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Ecological restoration of degraded riparian Tugai forests in north-western China is a key driver to com-
bat desertification in this region. Recent restoration efforts attempt to recover the forest along with its
most dominant tree species, Populus euphratica. The present research observed the response of natural
vegetation using an object based change detection method on QuickBird (2005) and WorldView2 (2011)
data. We applied the region growing approach to derived Normalized Difference Vegetation Index (NDVI)
values in order to identify single P. euphratica trees, delineate tree crown areas and quantify crown diam-
eter changes. Results were compared to 59 reference trees. The findings confirmed a positive tree crown
growth and suggest a crown diameter increase of 1.14 m, on average. On a single tree basis, tree crown
diameters of larger crowns were generally underestimated. Small crowns were slightly underestimated
in QuickBird and overestimated in Worldview2 images. The results of the automated tree crown delin-
eation show a moderate relation to field reference data with R2,,.: 0.36 and R2,,. : 0.48. The object based
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image analysis (OBIA) method proved to be applicable in sparse riparian Tugai forests and showed great
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suitability to evaluate ecological restoration efforts in an endangered ecosystem.
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1. Introduction

Ecological restoration of degraded riparian Tugai forests in
north-western Chinais a key driver to combat desertification in this
region. Past and current restoration efforts attempt to recover the
forest along the Tarim river with its most dominant tree species,
Euphrates Poplar (Populus euphratica), which provides desirable
services to the local ecosystem such as sand fixation, wind break,
and riverbank protection (Weisgerber, 1994). The response of the
natural vegetation to applied restoration decisions are of particular
interest to restoration managers, who seek for accurate long-term
monitoring which requires the detection of change and quantifica-
tion of its rate (Coppin et al., 2004).

Current field-survey methods deliver accurate data for the
detection and quantification of forest change but may not be suit-
able for long-term and large scale monitoring due to low sample
coverage and infrequent survey opportunities (Pouliot et al., 2002).
Furthermore, in large arid or semi-arid areas, where vegetation
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cover is usually sparse and scattered, field surveys become time-
consuming and cost intensive. In this context, remote sensing offers
several desirable characteristics from a forest restoration moni-
toring perspective including large footprint sizes, and regular data
collection cycles (Chubey et al., 2006). Nevertheless, the potential
to detect changes in forest ecosystems are intrinsically limited by
the satellite images spatial resolution (Coppin et al., 2004). Gener-
ally, medium spatial resolution (~30m) sensors such as Landsat,
SPOT, or ASTER have the potential to monitor changes in large for-
est stands (>10 ha). Typical approaches detect forest cover change
due to clear cuttings (Desclée et al., 2006) or selective harvesting
(Kennedy et al., 2007; Sader et al., 2003). The results are reliable
and have been, for instance, operationally utilized by the Swedish
Forest Agency to verify cutting permits (Olsson et al., 2005).

With the launch of QuickBird2 (QB) (2001), GeoEye-1 (2008),
and WorldView2 (WV2) (2009), data from three satellites with
very high spatial resolution (VHSR) sensors are available. This
changed the opportunities for the analysis of forest ecosystems
using remote sensing and shifted the scale of interest from forest
stands down to the individual tree level (Falkowski et al., 2009).
The spatial resolution in a sub-meter dimension (<0.8 m) allowed
reliable computation of several forest inventory parameters such as
canopy closure (Leckie et al., 2005), stem density (Hirata, 2008), and
crown size (Ozdemir, 2008). Combining VHSR data with the height
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information from light detection and ranging (LiDAR) data allowed
accurate recognition of tree crowns and the determination of tree
height (Leckie et al., 2003b), tree volume (Mora et al., 2013), and, by
means of allometric equations, improved estimations of the above
ground forest biomass and carbon stocks (Bright et al., 2012). How-
ever, its operational implementation in forest ecosystem analysis
is still limited due to the high cost for large area surveys.

In VHSR imagery, the target entity (individual tree) is normally
composed of several pixels with a high degree of spatial detail. In
order to allow meaningful image analysis, groups of homogeneous
pixels need to be aggregated into one object, the individual tree
object. The aggregation process suggested a change from traditional
pixel based image analysis towards an object based image analy-
sis (OBIA) (Blaschke, 2010). With the OBIA approach, each image
tree object can be described by its spectral characteristics as well as
spatial features such as shape, position, size, and the relationship to
neighbouring objects (Blaschke et al., 2011) and hence allowed the
development of semi-automated algorithms for tree cover infor-
mation extracted for each tree entity. The core of the developed
information extraction algorithms relies on sub processes such as
(a) tree crown detection and (b) tree crown delineation, whereas
for some methods, tree crown detection is a required step prior to
crown delineation (Ke and Quackenbush, 2011b).

A range of methods for tree crown detection exist in the lit-
erature including local maximum (LM) filtering (Gebreslasie et al.,
2011; Wulderetal., 2000, 2004), scale analysis (Pouliot et al., 2005),
template matching (Niccolai et al., 2010) and directional local fil-
tering (van Coillie et al., 2012). An emerging approach is the LM
filtering which applies a moving window and takes the pixel with
the maximum value to represent the treetop (Pouliot et al., 2002).
A key matter remains the size of the moving-window which is
dependent on the relationship between the tree-crown dimension
and spatial resolution of the image (Gougeon and Moore, 1988). A
previous study from Gebreslasie et al. (2011) used a panchromatic
IKONOS image for the detection of tree location in a plantation for-
est with mainly flooded gum (Eucalyptus grandis) in KwaZulu-Natal,
South Africa. The approach included Gaussian smoothing, and veg-
etation masking prior two LM filtering approaches with: (a) a
variable window size selection based on semivariogram techniques
and (b) a standard fixed window size. In young dense plantation
forest the variable window size approach achieved 75% detection
accuracy. The accuracy increased (up to 90%) with increasing tree
age and decreasing tree density. However, the fixed window size
LM filtering approach achieved 67% detection accuracy in young
forest stands and up to 88% in the older stands.

Waulder et al. (2004) compared LM filtering for the identifica-
tion of individual trees on a 1 m airborne MEIS Il and a 1 m IKONOS
image in a plantation forest and a mature stand of Douglas fir (Pseu-
dotsuga menziesii) and western red cedar (Thuja plicata) in Canada.
The LM filtering with variable window size performed poorly on
the IKONOS image, resulting in low overall accuracy (61%) and large
errors of commission (48%). However, the results from the LM filter-
ing with a 3 x 3 fixed window size on the IKONOS image indicated
that individual trees were identified with greater accuracy (85%). A
LM filter with a fixed window size is used in the present study.

Tree crown delineation algorithms are based on the underly-
ing assumption that crown tops have higher spectral reflectance
than the lower parts of the crown, particularly at the boundaries
between crowns (Katoh and Gougeon, 2012). Today, a variety of
methods for tree crown delineation exist and can be generally cat-
egorized into, valley following (Gougeon and Leckie, 2006; Leckie
et al., 2003a), region growing (Bunting and Lucas, 2006; Culvenor,
2002; Pouliot et al., 2002; Tiede et al., 2008) and watershed seg-
mentation (Wang et al.,, 2004). The region growing method is a
threshold-based clustering approach which requires the maxima-
derived treetops from the LM filter approach as starting point and a

specified threshold value as boundary constraint (Culvenor, 2002).
Examples of region growing applications can be found in open
mixed species forest with crowns of differing crown shape and
size (Bunting and Lucas, 2006) or even aged Mountain Ash forest
(Eucalyptus regnans) (Culvenor, 2002), both in Australia.

Change detection of tree crown objects with VHSR satellite
imagery have been developed recently (Ardila et al., 2012b,a;
van der Sande, 2010). Ardila et al. (2012a) introduced a multi-
temporal detection strategy based on active contours to monitor
urban tree crowns in a series of very high resolution (VHR) aerial
images in Enschede and Delft, The Netherlands. The identifica-
tion of abrupt and gradual tree crown changes was computed
on a one-to-one object comparison which performed superior to
an alternative region growing segmentation approach. Another
promising methodology was introduced by Ardila et al. (2012b),
where crown changes as well as change uncertainty of trees in
an urban environment Enschede and Delft are quantified. Their
method iteratively fits a Gaussian function to crown membership
in QB and aerial images of two dates and afterwards identified tree
crown elliptical objects. For the retrieved tree crown objects crisp
changes are identified. Additionally, change uncertainties are com-
puted based on fuzzy membership functions which take spatial
characteristics and mixed-pixel effects of tree crown pixel locations
into account. Both previous studies were applied in urban environ-
ments and used visual interpretation and digitization of the input
images as reference data for quantitative performance evaluation.

While there have been studies assessing multi-temporal change
detection of urban trees, to our knowledge no studies investigated
long-term changes of degraded open Tugai forest based on single
tree crowns with VHSR imagery and neither were they validated
with field-based crown diameter measurements. Therefore, the
objective of this study was to apply the OBIA approach to quan-
tify tree crown changes based on object to object comparison
using VHSR imagery (QB and WV2). The study area was a Cen-
tral Asian Tugai forest in the lower reaches of the Tarim River in
northwest China, which experienced recent revitalization due to
ecosystem restoration efforts. Accuracies for tree crown diameter
measures are produced and compared to reference data of visual
tree delineation and field-based tree crown measurements. Finally,
we indicate the suitability of the proposed method with regards to
ecosystem restoration evaluation purposes. The following research
questions were addressed in this study:

1. How did P. euphratica tree crowns develop during 2005 and 2011
in the lower reaches of the Tarim River?

2. How accurate are OBIA tree crown delineation results in compar-
ison to (a) visually interpreted and digitized and (b) terrestrial
tree crown measurements?

2. Method
2.1. Study area

The study area (Fig. 1) is located at the Arghan forest station
in the Xinjiang Uyghur Autonomous Region in north-west China
where the old Tarim River and the Qiwinkdél Tarim branch merge
(N 40°8.72' E 88°21.26'). The regional climate shows extreme arid
characteristics with precipitation below 50 mm and potential evap-
oration above 2000 mm. per annum (Chen et al., 2006a). Average
monthly temperatures vary from just under —12°C in January, to
over 27 °Cin July, while the annual average is at 11.7 °C. The area is
dominated by open sandy areas with dense clusters of P. euphrat-
ica along the riverbanks and to sparse isolated trees towards the
desert. A forest inventory in 2004/2005 revealed that about 4500
P. euphratica trees exist within the study area (Lam et al., 2011).
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Fig. 1. Location of the Xinjiang Uyghur autonomous region in China (upper left); study area at Arghan, along the lower reaches of Tarim River Basin (black line) in Xinjiang
Uyghur autonomous region (lower left); Location of 25 randomly selected field plots established by Lam et al. (2011) (background image: WV2, date: 29/07/2011, false colour

composite) (right).

Common shrub species in the area include Tamarix ramosissima,
Tamarix hispida, Tamarix leptostachys, Elaeagnus angustifolia, and
Karelina caspica. These are all drought-enduring and salt-tolerant
species (Zhou et al., 2010), however as phreatophytes their roots
need continuous contact to groundwater for their growth and sur-
vival (Thevs et al., 2012). Although there are some old stumps, no
silvicultural management operations have been carried out and the
forest can be considered to be in a semi-natural stage. The area rep-
resents the characteristic floristic composition and health situation
of Tugai floodplain vegetation at the lower reaches of the Tarim
river.

2.2. Ground reference data

The open Tugai vegetation in the research area was mapped in
a stratified random sample covering the full range of vegetation
diversity and density. For a consistent and comparable long time
monitoring, 25 permanent sampling plots were established in 2005
(Lam et al., 2011) (Fig. 1). The default plot radius was 20 m. In areas
with fewer large trees, the plot size was decreased to 15 m. Within
the sampling plots, 62 reference trees were randomly selected and
their height, diameter at breast height (DBH), and crown diameter
were measured. The measurements were conducted in the summer
of 2005 and 2011 during the vegetation’s maximum development
phase. Tree crown diameters were derived by projecting the edges
of the crown to the ground and measuring the length of the longest
canopy axis (major axis) and the crown axis perpendicular to this
axis (minor axis). The average of both values provides the mean

Table 1
Main acquisition parameters for QB and WV2 images.

crown diameter, a single summary value to evaluate image crown
delineations.

2.3. Image acquisition and preprocessing

Two very high resolution satellite imageries from 2005 and
2011 were used in this work. On 20th of July 2005, the QB satel-
lite acquired an image of the study area in four spectral bands
covering blue, green, red, and near-infrared (NIR). The WV2 satel-
lite recorded the same area on 29th of July 2011. Beside the
four standard bands (blue, green, red, NIR), the WV2 imagery
also contains 4 additional bands (coastal 0.400-0.450 um, yel-
low 0.585-0.625 um, red-edge 0.705-0.745 um, and additional
near-infrared 0.860-1.040 um). The data provider resampled the
panchromatic ground resolution to 0.6m (QB) and 0.5m (WV2)
and multispectral resolution to 2.4m (QB) and 2.0 m (WV2) and
radiometrically corrected the image pixels before delivery. Because
both sensors are in sun synchronous orbit their nodal crossing time
is similar (see Table 1). The difference of nine days between the
acquisition dates result in a 1.41 min shift in acquisition time and
hence in a slightly different sun elevation and azimuth. However,
the major dissimilarity between the images is the off nadir view
angle. The view angle of the QB scene is 12.5° while the WV2 off
nadir angle is about 5.2° larger.

We corrected the images geometrically and calculated top of
atmosphere reflectance values using sensor and band specific
calibration factors (Krause, 2005; Updike and Comp, 2010). The
Hyperspherical Colour Sharpening (HCS) (Padwick et al., 2010)

Date of acquisition Acquisition Spatial resolution Sun elevation Sun azimuth Off-Nadir view Sensor azimuth
time (GMT) (panchromatic/ angle (°) angle (°) angle (°) angle (°)
multispectral) (m)
QB 07/20/2005 05:12:53 0.6/2.4 66.9 142.0 125 207.7
Wwv2 07/29/2011 05:14:34 0.5/2.0 65.4 144.9 17.7 55.1
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algorithm was applied to fuse the multispectral and panchro-
matic bands into one multispectral dataset with a final spatial
resolution of 0.6 m (QB) and 0.5 m (WV2). For the analysis were
normalized difference, ratio-based and soil-line-related vegetation
indices calculated and employed. Apart from the original normal-
ized difference vegetation index (NDVI) (Tucker, 1979), its red edge
adaptation (NDVI-RE) (Gitelson and Merzlyak, 1994) and its modi-
fied form (Mod-NDVI-RE) (Sims and Gamon, 2002) was the Green
NDVI (Gitelson et al., 1996) and the normalized difference water
index (NDWI) (McFeeters, 1996) created. As ratio-based vegetation
index served the Simple Ratio Index (SRI) (Jordan, 1969). The used
soil-line vegetation indices were the soil-adjusted vegetation index
(SAVI) (Huete, 1988) its modified form (MSAVI) (Qi et al., 1994) and
its optimized form (OSAVI) (Rondeaux et al., 1996).

The NDVI layer was used to create a vegetation mask using
a multi-threshold segmentation which splits and classifies image
objects based on a automatic NDVI threshold selection. The algo-
rithm uses a combination of histogram-based methods and the
homogeneity measurement of multi-resolution segmentation to
calculate a threshold dividing the selected set of pixels into two sub-
sets, so that heterogeneity is increased to a maximum (eCognition,
2012b).

2.4. OBIA approach for change detection

The change detection approach we present here was applied to
both acquired images and combines six sequential steps to: (2.4.1)
classify tree, shrub and grassland areas; (2.4.2) detect individual
tree seed points with local maxima values, (2.4.3) delineate seeds
into tree crown object, (2.4.4) post-process tree crown objects,
(2.4.5) quantitatively assess the tree detection and crown delin-
eation, and finally (2.4.6) calculate detected changes between 2005
and 2011.

2.4.1. Vegetation classification

Tree crown identification is largely affected by the low spectral
separability of tree crown pixels with respect to other vegetated
surfaces such as shrub and grass cover, which impede the cor-
rect identification and delineation of tree crowns (Ardila et al.,
2012a). Hence, our first step was to identify shrub and grass-
land cover and exclude them prior to tree detection (Fig. 2). In
total 407 training areas were manually selected based on field
information and visual image interpretation (tree cover: 170,
shrub cover: 175 and grassland cover: 62). The Classification and
Regression Tree (CART) classifier was used to build a decision
tree model with mean values of the original spectral bands of
the QB and WV2 sensor and mean values of vegetation indices,
listed in Section2.3. The classifier creates a binary tree model
with maximal depth using the impurity Gini index (Breiman et al.,
1984) and prunes it back to obtain the optimal tree by deter-
mining the lowest misclassification errors (Laliberte et al., 2007).
We allowed a maximum tree depth of 6 nodes with a minimum
number of 5 samples per node, and a 6-fold cross validation.
Based upon the produced decision tree model, threshold values
for separating the three classes could be afterwards implemented
as a rule set in the eCognition (Trimble Geospatial, version 8.8.)
software.

2.4.2. Tree crown detection

Under normal conditions is the crown peak of deciduous trees
more likely to be directly illuminated, and has therefore higher
spectral reflectance than the crown edge (Culvenor, 2002). To
identify probable P. euphratica crown peaks we applied a pixel
based minimum/maximum filter on the NDVI layer. The filter effec-
tively accentuates crown edges with high values while values drop
in areas where the NDVI increases and plunge to zero at NDVI

maximum. Next, without using hard coded NDVI thresholds, we
assigned filter pixels with the value 0 (highest NDVI value) as crown
peak. In comparison to conifers, the P. euphratica crown can be
morphologically characterized as relatively flat. Therefore, we con-
sidered pixels in the immediate vicinity of the declared crown peaks
and with a filter value below or equal to 0.03 to belong to the crown
peak (Fig. 3 - top row). We restricted the search domain to the pre-
viously created tree cover area and fixed the search range to 7 x 7
pixels filter window.

2.4.3. Tree crown delineation

To delineate crown peaks into individual tree cover objects we
applied a threshold based region growing approach implemented
in the Conditional Quad Tree segmentation (eCognition, 2010). The
procedure iteratively segments tree cover objects into quadtree
grids consisting of squares (eCognition, 2012a) where the user
defined conditions of (a) minimum object size (1) and (b) adja-
cent existence of crown peak objects are met (Fig. 3 — middle row).
Next, crown peak objects grew into or merged with neighbouring
tree cover objects if the mean NDVI difference was below a prede-
fined threshold (<0.01). With each iteration grew the crown peak
larger until the boundary of the tree cover (step A) was reached
or a neighbouring crown blocked its growth (Fig. 3 — bottom row).
Crown peaks adjacent to one another were merged in the first two
steps of region growing.

2.4.4. Post processing

Tree crown borders were smoothed using a morphology oper-
ation which applied a binary mask. Image objects completely
containing the mask were added to the tree crown and smaller
holes inside the tree crowns were filled.

The appearance of tree crowns in VHSR satellite imagery are
affected by the sun illumination angle and the sensor off nadir view
angle (Song et al., 2010). As the off nadir viewing increases the size
of the projected tree crown in the image, we used a view angle
correction factor F in order to have comparable crown delineation
results of the QB and WV2 sensors. The angle correction was applied
for the statistics and did not alter the crown objects. Factor F was
obtained by dividing 1 by the cosine from the sensor off nadir view
angle called theta [F=1/cos(theta)].

2.4.5. Accuracy assessment

For validation of tree detection and crown delineation we used:
(a) manually digitized crowns as reference crowns and (b) field
measured crown diameters as ground truth. The tree detection
error was analyzed at the individual tree level. We computed the
ratio between reference crowns to crown seeds from the local max-
ima approach (adapted from Leckie et al. (2004) modified by Ke and
Quackenbush (2011a)). In our study, error of omission was counted
when no seed was identified within the boundary of an existing
reference crown (0 seed: 1 reference tree) and error of commis-
sion was registered when a seed was within an image object other
than a reference tree (1 seed: O reference tree). We considered
a tree as correctly identified when a single seed was completely
within one reference tree boundary (1 seed: 1 reference tree). Two
or more seeds in one reference tree illustrated a commission error,
this case was registered as 2:1 (or >3: 1 for three or more seeds)
correspondence. In the case where a group of trees (e.g. three trees)
was erroneously covered by a single seed, the corresponding ratio
would have been 1:3 (1 seed: 3 reference trees).

To compare field measured crown diameter vs. automated
crown diameter we performed an analysis of linear regression out-
liers to determine those field measured crown diameter values
that were likely to be a measurement error. These outliers were
excluded from the analysis. In order to quantify crown measure-
ment errors, we compared the mean crown diameter from the
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Fig. 2. P. euphratica tree cover of the study area in false colour composite images (QB - 2005 - upper left, WV2 - 2011 - lower left) with image inlets of their corresponding
NDVI (dark - low values, bright - high values). Tree photographs (upper row - 2005, lower row - 2011) correspond to green and red vectors.

automatically extracted and manually digitized tree crowns with
the averaged field measured crown diameter. The root mean square
error (RMSE) and a coefficient of determination R? were used to
quantify the deviation of tree crown diameters between remote
sensing derived crowns (automatically extracted and manually dig-
itized) and field measured crowns.

2.4.6. Change calculation

We selected in each image delineated reference tree crowns
and measured the major axis (passing through the tree peak) and
the perpendicular minor axis of the tree crowns. The arithmetic
mean of both values marked the image based crown diameter. We

compared the image derived crown diameter between the 2005
and 2011 and calculated the detected changes.

3. Result

From the 4500 inventoried P. euphratica trees were about 3610
(80.2%) in the QB and around 3455 (76.7%) in the WV2 imagery
successfully recognized. Between 2005 and 2011 disappeared 180
trees and 25 new trees were identified. However, the average
tree cover increased from 26.77 m2 to 31.22 m? between 2005 and
2011. The following sections describe the results of the undertaken
change analysis focusing solely on the reference trees.
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QB - 2005 WV2 - 2011
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Fig. 3. Example of tree crowns delineated in the images of QB-2005 (left column) and WV2-2011 (right column). The top row images display the minimum/maximum filter
band and the assigned crown peaks (step 2.4.2). The middle row images illustrates the NDVI band and derived candidate seeds (first iteration) (step 2.4.3) whereas the bottom
row images show false colour composites with the final crown objects.

3.1. Descriptive analysis of field data 2005 and 2.4 to 7.7 m in 2011. The mean crown diameter increased
from 4.4 m to 4.9 m over the last 6 years.
A total of 62 P. euphratica reference trees were mea-
sured in the field for change detection analysis. Descriptive 3.2. Tree crown detection
statistics (Table 2) of the tree attributes indicate that on average

tree heights increased from 6;9 to 7.6 m and the mean DBH rose Table 3 shows the tree detection results obtained after apply-
from 29.5 to 34.2 cm. Crown diameters ranged from 2.5 to 7.2 m in ing a LM filter to both images. The large number of correctly

E:I:iiif)tive statistics for reference P. euphratica trees used in growth evaluation (N=62).
Height (m) DBH (cm) Tree crown diameter (m)
Min Max Mean SD Min Max Mean SD Min Max Mean SD
2005 2.1 15.7 6.9 2.6 1.7 107.7 295 16.5 2.5 7.2 44 1.0

2011 32 13.6 7.6 23 6.0 111.0 34.2 17.9 24 7.7 4.9 1.3
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Fig. 4. Example of automatically delineated P. euphratica tree crowns in false colour composite QB (top row) and WV2 (bottom row) images. The overview map shows the

location of the close up views within the study area.

identified tree crowns (QB: 54; WV2: 53) was achieved because of
the absence of disturbing understorey vegetation, of similar spec-
tral behaviour, and primarily isolated trees resulting in low forest
complexity. However, by comparing the results of both images it
can be concluded that in the QB image were more trees correctly
identified than in the WV2 image. The error of omission (0:1) was
low in both scenes and occurred only in areas with small tree
crowns adjacent to medium trees. The maximum NDVI value of
small trees is generally lower compared to medium size trees. If a
small and medium sized tree occurs in one filter window instance,
the small tree will be ignored and the medium sized tree gets the
LM assigned. In neither of the two images was a false positive case
identified. Errors of commission (2:1 or 3:1) occurred in 6 trees of
the QB image and in 8 trees within the WV2 image.

3.3. Tree crown delineation

The conducted linear regression outlier test identified a total
of three outliers (4.8% of the whole dataset) that appeared
inconsistent with the remainder of the data. Because there was

Table 3
Results of tree detection using fixed size LM filter and mean difference to maximum
NDVI>0.03.

only one outlier in the 2005 data set and two outliers in the
2011 data set, the regression diagnostics identified these obser-
vations reliably (for all p<0.002). All outlier were removed and
59 trees remained in the dataset. Data in Table 4 reveal that
diameters from manually digitized crowns correspond better with
field measurements than automatically extracted crowns. For both
years the RMSE was lower (RMSEjgps: 0.96m and RMSEjgq1:
0.69m) and R? higher (R3,5: 0.49 and R3,,,: 0.75). This is, among
other factors, because the diameter range of digitized crowns
(range,gos: 1.62-6.15 cm; rangeyp11: 2.86-7.62 cm) is smaller than
the diameter range of automatically extracted crowns (range,ggs:
0.60-7.20 cm; rangesoq1: 2.38-7.62 cm). The magnitude of error
for the automatically extracted crowns has approximately the
size of two pan sharpened image pixels (RMSE.QBygo5: 1.16 m;
RMSE.WV25p11: 1.03 lTl)

Comparing diameters of individual crowns by means of their
absolute difference, the difference between remote sensing derived
(automatically extracted and manually digitized) and field mea-
sured crown diameters, indicated a greater crown diameter

Table 4

Mean crown diameter measurement error obtained from automated delineations
and manually digitization compared with ground truth field data (N=59, outliers
removed).

Tree seed vs. reference crowns 2005 2011

0:1 1:0 1:1 2:1 3:1 Error measure Automated Digitized Automated Digitized
QB -2005 2 0 54 6 0 RMSE (m) 1.16 0.96 1.03 0.69
WV2 - 2011 1 0 53 5 3 R? 0.36 0.49 0.48 0.75
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Fig. 5. The relation between absolute differences in crown diameter measured from automatically delineated and manually digitized crown diameters to ground-measured
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Table 5

Summary change statistics for P. euphratica crown diameters between 2005 and 2011 (N=59).

Method Crown diameter (x) Change crown diameter (x) 95% Confidence interval for change ()
2005 2011 Total (annual) Lower Upper

Field (m) 4.29 4.90 0.61(.10) 0.39 0.83 (+.22)

Digitized (m) 3.82 4.83 1.01 (.17) 0.78 1.24 (+£.23)

Automated (m) 3.94 5.08 1.14(.19) 0.81 1.47 (£.33)

underestimation in 2005 and an evenly balanced crown diam-
eter estimation in 2011 (Fig. 5). Equally for both years, larger
crowns tended to be more underestimated by the automated delin-
eation approach. For 2011 there was a minor overestimation of
small crowns. In 2005, small crowns were slightly underestimated.
However, the automated delineation results were not significantly
different from those manually digitized (p.2005: 0.49; p.2011:
0.11).

3.4. Change detection

Table 5 summarizes the detected changes of P. euphratica crown
diameters between 2005 and 2011. An overall crown diameter
rise was detected in all methods. The field measured results indi-
cated a crown diameter growth of 0.61 m on average. Considering
the field measured data as reference, the automatic delineation
method overestimated crown diameters by 0.53 m while the diam-
eters of manually digitized crowns were overestimated by 0.4 m,
on average. The main reason for overrating is the crown diame-
ter underestimation in 2005 from the QB scene. The automated
region growing approach underestimated crowns by 0.35m and
the digitizing method underestimated crowns by 0.47 m, on aver-
age (Fig. 6). On a single tree level were negative crown diameter
changes of up to 2.3 m and positive crown diameter changes of up
to 4 m observed.

A scatter diagram and a crown diameter change distribution
were used to determine the relationship between crown diame-
ter measurements from 2005 and 2011 (Fig. 7). All points left from
the 1:1 black reference line indicate a crown diameter increase;
points on the other side indicate a decrease. The results in Fig. 7
indicate that projected points cluster closely around their mean

for field collected crown diameter (SD¢pgnge: 0.85) and manually
digitized crown diameter (SD¢pange: 0.89) while projected points of
the automatic delineation (SDchgnge: 1.28) are further away from
their mean. Points beyond the 95% confidence interval may be sub-
ject to errors, and those errors contribute to the uncertainty of the
measurements.

4. Discussion

In this study, we applied an object based change detection
method to a semiarid open P. euphratica Tugai forest, aiming to
quantify the rate of tree crown changes over a period of six years.
The implemented OBIA approach produced meaningful image
objects that resemble P. euphratica tree crowns (Fig. 4). Our results
demonstrate that derived tree crown diameter estimates from
VHSR imagery agree reasonably well with field reference data, with
an average RMSE of 1.16 m (2005) and 1.03 m (2011) and can there-
fore support field based tree crown monitoring efforts. Essential
characteristics of the applied method and the obtained results are
discussed below.

4.1. Field reference data

Various factors may influence the accuracy of tree diameter
estimation in this study. One of the most probable source of
error are the in-situ measured reference data for accuracy vali-
dation. These data are not ‘ground truth’, as it is often erroneously
referred to (Foody, 2010), but may contain uncertainty (Richter
etal.,, 2011). Our field data were collected in 2005 and 2011 by two
different groups of people, using the same measurement process.
Assuming both groups measured carefully and precisely, differing
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Fig. 6. Example of 4 study plots (black) with automatically (yellow) and manually
(blue)delineated P. euphratica tree crowns in false colour composite QB (left column)
and WV2 (right column) images. (For interpretation of the references to colour in
the text, the reader is referred to the web version of this article.)

interpretation of the same object may result in subjectivity and bias.
How accurate can a vague or rather fuzzy crown border be mea-
sured when difficulties arise in defining the ‘exact’ crown boundary
in the field? Lam et al. (2011) observed for the studied P. euphratica
stand, that the general crown shape varies from relatively dense
hemispherical shapes for young and healthy trees to wide open
jagged, serrated shapes for older trees. Several old trees lost the
top portion of the crown, and some of them formed patches of
secondary crowns from dormant buds. When seen from space,
these disperse crown forms are not observed as round and may
be underrepresented by only two crown diameter measurements.
We therefore propose to increase the field crown diameter mea-
surements to four diameter measurements, 45° apart from each
other as it is carried out during stand area determinations (Rohle,
1986).

4.2. Tree crown detection and delineation

The heterogeneous crown form of P. euphratica was frequently
accompanied by a high within-crown spectral variability. The

canopy reflectance plunged in parts of dead primary crowns, lack-
ing photosynthetic material while reflectance rose in parts with
foliated secondary crowns. This caused crowns to differ from the
typical ellipsoidal crown shapes of other deciduous tree species.
The spectral responses to the irregular branch pattern were mul-
tiple reflectance peaks, especially in sub-meter resolution imagery
(Pouliot et al., 2002). In fact, in 10% of the analyzed trees (QB scene,
2005) we obtained at least two reflectance peaks per tree (13%
in WV2 scene, 2011). The rising number of multiple reflectance
peaks was expected due to the increase of within crown variability
with higher spatial and spectral resolution (from 0.6 m to 0.5 m).
To illustrate the issue, Fig. 8 presents a three-dimensional view
of NDVI values for two trees, one with an irregular crown struc-
ture (right) and one medium sized tree with a homogeneous tree
crown (left). In normal procedure a tree with three reflectance
peaks (crown peaks highlighted in red, Fig. 8) would have caused
an error of commission (3:1 error). In our case the detection of mul-
tiple reflectance peaks in an irregular shaped crown should not be
considered as commission error because those peaks exist. How-
ever, difficulties arise when to validate detected reflectance peaks
in the field. Extracting individual vertical structure of tree crowns
from LiDAR would improve the analysis since reliable tree height
and treetop data are detectable (Chen et al., 2006b). We did not
find literature information concerning the distance between LiDAR
measured treetop data and crown peaks from sunlit reflectance
maxima.

The high accuracy of the individual tree detection that we
obtained are consistent with those of Whiteside and Ahmad (2008),
who achieved a local maxima seed detection in Eucalypt dominant
savannah with a user accuracy of 84.3% and a producers accuracy of
96.3% within a QB image. In Zhou et al. (2012) field validated detec-
tion rate exceeded 82% in Eucalyptus plantation with WV2. In our
study, 1:1 detection success ranged from 85.5% in WV2 to 87.1% in
QB. The essential difference between above mentioned surveys was
because of the existence of undergrowth, shrubs and annual grasses
and the homogeneous tree spacing due to plantation outlines.

The crown diameter from the manually digitized tree crowns
agreed better with the field reference data than the results from
automated delineation approach. However, the OBIA approach
achieved RMSE in both sensor types below two image pixels
(Table 4). These accuracy levels are similar with studies which
compared their results to field-measured crown areas rather than
manually digitized reference trees (Pouliot et al., 2002, 2005; Song
et al,, 2010). One source of error is related to the mixed pixel
effect which occurs in the vicinity of the crown boundary and influ-
ences the crown boundary delineation result. Mixed pixels tend to
smooth reflectance variability and cause tree crown overestimation
ifincluded and underestimation if excluded (Rocchini et al., 2013).
In our results, the measurements of the crown diameter touch the
crown boundary in two sides of the crown axis, therefore appears
the mixed pixel effect twice. For the bi-temporal tree crown change
detection we selected two peak green summer images because of
their adequate quality as well as the phenological stability (Coppin
et al., 2004). The quality of the QB image was slightly reduced after
the HCS image fusion process due to small NIR artefacts, observed
close to tree crown edges.

We also found that the region growing algorithm works bet-
ter at isolated or scattered trees than in dense or closed forest
areas. A uncertainty factor for the crown delineation method is
the fact that the method dependence on the presence of crowns
peaks. A tree crown peak is almost certainly found at isolated trees,
but in dense or closed stocks are situations were a dominant tree
covers its neighbour and its peak will remains undetected. The con-
sequence is that the region growing method segments over the
dominated tree and the resulting tree crown appears rather big and
unshapely.
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Fig. 8. Tree crown detection results for two trees. Tree peaks (red), manually delineated crown (blue) (QB - 2005 (left), WV2 - 2011 (right); Axis labels: x and y - in pixel, z:
NDVI values). (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)

4.3. Change of vegetation cover

The long term ecological restoration of degraded riparian Tugai
forests along the lower reaches of the Tarim river has beneficial
influence on the P. euphratica population. Our findings confirmed a
positive tree crown growth and suggest a crown diameter increase
of 1.14m, on average. The detected expansion of above ground
green biomass corresponds to natural succession and suggests
improved groundwater conditions after Ecological Water Diver-
sion from 2000 until 2011 (Zhandong et al., 2009). The results of
the automatic tree crown delineation show a moderate relation to
the reference data (with (R3,5: 0.36 and (R3,,,: 0.48) but can be
considered useful due to a similar magnitude of the error like the
manually digitized results. The OBIA method proved to be appli-
cable in arid environments with scattered trees such as the sparse
riparian Tugai forests and showed great suitability to evaluate eco-
logical restoration efforts in a remote ecosystem.

5. Conclusion and outlook

We used two very high resolution satellite images to quan-
tify recent tree crown diameter changes in a degraded riparian
Tugai forest in north-western China. Our results suggest a posi-
tive tree crown growth with an average crown diameter increase
of 1.14 m. On a single tree basis, small crowns were slightly under-
estimated in QB and overestimated in WV2. Tree crown diameters
of larger crowns were generally underestimated. The results of the
automated tree crown delineation show a moderate relation to 59
reference trees measured in the field (R%OOS: 0.36 and R%OH: 0.48).

The automated OBIA method proved to be applicable in scenes of
both evaluated sensors for sparse riparian Tugai forest, especially
in feature extraction of individual tree crowns and produced useful
results.
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