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Abstract Rapid assessment of plant size and population

densities is important for estimating biomass over large

areas, but it has often been limited by methods requiring

intensive labor and resources. In this study, we demonstrate

how shrub biomass can be estimated from fine-grained

aerial photographs for a large area (23,000 ha) located in

the Lower Rio Grande Valley, Texas, USA. Over the past

30 years, refuge land management has included the

replanting of native shrubs to promote the restoration of

wildlife habitat and carbon sequestration. To assess shrub

regrowth, we developed a method to estimate individual

shrub canopy areas from digital aerial imagery that was

used to calculate biomass from allometric equations. The

accuracy of the automated delineation of individual cano-

pies was 79 % when compared to that of hand-digitized

shrub canopies. When applied to photographs across the

refuge, we found higher shrub densities for older naturally

regenerated sites (174 individuals ha-1) compared to those

of younger replanted sites (156 individuals ha-1). In con-

trast, naturally regenerated sites had less biomass

(3.43 Mg ha-1) than replanted sites (4.78 Mg ha-1) indi-

cating that shrubland restored for habitat conservation has

the potential to sequester more carbon in a shorter period.

There was an inverse relationship between aridity and

aboveground shrub biomass for replanted sites in the drier

west (p\ 0.05). We found a difference in predicted bio-

mass among shrub species in replanted sites that was also

associated with climate (p\ 0.05). We conclude that the

canopy of individual shrubs detected from remote sensing

can be used to estimate and monitor vegetation biomass

over large areas across environmental gradients.

Keywords Remote sensing � Allometric equations �
Soil-adjusted vegetation index � Carbon storage

Introduction

The importance of ecosystems dominated by shrub vege-

tation is often neglected because they are considered as

successional transient communities (Thompson and

DeGraaf 2001), dominated by nuisance species (Van

Auken 2000), which are difficult to manage (Schlossberg

et al. 2010). Shrubland ecosystems have the potential to

store a large amount of carbon in the soil and in plant

tissues; the latter can be enhanced with proper management

of shrublands (Wenhiu et al. 2014; Adhikari and White

2016). It is important to quantify shrub biomass because

decomposition-resistant woody tissue reduces the ratio of

vegetation to soil carbon fluxes over long time scales

(Lioubimtseva and Adams 2004; Litton and Kauffman

2008; Burquez et al. 2010).

Field-based measurements of shrub cover, density, and

woody biomass require considerable time and resources

(Koch et al. 2006). Fine-grained remote sensing data can

complement intensive field monitoring where plant density,

canopy, and biomass changes have been evaluated
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consistently across a large geographic extent over time

(Pollock 1994; Gougeon 1995; Culvenor 2002; Clark et al.

2004; Wang et al. 2004; Erickson and Olofsson 2005;

Suganuma et al. 2006; Anaya et al. 2009). For large areas,

remote sensing data have been used to quantify density and

biomass of shrubs important for assessing carbon seques-

tration potential (Asner et al. 2009). Primarily, remote

sensing data can detect individual plant crowns that corre-

spond with aboveground biomass (White 2001; Wang et al.

2004; Suganuma et al. 2006; Anaya et al. 2009; Katoh et al.

2009).

Various methods have been developed to identify indi-

vidual plants from remote sensing data. Pollock (1994) and

Larsen and Rudemo (1998) developed a template matching

method generating different synthetic tree crown models

with different illumination, viewing angle, and sizes of

different tree species. The valley following method

developed by Gougeon (1995) defined plant crown borders

based on the detection of local digital number (DN) min-

ima within a specified search radius. Wulder et al. (2000)

used local maxima filtering with fixed or variable window

sizes to improve plant canopy discrimination in forested

areas. The tree identification and delineation algorithm

(Culvenor 2002) was developed using both local maxima

and minima in a data set derived from digital multispectral

video. A classification method based on image segmenta-

tion and object-oriented images was developed by Lalib-

erte et al. (2004) to assess the shrub encroachment into

New Mexico grassland. However, object-based image

analyses are generally favorable for change detection but

suffer from overgeneralizing canopy size and limited

detection of plants with small canopy area (Stow et al.

2008). These methods have generally been based on the

spectral reflectance of a plant canopy without considering

the combined reflectance from the soil and canopy.

Reflections from sparse and isolated canopies in shrublands

are affected by high soil reflectance. This reduces the

effectiveness of remote sensing in delineating individual

plant canopies and highlights the need to develop a method

to compensate for soil exposure.

Aboveground biomass of a single plant can be estimated

by using crown areas (AC) of shrubs where allometric

equations are available (Hughes et al. 1987; Navar et al.

2002; Northup et al. 2005). Canopy area attributes, such as

projected horizontal canopy shape (i.e., circular, ellipsoid),

can be incorporated into locally derived, site-specific

allometric equations to estimate the biomass of single

plants (Hughes et al. 1987; Navar et al. 2004; Navar 2011;

Northup et al. 2005; White 2001; Yao et al. 2012). Canopy

areas detected by remote sensing coupled with biomass

allometric equations can be used to estimate regional bio-

mass across environmental gradients by adding up biomass

from single plant crowns over mapped areas.

For this study, we first developed a shrub identification

algorithm that we applied to digital aerial imagery to

identify single shrub crowns while minimizing the influ-

ence of the soil background. We then estimated shrub

density from the algorithm developed for shrub crown

delineation. Shrub biomass was estimated using allometric

equations developed for different species using remote

sensing-derived crown dimensions. Derived density and

biomass were then compared for naturally regenerated and

replanted sites across an environmental gradient. We then

assessed the outcome of the replanting of shrubs as part of

the land management actions designed to enhance the

sequestration of carbon and restore shrub communities.

Materials and methods

Study site

The Lower Rio Grande Valley National Wildlife Refuge

(LRGVNWR) is located in the Lower Rio Grande Valley

of south Texas and has been managed by the US Fish and

Wildlife Service (USFWS) since its establishment in 1979.

The LRGVNWR is located along the southern border of

the USA with Mexico and encompasses approximately

200 km of the broad deltaic floodplain of the Rio Grande

inland from the Gulf of Mexico. This area forms the

northern edge of the Tamaulipan Biotic Province (Blair

1950; Fig. 1). Since 1982, about 5560 of 23,000 ha of the

LRGVNWR has been replanted with native woody shrub

species to re-establish native forest and shrub communities,

as over 90 % of the native vegetation had been altered due

to agricultural and urban development (Jahrsdoerfer and

Leslie 1988; Tremblay et al. 2005). Non-native grass spe-

cies and native thorny, woody shrubs dominate patches of

abandoned land within a matrix of agricultural land.

Shrublands within the study area are managed as important

habitat for endangered feline species such as the ocelot

(Leopardus pardalis) and jaguarundi (Puma jaguarundis),

which utilize the dense shrubs as hiding cover (US Fish and

Wildlife Service 2013, 2016). In addition to habitat, these

shrublands are potentially important as terrestrial carbon

sinks (Navar-Chaidez 2008).

The vegetation canopy cover of the LRGVNWR gen-

erally decreases westward from the coast of the Gulf of

Mexico in south Texas as a result of low precipitation and

high potential evapotranspiration (Jahrsdoerfer and Leslie

1988). The climate is semi-arid and sub-tropical with long,

hot summers and short, mild winters with temperature

gradients from east to west (Eddy and Judd 2003; Table 1)

with 330 mean frost free days per year. The LRGVNWR

has an annual average rainfall of 680 mm, potential

evapotranspiration of 2200 mm, and an average mid-
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summer vapor pressure deficit of 3.05 kPa (Rodriguez et al.

2004). Dominant spiny shrubs and trees of LRGVNWR

include: Vachellia rigidula (Benth.) Seigler & Ebinger,

Sideroxylon celastrinum (Kunth) T.D. Penn, Celtis ehren-

bergiana (Klotzsch) Liebm., Condalia hookeri M.C.

Johnst., Diospyros texana Scheele, Forestiera angustifolia

Torr., Zanthoxylum fagara (L.) Sarg., and Prosopis glan-

dulosa Torr. A diversity of grasses, forbs, and succulents

are also common in the valley. For this study, areas of

successional shrublands with no records of replanting

treatments were considered and are referred to as ‘‘natu-

rally regenerated sites.’’ We assumed that natural regen-

eration of shrubs has occurred through reseeding by

remnant shrubs within the landscape and from the existing,

local soil seed bank. Land tracts with active replantation

after the 1980s are considered and referred to as ‘‘replanted

sites.’’ Tracts in this study refer to individual properties

purchased and managed by the USFWS. However, the

federal acquisition of abandoned agricultural lands for the

refuge began in 1979; therefore natural and replanted sites

are considered comparable.

Data preparation

In the study area, aerial color infrared imagery in the form

of digital orthophoto quarter quadrangle (DOQQ) data,

were acquired from the Texas Natural Resources Infor-

mation System (TNRIS; www.tnris.state.tx.us). These data

Fig. 1 The 23,000-ha Lower Rio Grande Valley (LRGV) National

Wildlife Refuge follows the Rio Grande and is located along the

border of the USA and Mexico. The raster patches inside the larger

map were produced by mosaicking 170 digital orthophoto quarter

quadrangles to encompass the entire LRGV. Total numbers of tracts

are shown over mosaic raster. Each defined climatic zone is indicated

by a different shade of color

Table 1 East–west climatic zone of the Lower Rio Grande Valley and 30-year mean temperature, precipitation, and potential evapotranspiration

values (PET) of each zone Source: PRISM climate group, Oregon State University, 2013

Zone Longitude Mean

temperature (�C)
Mean precipitation

(cm)

PET

(cm)

Number of tracts of

naturally regenerated land

Number of tracts of

replanted land

1 -97.49� to -97.10� 16.09 70.20 36.30 10 10

2 -97.89� to -97.50� 15.90 65.50 51.60 7 10

3 -98.39� to -97.9� 15.42 53.70 51.90 9 10

4 -99. 80� to -8.40� 15.00 51.40 52.50 9 10
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have 0.5-m spatial resolution with three spectral bands in

the green (495–570 nm), red (R; 620–750 nm), and near-

infrared (NIR; 750–950 nm) wavelengths. For our analysis,

we obtained 170 individual quarter quadrangles. The

majority of the DOQQ data were acquired from April to

September 2008, during which woody shrubs maintained

crown foliage. These images showed higher bare soil

exposure indicating senescent understory herbaceous veg-

etation likely associated with shading and water competi-

tion from the shrub overstory (Peltzer and Köchy 2001).

Complete coverage of the LRGVNWR was accomplished

by using data from January to March 2009. For the analysis

presented in this study, we analyzed 75 tracts chosen ran-

domly representing a total of 835 ha. A database on

replantation developed by the USFWS was used to help

randomly select replanted tracts as part of the total of 75

tracts. Our analysis is based on 35 tracts assigned as nat-

urally regenerated and 40 tracts assigned as replanted sites.

Radiometric normalization

The DOQQ images obtained from TNRIS were originally

radiometrically balanced between the quadrangles using

Inpho’s OrthoVista 4.0 (Trimble Navigation, CA; TNRIS

2009). However, in our initial analysis, we found that DNs

of coincident pixels in overlapping areas of adjacent

DOQQs had different values. These differences were likely

due to skewed distributions of DN values for each image

associated with varying land cover present in each indi-

vidual quadrangle. To minimize differences in DN values

between quadrangles, we performed histogram matching

(HM) on each quadrangle using a reference DOQQ dataset.

In this procedure, histograms of the working image were

adjusted to be as close as possible to the mean and SD of a

reference image (Helmer and Ruefenacht 2005; Mitchell

2010; Richards and Xiuping 1993; Yang and Lo 2000).

Because of the need for radiometric consistency among all

our data, we used a single DOQQ dataset chosen arbitrarily

as the reference image for HM of all other DOQQ data.

Crown delineation algorithm

To delineate shrub crowns from the DOQQ data, we

developed a novel algorithm that first reduced the soil’s

influence (Fig. 2). After applying the HM to DOQQ data,

we calculated the soil-adjusted vegetation index (SAVI)

(Gilabert et al. 2002; Huete 1988) using R and NIR

wavelengths (Eq. 1).

SAVI ¼ ðNIR� RÞ 1þ Lð Þ=ðNIRþ Rþ LÞ ð1Þ

where L is a soil-brightness-dependent correction factor.

Gilabert et al. (2002) suggested a value of 0.5 for L for

a b 

Radiometric correc�on
histogram matching

Calculate SAVI =
[(NIR-R)*(1+0.5)/(NIR+R+0.5)]

Input raster image
[DOQQ image]]

Image recoding 

Spa�al enhancement  of
image (edge enhancement)

Detec�on of crown edges 

Detec�on of local maxima 

Vector delinea�on of canopy 
boundary

Pre processing

Digital filter

Shrub centers

Shrub polygons

Local Maxima

SAVI

DOQQFig. 2 a Flow chart of

algorithm development for

delineation of individual shrub

crowns from the digital

orthophoto quarter quadrangle

(DOQQ) images, b stacks of

images show a subset of the

DOQQ data on a tract of Lower

Rio Grande Valley National

Wildlife Refuge used to initially

test our canopy crown

delineation algorithms. The site

was replanted with native

shrubs during the 1990s. The

white dots represent individual

shrub crowns, and shrub

polygons after converting the

images into vectors. Each

polygon represents a single

shrub
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areas with sparse vegetation canopies, which we used in

our calculation.

Next, a 3 9 3 convolution filter was applied to poten-

tially enhance the radiometric edges of adjoining shrub

canopies (Fig. 3a). This was followed by application of

another 3 9 3 convolution kernel filter to detect local

maxima in the SAVI data (Fig. 3b). The maximum value

was then used as the new center pixel value where a larger

value was identified among the eight surrounding pixels.

Initially, pixels dominated by shrubs were discriminated

from those with soil and herbaceous vegetation using a

threshold SAVI value. This threshold value was deter-

mined iteratively using the image produced following

calculation of the local maxima. To determine this

threshold value, a reference dataset was created from a

subset of the DOQQ image for a test site (22 ha) within the

LRGVNWR that was replanted with native shrubs during

the 1990s. A replanted site was chosen because the regular

spacing of the shrubs associated with replantation allowed

for easy visual identification of individual shrub crowns.

For 563 individual shrub crowns, a polygon was hand-

digitized from the displayed subset DOQQ image.

Our initial threshold value was set arbitrarily to a value

of 0.05, with pixel SAVI values greater than or equal to this

value categorized as a shrub crown. The boundary between

shrub and non-shrub pixels was then determined using a

search function around shrub pixels. Contiguous shrub

pixels were assumed to represent a single shrub crown and

the raster boundary determined from the search analysis

was converted from the raster format to vector. Each crown

encompassed by a closed vector polygon was considered as

a single shrub. The ratio of the number of the automated

detected shrubs to hand-digitized crowns was then calcu-

lated and expressed as a percentage. The threshold value

was calibrated by changing the initial value of 0.05 and the

percentage ratio of automated to hand digitized number of

crowns recalculated. The final SAVI threshold value that

produced the closest number of shrubs with a ratio\1.0

was then used for processing all subsequent data (Table 2).

For each delineated shrub, a vector polygon was derived

from the raster data with the long and short axes of each

elliptical crown polygon calculated using Python software

(Patterson 2011). These axes values for each shrub were

used to calculate AC of each shrub (Eq. 2). Calculation of

these axes replicated the field measurements by Northup

et al. (2005) that we later used to estimate aboveground

biomass based on their allometric equations

AC ¼ ½ðlong axis/2Þ � ðshort axis/2Þ � p� ð2Þ

For areas with densely growing shrubs, we had difficulty

delineating individual shrub crowns. To minimize this

error, we divided any AC by a derived area[12 m2 by 12.0,

assuming that the crown was anonymously large. This

assumption was based on an average AC value of 12 m2

with a mean height of 5.1 m estimated using 50 randomly

selected shrubs from an undisturbed site within

LRGVNWR (26.19�N, -98.07�W).

Error assessment

We confirmed shrub density estimation by visually iden-

tifying individual shrubs that were counted from 20 ran-

domly selected sites with mean tract areas of 9.16 and

7.63 ha for naturally regenerated and replanted sites,

respectively. To assess the accuracy of estimated shrub

density, we calculated the ratio of the number of shrubs

identified by the remote sensing method to those visually

identified per hectare expressed as a percentage.

Long and short axes of observed crowns were assessed

first by hand-digitizing by drawing polygons around the

crown boundaries of 450 shrubs across randomly selected

naturally regenerated and replanted sites for each climatic

zone. The root mean square error (RMSE) and percent bias

-1 -1 -1 

-1 17 -1 

-1 -1 -1 

1 -1 -1 

-1 9 -1 

-1 -1 -1 

a b 

Fig. 3 Matrices for a 3 9 3 convolution kernel filter for a edge

enhancement of image, and b local maxima determination of image.

Both kernels were used to enhance the image during image processing

for shrub density and biomass estimation

Table 2 Different soil-adjusted vegetation index (SAVI) values used

to calibrate a threshold value from a SAVI image of the test site

(22 ha) are shown. A threshold SAVI value of 0.2 was found to

identify the number of shrubs closest to the hand-digitized shrub

number for the test area without exceeding 100 %

Different SAVI

values used for

shrub estimation

Number of shrub

individuals identified

by new algorithm

% Shrub individuals

identified by new

algorithm

0.05 778 138

0.10 637 113

0.15 581 103

0.20 537 95

0.25 506 89

0.30 491 87

0.35 482 85

0.40 441 78

0.45 425 75

0.50 403 71

0.55 392 69

0.60 372 66
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(PBIAS) were calculated for shrub density, long and short

axis values per shrub from the data derived from remote

sensing and observed values by:

RMSE ¼ pXn

i¼1

ðŷi � yiÞ2

n
ð3Þ

PBIAS ¼
Xn

i¼1

ðŷi � yiÞ2

n
� 100 ð4Þ

where, ŷi is the remote sensing value, yi is the hand-digi-

tized value, and n is number of observations for both

equations.

Density and biomass estimation

Biomass of each shrub was estimated from derived values

of AC based on allometric equations (in grams) developed

by Northup et al. (2005) for six shrub species commonly

found in the LRGVNWR (Appendix A). Six species-

specific biomass values were calculated for each shrub

identified in 75 randomly selected tracts for a total area of

835 ha. Because identification of shrub species was not

possible from the DOQQ, we calculated the biomass of

each of the six species from the allometric equations and

averaged these values. Average shrub density, AC per

shrub, biomass per shrub, and biomass per hectare were

calculated for each tract.

Climate zones

To assess effects of climate factors on shrub biomass and

density, we partitioned the study area into four climatic

zones based on approximate equal distances from east to

west (Fig. 1; Table 1). To characterize the climate patterns

of these zones, average temperature, precipitation, and

potential evapotranspiration for each zone were calculated

from meteorological data of the study area for 30 years

(1981–2010) extracted from the Prism Climate Group’s

dataset (http://prism.oregonstate.edu/). Numbers of tracts

analyzed for each zone of naturally regenerated and

replanted sites are given in Table 1.

Statistical analysis

Shrub biomass, density, and AC data were not normally

distributed and could not be normalized using standard

transformation techniques. Comparison of means of shrub

density, AC, biomass per plant, and biomass per hectare

within and between the naturally regenerated and replanted

sites, and climatic zones across the LRGVNWR, were

assessed with the non-parametric Mann–Whitney test. In

addition, we used the Kruskal–Wallis test to assess

differences in mean shrub density, AC, biomass per shrub,

and biomass per hectare among the climate zones of nat-

urally regenerated and replanted sites across the

LRGVNWR. Since biomass estimation included samples

generated from different tracts where the mean value may

vary between the sample tracts, pooled variance was used

to estimate the SEs of shrub density, AC per shrub, and

biomass per unit area for each climatic zone. The signifi-

cance level was determined at p = 0.05.

Results

Remote sensing, shrub size, density, and biomass

A calibrated threshold value of 0.2 for the SAVI data was

determined as the value that delineated the highest pro-

portion (95 %) of individual shrubs, with 537 remotely

detected individuals identified out of 563 shrubs visually

identified within the 22-ha test area (Fig. 2; Table 2). By

applying this value across the study area, we estimated

shrub densities of 174 and 156 shrubs ha-1 for naturally

regenerated and replanted sites, respectively. Secondary

confirmation of remotely sensed and visually identified

shrub densities showed a detection accuracy of 72 % shrub

individuals for naturally regenerated sites and 86 % shrub

individuals for replanted sites.

The RMSE analysis of estimated shrub density was 13

shrubs ha-1 for naturally regenerated and 14 shrubs ha-1

for replanted sites. On average, the RMSE for the short and

long axes of a shrub crown were 0.12 m and 0.19 m for

naturally regenerated sites, respectively, and 0.18 m and

0.25 m for replanted sites, respectively. The percent bias

for shrub density and shrub AC (long and short axes) was

\1 %.

Crown dimension and biomass analysis

The average AC per shrub in naturally regenerated and

replanted sites was 9.61 m2 and 8.53 m2, respectively. The

average aboveground biomass per shrub was 15.85 kg for

naturally regenerated sites compared to 16.00 kg for the

replanted sites. Aboveground biomass per shrub was sig-

nificantly different among the species. The predicted bio-

mass per shrub for D. texana (24.48 ± 2.39 kg), C. hookeri

(22.04 ± 2.21 kg), and P. glandulosa (17.45 ± 1.75 kg)

was higher than that for V. rigidula (9.56 ± 0.95 kg), C.

ehrenbergiana (12.63 ± 1.20 kg), and Z. fagara

(9.37 ± 0.78 kg) (p\ 0.05; Fig. 4). The estimated average

biomass of naturally regenerated sites was 3.43 Mg ha-1

on LRGVNWR compared to 4.78 Mg ha-1 on its replanted

sites.
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Climatic zone comparison

The estimated shrub density per hectare was 176 ± 47,

160 ± 47, 226 ± 57, and 135 ± 18 for naturally regener-

ated sites of climatic zones 1, 2, 3, and 4 compared to

188 ± 43, 82 ± 13, 144 ± 35, and 208 ± 42 for replanted

sites of the respective zones (Fig. 5). Shrub species’ den-

sities differed for the types of site among the zones. For

example, replanted sites of zone 1 had higher shrub density

than those of zones 2 and 3 (p\ 0.05; Fig. 5). Shrub

density also differed between naturally regenerated and

replanted sites within a zone. For example, naturally

regenerated sites of climate zone 2 had a significantly

higher number of shrub individuals per hectare than the

replanted sites (p\ 0.05; Fig. 5).

Average AC per shrub was 8.97 ± 0.87, 9.20 ± 1.10,

9.99 ± 0.96, and 10.28 ± 0.79 m2 for naturally regener-

ated sites of climatic zones 1, 2, 3 and 4, respectively

(Fig. 6). For naturally regenerated sites, zone 4 had larger

AC per shrub compared to zone 1 (p\ 0.05; Fig. 6). AC per

shrub of replanted sites was significantly different among

zones, with 9.00 ± 0.88, 7.28 ± 0.76, 9.77 ± 0.90, and

9.53 ± 0.89 m2 for climatic zones 1, 2, 3, and 4, respec-

tively (p\ 0.05; Fig. 6). For replanted sites, climatic zones

3 and 4 had significantly larger AC per shrub compared to

zone 2 (p\ 0.05; Fig. 6). AC also differed per shrub within

a zone for two types of site. For example, naturally

regenerated sites had larger AC per shrub than replanted

sites in climatic zone 2 (Fig. 6; p\ 0.05).

The estimated aboveground biomass for climatic zones

1, 2, 3, and 4 was 15.23 ± 2.97, 19.69 ± 3.38,

11.77 ± 3.13, and 16.69 ± 3.41 kg per shrub for naturally

regenerated sites and 14.65 ± 2.96, 12.74 ± 2.57,

17.33 ± 2.67, and 19.28 ± 2.59 kg per shrub for replanted

sites, respectively. The species were significantly different

in average aboveground biomass per shrub for different

types of site. For example, D. texana, C. hookeri, and .

glandulosa had higher biomass per shrub with values of

24.35 ± 2.55, 21.96 ± 2.35, and 17.38 ± 1.85 kg for nat-

urally regenerated sites and 24.61 ± 2.23, 22.21 ± 2.08,

and 17.52 ± 1.65 kg for replanted sites, respectively

(p\ 0.05; Fig. 5). This study also found difference in

biomass per shrub among the zones for the same type of

site, where replanted sites in zone 4 had higher shrub bio-

mass per shrub compared with zone 2 (p\ 0.05; Fig. 7).

The aboveground biomass of naturally regenerated sites

was 2.58 ± 0.66, 2.31 ± 0.32, 2.39 ± 0.53, and

1.74 ± 0.24 Mg ha-1, and of replanted sites 2.51 ± 0.52,

1.09 ± 0.21, 2.05 ± 0.38, and 3.63 ± 1.18 Mg ha-1 for

climatic zones 1, 2, 3, and 4, respectively (Fig. 7).

Aboveground biomass differed among the zones within a

site and between the sites. For example, zone 4 had higher

aboveground biomass per hectare compared to zone 2 for

replanted sites (p\ 0.05; Fig. 7). Similarly, in zone 2,

naturally regenerated sites had higher aboveground bio-

mass per hectare than replanted sites (p\ 0.05; Fig. 7).

Discussion

Remote sensing of shrub density, crown spread,

and biomass estimation

The major contribution of this study is the development of

a new approach for the automatic detection of individual
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shrubs and their crowns from fine-resolution multispectral

remote sensing data. The shrub crown dimensions can be

used in shrub vegetation and biomass monitoring. This

approach has important implications for land management

as it allows the assessment of carbon sequestration and

habitat restoration on a broader scale. However, variation

in the DN between the DOQQs and the presence of soil

brightness in the data were major challenges to imple-

menting this method over a large spatial extent. Normal-

izing the radiometric data among quadrangles and

obtaining a uniform distribution of DN values for all

analyzed imagery was key in developing a consistent

database to derive a uniform threshold SAVI value.

Soil brightness in our dataset could have reduced R

reflectance compared to the NIR reflectance of vegetation

resulting in inaccurate detection of vegetation in the image

(Colwell 1974, Major et al. 1990). Using SAVI enhances

the contrast between the soil and vegetation by lowering

soil background-induced variation and increase the dis-

crimination of shrubs from remote sensing data (Huete

1988; Qi et al. 1994; Lyon et al. 1998). The threshold SAVI

value of 0.20 was found to be effective for the maximum

separation of woody shrub crowns from the surrounding

soil background. While the DOQQ obtained in 2009

showed a higher apparent live foliage shrub and herba-

ceous ground vegetation with minimal soil exposure

compared to those of 2008, distinguishing shrubs from the

calibrated threshold SAVI value generated a consistent

shrub detection across all tracts. However, the algorithm

tended to underestimate individual shrubs per hectare and

AC per shrub across the study sites. For some tracts, crowns

forming dense homogeneous canopy could not be separated

completely as many interlocking crowns were detected as

single crowns (Blanco and Navarro 2003; Koch et al.

2006). Therefore, automatic delineation of single crowns

can produce better results for sparse shrubland vegetation.

Errors in shrub detection across the large area in this study
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indicate that remaining variation should be considered as

part of the global error in using this type of analysis for

landscape assessment of shrub biomass.

Plant biomass estimated from allometric equations using

remote sensing-derived crown dimensions has a consider-

able advantage over plot sampling for spatially extensive

areas, and has the potential to capture entire plant popu-

lations. However, allometric equations for the shrub spe-

cies native to these areas showed large variation in

predicted biomass. Stand structure, allometry of biomass

partitioning and allocation can be influenced by variations

in climate, environment, and competition for resources

among the species (Archer 1989; Northup et al. 2005). For

example, predominately single- or few-stemmed species

such as C. hookeri, D. texana, and P. glandulosa had

higher biomass allocation to canopy components than

multi-stemmed species such as V. rigidula, C. ehrenber-

giana, and Z. fagara when estimated by basal area. The

large range in biomass for the same AC values based on the

species-specific allometry indicates that the selection of

species for replanting treatments influences carbon

sequestration. In addition, estimation of biomass values by

averaging allometric equations can be a source of error in

biomass estimation at a larger scale (Kettrings et al. 2001).

Despite these sources of error and environmental variation,

the average biomass of 14.80 kg per shrub estimated for

LRGVNWR was close to that of 13.6 kg per shrub reported

by Navar et al. (2004). On an area basis, we found that the

average biomass derived in this study (4.26 Mg ha-1) was

less than that of Navar et al. (2002) for Tamaulipan thorn

shrubs of Northern Mexico (60 Mg ha-1). However, this

difference can be attributed to a lower shrub density of 165

shrubs ha-1 (data not shown) on LRGVNWR compared to

5000 shrubs ha-1 reported by Navar et al. (2002). This

result is likely associated with land use history and site

moisture. Sites sampled by Navar et al. (2002) received an

annual precipitation of 1000 mm compared to that of

680 mm on LRGVNWR (Adhikari and White 2016).

Analysis of naturally regenerated and replanted

sites

Multiple factors affect the relationship between stand den-

sity and biomass. During stand development, depending on

initial seedling density, resource competition intensifies

asymmetrically for individual plants (Holdway et al. 2008;

Luyssaert et al. 2008). Ideally, in both even- and uneven-

aged naturally regenerated stands, individuals compete for

resources (e.g., light, water, and nutrients) where crowding

may influence mortality, reduce plant density, and maxi-

mize the size of individual plants following self-thinning

(Li et al. 2000). However, we did not find an influence of

density on individual biomass production in naturally

regenerated sites. Differences in shrub biomass across

replanted sites may be due to the effects of site-specific land

use history in which intensive crop farming has resulted in

reduced soil fertility of the area before establishment of the

refuge (Adhikari and White 2016). Higher biomass per

shrub in replanted sites compared to naturally regenerated

sites was likely due to reduced competition that also limits

maximum individual stand volume (Li et al. 2000; Luys-

saert et al. 2008). Overall, we estimated that the total bio-

mass fraction in replanted sites (24 % of total above-ground

biomass stored) was almost equal to its area fraction (26 %

of total area). This indicates that direct and indirect methods

of promoting shrub establishment significantly contribute to

carbon sequestration.

Environmental gradients

Limited soil water availability constrains shrub growth and

survival (Montagu and Woo 1999; Rodriguez et al. 2004;

Adhikari and White 2014) and determines the relationship

between shrub density and biomass (Lambers et al. 1997).

The Lower Rio Grande Valley is characterized by

increasing aridity westwards. Inland from the Gulf of

Mexico, the temperature increases and precipitation

decreases, with substantial influences on the growth and

survival of shrub species (Adhikari and White 2016).

Therefore, we expected higher shrub density, higher bio-

mass per shrub, larger shrub AC, and higher biomass per

hectare in the eastern part of the LRGVNWR due to this

environmental setting. However, past intensive agricultural

activities that may have reduced soil fertility may explain

lower shrub density, lower biomass per unit area, and

smaller AC per shrub in naturally regenerated sites of zone

2 compared to replanted sites in zone 1. Zeidler et al.

(2002) reported slow growth rates of plant and low biomass

accumulation under similar environmental conditions in

degraded arid and semi-arid land of Africa. Also, a similar

explanation can be given for the higher biomass per shrub,

larger AC per shrub, and higher biomass per hectare of

replanted sites in zone 4 compared to zone 2. However,

naturally regenerated sites in zone 4 showed larger AC per

plant compared to those in zone 1. This is due to the aridity

in zone 4, where specific plant species are better adapted

with a higher growth rate, likely associated with low levels

of competition (Adhikari and White 2014).

LRGVNWR shrubland, wildlife habitat and carbon

sequestration

Remote sensing provides a wall-to-wall mapping capability

that can help land managers devise effective methods to

invest resource management capital. We have shown that

remote sensing can be used to accurately assess plant
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density and biomass over a large area of a conservation

landscape. The application of fine-scale remote sensing

data to identify individual plants and measure their crown

dimensions can be very effective for sparsely distributed

woody plants; such methods are important for the moni-

toring and assessment of types of land management.

Shrubland ecosystems are important for their potential role

in global carbon dynamics, as they comprise 30 % of ter-

restrial carbon stored in live biomass and soil (Bechtold

and Inouye 2007; Lal 2004; Piao et al. 2009). This study

showed that the carbon sequestration capacity of shrubland

ecosystems could be enhanced with the restoration of

degraded land. Hence, native shrub restoration efforts can

be justified as re-establishment mechanisms to provide

ecosystem services and conserve habitat for endangered

species, as well for the indirect benefits of carbon accu-

mulation in vegetation and soil (Luo et al. 2007).

Global climate models predict that increased temperature

and higher evaporative demand are likely to reduce shrub-

land productivity (Emmett et al. 2004; IPCC 2007; de Dato

et al. 2010; Yang et al. 2011) and show the importance of

monitoring shrubland ecosystems in the future. The

restoration of shrublands is also vital for wildlife conser-

vation to ensure localized recovery of natural ecosystem

functions. Our attempts to assess shrubland restoration over

a large area provide an opportunity to evaluate the efficacy

of habitat restoration efforts at the landscape scale and help

to better understand the role of various factors that influence

the restoration process such as disturbance regimes, eco-

logical processes, environmental factors, and community

structure (Holmes 2001). One of the goals of native shrub

restoration is to link fragmented habitats with newly

established patches to create areas large enough to maintain

viable local populations of targeted species. Since restored

patches are key in biodiversity conservation (Bennett 1998),

remote sensing techniques such as those presented here can

help managers better quantify the pace and scale of

restoration success.

Conclusion

We demonstrated that individual shrub AC derived from

remote sensing images could be used to determine shrub

density and estimate biomass across a large area. Although

accurate delineation of individual shrub crowns and esti-

mation of AC are challenging, the method described here

provides a basis for application to similar shrublands

elsewhere. Estimation of shrub biomass from aerial images

showed plant responses to broad environmental gradients

and included evaluation of some impacts of past land

management. Since management paradigms are often

based on inventories of woody plants, automated individual

plant delineation as demonstrated here could be an

important step in providing rapid and spatially extensive

stand information for effective management. This approach

has the potential to assess plant density and biomass over a

larger extent of landscape. Particularly, plant delineation

from remote sensing data helped us to evaluate the

restoration of native shrublands.

Considering that 90 % of native vegetation cover in

LRGVNWR has been removed since the 1930s, successful

reestablishment of the woody shrub plant community in the

refuge during the last two decades has resulted in some

success. Replantation of native shrubs was shown in this

study to be equally as effective as natural regeneration in

developing large and productive shrub stands contributing

to wildlife habitat conservation and carbon sequestration.

The study showed that these woody shrublands are

potential carbon sinks and can potentially be used as car-

bon credits to encourage further land acquisition for con-

servation and carbon sequestration.

Acknowledgments We would like to express our gratitude to the US

Fish and Wildlife Service (FWS) which provided funding for this

project (FWS Agreement No. 201819J608). We appreciate the con-

structive comments of two reviewers. This work complies with the

current laws of the USA. The findings and conclusions in this article

are those of the authors and do not necessarily represent the views of

the US FWS. The use of trade, firm, or product names is for

descriptive purposes only and does not imply endorsement by the US

Government.

Appendix A

See Table 3.

Table 3 Equations used to

predict live biomass (LB; g)

from canopy area (CA; m-2) for

six woody species in southern

Texas thorn woodland (Northup

et al. 2005)

Species Biomass equation Correction factor

Vachellia rigidula (VARI) Ln ðLBÞ ¼ 6:316þ 1:465ðLnCAÞ 1.005

Celtis ehrenbergiana (CEEH) Ln ðLBÞ ¼ 6:782þ 1:406ðLnCAÞ 1.018

Condalia hookeri (COHO) Ln ðLBÞ ¼ 7:088þ 1:488ðLnCAÞ 1.004

Diospyros texana (DITE) Ln ðLBÞ ¼ 7:343þ 1:439ðLnCAÞ 1.009

Prosopis glandulosa (PRGL) Ln ðLBÞ ¼ 6:873þ 1:482ðLnCAÞ 1.005

Zanthoxylum fagara (ZAFA) Ln ðLBÞ ¼ 7:049þ 1:213ðLnCAÞ 1.008
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