-dependent in a classic (i.e., logistic) sense (Fig. 

1.3), it would not have required additional model terms.  I 

assumed that there was also the formation of new woody 

patches in a non-logistic density-dependent sense: I 

assumed that it was proportional to the remaining open 

space in the plot (i.e., 100% - initial woody cover).  

Under this assumption, pixels are converted from open to 

woody by new patch formation as a negative linear function 

of woody cover.  As a result, a non-zero intercept term was 

added to the models and the magnitude of the first-order 

cover term was reduced in the models.  Biologically, the 

presence of a non-zero intercept represents seed input that 

is not from existing adults.  These seeds may have come 

from a persistent seed bank, or from outside the one-ha 

plots.  The former is likely to be most important soon 

after the clearing of an existing stand of J. ashei (Owens 

& Schliesing, 1995; Smeins et al., 1997).  Likewise, the 

simple negative linear relationship between new patch 



formation and existing cover most likely also represents 

the contribution of a seed rain independent of adult 

density within a plot.  The explanatory power of models 

that incorporated the submodel of new patch formation 

supports these hypotheses, as does the similarity of the 

estimated value of the rate of patch formation (F) between 

constrained and unconstrained models.  However, these 

results do not rule out a role for seed input and seedling 

recruitment proportional to adult density (implicit in the 

logistic density dependent portion of the model).  Many J. 

ashei seeds fall at the edges of woody patches, either near 

their parent or by dispersal to another woody patch 

(Batchelor, 2004; Van Auken et al., 2004).  Plants arising 

from these seeds would have increased the magnitude of R in 

the models and to the role of spatial pattern (see below). 
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Interpretation of the contribution of information 

about the spatial pattern of woody patches to encroachment 

rates is complicated by the relationships between the 

measures of spatial pattern and total woody cover.  Total 

edge (number of woody/herbaceous pixel joins) is a 

parabolic function of woody cover, and number of woody 

patches has a third-order polynomial relationship with 

woody cover (Fig. 1.4).  Adding either of these terms to a 



model is therefore, in effect, adding one or more 

additional cover terms (except for the edge expansion 

model, which becomes the discrete logistic if a parabolic 

function of cover is substituted for edge).  There was also 

a substantial amount of variation around these parabolic or 

polynomial curves (Fig. 1.4).  Inclusion of one of the 

measures of spatial pattern in a model incorporated the 

information contained in this variation.  I suspect that 

the latter is the more important source of the model 

improvement gained by including spatial pattern.  However, 

the differences between the constrained and unconstrained 

estimated coefficient values of E and E*X in the expanded 

discrete-logistic equation suggest that the conceptual 

models of the effect of edge on the population growth rate 

R did not completely capture the actual processes 

underlying patch expansion.  For the conceptual model of 

edge expansion, however, I did not have an expected value 

and cannot, therefore, evaluate if the estimated 

coefficients fit the conceptualized role of edge.  

Nevertheless, the edge expansion model remains biologically 

intuitive. 
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In this system, total edge was a better measure of 

spatial pattern in explaining woody patch encroachment than 
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was number of patches.  Biologically, this makes sense: 

patches of J. ashei tend to spread outwards, due to 

individual plant growth and due to the recruitment of new 

individuals around the edges of existing patches 

(Batchelor, 2004).  In contrast, in this system patches are 

so irregularly shaped and differently sized that patch 

number sometimes seems rather arbitrary.  I would expect 

edge to be similarly important in any system in which by 

clonal growth is an important contributor to patch size 

like the advance invasion front by Spartina alterniflora 

(Huang et al., 2008) or the growth of aspen groves (Barnes, 

1966).  Patch expansion will also be important where seeds 

tend to be dispersed near adults, as is the case with J. 

ashei (Batchelor, 2004; Van Auken et al., 2004).  J. ashei 

seedlings also have a higher survival rates near adult J. 

ashei, although growth rates are highest in the open 

(Batchelor, 2004; Van Auken et al., 2004).  Higher 

germination, survival and/or growth rates at the edge of 

contrasting vegetation types have been reported for many 

other systems, especially those in which the herbaceous 

matrix may represent a more water-stressed environment with 

higher risk of drought-induced mortality (e.g., Ichihara & 

Yamaji, 2009; Pedraza-Perez & Williams-Linera, 2005; Wassie 



et al., 2009; Weltzin & McPherson, 1999) but see (Brudvig & 

Asbjornsen, 2009).  Where patch expansion is limited, or 

when propagule pressure determines the rate of invasive 

spread, number of patches may be the better measure of 

spatial pattern to predict spread dynamics (e.g., Carduus 

acanthoides (Jongejans et al., 2007).  

 The potential roles of density-dependence, new patch 

formation, and spatial pattern in determining rates of 

vegetation change are not limited to woody plant 

encroachment in central Texas.  Other areas experiencing 

woody plant encroachment involve similar processes (Fensham 

et al., 2005; Roques et al., 2001).  Beyond woody plant 

encroachment, in other instances of vegetation change, the 

influence of these factors may be relevant.  Examples 

include forest regeneration or succession (Groeneveld et 

al., 2009; Pedraza-Perez & Williams-Linera, 2005; Toft & 

Fraizer, 2003), and the spread of invasive species (e.g., 

Boulant et al., 2008; Cannas et al., 2006; Levine et al., 

2006; Marco et al., 2009).  Incorporating these processes 

and factors into models of community change in these 

situations is likely to improve their predictions just as 

it did in this study.   
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In this study, I compared a large number (47) of 

models (submodels and full models) of the woody plant 

encroachment process which differed from each other by one 

or more aspects of the encroachment process.  A stepwise 

selection method allowed us to compare models differing in 

one specific element, such as the importance of formation 

of new patches.  Average AICc weights identified the same 

‘best model,’ but did not provide the comparisons of the 

stepwise procedure.  In both cases, these results represent 

average performance across three sites, many soil types, 

and many time intervals.  Had the study been limited to 

only one or a few site*soil-type*period combinations, a 

different model might have been ‘best.’  However, in almost 

all instances the general conclusion, that density-

dependence, random new patch formation, and spatial pattern 

are all important, would not have changed.  All three of 

these factors improved model performance in this system; 

all three are likely to be important in many other systems. 



Table 1.1: Aerial photographs scanning details. 

site/county year agency 
number 
scanned 
frames 

scanner scanning date

1939 N/A 1 N/A N/A 

1951 ASCS 22 HP Designjet 815 mfp Spring 2007 

1962 USGS 26 Duoscan T2500 AGFA Spring 2007 

1980 TXDOT 24 Duoscan T2500 AGFA Spring 2007 

Balcones 
Canyonlands 
National 
Wildlife 
Refuge 

Travis County 
1990 TXDOT 27 Duoscan T2500 AGFA Spring 2007 

1951 ASCS 27 HP Designjet 815 mfp Spring 2006 

1958 ASCS 6 Duoscan T2500 AGFA Spring 2006 

1974 TXDOT 14 Duoscan T2500 AGFA Spring 2006 

1980 TXDOT 19 Duoscan T2500 AGFA Fall 2005 

Freeman Ranch 
Hays County 

1991 TXDOT 16 Duoscan T2500 AGFA Fall 2005 

1951 ASCS 5 HP Designjet 815 mfp Summer 2005 

1965 USGS 2 Duoscan T2500 AGFA Summer 2005 

Pedernales 
Falls State 

Park 
Blanco County 1981 TXDOT 3 Duoscan T2500 AGFA Summer 2005 
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Table 1.2: image preparation and exclusion of areas from analysis 
 Site 

Description Pedernales Falls 
State Park 

Balcones Canyonlands 
National Wildlife 

Refuge 
Freeman Ranch 

Initial area 
of composite 
image (merged 
rectified and 
classified 
photographs) 

1,597 ha 5,598 ha 1,856 ha 

Area after 
exclusion of 
roads and 
buildings 
together with 
buffer of 25m 

966 ha 4,390 ha 1390 ha 

1951-1965 592 ha 1939-1951 2,780 ha 1951-1958 620 ha

1965-1981 764 ha 1951-1962 1,277 ha 1958-1974 916 ha

1981-1995 794 ha 1962-1980 2,866 ha 1974-1980 1,307 ha

1995-2004 723 ha 1980-1995 3,021 ha 1980-1991 1,188 ha

1995-2004 3,803 ha 1991-1995 987 ha

Area after 
exclusion of 
areas with 
woody-plant 
clearing 

1995-2004 1253 ha
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Table 1.3: Model Derivation.  Terms in these models have been combined and re-arranged to clarify the underlying algebraic form of each 
model.   
The discrete logistic model, as well as all the models derived from it, assume that K (carrying capacity)=1. R represents the intrinsic 
growth rate. 
Each model describes change in woody cover in one plot between two sequential images.  From the data, we calculated directly, for each 
plot, 
 Y = proportion of woody pixels in the plot at the end of the time period 
 X = proportion of woody pixels in the plot at the beginning of the time period 
 A = total area of the plot (in pixels).  X*A = total woody pixels in the plot at the beginning of the period. 
 E = (total edge length/A) in the plot at the beginning of the time period 
 P = (number of patches/A) in the plot at the beginning of the time period 
We then estimated for each plot, from the data and a given model,  
 ε = error term (representing random variation in Y) 
The second column represents the models of growth of pre-existing woody patches.  In these original models,  
 B, C are null-model constants 
 D is a constant that coverts edge or number of patches (expressed as a proportion of A or XA) into an effect on R 
The third column adds the increase in woody cover contributed by the random seed dispersal in the open areas to the models in the second 
column.  In these,  
 F is the probability of a non-woody pixel becoming a woody pixel via seed dispersal that is independent of path location   
 

patch growth hypothesis submodel of growth of existing 
patches 

addition new patch formation submodel 
F(1-X) rearrangement 

Null: no information Y= Ybar   

Null: constant addition Y= B +X +ε Y= F(1-X) +B +X +ε Y= F +B +(1-F)X +ε 

Null: geometric growth Y= XC +ε Y= F(1-X) +XC +ε Y= F +(C-F)X +ε 

DL (unexpanded)  Y= X(1 +R(1-X)/1) +ε Y= F(1-X) +X(1 +R(1-X)/1) +ε Y= F +(1+R-F)X -R(X2) +ε 
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Edge expansion Y= X +DE +ε Y= F(1-X) +X +DE +ε Y= F +(1-F)X +DE +ε 

DL (unexpanded)  Y= X(1 +R(1-X)/1) +ε Y= F(1-X) +X(1 +R(1-X)/1) +ε Y= F +(1+R-F)X -R(X2) +ε 

DL (expanded)  
R × edge/total-area Y= X(1 +RDE(1-X)/1) +ε Y= F(1-X) +X(1 +RDE(1-X)/1) +ε Y= F +(1-F)X +RDEX -RDEX2 +ε 

DL (expanded)  
R + edge/total-area  Y= X(1 +(R +DE)(1-X)/1) +ε Y= F(1-X) +X(1 +(R +DE)(1-X)/1) +ε Y= F +(1+R-F)X  -RX2 +DEX -DEX2 +ε 

DL (expanded)  
R × edge/woody-area  Y= X(1 +RD(E/X)(1-X)/1) +ε Y= F(1-X) +X(1 +RD(E/X)(1-X)/1) +ε Y= F +(1-F)X +RDE -RDEX +ε 

DL (expanded)  
R + edge/woody-area  Y= X(1 +(R +D(E/X))(1-X)/1) +ε Y= F(1-X) +X(1 +(R +D(E/X))(1-X)/1) +ε Y= F +(1+R-F)X -RX2 +DE -DEX +ε 

DL (expanded)  
R × #patches/total-area  Y= X(1 +RDP(1-X)/1) +ε Y= F(1-X) +X(1 +RDP(1-X)/1) +ε Y= F +(1-F)X +RDPX -RDPX2 +ε 

DL (expanded)  
R + #patches/total-area  Y= X(1 +(R +DP)(1-X)/1) +ε Y= F(1-X) +X(1 +(R +DP)(1-X)/1) +ε Y= F +(1+R-F)X -RX2 +DPX -DPX2 +ε 

DL (expanded)  
R × #patches/total-woody  Y= X(1 +RD(P/X)(1-X)/1) +ε Y= F(1-X) +X(1 +RD(P/X)(1-X)/1) +ε Y= F +(1-F)X +RDP -RDPX +ε 

DL (expanded)  
R + #patches/total-woody  Y= X(1 +(R +D(P/X))(1-X)/1) +ε Y= F(1-X) +X(1 +(R +D(P/X))(1-X)/1) +ε Y= F +(1+R-F)X  -RX2 +DP -DPX +ε 
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Table 1.4: hypotheses and submodels of growth of existing patches 
patch growth 
hypothesis 

spatial 
configuration modifies R? patch growth submodel 

constrained coefficients 
patch growth submodel 

unconstrained coefficients 
Null:  
no information NA NA Y= Ybar  

Null:  
constant addition NA NA Y= B +X + ε  

Null:  
geometric growth NA NA Y= CX + ε  

DL (unexpanded) NA NA Y= (1+R)X –RX2 + ε  Y= bX +cX2 +ε  

edge expansion total edge NA Y= X +DE + ε Y= bX +cE +ε 

DL (expanded) edge/total-area multiplicatively Y= X +RDEX –RDEX2 + ε Y= bX +cEX +dEX2 +ε 

DL (expanded) edge/total-area additively Y= (1+R)X –RX2 +RDEX –RDEX2 +ε Y= bX +cX2 +dEX +eEX2 +ε 

DL (expanded) edge/woody-area multiplicatively Y= X +RDE –RDEX +ε Y= bX +cE +dEX +ε 

DL (expanded) edge/woody-area additively Y= (1+R)X –RX2 +RDE –RDEX +ε Y= bX +cX2 +dE + eEX +ε 

DL (expanded) #patches/total-area multiplicatively Y= X +RDPX –RDEX2 +ε Y= bX +cPX +dEX2 +ε 

DL (expanded) #patches/total-area additively Y= (1+R)X –RX2 +RDPX –RDPX2 +ε Y= bX +cX2 +dPX + ePX2 +ε 

DL (expanded) #patches/woody-area multiplicatively Y= X +RDP –RDPX +ε Y= bX +cP + dPX +ε 

DL (expanded) #patches/woody-area additively Y= (1+R)X –RX2 + RDP –RDPX +ε Y= bX +cX2 + dP + ePX +ε 
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Table 1.5: All models   
Full models and submodels with constrained and unconstrained coefficients 

patch growth 
hypothesis 

spatial 
configuration modifies R? patch growth submodel 

constrained coefficients 
patch growth submodel 

usnconstrained coefficients 

Null: no information NA NA Y= Ybar  

Null: constant addition NA NA Y= B +X + ε  

Null: geometric growth NA NA Y= CX + ε  

Discrete Logistic (DL) NA NA Y= (1+R)X –RX2 + ε  Y= bX +cX2 +ε  

Edge expansion total edge NA Y= X +DE + ε Y= bX +cE +ε 

DL (expanded) edge/total-area multiplicatively Y= X +RDEX –RDEX2 + ε Y= bX +cEX +dEX2 +ε 

DL (expanded) edge/total-area additively Y= (1+R)X –RX2 +RDEX –RDEX2 +ε Y= bX +cX2 +dEX +eEX2 +ε 

DL (expanded) edge/woody-area multiplicatively Y= X +RDE –RDEX +ε Y= bX +cE +dEX +ε 

DL (expanded) edge/woody-area additively Y= (1+R)X –RX2 +RDE –RDEX +ε Y= bX +cX2 +dE + eEX +ε 

DL (expanded) #patches/total-area multiplicatively Y= X +RDPX –RDEX2 +ε Y= bX +cPX +dEX2 +ε 

DL (expanded) #patches/total-area additively Y= (1+R)X –RX2 +RDPX –RDPX2 +ε Y= bX +cX2 +dPX + ePX2 +ε 

DL (expanded) #patches/woody-area multiplicatively Y= X +RDP –RDPX +ε Y= bX +cP + dPX +ε 

DL (expanded) #patches/woody-area
 additively Y= (1+R)X –RX2 + RDP –RDPX +ε Y= bX +cX2 + dP + ePX +ε 
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patch growth 
hypothesis 

spatial 
configuration modifies R? full model 

constrained coefficients 
full model 

unconstrained coefficients 
Null: 
constant addition NA NA Y= F +B +(1-F)X +ε Y= a +bX +ε 

Null: 
geometric growth NA NA Y= F +(C-F)X +ε  

Null:no patch growth NA NA Y= F –FX  

Discrete Logistic (DL) NA NA Y= F +(1+R-F)X -R(X2) +ε Y= a +bX +cX2 +ε  

Edge expansion total edge NA Y= F +(1-F)X +DE +ε Y= a +bX +cE +ε 

DL (expanded) edge/total-area multiplicatively Y= F +(1-F)X +RDEX -RDEX2 +ε Y= a +bX +cEX +dEX2 +ε 

DL (expanded) edge/total-area additively Y= F +(1+R-F)X -RX2 +RDEX -RDEX2 +ε Y= a +bX +cX2 +dEX +eEX2 +ε 

DL (expanded) edge/woody-area multiplicatively Y= F +(1-F)X +RDE -RDEX +ε Y= a +bX +cE +dEX +ε 

DL (expanded) edge/woody-area additively Y= F +(1+R-F)X -RX2 +DE -DEX +ε Y= a +bX +cX2 +dE +eEX +ε 

DL (expanded) #patches/total-area multiplicatively Y= F +(1-F)X +RDPX -RDPX2 +ε Y= a +bX +cPX +dEX2 +ε 

DL (expanded) #patches/total-area additively Y= F +(1+R-F)X -RX2 +RDPX –RDPX2 +ε Y= a +bX +cX2 +dPX +ePX2 +ε 

DL (expanded) #patches/woody-area multiplicatively Y= F +(1-F)X +RDP -RDPX +ε Y= a +bX +cP +dPX +ε 

DL (expanded) #patches/woody-area
 additively Y= F +(1+R-F)X  -RX2 +RDP –RDPX +ε Y= a +bX +cX2 +dP +ePX +ε 
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Fig 1.1: Stepwise elimination procedure to select best 
model 
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Retained models compared.  
Model with lowest AICc in the 
majority of cases is selected as 
the overall best model.

Retained models from 3o level 
with coefficient estimates 
unconstrained by the algebraic 
relationships as determined by 
the model derivation 

Retained models from 3o level 
with coefficient estimates 
constrained by the algebraic 
relationships as determined by 
the model derivation 

vs

Retained 
models from 1o 
level, 
expansion of 
discrete logistic 
including 
number of 
woody patches 
as a metric of 
spatial 
configuration  

Retained 
models from 1o 
level, 
expansion of 
discrete logistic 
including edge 
as a metric of 
spatial 
configuration of 
woody patches 

vs

Retained models from 2o level 
including the spatial 
configuration metric relative to 
total woody pixels only 

Retained models from 2o level 
including the spatial 
configuration metric relative to 
total pixels in the landscape 
(woody + herbaceous) 

vs

Equivalent models but lacking 
formation of new woody 
patches through spatially 
random seed dispersal in the 
herbaceous vegetation 

All models including 
formation of new woody 
patches through spatially 
random seed dispersal in the 
herbaceous vegetation 

vs

AICc

AICc

AICc

Retained 
models from 
1o level, edge-
expansion 
model  

Retained 
models from 
1o level, 
discrete 
logistic 
models 
without 
spatial 
configuration 

vs



Table 1.6: models including edge vs. equivalent X polynomials (assuming E = bX – bX2) 

Edge expansion Equivalent X polynomial 

Y  = a +bX +cE 

Y  = a +bX +cE   substituting for E 

   = a +bX +c(bX –bX2) 

   = a +bX +cbX –cbX2

if b' = (b +cb)  and c' = (-cb) 

   = a +b'X +c'X2

Discrete Logistic expanded  
R × edge/(woody area) Equivalent X polynomial 

Y  = a +bX +cE +dEX 

  

Y  = a +bX +cE +dEX   substituting for E 

   = a + bX +c(bX –bX2) +d(bX –bX2)X 

   = a + bX +cbX –cbX2 +dbX2 –dbX3

if b'=(b +cb), c'=(-cb +db) and d'=(-db) 

   = a + b'X +c'X2 +d'X3

Discrete Logistic expanded 
R + edge/(woody area) Equivalent X polynomial 

Y  = a +bX +cX2 +dE +eEX 

Y  = a +bX +cX2 +dE +eEX   substituting for E 

   = a +bX +cX2 +d(bX –bX2) +e(bX – X2)X 

   = a +bX +dbX +cX2 –dbX2 +ebX2 –ebX3

if b'=(b +db), c'=(c –db +eb) and d' = (-eb) 

   = a +b'X +c'X2 +d'X3
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Table 1.7: Index A, Index B expected and observed values.  Index A refers to the 
relationship between the intercept and the coefficients of X (and X2 if present) in 
the models with constrained coefficients.  Index B refers to the relationship 
between the coefficient of E and E*X in the models with constrained coefficients. 

Patch Growth 
Hypothesis 

Index A 
Expected value 

Index A 
Observed value 

Index B 
Expected value 

Index B 
Observed value 

Edge expansion a +b  = 1 0.931 ± 0.025 na na 

DL (expanded)  
R* edge/woody-area 

a +b = 1 0.948 ± 0.028 c +d = 0 0.306 ± 0.183 

DL (expanded)  
R+ edge/woody-area  

a +b +c = 1 0.962 ± 0.03 d +e = 0  0.353 ± 0.194 
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Table 1.8: best models from stepwise elimination process 

patch growth 
hypothesis 

new 
patches 
submodel? 

spatial 
configuration 

metric? 
modifies R? unconstrained 

coefficients? 

% cases as 
'best' 
model 

DL (expanded)  edge/woody-area additive  44% 

DL (expanded)  edge/woody area multiplicative  30% 

edge-expansion  total edge NA  26% 
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Table 1.9: Average AICc weights with all 47 models considered 

Patch growth submodel New patches Spatial configuration metric Coefficients AICc Weight 

DL (expanded) R + edge/woody-area  edge/woody-area Unconstrained 0.220 

DL (expanded) R + edge/woody-area  edge/woody-area Constrained 0.121 

DL (expanded) R × × edge/woody-area  edge/woody-area Unconstrained 0.090 

DL (expanded) R + edge/total-area  edge/total-area Unconstrained 0.090 

DL (expanded) R × edge/woody-area  edge/woody-area Constrained 0.052 

Edge-expansion  edge Unconstrained 0.048 

DL (expanded) R + #patches/woody-area  #patches/woody-area Unconstrained 0.046 

DL (expanded) R + #patches/woody-area  #patches/woody-area Constrained 0.045 

DL (expanded) R + edge/total-area  edge/total-area Constrained 0.032 

Edge-expansion  edge Constrained 0.016 

Discrete Logistic (undexpanded)  none Unconstrained 0.005 

Discrete Logistic (undexpanded)  none Constrained 0.005 

Discrete Logistic (undexpanded)  none Unconstrained 0.006 

Discrete Logistic (undexpanded)  none Constrained 0.002 

All other non-null models (26 models) NA NA NA 0.107 

All null models (summed average AICc weights) NA none NA 0.115 

 

 



Fig. 1.2: average of the adjusted R2 values.  Cases have 
equal weight when the average is calculated for each case 
and then the average of averages is calculated (solid 
circles).  Individual observations, regardless of case, 
have equal weight when average is calculated with all 
observations pooled (open circles). 
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Fig. 1.3: Predicted change in woody cover   
Proportional cover over time predicted by different 
hypotheses of woody plant encroachment. 
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Fig. 1.4: Relationship between two metrics of spatial 
configuration and cover 
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Evaluating the role of environmental factors in the 

dynamics of woody plant encroachment in savannas of the 

eastern Edwards Plateau, central Texas 

 

Introduction 

 Savannas and grasslands represent 25% to 40% of 

terrestrial vegetation and occur across a wide range of 

latitudinal and altitudinal gradients and climatic and 

edaphic conditions (Asner et al., 2004; Ramankutty & Foley, 

1999).  Savannas are distinguished from grasslands by the 

presence of woody plants, growing singly or in clusters, in 

addition to herbaceous vegetation.  Both savannas and 

grasslands in many parts of the world are experiencing 

increases in the proportion of woody plants, a process 

known as woody plant encroachment (Asner et al., 2004; 

Hibbard et al., 2003; Scholes & Archer, 1997; Van Auken, 

2000).    
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 These increases in the proportion of woody plants 

occur across a wide range of environmental conditions and 

affect animal and plant populations, community composition 

and structure, and rates and patterns of ecosystem 

processes (Bai et al., 2009; Hibbard et al., 2001; Kurc & 

Small, 2007; Miller et al., 2000; Sankaran et al., 2005; 



Scharenbroch et al., 2010; Springsteen et al., 2010; Van 

Auken, 2009).  In addition, woody plant encroachment often 

has negative effects on species and communities of 

conservation concern (Borghesio & Giannetti, 2005; Ceballos 

et al., 2010; Coppedge et al., 2001; Krannitz, 2007; 

Rowland et al., 2008; Spottiswoode et al., 2009), on water 

availability (Bendevis et al., 2010) and on the forage 

available for cattle and sheep (Scholes & Archer, 1997; 

Zarovalli et al., 2007).  A better understanding of the 

dynamics of woody plant encroachment and the factors that 

affect these dynamics would useful for land managers 

(Whiteman & Brown, 1998).  
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 Known causes of woody plant encroachment include 

reductions in fire frequency and intensity (Coop & Givnish, 

2007; Lehmann et al., 2009; Miller & Rose, 1999; Roques et 

al., 2001); the effects of herbivory on competition from 

grasses, fuel loads and propagule pressure (Boulant et al., 

2008; Brown & Carter, 1998; Jeltsch et al., 2000); short- 

and long-term changes in temperature and precipitation 

(Jakubos & Romme, 1993; Lehmann et al., 2009; Miller & 

Wigand, 1994); and perhaps changes in atmospheric CO2 levels 

(Bond & Midgley, 2000). The rate of encroachment can be 

affected by all of these factors, and also by edaphic and 



topographic factors (Coop & Givnish, 2007; Fensham et al., 

2005; Sankaran et al., 2005).  Few studies, however, have 

examined the effects of these factors on the dynamics of 

the encroachment process, other than reporting the overall 

rate of encroachment (but see (Boulant et al., 2008; 

Higgins et al., 2001; Johnson & Miller, 2006; Moleele et 

al., 2002; Roques et al., 2001). 
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 In this study I used an algebraic model of woody plant 

encroachment dynamics (chapter 1) to analyze the effects of 

environmental factors on the encroachment process.  This 

model incorporates density-dependence via the inclusion of 

a measure of edge, the number of herbaceous pixel-woody 

pixel joins.  Edge, a measure of the spatial arrangement of 

the woody plants, has approximately parabolic relationships 

with woody cover, being greatest when cover is close to 50% 

and declining towards zero as cover approaches 0% and 100%.  

In the central Texas savannas I studied, woody plant 

clusters expand outward by growth and by the establishment 

of new individuals around their edges, processes that are 

likely to be directly controlled by the amount of edge.  

This model also incorporates the formation of new foci via 

an intercept term (chapter 1).  For this study I expanded 

this model to include three environmental factors of 



interest: soil type, site-to-site differences, and 

topography (slope), allowing us to examine the effects of 

each factor on each component of the base model. 

 

Methods 

Study sites 
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  The three study sites were located on the eastern 

portion of the Edwards Plateau of central Texas.  This 

region is underlain by almost flat formations of early 

Cretaceous limestone.  On the eastern Edwards Plateau, 

these formations have been deeply eroded, creating a 

landscape of flat plateaus separated by slopes that range 

from gentle to near-vertical.  Soils are too shallow for 

farming in most places, but the entire region has been 

grazed by domestic stock since it was settled in the mid 

1800’s (Hill & Vaughan, 1898).  Most grassland portions 

have been heavily grazed (Riskind & Diamond, 1988).  On the 

eastern border of the study area (Austin), the average 

temperature is 10.0oC in January and 29.3oC in July; further 

west (Johnson City), it is 8.5oC in January and 28.1oC in 

July (NCDC 2009).  Average annual precipitation is 86.9 cm 

and did not differ significantly from east to west across 

the study area during the years 1939-2004.  However, the 



variation in the temporal and local spatial distribution of 

rainfall is extreme. 

Data for this study were obtained from aerial 

photographs of three sites on the eastern Edwards Plateau.  

Pedernales Falls State Park (PF) is a former ranch; which 

became a state park in 1971 and has not been grazed since.  

Balcones Canyonlands National Wildlife Refuge (BC) is 

composed of several different tracts with different grazing 

histories that were acquired by the Refuge at different 

times after the early 1990's.  Grazing ceased at 

acquisition.  Southwest Texas State University Freeman 

Ranch (FR) has recently been grazed at a stocking rate of 

about 1 animal unit per 25 to 40 acres (Gabbard & Fowler, 

2007).  Within each of the three sites, different tracts 

have had different mechanical clearing and fire histories. 
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 The upland vegetation in this region is a mosaic 

of savannas and woodlands.  The herbaceous matrix of 

savannas is typically dominated by some combination of the 

native grasses Schizachyrium scoparium (little bluestem), 

Nassella leucotricha (Texas wintergrass), and species of 

the genera Aristida (three-awn grasses), Muhlenbergia 

(muhly grasses) and Bouteloua (grama grasses), plus the 

non-native grass Bothriochloa ischaemum (King Ranch 



bluestem).  Their woody component is dominated by Juniperus 

ashei (Ashe juniper) and Quercus fusiformis (Plateau live 

oak) (Fowler & Dunlap, 1986).  

In the absence of active management to remove woody 

plants, savannas in this region undergo woody plant 

encroachment and become closed-canopy woodlands.  Both the 

growth of existing woody plants and the establishment of 

new woody plants contribute this process.  Periodic fires 

likely maintained savannas before settlement (Smeins, 

1980).  Under present conditions, however, mechanical 

clearing of woody plants is the dominant factor acting in 

opposition to woody plant encroachment.  For the past half-

century, woody plant encroachment has been almost entirely 

due to the establishment and growth of J. ashei.  Saplings 

of Q. fusiformis are essentially absent in part because of 

intense deer browsing (Russell & Fowler, 1999; 2002; 2004).  

Saplings of other hardwood species seem to be equally 

uncommon in savannas (Fowler, pers. communication).  

 

Image preparation 

 57

 I used data derived from historical aerial photographs 

of the three study sites.  All images were obtained from 

the Texas Natural Resources Information Service (TNRIS, 



Austin, TX).  I obtained and scanned grayscale aerial 

photographs of 1981 (PF), 1980 (FR) and 1981 (BC) to 1000 

dpi using default Duoscan T2500 AGFA scanner settings 

(Table 2.1).  I used three-color DOQs (digital orthoquads, 

resolution of 1 m2, geographic reference UTM NAD 1983 zone 

14 N in meters) of each site of 1995 and 2004.  

The grayscale images were georectified using the 

corresponding three-color 1995 DOQ as reference.  I used a 

nearest-neighbor resampling method (ArcGIS 9.1, ESRI Inc. 

1999).  The final rectified images had a common resolution 

of one m2. 
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To georectify each image, at least 40 control points 

were used.  Control points were spread more or less 

uniformly across the image but with more emphasis on the 

borders because distortion is greater there.  The maximum 

number of control points was the number of points at which 

the Root Mean Square (RMS) error stabilized.  Initially, 

RMS increases rapidly with the addition of more points but 

then starts decreasing as more points are added and 

eventually stabilizes.  When RMS has stabilized, no further 

improvement is obtained by adding more points.  I used this 

criterion rather than selecting control points to meet a 

pre-set maximum RMS because initially RMS tends to grow 



rapidly as control points are added; simply deleting points 

with high deviations to reduce the RMS tends to result in 

having either too few points or sets of clustered control 

points.  Georectifying an image using a set of clustered 

control points optimizes accuracy on that portion of the 

image but distorts the rest.  Therefore, when a high-

deviation point had to be excluded, I replaced it with a 

nearby point with a lower deviation.  For example, the 

precise location of the center of a large tree might be 

uncertain (high deviation) so a smaller nearby shrub (less 

uncertainty, lower deviation) would be substituted for it. 

 59

 Each rectified grayscale image was converted to a 

binary image in which each pixel was classified as 

representing either woody or herbaceous vegetation.  I used 

unsupervised classification (ERDAS Imagine 9.0 or ArcGIS 

9.2) to do this.  The three-color DOQs were converted to 

similar binary images using a supervised classification 

(ArcGIS 9.2).  All of the binary images from one site 

(e.g., Pedernales Falls) in one year were combined to form 

a single composite image for that site in that year (ARCGIS 

9.2).  Buildings, borrow pits, and roads, together with a 

150 m buffer from their edges, were excluded from the 

images.  Any unfocused or damaged portions of the original 



photographs were also excluded from the binary images.  

Finally, areas with evidence of clearing of woody plants 

were excluded from the binary images (Table 2.2).  Finally, 

any portion of an image present in one year but missing 

from an image in any other year was excluded from all 

years.     

 From the TNRIS website, I obtained digital maps of 

soil types created by the National Resources Conservation 

Service.  Using this information, the binary images 

described above were divided into separate images, one 

image per site per year per soil type.  I also obtained the 

30m-resolution Digital Elevation Model maps (DEM's) of each 

of the sites and calculated the percent of topographic 

gradient (slope) with ArcGIS 9.2(ESRI Inc. 1999).    

 

Sample plots and data collection 
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 I sampled each of these new images (one image per site 

per year per soil type) with non-overlapping circular plots 

56 m in radius (about one ha) located on a staggered grid.  

If a plot fell partly outside the area to be sampled (e.g., 

a road, a cleared area) and/or outside the soil type, the 

data were recorded only from the usable part of the plot.  

The resulting differences in plot size were taken into 



account in the analyses.  Plots with fewer than 300 pixels 

(300 m2) were discarded.  Only soil types into which I could 

fit at least 170 sample plots were used in our analyses.  

There were two of these soil types in each of the three 

sites: Brackett and Tarrant soils at BC, Comfort and Rumple 

soils at FR, and Brackett and Hensley soils at PF (Table 

2.3).  Some of these soil types are further divided, mostly 

by slope (NRCS, 2007).  Rather than further divide soil 

types, I included topography as a separate variable in the 

analyses.    

 In each plot, I measured total pixels, total woody 

pixels, and the ‘edge’ (total length of the 

woody/herbaceous edge), using Fragstats (McGarigal & Marks, 

1995) with a publicly-available batch-script for ArcGIS 9.2 

(ESRI Inc. 1999).  Fragstats defines total edge as ”the sum 

of the lengths ... of all edge segments involving the 

corresponding patch type” (McGarigal & Marks, 1995).  

Another way to define the variable ‘edge’ would be as the 

summed length of woody/herbaceous pixel joins.  I also 

measured ‘topography’, the average topographic gradient 

(i.e., slope) in each plot, using the Zonal Statistics 

(ArcGIS 9.2, ESRI Inc. 1999).  I refer to this latter 
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variable as ‘topography’ rather than ‘slope’ to avoid 

confusion with regression line slopes. 

 

Model description and data analysis 

 I analyzed two time periods: 1980 (1981, for PF) to 

1995 and 1995 to 2004.  I analyzed each period separately 

to maintain independence among observations (i.e., plots).  

For each plot in each period, the analysis used the total 

and woody pixels at the beginning and end of that period,   

‘edge’ (as defined above) in that plot at the beginning of 

the period, and its soil type and topography (as defined 

above). 

 I used a model of woody plant encroachment that a 

prior study (chapter 1) had shown to be the best of a wide 

range of models.  This model conceptualizes woody plant 

encroachment as the sum of two processes, the formation of 

new patches of woody vegetation and the growth of existing 

woody patches.  The model is  

  Y = X + f(1-X) + dE, 
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where Y is the relative proportion of woody pixels in the 

plot at the end of the period, calculated as the ratio of 

total woody pixels in the plot to total pixels in the plot, 

and X is the relative proportion of woody pixels in the 



plot at the beginning of the period.  E is the ratio of 

‘edge’, as defined above, in the plot at the beginning of 

the period to the total number of pixels in the plot.  

Because E tends to increase as cover increases to 50% and 

then decrease, it adds density-dependence to the model 

(chapter 1).  The parameters d and f are estimated 

constants.  Note that Y, X and E are each proportional to 

the total number of pixels in the plot.  New patches are 

assumed to occupy a constant proportion, f, of the 

available open space, (1-X), at the beginning of the 

period.  The increase in the size of existing woody patches 

is assumed proportional to the summed length of the edges 

of the patches of woody plants in the plot at the beginning 

of the period, reflecting the expansion of woody patches 

outwards over time.  Like all models, this model is a 

compromise between realism and simplicity.  For a fuller 

discussion of this model and its assumptions, see chapter 

1.   

 Rearranging this model in the form  

  Y = f + X(1-f) + dE 
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shows that this model has a non-zero intercept (f) and 

separate linear functions of two measured quantities, X and 

E.  However, in our analyses, I allowed the estimated 



intercept and the coefficient of X to vary independently, 

converting the model to 

  Y = a + bX + cE, 

where Y and X are as defined above, and a, b, and c are 

three separate estimated constants.  In other words, I did 

not constrain the estimated coefficient of X to equal 1 

minus the estimated intercept.  In a previous study 

(chapter 1), I had determined that, while the algebraic 

relationships among coefficients were close to those 

predicted by the model (i.e., 1 minus the intercept was 

close to the estimated coefficient of X), the unconstrained 

version of the model gave somewhat better fits to data.   

 64

 I used the unconstrained model to compare the dynamics 

of woody plant encroachment among sites and to quantify and 

compare the effects of different soils and of topography on 

the rate of woody plant encroachment.  Site, soil type and 

topography were each added to the model as separate terms, 

with soil type nested within site.  Because they are 

categorical variables, site and soil(site) in effect allow 

multiple estimates of the intercept.  I also added terms 

representing differences in the coefficients of X and E 

among sites (site*X and site*E), differences in the 

coefficients of X and E between soil types (soil(site)*X 



and soil(site)*E), and differences in the coefficients of 

topography among sites and between soil types 

(site*topography and soil(site)*topography).  

 Different sites were at different stages in the 

encroachment process and some had few plots with very low 

or very high values of initial woody cover, badly 

unbalancing the raw data set.  To simplify interpretation 

of the results, I constructed somewhat more balanced 

datasets.  I divided initial woody cover into 20 bins: 0-

5%, 5-10%, ..., 95-100%.  I restricted each analysis to the 

range of initial woody cover for which each soil in each 

site (in joint analyses of all three sites) or each soil in 

the given site (in analyses of individual sites) had at 

least five plots within each bin.  Plots were randomly 

selected from the original dataset so to produce data sets 

with bins that had equal numbers of plots of each soil 

type, although the number of plots differed among bins (but 

were always at least five plots per bin per soil type per 

site).  The plots for each period were separately selected.  
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 In central Texas savannas, woody plant encroachment is 

a relatively slow process with strong inertia.  As a 

result, the first two model terms, intercept and X, 

accounted for most of the variation in final woody cover.  



To better present the contributions of each of other model 

terms, I calculated η2 = SSterm/(SScorrected total - SSX) = 

SSterm/(SSuncorrected total - Sintercept - SSX) from the hierarchical 

(i.e., SAS Type I) sums of squares table calculated with X 

as the first term in the model.     

 The first data set analyzed included all three sites 

and was limited to the range of initial woody plant cover 

for which each soil type in each site had at least 5 plots 

in each bin (see above).  In the first period, the data set 

had 97 plots per soil type per site (initial cover from 45% 

to 85%) and 102 plots per soil type per site in the second 

period (initial cover ranging from 60% to 100.  To allow us 

to increase sample sizes for BC and FR and to extend the 

range of initial cover, I constructed a separate data set 

for each site in each period, balanced between soils, 

selecting data from the original data as described above.  

Initial cover range differed between periods (Table 2.4).   
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 From the analyses of the three sites separately I 

constructed a reduced model for each site (or soil type 

within site) that retained only those terms that were 

significant (in the hierarchical sums of squares table) and 

that explained at least 3% of the remaining variation in 

either of the two time periods. 



 All analyses were done with the GLM procedure of SAS 

(SAS 9.1.3, SAS Institute 2002).  A preliminary analysis 

used the NLMIXED procedure to determine that the normal 

distribution (assumed by GLM) was a better fit to the 

residuals than a beta or binomial distribution.   

   

Results 

 Woody cover increased in all three sites during both 

time periods of this study (Fig. 2.1).  If all plots are 

pooled, cover increased on average 17% over the 15 years of 

the first time period (1980 to 1995), and 7% over the 9 

years of the second period (1995 to 2004).  For comparison, 

had cover been increasing geometrically both of these rates 

would be equivalent to an annual rate of ~1% yr-1.  However, 

as I show below, cover did not increase geometrically.  The 

relative small changes in cover from year to year permitted 

us to consider the 14-year span (1981 to 1995) between the 

available images from PF as equivalent to the 15-year span 

(1980 to 1995) between images from the other two sites, BC 

and FR (Fig. 2.1).  
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 Each of the three terms of the base model (intercept, 

initial cover [X] and total length of woody/open edge [E]) 

had a significant effect on woody cover at the end of the 



period (Table 2.5) in each time period.  The intercept of 

the base model was significantly different from zero in 

each period.  Initial cover had a strong effect on final 

cover, accounting for 26% and 42%, respectively, of the 

variation among plots in each time period.  The effect of 

E, which represents density-dependence in the base model, 

was smaller but also significant.  

 The large sample sizes allowed us to detect 

significant effects of many other model terms despite the 

small amounts of variation they accounted for.  The 

significant site term tells us that one or more pairs of 

sites differed in their intercepts; the significant 

soil(site) term tells us that, within one or more sites, 

soils differed in their intercepts.  However, these 

significant differences in intercepts have to be 

interpreted with caution, because the estimated intercepts 

fell far outside the range of the data points (Fig 2).  At 

an initial cover of 80%, the predicted final cover at the 

three sites was very similar: 90% (BC), 85% (FR) and 88% 

(PF).  The coefficients of X and E differed significantly 

among sites, though not among soils.  There were also 

significant effects associated with topography (Table 2.5).    
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 Consistent with the results of analyses of all three 

sites together, when sites were analyzed separately the 

intercept and initial cover each explained a very large 

fraction of the variation in final cover in each time 

period in each site (Table 2.6).  Density dependence 

(effect of woody/open edge, E) was an important factor 

except in PF in the second time period.  Many of the 

effects of topography and soils were either not significant 

or explained very little of the plot-to-plot variation that 

remained after variation related to intercept and initial 

cover had been accounted for.  However, at PF soils 

explained almost 7% of the remaining variation in the first 

period (3% in the second period) and topography explained 

almost 10% of the remaining variation in the second period 

(2% in the first period).  Encroachment on Bracket soils 

was slower than on Hensley soils (Fig. 2.3): for example, 

during the 14 years of the first period at PF, a plot on 

Brackett soil with a 6% topographic gradient and 60% 

initial cover was predicted to have 75% cover at the end of 

the period, while a plot on Hensley soil with the same 60% 

initial cover and same 6% topographic gradient was 

predicted to have a final cover of 79%.  Encroachment was 

slightly slower on steeper slopes at PF in the second 



period (Table 2.7, Fig. 2.4).  None of the other terms 

explained more than 5% of the variation not accounted for 

by intercept and initial cover, and most explained less 

than 1%.     

 

Discussion 
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 Large sample sizes allowed us to detect relatively 

subtle differences in the dynamics of woody plant 

encroachment among sites, soils, and topography.  However, 

most of these differences had little effect.  A model that 

included only three terms (an intercept, initial woody 

cover, and the summed length of woody/non-woody edge) was 

successful in accounting for most of the variation in final 

woody cover.  The encroachment process was surprisingly 

consistent in time and space, counter to our initial 

expectations.  If this result is general, a consequence of 

this consistency in space and across environmental 

gradients is that simple models of encroachment dynamics 

may be as good as more complex ones.  Since a simple model 

is almost always easier to use than a complex model, this 

is good news from anyone wishing to model encroachment.  In 

addition to the increasing our understanding of an 

important biological process (Breshears, 2006), simple 



models of woody plant encroachment could be useful to land 

managers (Whiteman & Brown, 1998) and as components in, for 

example, more comprehensive ecosystem models. 
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  Because the models used in this study were built on a 

base model of encroachment with biologically interpretable 

parameters (chapter 1), I can understand the results of the 

models of this study using the same biological 

interpretations.  Our justification for doing so is 

strengthened by the fact that the estimated coefficient of 

X was approximately equal to 1 - the estimated intercept 

(Table 2.8), as predicted by the base model (see Methods).  

The significant non-zero intercepts indicate the importance 

in this system of a particular component of the 

encroachment process: the formation of new woody patches in 

proportion to the amount of available space (measured as 1-

X, i.e., the relative amount of non-woody cover).  The 

contribution of initial cover represents the spatial 

persistence of woody cover in this site: a pixel, once 

converted to woody cover, remains woody cover.  In most 

cases, it was probably the same individual woody plants, 

but the model does not assume that.  The density dependence 

of encroachment is confirmed by the significance of ‘edge’, 

the summed length of woody/non-woody edge as parameter of 



the model.  Edge has a parabolic relationship with cover 

(chapter 1), increasing as cover increases from 0% to ~50% 

and decreasing thereafter.  As cover approaches 100%, edge 

approaches 0, and rate of encroachment decreases.  The 

results of this chapter are therefore fully in agreement 

with chapter 1 despite the inclusion of much more 

environmental information.  The fact that the model was 

successful at predicting final cover in that study and in 

this one does not, by itself, validate this model, but it 

does suggest that the model is realistic. 
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 I detected density dependence in the rate of 

encroachment, represented in the base model by the term 

edge, in most sites and both time periods.  Density 

dependence in woody plant encroachment rates has also been 

reported by Roques et al. (2001), Fensham et al. (2005), 

Boulant et al.(2008), and Lehmann et al.(2009).  Higgins et 

al. (2001) found an indirect form of density dependence: 

fire was more likely in older, thus presumably denser, 

stands. However, density dependence was not significant in 

one site (PF) in the second time period (Table 2.6).  A 

likely explanation is that encroachment had progressed so 

far in that site during the second time period that there 

was no longer enough variation in cover to detect density 



effects (Fig. 2.2).  This suggests that the usefulness of 

the model may be low where cover is very high or, probably, 

very low.   
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 Density dependence was also not significant in the 

Rumple soil type at Freeman Ranch (FR) in the first period.  

In that period, there was a significant edge * soil effect, 

which calls for separate estimates of the edge coefficient 

in each soil; the coefficient of edge was not significantly 

different from zero in Rumple soils.  As a result, the 

relationship of final versus initial cover in Rumple soils 

is essentially a straight line (Fig. 2.2).  Most of areas 

near roads at Freeman Ranch have Rumple soils, while 

Comfort soils are found in comparatively less accessible 

areas.  Although I eliminated the portions of the images 

including roads, together with a 50m buffer from the road 

edges, it is likely that there was still a difference in 

management between Rumple and Comfort soils.  Unfortunately 

I was not able to obtain management records for the Ranch, 

but possible differences in management include leaving the 

overstory oaks as shade for livestock while clearing enough 

understory Juniperus ashei to affect patch expansion but 

not enough to be detectable in aerial photographs.  Areas 

receiving that treatment might have little change in cover 



(light gray points along a 1:1 line), which would have the 

effect of flattening the line fitted to Rumple soils. 

 Other than the three terms of the base model, only a 

few other terms ever explained more than a tiny fraction of 

the variation in final cover.  This is consistent with the 

results of the most comparable study I am aware of: Roques 

et al. (2001) found that changes in cover were not related 

to soil type.  Sites were also very similar.  I did detect 

small but significant effects of soil and topography on 

encroachment rate at Pedernales Falls State Park (PF).  

Encroachment at PF on Brackett soils was slower than on 

Hensley soils, and slower on steeper slopes.  Because areas 

of Brackett soil tend to be steeper than areas of Hensley 

soil, the two effects work in tandem to slow encroachment 

on Brackett soils (Fig. 2.4).  The reason these differences 

appear at PF but not at the other two sites might be due to 

the unusual nature of the Hensley soils, which are the only 

rhodostalfs among the five soils included in this study.   
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  If encroachment is not faster on steep slopes, what 

accounts for the relative higher abundances of Juniperus 

ashei in steep areas reported by other authors (Diamond & 

True, 2008; Van Auken, 1988)?  Possible explanations 

include less frequent mechanical clearing of steep slopes 



and (in the past) less frequent fires on steep slopes.  

Note that the present study excluded obviously cleared 

area, which other authors perhaps did not.   

 Although the lack of independence precludes a 

statistical comparison of the two time periods, the results 

of the two time periods were similar (Fig. 2.2) despite 

their different lengths (15 v 9 years).  However, the 

encroachment process was more advanced in the second 

period, as expected. 
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 The models left 28 - 51% of the variation unexplained 

(1-R2; Table 2.6).  It seems most likely that this is 

variation arising from processes acting at scales of 1 ha 

or less.  (Plots were 1 ha or less in size.)  These may 

have include different rates of seed input from outside 

different plots, the presence of woody encroachers other 

than Juniperus ashei (for example, Berberis trifoliolata), 

the composition of the herbaceous vegetation in non-woody 

pixels, the sex ratio of the adult J. ashei plants, and the 

location of perching sites for mockingbirds and other seed 

dispersers (Chavez-Ramirez & Slack, 1994)).  Some of the 

unexplained variation must have been due to measurement 

error: the quality of the images varied among years and the 

accuracy of the conversion of the original grayscale or 3-



band near infrared aerial photographs into binary images 

representing woody and herbaceous vegetation was not 

perfect. 

 Despite these limitations, the simple models of Table 

2.7 provided a good fit to observed changes in woody cover 

and are constructed of parameter with clear biological 

interpretations.  The methods I used could be readily 

adapted to many other systems, including other types of 

woody plant encroachment and also certain types of 

succession and the spread of invasive non-natives.  All 

that is required is the availability of good quality aerial 

photographs of the same sites on at least two dates, the 

ability to distinguish woody from herbaceous (or invasive 

from native, etc.) in those photographs.  If the relevant 

process is occurring at a sufficiently large spatial scale, 

our methods could be used with satellite imagery.  They 

could also be readily expanded to analyze a multi-state 

system (e.g., bare ground, herbaceous, woody). 
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 The most interesting conclusion of this study may be 

that, in spite of the marked topographic and edaphic 

heterogeneity of the eastern Edwards Plateau, the dynamics 

of woody encroachment, unless fire or clearing slow it 

down, appear to be surprisingly constant across sites, 



soils, and topographic differences.  This was unexpected.  

The fact that in all instances the predicted endpoint was 

close to 100% woody cover was not unexpected, but may be 

one of the most important differences between encroachment 

by J. ashei and encroachment by the morphologically very 

similar J. osteosperma, J. monosperma, and other western 

junipers that inhabit drier habitats than the eastern 

Edwards Plateau.  Despite the fact that soils in this 

region are generally shallow, J. ashei is able to develop a 

root system extensive, albeit not profound, which allow it 

to grow at high densities (Heilman et al., 2009; 

Schwinning, 2008).   

 Other studies have found that, at least one of these 

species other Juniperus species (J. occidentalis), 

encroachment rate can be strongly dependent on aspect 

(north/south) and elevation (Johnson & Miller, 2006).  

 

 77



 78

Table 2.1: Aerial photographs scanning details 
 

site/county year agency 
number 
scanned 
frames 

scanner scanning 
date 

Balcones 
Canyonlands  
National 
Wildlife 
Refuge 

Travis County 

1980 TXDOT 24 
Duoscan 
T2500 
AGFA 

Spring 
2007 

Freeman Ranch 
Hays County 1980 TXDOT 19 

Duoscan 
T2500 
AGFA 

Fall 
2005 

Pedernales 
Falls State 

Park 
Blanco County 

1981 TXDOT 3 
Duoscan 
T2500 
AGFA 

Summer 
2005 

 



Table 2.2: image preparation and exclusion of areas from analysis 
Site 

Description 
Pedernales Falls 

State Park 

Balcones Canyonlands 
National Wildlife 

Refuge 
Freeman Ranch 

Initial area 
of composite 
image (merged 
rectified and 
classified 
photographs) 

1,597 ha 5,598 ha 1,856 ha 

Area after 
exclusion of 
roads and 
buildings 
together with 
buffer of 25m 

966 ha 4,390 ha 1390 ha 

Area after 
exclusion of 
areas with 
woody-plant 
clearing 

794 ha 3,021 ha 1,188 ha 
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Table 2.3: soil description 

 

site soil type code bedrock depth 
(in) slope hardness 

% clay 
first 

horizon 
taxonomic description 

Tarrant 
PE>44/ 
Speck 

A Lithic 
(unfractured) 

6-20/  
14-20 
 

0-2 
 

Indurated 
 

40-60/ 
20-39 

Clayey-skeletal, smectitic, thermic Lithic 
Calciustolls/  
Clayey, mixed, superactive, thieric Lithic 
Argiustolls 

B
a
l
c
o
n
e
s
 

C
a
n
y
o
n
l
a
n
d
s
 

N
a
t
i
o
n
a
l
 

W
i
l
d
l
i
f
e
 
R
e
f
u
g
e
 

Brackett/ 
Rock 
outcrop 

B 
Paralithic 
(fractures)/ 
Lithic 

6-20/  
0-2 
 

1-60 
 

Weakly 
cemented/ 
Indurated 
 

14-35 Loamy, carbonatic, thermic, shallow Typic 
Haplustepts 

Comfort/  
Rock 
outcrop 

D Lithic 
(unfractured) 

9-20/ 
0-2 1-8 Indurated 35-50 Clayey-skeletal, mixed, thermic Lithic 

Argiustolls 

F
r
e
e
m
a
n
 
R
a
n
c
h
 

Rumple/ 
Comfort 

E Lithic 
(unfractured) 

20-40/ 
9-20 1-8 Indurated 20-40/  

35-50 
Clayey-skeletal, mixed, thermic Typic 
Argiustolls 

Brackett/ 
Real 

F Paralithic 
(fractures) 

10-20/  
8-20 
 

10-30 
 

Weakly 
cemented 
 

10-35/ 
22-40 

Loamy, carbonatic, thermic, shallow Typic 
Hapleustepts/  
Loamy-skeletal, carbonatic, thermic, 
shallow Typic Calciustolls 

P
e
d
e
r
n
a
l
e
s
 

F
a
l
l
s
 
S
t
a
t
e
 

P
a
r
k
 

Hensley G 
Lithic 
(unfractured) 
 

15-30 1-8 
 

Indurated 
 

10-20 
 

Clayey, mixed, active, thermic Lithic 
Rhodustalfs 

 



Table 2.4: Database description; #plots /soil type/ bin 

separate sites  initial woody 
cover (%) 

sites 
pooled BC FR PF 

  0 -   5    16     
  5 -  10    25     
 10 -  15    12  5   
 15 -  20     6 10   
 20 -  25     7 14   
 25 -  30     5 21   
 30 -  35     9 18   
 35 -  40  6  10 33   
 40 -  45  9   9 32   
 45 -  50  5   5 38   
 50 -  55 14  14 44   
 55 -  60 14  28 43   
 60 -  65 14  24 43  8 
 65 -  70 13  22 47  9 
 70 -  75 10  22 35 11 
 75 -  80  7  31 23 24 
 80 -  85  5  42 17 27 
 85 -  90    31 12 27 
 90 -  95    46 12 

1
9
8
0
 
t
o
 
1
9
9
5
 

 95 - 100    79  7 
21 
13 

  0 -   5          
  5 -  10      13   
 10 -  15      16   
 15 -  20      16   
 20 -  25      21   
 25 -  30      24   
 30 -  35      25   

1
9
9
5
 
t
o
 
2
0
0
4
 

 35 -  40      25  6 
 40 -  45      14 17 
 45 -  50     7 20  8 
 50 -  55     5 23 22 
 55 -  60     8 14 14 
 60 -  65  8  15 14 21 
 65 -  70  9  14 13 27 
 70 -  75 11  31 10 18 
 75 -  80 23  23  7 13 
 80 -  85 20  47  5  9 
 85 -  90 12  51     
 90 -  95 12  68     
 95 - 100  7 110     
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Fig. 2.1: Change in cover in the three study sites. 
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period ► 1980-1995 1995-2004 

 R2 = 0.41 R2=0.58 

variable ▼ F P η2 F P η2

intercept 26866.9 *** 126142 ***  

X 249.66 *** 583.71 ***  

E 40.65 *** 5.80% 70.76 *** 8.82% 

topography 8.46 ** 1.21% 1.55 NS 0.19% 

site 2.46 NS 0.70% 37.16 *** 9.27% 

soil(site) 8.85 *** 3.79% 7.14 *** 2.67% 

X*site 8.90 *** 2.54% 7.25 ** 1.81% 

X*soil(site) 0.36 NS 0.16% 0.55 NS 0.20% 

E*site 4.69 * 1.34% 7.56 ** 1.89% 

E*soil(site) 0.92 NS 0.40% 1.62 NS 0.61% 

topography*site 1.99 NS 0.57% 3.02 * 0.75% 

topography*soil(site) 9.14 *** 3.91% 1.26 NS 0.47% 

Table 2.5: full model, F and P denotes F-values and P-
values from hierarchical sums of squares tables.  *, **, 
***, and NS indicate P-values <0.05, <0.01 and <0.001, and 
> 0.05 respectively.  η2 denotes the proportion of the 
residual variation in the data explained by each of the 
terms in the model, after removing the effect of the 
intercept and initial cover.  
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Fig. 2.2: Observed and predicted final woody cover (open 
symbols closed symbols, respectively).  Note the range of 
initial woody cover. 
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site ► Balcones Canyonlands Freeman Ranch Pedernales Falls 

period ► 1980-1995 1995-2004 1980-1995 1995-2004 1980-1995 1995-2004 

R2 = 0.72 R2 = 0.71 R2 = 0.55 R2 = 0.68 R2 = 0.49 R2 = 0.64 

variable ▼ F P η2 (%) F P η2 (%) F P η2 (%) F P η2 (%) F P η2 (%) F P η2 (%) 

intercept 40861 *** 314374 ***  10187 ***  37586 ***  17770 ***  60399 ***  

X 2154.4 *** 1619.1 ***  595.3 ***  1775.9 ***  239.5 ***  435.6 ***  

E 148.3 *** 13.9 213.5 *** 21.8 6.4 * 1.1 119.7 *** 11.6 8.2 ** 2.3 2.2 NS 0.7 

topography 8.9 ** 0.8 5.1 * 0.5 0.0 NS 0.0 0.0 NS 0.0 7.3 ** 2.1 30.2 *** 9.5 

soil 11.2 *** 1.1 2.5 NS 0.3 6.5 * 1.2 0.0 NS 0.0 23.2 *** 6.7 9.9 ** 3.1 

X*soil 0.5 NS 0.0 3.0 NS 0.3 0.0 NS 0.0 2.2 NS 0.2 3.2 NS 0.9 3.2 NS 1.0 

E*soil 0.0 NS 0.0 3.7 NS 0.4 17.3 *** 3.1 2.1 NS 0.2 1.6 NS 0.5 0.2 NS 0.1 

topography*soil 6.7 * 0.6 1.9 NS 0.2 11.9 *** 2.1 1.4 NS 0.1 5.3 NS 1.5 1.0 NS 0.3 

Table 2.6: Full model, separately by site,  * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, η2 
denotes the proportion of remaining variation explained each of the terms in the model after removing the effect 
of the intercept (ybar) and initial cover. 

 



 
Fig. 2.3: Observed and predicted final woody cover, 
separately by site (dots and lines, respectively).  Note 
the range of initial woody cover. 
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period site reduced model 

BC Y = 0.28 + 0.65*X + 0.60*E  

Y = 0.30 + 0.67*X  + 0.38*E (Comfort soil) 
FR 

Y = 0.30 + 0.67*X  + 0.08*E (Rumple soil) 

Y = 0.27 + 0.71*X           (Brackett soil) 1
9
8
0
 
t
o
 
1
9
9
5
 

PF 
Y = 0.35 + 0.71*X           (Hensley soil) 

BC Y = 0.16 + 0.82*X  + 0.68*E 

1
9
9
5
 
t
o
 
2
0
0
4
 

FR Y = 0.11 + 0.80*X  + 0.86*E 

Y = 0.22 + 0.79*X  - 0.0018*topo 
PF 

Y = 0.24 + 0.79*X  - 0.0018*topo 

Table 2.7: Reduced models.  Models after non-significant 
terms and terms with low eta2 (<3%) have been dropped. 
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Fig. 2.4: Observed (open symbols) and predicted (line) 
relationship between final woody cover and topography. 
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site period soil expected estimated difference

1980 
to 
1995 

0.72 0.65 -7.41% 

BC 
1995 
to 
2004 

Tarrant / 
Brackett 

0.84 0.82 -2.77% 

1980 
to 
1995 

0.70 0.67 -3.48% 

FR 
1995 
to 
2004 

Comfort / 
Rumple 

0.89 0.80 -8.96% 

Brackett 0.72 0.71 -1.41% 1980 
to 
1995 Hensley 0.65 0.71 6.23% 

Brackett 
PF 

1995 
to 
2004 

0.78 0.79 1.14% 

Hensley 0.75 0.79 3.85% 

Table 2.8: expected (1-fitted intercept) versus estimated 
coefficients of X.  
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The changing spatial pattern of the vegetation in savannas 

of central Texas: consequences of woody plant encroachment 

 

Introduction 

 Savannas in many parts of the world are currently 

undergoing woody plant encroachment, that is, an increase 

in the number and size of trees and shrubs and concomitant 

reduction in the extent of open herbaceous vegetation.  The 

causes of encroachment can include fire suppression, 

changes in the number and kinds of herbivores, changes in 

land management, and climate change (Archer, 1994; Archer 

et al., 1988a; Asner et al., 2004; Roques et al., 2001; Van 

Auken, 2000).  On the eastern Edwards Plateau of central 

Texas, fire once maintained savannas (Smeins, 1980).  In 

the absence of fire and mechanical control, woody plant 

encroachment converts savannas in this region to woodlands.  

The primary encroaching species in this region is Juniperus 

ashei.   

 As woody encroachment proceeds, there are typically 
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a suite of associated changes in the population structure 

and dynamics of individual species, in the composition of 

the plant community, and in ecosystem properties such as 

the amount and distribution of soil water and nutrients 



(Alan K et al., 2008; Asner et al., 2003; Asner et al., 

2004; Bai et al., 2009; Biederman & Boutton, 2009; Ceballos 

et al., 2010; Dauber et al., 2006; Hibbard et al., 2001; 

Hibbard et al., 2003; Kurc & Small, 2007; Olenick et al., 

2004; Scharenbroch et al., 2010; Sirami et al., 2009; 

Springsteen et al., 2010).  Many of these changes have a 

strong spatial component.  For example, woody patches may 

differ from open patches in herbaceous species and seed 

bank composition (D'Souza & Barnes, 2008; Miller et al., 

2000), infiltration rates and soil water content (Price & 

Morgan, 2008; Wayne & Van Auken, 2004; Wilcox et al., 2008) 

and nutrients (Filley et al., 2008; Springsteen et al., 

2010).   
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 As encroachment proceeds, the spatial patterning of 

the vegetation itself changes.  Some of the effects of 

encroachment on the spatial patterning of the vegetation 

are obvious.  In central Texas savannas, as in savannas in 

many other regions (Archer, 1995; Fuhlendorf et al., 1996), 

but not in all (Blackburn & Tueller, 1970; Goslee et al., 

2003; Sankaran et al., 2005; William H & Nicholas, 1996), 

woody plants form expanding patches that eventually 

coalesce.  As a result, the number of woody patches rises 

as new patches are formed, and then falls as patch 



coalescence outweighs patch formation.  Other effects, as I 

show below, are more subtle.  Changes in spatial patterning 

of the vegetation can have important biological effects.  

For example, the coalesced woody patches can be a barrier 

to the dispersal of both invasive and native plant species 

(Alofs & Fowler, 2010).  Other biological effects of 

changes in the spatial patterning of the vegetation include 

the distribution of herbaceous species, the distribution of 

PAR, the distribution of soil water, nutrients, and carbon, 

and animal habitat quality (Biederman & Boutton, 2009; 

D'Souza & Barnes, 2008; Filley et al., 2008; Miller et al., 

2000; Springsteen et al., 2010).  However, there have been 

few previous quantitative descriptions of how ongoing 

encroachment affects the spatial patterning of vegetation 

(Coppedge et al., 2001; Goslee et al., 2003; Higgins et 

al., 2001).   
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 To describe the spatial patterning of vegetation 

during encroachment, I used fragmentation metrics 

(McGarigal & Marks, 1995).  These metrics are not 

independent of the amount of habitat, i.e., cover, in my 

usage (Andrén, 1994; Fahrig, 2002, 2003; Gustafson & 

Parker, 1992; Neel et al., 2004).  Using data from aerial 

photographs, I measured fragmentation and cover in 



replicate plots and partitioned the relationship between 

each fragmentation metric and cover into three components: 

a linear component, a non-linear component, and residual 

variation.  The latter represents plot-to-plot variation in 

the metric at a given cover.  

 

Methods 

Study site 

 Data for this study came from aerial photographs of 

Balcones Canyonlands National Wildlife Refuge.  This 

Refuge, on the eastern Edwards Plateau of central Texas, 

has tracts in in Travis, Williamson, and Burnet Counties.  

Average temperature is 10.0oC in January and 29.3oC in July 

(Austin Municipal Airport station, ~25 miles from the 

Refuge; NCDC 2009) and the average annual precipitation is 

77.8 cm (Balcones Spicewoods station, < 5 miles from the 

Refuge).  Annual and month-to-month variation in rainfall 

is very high, with little seasonal predictability.  
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 The Refuge is underlain by almost flat formations of 

Cretaceous limestone, dolomite and marl from the Comanchean 

Series (Fredericksburg and Trinity Groups) (USGS, 2007).  

Alternating resistant and recessive beds often form stair-

step topography.  Erosion has created a landscape 



characterized by flat plateaus separated by slopes that 

range from gentle to near-vertical.  Soils are shallow (15-

30 cm), except at the bottom of the canyons.  The most 

common soils are members of the Brackett and Tarrant 

series.  Most of the area was grazed by domestic stock, 

usually until each tract of land was acquired by the 

Refuge.  Land acquisitions for the Refuge began in 1992.  

Only minimal portions of the Refuge (not included in the 

analyses) were ever plowed.   
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 The vegetation of the Refuge is a mosaic of woodland 

co-dominated by Quercus buckleyi and Juniperus ashei, 

woodland co-dominated by Q. fusiformis and J. ashei, shrub 

savannas, and tree savannas.  In addition to these dominant 

species, common woody plants in both types of woodlands 

include Q. sinuata, Ulmus crassifolia, Fraxinus texensis, 

Ilex vomitoria, and Prunus serotina.  The dominant woody 

species in the tree savannas are J. ashei and Q. 

fusiformis, while their herbaceous vegetation is dominated 

by the native grass Schizachryium scoparium and the non-

native invasive gras Bothriochloa ischaemum and various 

forbs, include Gaillardia pulchella, Wedelia texana and 

Scutellaria drummondii.  Shrub savannas are dominated by 

Quercus sinuata, Diospyros texana, and Rhus lanceolata. 



(Community descriptions based on unpublished vegetation 

data provided by Christina Andruk and Kevin Doyle.) 

 Refuge management includes mechanical clearing of 

woody plants and prescribed fire in some areas to maintain 

savanna habitats.  In the absence of such management, 

Refuge savannas, like savannas throughout the eastern 

Edwards Plateau, undergo woody plant encroachment and 

eventually become continuous-canopy woodland.  Periodic 

fires likely maintained savannas in the past (Smeins, 

1980).  At the Refuge, as elsewhere in the region, woody 

plant encroachment in savannas is mostly the result of the 

establishment and growth of J. ashei.  Saplings of Q. 

fusiformis are essentially absent, in part as a result of 

deer browsing (Russell & Fowler, 1999; Russell & Fowler, 

2002, 2004).  Saplings of most other hardwood species seem 

to be equally uncommon in savannas of this region, most 

likely a result of deer herbivory on these species (N. 

Fowler, pers. comm.; K. Doyle, pers. comm.). 

  

Binary image preparation 
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 The dataset was derived from grayscale aerial 

photographs of the Refuge taken in 1980 and obtained from 

the Texas Natural Resources Information Service (TNRIS).  



Preliminary analysis of aerial photographs from other years 

indicated that the images from 1980 provided the best 

photograph quality (high resolution) and range of woody 

cover (0 to 100%) and were therefore selected for this 

study.  Earlier photographs (1939, 1951 and 1962) had a 

poorer image quality while in later digital infrared 

Digital Orthoquads (1995 and 2004) the range of cover was 

narrower (~40 – 100%) due to advancing encroachment.  These 

1980 aerial photographs were scanned and rectified using 

1995 DOQ's (also provided by TNRIS) as a reference.  The 

rectified images were converted to binary images (1 m2 

resolution) using an unsupervised classification procedure 

(ArcGIS 9.2 ESRI Inc. 1999).  Each pixel was classified as 

having either woody or herbaceous vegetation.  The binary 

images were then joined to form a single binary image.  

Buildings, borrow pits, and roads, together with a 150 m 

buffer around their edges, were excluded from this image.  

Any unfocused or damaged portions of the original 

photographs were also excluded from the binary image.  

Finally, areas with evidence of clearing of woody plants 

were excluded from the binary image. 
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Sampling the binary image 

 From the binary image, I selected a set of non-

overlapping circular plots 56 m in radius (~1 ha) located 

on a staggered grid.  If a plot fell partly outside the 

area to be sampled (for example, it intersected an area 

excluded because it was within 150m of a road), I retained 

only the usable part of the plot.  The resulting 

differences in plot size were taken into account in the 

analyses.  There were a total of 1304 sample plots in the 

dataset, which I divided into 20 bins across the range of 

cover: 1-5%, 5-10%, etc.  Each bin contained at least 5 

sample plots, but often more.  

 

Generating the random images 

 For comparison with the sample plots, I generated 

circular “random images” with the same number of pixels as 

the sample plots but in which I randomly located woody and 

herbaceous pixels.  To create a balanced design for 

comparing sample plots and random images, I generated the 

same number of random images in each bin as there were 

sample plots in each bin. 

 

 102



Fragmentation metrics 

 In each sample plot I measured woody cover, herbaceous 

cover, total plot area and 20 different fragmentation 

metrics (Fragstats, (McGarigal & Marks, 1995) publicly-

available batch-script for ArcGis 9.2, ESRI Inc., 1999) 

(Table 3.1).  Some metrics are sensitive to the rule used 

to determine whether pixels belong to the same patch: the 

4-neighbor rule says that two pixels of the same class 

belong to the same patch only if they are orthogonal 

neighbors; the 8-neighbor rule says that two pixels of the 

same cover type belong to the same patch if they are 

orthogonal or diagonal neighbors.  I used the 8-neighbor 

rule. 

 From these 20 fragmentation metrics I selected 11 

metrics for analysis that were not highly correlated with 

each other (r < .90, Table 3.2) and which were defined for 

all the sample plots(e.g., the nearest-neighbor distance 

between patches was not used because it is undefined when 

there is only one patch in the plot).  I calculated the 

value of each of these 11 fragmentation metrics for each 

sample plot and for each random image. 
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Relationship of fragmentation metrics to cover  

 To examine the effects of encroachment on 

fragmentation per se (that is, above and beyond the effects 

of encroachment on cover), I examined the relationship 

between each of the 11 selected fragmentation metrics and 

woody and herbaceous cover both in the sample plots and in 

the random images.   
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 For each of the 11 fragmentation metrics separately, I 

identified a function that described it as a function of 

cover, using the GLM procedure of SAS (SAS 9.1.3, SAS 

Institute, 2002).  I selected these functions primarily 

based on visual inspection of plots of the metric against 

cover, opting for the simplest function when two or more 

functions were appropriate (Table 3.3).  However, I 

included an intercept and a linear term in each function, 

in order to separate the linear and non-linear components 

of the relationship between each metric and cover in later 

analyses.  Most of the functions also included at least one 

non-linear term (e.g. cover2, cover-1).  In most cases, the 

selected functions were simply the polynomial functions 

with the highest R2 for a given number (usually 3 or 4) of 

terms.  In a few instances I had to include terms with a 

negative power (e.g., cover-1) or a fractional power (e.g., 



cover0.1) to get a reasonable fit.  I did not transform any 

of the fragmentation metrics because my interest is in how 

these metrics themselves behave. 

 Using the function selected for that fragmentation 

metric, I did five analyses of each fragmentation metric.  

First, I pooled all the random images and all the sample 

plots (N = 2608) in an analysis and calculated the R2 value 

of that regression.  Second, I repeated the analysis with 

separate coefficient values for the random images and the 

sample plots.  For each fragmentation metric separately, I 

compared the R2 of this ANCOVA with the R2 of the first 

analysis.  I compared the estimated coefficients of the 

random images with those of the sample plots using the 

partial (SAS Type III) sums of squares.   
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 In my third analysis, I used only the sample plots.  

For each fragmentation metric separately, I calculated and 

compared the R2 of the linear function of cover and the R2 

of the function that included both the linear and the non-

linear terms.  The difference between the R2s of the two 

models is the non-linear component of the relationship 

between the metric and cover, and can be considered part of 

fragmentation per se.  My fourth analysis used the 

residuals from the fitting of the full functions to the 



sample plot data (Alofs & Fowler, 2010; McGarigal & McComb, 

1995; Villard et al., 1999).  Using these residuals, I 

calculated the correlation coefficients between pairs of 

metrics (e.g., the correlation between the residuals of 

number of patches and the residuals of edge).  In my fifth 

analysis, I examined the relationship between these 

residuals and cover, both graphically and numerically.  I 

used the absolute values of the residuals to calculate 

correlations with cover.  (By definition there is no 

correlation between cover and the actual values of the 

residuals of a linear function of cover.)   

 

Results 

Sample plots versus random images 

 The fragmentation created by woody plant encroachment 

was different from the fragmentation of images created by 

randomly assigning pixels to woody or herbaceous (Fig. 3.1 

a-d).  All of the 11 fragmentation metrics varied with 

cover, in both the sample plots and the random images.  

Most obviously, and not surprisingly, the sample plots were 

far more variable than the random images; the random images 

usually had a closer relationship with cover. 
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 For most of the metrics, the sample plots had a 

different relationship with cover than did the random 

images, although in most instances (e.g. edge and split 

index) the general trend was the same (Fig. 3.1 a-d).  

Consistent with these differences, for most of the 

fragmentation metrics the R2 of the analysis of the pooled 

data was much lower than the R2 of the analysis which 

allowed the random images to have different coefficients 

than the sample plots (Table 3.4).  Furthermore, the values 

of coefficients fitted to the samples plots were sometimes 

an order of magnitude different from the coefficients 

fitted to the random images (Table 3.5).  
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 Most metrics whose value increases as fragmentation 

increases (arrows in Fig. 3.1 a-d) had larger values (i.e., 

more fragmented) in the random images than in the sample 

plots, either over the whole range of cover values (e. g. 

edge, landscape shape index), below 40% cover (e.g. number 

of patches, division) or below 20% cover (split index).  

For those metrics whose value decreases as fragmentation 

increases, only the percentage of like-adjacencies had the 

opposite pattern.  In the three metrics that average 

patches (area, shape index, and perimeter-area ratio), 

there was no clear difference between the random images and 



the sample plots.  These three metrics were limited in the 

number of possible values they can take at cover values > 

60% in the plots: due to patch coalescence in these 

~10,000m2 pixel plots there were very few patches in the 

plots and images if cover was > 60% (hence the multiple 

discrete lines). 

 Because of the way patches were defined, some of the 

differences between the random images and the sample plots 

may at first glance seem puzzling.  For example, at low 

cover values, the random images had more woody patches than 

the sample plots, as one might intuitively expect, but at 

high cover values, the random images had fewer woody 

patches, which may seem odd (Fig. 3.1 a).  The latter 

pattern was caused by the connecting (often corner-to-

corner) of randomly scattered pixels into a ‘web’, which 

however was quite different in appearance from the compact 

coalescing woody patches of the sample plots. 

 

Non-linearity in the relationship between fragmentation and 

cover 
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 The relationship between the fragmentation metrics and 

cover was often non-linear (Fig. 3.1 a-d).  In all but two 

of the 11 fragmentation metrics evaluated in this study, a 



non-linear model substantially increased the amount of 

variation explained (Table 3.6).  The two metrics for which 

this was not true were average patch shape index and 

average patch perimeter-area ratio (Fig. 3.1 c).  However, 

their relationship with cover was not linear either (low R2 

of the linear model; Table 3.6).  In a few instances, the 

fitted non-linear function differed between woody and 

herbaceous cover (e.g. split index and normalize landscape 

shape index). 

 

Residual variation 
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 The residual variation remaining in each fragmentation 

metric after its linear and non-linear relationships with 

cover had been removed was sometimes large (e.g., 

herbaceous patch number; Fig. 3.2 a-d).  Numerically, the 

magnitude of the residual variation is equal to 1 - the R2 

of the full model (Table 3.6).  Residual variation is a 

measure of how much plots with similar cover differed in, 

for example, the number of patches per plot.  In general, 

residual variation was not highly correlated among 

fragmentation metrics (Table 3.7).  Absolute values of r 

measure the strength of the correlation regardless of its 

direction; among metrics, the average of the absolute 



values of r was 0.24 for herbaceous cover and 0.26 for 

woody cover. 

    In some of the metrics, this plot-to-plot (i.e., 

residual) variation changed as cover changed (Fig. 2 a-d).  

For example, most plots had about the same number of 

patches and the same landscape shape index when woody cover 

was high, but there were larger differences among plots in 

these metrics when cover was low.  In general, this plot-

to-plot variation in fragmentation exhibited one of four 

trends, depending on the fragmentation metric: as cover 

increased, the plot-to-plot variation decreased (number of 

patches, percent of like-adjacencies and split index), 

increased (average patch area, division index, and average 

patch radius of gyration), increased and then decreased 

(edge, landscape shape index), or remained relatively 

constant (normalized landscape shape index, average patch 

shape index and average patch perimeter-area ratio) (Fig. 

3.2 a-d).  The correlation of the absolute value of these 

residuals and cover provides a quantitative measure of the 

first two of these trends (Table 3.8).  
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Discussion 

 The 11 fragmentation metrics I measured provided a 

quantitative description of the changes in the spatial 

patterning of the vegetation as woody plant encroachment 

progressed.  Although all of the sample plots were measured 

from an aerial photographs of one year, the assumption that 

sample plots with different amounts of woody cover 

represent sequential stages of woody plant encroachment has 

been verified: years differ basically in the range of cover 

present (chapter 2).  Thus I interpret the results as 

showing that as woody cover increased the number of patches 

rose and then fell, as did total edge length (i.e., summed 

woody/herbaceous pixel joins) and landscape shape index 

(Fig. 3.1 a).  Six other fragmentation metrics decreased or 

increased in value monotonically during encroachment.  Only 

two did not change during encroachment: patch shape index 

and average patch perimeter-area ratio. 
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 In part, the relationships I found between the amount 

of woody cover and the values of the fragmentation metrics 

are intrinsic to the definitions of those metrics.  The 

degree of fragmentation of a landscape as measured by 

commonly used fragmentation metrics (McGarigal & Marks, 

1995) will therefore necessarily change during 



encroachment.  This is most clearly demonstrated by 

behavior of these metrics in the randomly-generated images 

(Fig. 3.1 a-d, Table 3.4).  Comparing the values of the 

fragmentation metrics in the randomly-generated images and 

in the sample plots shows the effects of the encroachment 

process on fragmentation in this particular system.  The 

random images represent, in this context, a null 

hypothesis. 

 For most of the 11 fragmentation metrics I report, the 

general form of their relationship with woody cover was the 

same in the random images and in the sample plots (Fig. 3.1 

a-d).  For example, metrics that rose and then fell in the 

random images also rose and then fell in the sample plots.  

Woody plant encroachment in central Texas savannas 

evidently modifies the intrinsic relationships between 

cover and these fragmentation metrics, but does not 

completely override them. 
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 Encroachment in this system involves (1) the formation 

of new patches (nucleation; Yarranto.Ga & Morrison, 1974)), 

(2) the outward expansion, by both plant growth and the 

addition of new individuals, of existing patches (Barnes et 

al., 2008; Batchelor, 2004; Fowler & Simmons, 2009; Van 

Auken et al., 2004), and (3) the coalescence of patches to 
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form a closed-canopy woodland (chapter 1).  Because these 

three processes occur during woody plant encroachment in 

many, though not all, other savannas (e.g., Archer et al., 

1988b; Boulant et al., 2008; Duarte et al., 2006; but see 

Hudak & Wessman, 1998) , these results may be quite 

general.  These results are mostly consistent with the few 

comparable studies that I am aware of.  Ansley et al. 

(2001) found that, as Prosopis glandulosa cover increased 

from 38% to about 58% in an untreated north Texas site, 

patch number declined and average patch area increased, as 

I did.  They also reported that patch shape index, for 

which I found no relationship with cover, increased.  

Goslee et al. (2003) studied P. glandulosa encroachment in 

a much drier New Mexico site and reported that as P. 

glandulosa cover increased from ~24% to 43% patch number 

and average patch shape index both increased.  After that, 

woody cover and both fragmentation metrics stabilized.  The 

increase in patch number in this system occurred between 0% 

and ~25% woody cover; patch number declined as cover 

increased beyond ~25% (Fig. 3.1 a).  Differences in the 

behavior of patch number in (Ansley et al.; Goslee et al.) 

and the present study can be reconciled if I assume that 

patch number first rises and then falls during encroachment 



in all three systems but that the point of inflection 

differs.  Differences in the cover associated with maximum 

patch number may reflect differences among the three 

systems in the relative importance of new patch formation 

and patch expansion.  Both Ansley et al. (2001) and Higgins 

et al. (2001) reported that nearest neighbor distance, 

which I did not use, declined during encroachment. 

    Invasions by non-native species, woody or herbaceous, 

may also involve the formation of new patches, patch 

expansion, and patch coalescence (e.g., Brown & Carter, 

1998; Halpern et al.; MÜLlerovÁ et al., 2005).  Where these 

processes are important, temporal changes in fragmentation 

may be quite similar.  However, where the underlying 

processes are different, effects on fragmentation are also 

likely to differ.  For example, strong edaphic controls 

that prevent establishment in some parts of the landscape 

may result in fewer, larger patches at any given level of 

cover.  Strong negative density-dependence among woody 

plants, perhaps caused by specialist herbivores (Janzen, 

1970)or by competition (Brudvig & Asbjornsen, 2009; 

Connell, 1961; Phillips & MacMahon, 1981), might produce an 

over-dispersed spatial pattern characterized by a third set 
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of relationships between woody cover and the degree of 

fragmentation of the landscape.  

 To investigate further the relationship between each 

fragmentation metric and woody cover in this system, I 

partitioned variation in the value of the metric into three 

components: (1) a linear component, represented by the 

first two terms of the functions of Table 3.6; (2) a non-

linear component, represented by the rest of the terms in 

the fitted function; and (3) plot-to-plot variation 

represented by the residual variation not explained by any 

of the terms in the fitted function.  Nine of the 11 

fragmentation metrics had both a strong linear component 

and a strong non-linear component, including those metrics 

that increased or decreased monotonically as encroachment 

progressed (Table 3.6).  The remaining two fragmentation 

metrics had neither a strong linear component nor a strong 

non-linear component. 
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   This study differed from many previous studies of 

fragmentation in comparing different algebraic expressions 

and identifying the one that provided the best fit to the 

data.  More commonly, authors have used quadratic functions 

of cover to describe the relationships between 

fragmentation metrics and cover (e.g., Alofs & Fowler, 



2010; McGarigal & McComb, 1995; Villard et al., 1999).  I 

found, however, that only for two of the 11 metrics 

examined (edge and division index) did a quadratic function 

(Y = ßo + ß1X + ß1X2) fit the data better than any other 

function I evaluated.  However, cover2 also appeared as term 

in the best-fit functions of two other metrics, number of 

patches and normalized landscape shape index.  Note that my 

use of alternative, better-fitting functions had the effect 

of moving variation from the residuals to the non-linear 

component, making these results not strictly comparable 

with studies that have used only quadratic functions. 
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 The interpretation of the non-linear component of 

variation in fragmentation metrics is debatable, regardless 

of the exact form of the non-linear terms in the function 

relating fragmentation metric value to cover.  The non-

linear component is technically not independent of habitat 

amount (i.e., cover, in this system): is it therefore 

properly assigned to habitat loss (i.e., encroachment, in 

this system) or to fragmentation per se?  However, for the 

purposes of this study it is not necessary to separate 

habitat loss from fragmentation per se, and I prefer to 

retain it as separate component of the variation in 

fragmentation. 
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 The residual variation in each fragmentation metric is 

more clearly assignable to fragmentation per se.  It has 

been used to remove problems associated with co-linearity 

among predictive variables, including habitat amount 

(McGarigal & McComb, 1995; Villard et al., 1999), although 

this has been criticized (Koper et al., 2007; Smith et al., 

2009) for producing biased estimations of the effects of 

fragmentation.  Because my interest is in the encroachment 

process, my interpretation of the residual variation is 

rather different.  By definition, the mean value of the 

residuals is zero and the residuals are uncorrelated with 

cover.  However, the degree of plot-to-plot variation was 

not independent of cover, but rather changed during the 

encroachment process.  For example, when woody cover was 

greater than ~70% most plots had about the same number of 

patches (i.e., most residual values were close to zero; 

Fig. 3.2 a), while below ~40% cover some plots had many 

patches and some had few patches (some residual values much 

greater or much less than zero).  In other words, by this 

metric, the variation in the degree of fragmentation across 

the landscape decreased as encroachment proceeded.  Not all 

metrics behaved like this.  For example, the aspect of 

fragmentation measured by edge had the most plot-to-plot 
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variation when cover was close to ~50%.  The degree of 

plot-to-plot variation at a given cover is another aspect 

of fragmentation that, like the linear and non-linear 

components discussed above, changes during the encroachment 

process. 

 



Table 3.1: fragmentation metrics:  Triangles facing up indicate that at higher 
values of the metric, fragmentation increases.  Triangles facing down indicate that, 
at higher values of the metric, fragmentation decreases.  Metris in gray cells were 
selected in this study following the criteria described in Methods. 

metric range direction description and comments 

NP NP ≥ 1 ▲ 
Number of patches of given class. Patch is defined all 
pixels of the same class that share uninterrupted 
orthogonal or diagonal trajectories with pixels of the 
same class 

TE  TE ≥ 0 ▲ Total length of joins between pixels of a class and 
pixels of other class or classes 

LSI LSI ≥ 1 ▲ Measures class aggregation via edge.  LSI =1 is 
maximally aggregated 

PLADJ 0≤ 
PLADJ≥100 ▼ 

Percent of all pixel adjacencies (joins) that are 
between same class-adjacencies.  Measures degree of 
aggregation, class-specific contagion 

CLUMPY -1≤ 
CLUMPY≥1 ▲ 

Similar to PLADJ but scaled to account for expectation 
under spatially random distribution for same class 
cover.  NA when class only 1 pixel or whole landscape. 

AI 0≤ AI 
≥100 ▼ Similar to PLADJ but counting method is different.  

Measures class aggregation. 

DIVISION 
0 ≤ 
DIVISION 
<1 

▲ 
Measures the probability that 2 randomly selected 
pixels in the landscape do not belong to same patch in 
that class.  Inversely related to MESH but different 
units and interpretation. 

SPLIT 1 ≤ SPLIT 
≤A2 ▲ 

Measures the number of patches with a constant patch 
size when the corresponding patch type is divided into 
S patches. 

MESH 
(pixel 
size/A)≤ 
MESH ≤A 

▼ 
Redundant (but in different units and perfectly 
inversely correlated with DIVISION).  Closely related 
to area-weighted mean patch area but provides a measure 
of patch structure relative to the landscape area. 
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COHESION 
0 ≤ 
COHESION 
≤100 

▼ Measures physical connectedness of patch type.   

NLSI 0 ≤ NLSI 
<1 ▲ Similar to LSI normalized (rescaled) to the minimum and 

maximum for a class area. 
Average of patch-level metrics 

AREA AREA > 0, 
no limit ▼ Measures area, in pixels of a patch 

GYRATE 
GYRATE ≥ 
0, no 
limit 

▼ Measures the mean distance between each cell and patch 
centroid 

PARA PARA > 0, 
no limit ▲ Measure patch shape complexity, without standardization 

to a simple Euclidean shape (sensitive to patch size). 

SHAPE 
SHAPE ≥ 
1, no 
limit 

▲ 
Measures patch shape complexity but corrects problems 
of lack of standardization of PARA by adjusting for a 
square. 

FRAC 1 ≤ FRAC 
≤ 2 ▲ 

measures departures from Euclidean geometry across a 
range of spatial patch sizes  (similar in this to  
SHAPE) but easier to interpret because range is more 
reduced 

CIRCLE 
0 ≤ 
CIRCLE < 
1 

▲ 
Measures overall patch elongation by relating patch 
area over the patch of the smallest circumscribing 
circle for that patch. 

CONTIG 
0 ≤ 
CONTIG ≤ 
1 

▼ 
Measures spatial connectedness of cells within a patch, 
larger continuous patches have larger CONTIG values 
(sensitive to patch size). 

ENN ENN > 0, 
no limit ▲ Nearest neighbor patch Euclidean distance. Missing 

value if only one patch. 
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 np te lsi plad div clum conn coh mesh spli ai nlsi patch 

area 
patch 
shp 

patch 
para 

patch 
frac 

patch 
gyr 

patch 
cir 

patch 
ct 

patch 
nn 

np  0.39 0.41 -0.25 0.38 -0.28 -0.24 -0.06 -0.37 -0.07 -0.35 0.22 -0.28 0.17 0.33 0.26 -0.14 0.24 0.15 -0.03 

te 0.57  0.62 0.47 -0.25 -0.01 0.12 0.60 0.24 -0.10 0.38 -0.36 0.00 0.09 -0.02 0.02 0.06 0.02 0.03 -0.23 

lsi 0.62 0.84  0.14 0.14 -0.10 -0.39 0.34 -0.03 -0.10 -0.02 -0.06 -0.16 -0.52 -0.51 -0.55 -0.41 -0.54 -0.51 -0.46 

plad -0.85 -0.65 -0.72 -0.52 0.59 0.29 0.95 0.47 -0.27 0.94 -0.81 0.31 0.01 -0.25 -0.12 0.28 -0.09 0.03 -0.18 

div 0.77 0.72 0.74 -0.80 0.06 -0.51 -0.38 -0.90 0.02 -0.54 0.13 -0.67 -0.14 0.06 -0.01 -0.47 -0.01 -0.08 -0.03 

clum 0.15 0.35 0.29 -0.17 0.38  0.06 0.54 0.00 -0.39 0.67 -0.87 -0.02 -0.06 -0.13 -0.08 -0.04 -0.07 -0.01 -0.17 

conn -0.29 -0.09 -0.26 0.25 -0.24 0.20 0.20 0.39 0.00 0.33 -0.15 0.29 0.50 0.32 0.42 0.47 0.42 0.45 0.10 

coh -0.70 -0.19 -0.36 0.84 -0.56 -0.07 0.21 0.34 -0.33 0.85 -0.78 0.20 -0.04 -0.30 -0.16 0.19 -0.13 -0.01 -0.25 

mesh -0.65 -0.53 -0.42 0.66 -0.76 -0.08 0.21 0.45  -0.02 0.48 -0.13 0.70 -0.08 -0.17 -0.16 0.18 -0.18 -0.12 -0.12 

spli 0.15 -0.05 0.07 -0.43 0.14 -0.02 -0.06 -0.65 -0.10 -0.25 0.26 -0.01 -0.02 0.02 -0.02 -0.03 -0.02 -0.04 0.03 

ai -0.86 -0.67 -0.77 0.99 -0.80 -0.18 0.26 0.82 0.64 -0.41 -0.87 0.32 0.08 -0.16 -0.03 0.32 -0.01 0.10 -0.10 

nlsi -0.28 -0.51 -0.42 0.27 -0.59 -0.92 -0.13 0.08 0.27 0.07 0.27 -0.01 -0.01 0.14 0.05 -0.09 0.03 -0.05 0.18 

patch area -0.48 -0.60 -0.50 0.51 -0.68 -0.29 -0.12 0.27 0.72 -0.06 0.50 0.49 0.05 -0.12 -0.05 0.41 -0.06 0.03 -0.02 

patch shp 0.02 -0.03 -0.35 -0.03 -0.09 -0.23 0.04 -0.01 -0.40 -0.02 0.01 0.23 -0.09 0.81 0.96 0.75 0.97 0.95 0.57 

patch para 0.45 0.31 -0.02 -0.37 0.32 0.12 0.21 -0.29 -0.49 0.10 -0.33 -0.19 -0.42 0.48 0.91 0.32 0.87 0.69 0.51 

patch frac 0.20 0.02 -0.31 -0.14 0.05 -0.20 0.06 -0.13 -0.51 0.02 -0.10 0.16 -0.22 0.94 0.68  0.58 0.99 0.92 0.58 

patch gyr -0.32 -0.47 -0.56 0.33 -0.51 -0.54 -0.14 0.20 -0.01 -0.06 0.36 0.61 0.36 0.75 -0.06 0.59  0.63 0.74 0.51 

patch cir 0.18 0.02 -0.27 -0.14 0.06 -0.23 0.03 -0.11 -0.54 0.01 -0.09 0.18 -0.29 0.94 0.60 0.98 0.64  0.94 0.58 

patch ct -0.02 -0.20 -0.41 0.05 -0.15 -0.37 -0.06 0.00 -0.36 -0.03 0.09 0.36 -0.02 0.93 0.29 0.89 0.83 0.91  0.58 

patch nn 0.00 -0.15 -0.18 0.01 -0.02 -0.42 -0.13 -0.04 -0.18 0.03 0.02 0.33 -0.05 0.47 0.14 0.40 0.56 0.47 0.51  

Table 3.2: Correlation among fragmentation metrics: Pearson product-moment correlation coefficient (r) between pairs of 
fragmentation metrics in each vegetation type.  Light-gray cells indicate correlation coefficients for herbaceous vegetation.  
Dark gray cells indicate correlation for woody vegetation.  Numbers highlighted in black indicate pairs with high correlation 
and from which only one of the pair were examined in this study. 

 



fragmentation 
metric cover full model 

H 
number of patches 

W 
Y = ßo  + ß1X + ß2X2     + ß3X3

edge W/H Y = ßo  + ß1X + ß2X2  

H 
landscape shape 
index W 

Y = ßo  + ß1X + ß2X1/10  

H 
percent of like 
adjacencies W 

Y = ßo  + ß1X + ß2X1/10  

H 
division index 

W 
Y = ßo  + ß1X + ß2X2  

H Y = ßo  + ß1X + ß2X-1  

split index 
W Y = ßo         + ß1X + ß2X-1 + ß3X1/10

H Y = ßo      + ß1X + ß2X-1/2 + ß3X2normalized 
landscape shape 
index W Y = ßo  + ß1X + ß2X-1/10 + ß3X10

H Y = ßo  + ß1X + ß2X6  
average patch area 

W Y = ßo  + ß1X + ß2X8  

H 
average patch shape 
index W 

Y = ßo  + ß1X   

H average patch 
perimeter-area 
ratio W 

Y = ßo  + ß1X   

H 
average patch 
radius of gyration W 

Y = ßo  + ß1X + ß2X8  

Table 3.3: Fragmentation metrics and cover, fitted 
functions.  H= herbaceous, W = woody, N = number of 
observations.  Y = fragmentation metric, X = cover ß = are 
coefficients for each of the cover terms. 
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Fig. 2.1a: Fragmentation metrics and cover: 
relationship between each fragmentation metric and 
cover, sample plots (Balcones Canyonlands) versus 
random images. 
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Fig. 2.1b: Fragmentation metrics and cover: 
relationship between each fragmentation metric and 
cover, sample plots (Balcones Canyonlands) versus 
random images. 
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Fig. 2.1c: Fragmentation metrics and cover: 
relationship between each fragmentation metric and 
cover, sample plots (Balcones Canyonlands) versus 
random images. 
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Fig. 2.1d: Fragmentation metrics and cover: 
relationship between each fragmentation metric and 
cover, sample plots (Balcones Canyonlands) versus 
random images. 
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metric cover R2  
pooled 

R2 
separate terms different from random 

  27.22% 89.51% ßo ß1(X)  ß2(X2) ß3(X3) number of 
patches W 49.31% 84.33% ßo ß1(X)   ß3(X3) 

edge W/H 29.42% 99.18% ßo  ß1(X)  ß2(X2)  

H 8.33% 98.19% ßo ß1(X)  ß2(X1/10)  landscape 
shape index W 23.27% 98.91% ßo ß1(X)  ß2(X1/10)  

H 27.16% 98.72% ßo ß1(X)  ß2(X1/10)  percent of 
like 
adjacencies W 49.84% 98.97%    ß1(X)  ß2(X1/10)  

H 97.15% 97.34% ßo       ß2(X2)  division 
index W 95.89% 96.84% ßo    ß1(X)  ß2(X2)  

H 81.71% 95.36% ßo    ß1(X)  ß2(X-3)  
split index 

W 43.68% 99.91% ßo    ß1(X)  ß2(X-1) ß2(X-1/10) 

H 10.47% 97.60% ßo    ß1(X)  ß2(X-1/2) ß3(X2) normalized 
landscape 
shape index W 13.74% 95.07% ßo    ß1(X)  ß2(X-1/10) ß3(X10) 

H 74.15% 82.08% ßo     ß1(X)  ß2(X6)  average 
patch area 
 W 68.39% 80.29% ßo  ß1(X)  ß2(X8)  

H 10.46% 28.37% ßo ß1(X)   average 
patch shape 
index W 13.78% 17.60% ßo ß1(X)   

H 1.01% 30.01% ßo ß1(X)   average 
patch 
perimeter-
area ratio 

W 4.91% 31.46% ßo ß1(X)   

H 39.41% 48.57% ßo  ß2(X8)  average 
patch radius 
of gyration W 39.20% 47.02% ßo ß1(X) ß2(X8)  

Table 3.4: Random versus observed vegetation, regression 
results.  Full function cover for each fragmentation metric 
with single coefficient for each term (pooled data) 
compared to full model with separate coefficients for each 
term.  ß indicate estimated coefficients.  X = cover. 



Table 3.5: Random versus observed vegetation, coefficients: estimated coefficients 
of function for each fragmentation metric against cover.  BC= sample plots (Balcones 
Canyonlands), RM = random images, Y = fragmentation metric, X = herbaceous cover ß = 
estimated coefficients. 
 
fragmentation 

metric 
herbaceous 

 
ßo ß1 ß2 ß3 model 

BC 0.002 0.0004 -9.2 E-6 5.7 E-8 number of 
patches RM 0.030 0.0039 -1.3 E-4 9.9 E-7 

Y= ßo  + ß1X + ß2X2    + ß3X3

BC 0.016 0.009 -9.2 E-5  
edge 

RM -3.5 E-5 0.040 -4.0 E-4  
Y= ßo + ß1X + ß2X2  

BC -16.7 -0.1 20.0  landscape 
shape index RM -247.0 -1.3 250.8  

Y= ßo + ß1X + ß2X1/10  

BC -11.7 0.01 66.7  percent of 
like 
adjacencies RM 0.2 1.0 -0.2  

Y= ßo + ß1X + ß2X1/10  

BC 0.98 -1.36 E-4  division 
index RM 0.99

0.004
-1.44 E-4  

Y= ßo + ß1X + ß2X2  

 BC 17935 -366 855  
split index 

RM 211928 -4064 276 E+4  
Y= ßo + ß1X + ß2X-1

 

normalized BC 0.3 -0.007 0.05  Y= ßo + ß1X + ß2X-1/2 + ß3X2
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fragmentation 
metric 

herbaceous 

 
ßo ß1 ß2 ß3 model 

RM 1.2 -0.022 -0.22  

BC 7.2 E-7 5.9 E-9 8.5 E-17   average patch 
area RM -1.2 E-6 4.3 E-8 1.6 E-16  

Y= ßo + ß1X + ß2X6
 

BC 2.5 E-4 1.7 E-6  average patch 
shape index RM -8.6 E-5 5.6 E-6  

Y= ßo + ß1X   

BC 5.1 -0.020  average patch 
perimeter-
area ratio RM 1.3 -0.007  

Y= ßo + ß1X   

BC 3.1 E-4 6.0 E-19  average patch 
radius of 
gyration RM -1.0 E-4

6.0 E-6
3.6 E-19  

Y= ßo + ß1X + ß2X8  

fragmentation 
metric woody 

 
ßo ß1 ß2 ß3 model 

BC 0.006 1.5 E-4 2.9 E-8 number of 
patches RM 0.082 -1.4 E-3

-5.0 E-6
1.2 E-7 

Y= ßo  + ß1X + ß2X2    + ß3X3

BC -40.8 -0.2 40.0  landscape 
shape index RM -433.5 -2.0 402.0  

Y= ßo  + ß1X + ß2X1/10  

BC 0.1 52.9  percent of 
like 
adjacencies RM 

3.5
1.0 -2.7  

Y= ßo  + ß1X + ß2X1/10  

division 
BC 1.0 4.8 E-3 -1.5 E-4  Y= ßo  + ß1X + ß2X2
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fragmentation 
metric woody 

 
ßo ß1 ß2 ß3 model 

RM 1.1 -9.5 E-4 -9.9 E-5  

BC -8.0 E+4 -3.9 3.0 E+4  
split index 

RM -1.1 E+6 -910 3.4 E+6  
Y= ßo        + ß1X + ß2X-1 + ß3X1/10

BC -0.6 8.6 E-4 1.1 4.5 E-21 normalized 
landscape 
shape index RM -3.2 9.0 E-3 4.9 2.2 E-21 

Y= ßo  + ß1X + ß2X-1/10 + ß3X10

BC 1.1 E-6 5.1 E-9 9.9 E-21  average patch 
area RM -3.0 E-5 8.1 E-7 8.1 E-21  

Y= ßo  + ß1X + ß2X8  

BC 1.8 E-4 2.6 E-6  average patch 
shape index RM -2.0 E-4 8.4 E-6  

Y= ßo  + ß1X   

BC 5.9 -0.04  average patch 
perimeter-
area ratio RM 1.8 -0.02  

Y= ßo  + ß1X   

BC 2.3 E-4 6.8 E-6 5.2 E-19  average patch 
radius of 
gyration RM -8.1 E-4 2.3 E-5 1.3 E-19  

Y= ßo  + ß1X + ß2X8  

 



fragmentation 
metric cover 

R2 
linear 
model

R2

full 
model 

terms in full model 

H 0.11 0.36number of 
patches W 0.66 0.70

Y = ßo  + ß1X + ß2X2     + ß3X3

edge W/H 0.24 0.72 Y = ßo  + ß1X + ß2X2  

H 4.7E-5 0.30landscape 
shape index W 0.47 0.60

Y = ßo  + ß1X + ß2X1/10  

H 0.60 0.80percent of 
like 
adjacencies W 0.79 0.82

Y = ßo  + ß1X + ß2X1/10  

H 0.80 0.97division 
index W 0.86 0.95

Y = ßo  + ß1X + ß2X2  

H 6.6E-4 0.97 Y = ßo  + ß1X + ß2X-1  

split index 
W 0.09 0.77 Y = ßo         + ß1X + ß2X-1 + ß3X1/10

H 0.09 0.52 Y = ßo      + ß1X + ß2X-1/2 + ß3X2normalized 
landscape 
shape index W 0.20 0.69 Y = ßo  + ß1X + ß2X-1/10 + ß3X10

H 0.33 0.68 Y = ßo  + ß1X + ß2X6  average patch 
area W 0.42 0.76 Y = ßo  + ß1X + ß2X8  

H 0.02average patch 
shape index W 0.03

Y = ßo  + ß1X   

H 0.01average patch 
perimeter-
area ratio W 0.07

Y = ßo  + ß1X   

H 0.20 0.37average patch 
radius of 
gyration W 0.25 0.40

Y = ßo  + ß1X + ß2X8  

Table 3.6: Fragmentation metrics and cover: linear and non-
linear relationship of fragmentation metrics and cover.  H= 
herbaceous, W = woody, N = number of observations.  In the 
fitted equation column, Y = fragmentation metric, X = cover 
ß = are estimated coefficients.  
N/A: No full function (linear and non-linear) was found 
that had an R2 at least 0.05 greater than the linear model. 
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Fig. 3.2a: Residuals and cover: pattern of residual 
variation of each fragmentation metric after accounted 
for relationship with cover from fitted function. 
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Fig. 3.2b: Residuals and cover: pattern of residual 
variation of each fragmentation metric after accounted 
for relationship with cover from fitted function. 
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Fig. 3.2c: Residuals and cover: pattern of residual 
variation of each fragmentation metric after accounted 
for relationship with cover from fitted function. 
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Fig. 3.2d: Residuals and cover: pattern of residual 
variation of each fragmentation metric after accounted 
for relationship with cover from fitted function. 
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 np edge lsi plad div patch 
area

patch 
shape 

patch 
para

patch 
gyr split n-lsi

np  0.40 0.16 -0.65 0.17 -0.12 0.20 0.42 0.03 0.15 0.30

edge 0.61  0.66 -0.75 -0.06 0.05 0.07 0.07 0.01 0.06 0.51

lsi 0.21 0.58 -0.50 -0.04 -0.11 -0.42 -0.44 -0.26 0.18 0.35

plad -0.63 -0.64 -0.40 -0.09 -0.04 -0.25 -0.29 -0.16 -0.33 -0.55

div 0.21 0.23 0.17 -0.20 -0.21 0.15 0.04 0.08 0.01 0.12

patch 
area -0.13 -0.21 -0.22 0.06 -0.17 0.41 -0.07 0.64 0.00 0.01

patch 
shape 0.20 -0.01 -0.62 -0.17 0.07 0.33  0.59 0.87 -0.04 0.24

patch 
para 0.37 0.07 -0.54 -0.30 0.03 0.01 0.81 0.23 -0.05 0.14

patch 
gyr -0.02 -0.17 -0.46 -0.01 0.00 0.69 0.80 0.39 -0.01 0.24

split -0.02 -0.01 0.02 -0.11 0.02 0.00 -0.02 -0.04 -0.01 0.15

n-lsi 0.53 0.64 0.41 -0.75 0.24 -0.15 0.06 0.07 -0.04 0.15

Table 3.7: Correlation among residuals: Pearson product-moment correlation 
coefficient among residuals from each fragmentation metric regression (linear and 
nonlinear) and cover.  Light gray cells indicate herbaceous vegetation and dark gray 
cells indicate woody vegetation.  
np = number of patches, lsi = landscape shape index, plad = percent of like-
adjacencies, div = division index, patch area = average patch area, patch shape = 
average patch shape index, patch para = average patch perimeter-area ratio, split = 
split index, n-lsi = normalized landscape shape index. 

 



fragmentation metric correlation 
coefficient 

woody herbaceous 

-0.33 0.33 edge 

-0.56 -0.19 number of patches 

-0.56 0.02 landscape shape index 

-0.57 -0.35 percent of like adjacencies 

0.16 0.45 division index 

0.54 0.55 average patch area 

0.16 0.15 average patch shape index 

-0.19 -0.15 average patch perimeter area ratio 

0.41 0.45 average patch radius of gyration 

-0.33 -0.14 split index 

norm landscape shape index 0.20 -0.06 

Table 3.8: Residuals and cover: correlation between 
absolute values of full model (linear and nonlinear) 
residuals and cover.  
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