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Abstract: Understanding the relationship between the size of mangrove structural features an
the optimum image pixel size is essential to support effective mapping activitiesngrove
envirommens. This studydevelopeda method to estimatiie optimumimagepixel size for
accurately mapping mangroveeatures (canopy typesand features(gaps, tree crown,
community and cover typ® and testdthe applicability otheresuls. Semivariograms were
used tocharacterze the spatial structure of mangrove vegetation by estimating the size of
dominant imagdeatures inWorldView-2 imagey resamplecver a range of pixel zes at
several mangrove areasMuoreton Bay, AustraliaThe resuls show thatsemivariograns
detectecthe variatiors in the structural properties ohangrove in the study areand its
forms were controlled by the image pixel sizéhe spectralband used, and the spatial
characteristics of the scene objexi, tree or gapThis information was synthesized
derive theoptimum image pixel sizéor mappingmangrove structural and compositional
features at specific spatial scalésterpretation of seravariograms combined with field
data and visual image interpretation confirms that certain vegetation stfdeatures are
detectable aspecific scales and can be optimally detected using a specific imagel

size The analysisresults providea basisfor multi-scale mangrove mappingsing high
spatial resolutiommage dataset
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1. Introduction

Remotesensing has been used extensively to map and monitor mangrove environments over the pas
two decades. It offers some key advantages for mangrove siadieding indirect access to mangrove
habitat thatareusually hard to acce$$,2], extrapolation obbservation results at specifimgale sites
over large areds3], anddelivery of data aspecific spatial antemporalscaled4]. Recent development
in remote sensing and image processing allow us to explore various types of image, datasgtsaas
types of maping techniqguesto map mangroves,5]. However there is a need to match the scale of the
analysis to the scale of the phenomenon under investiga®renvironmental inferencesre
scaledependen{6]. Mapping mangroves apecific spatid scales will help scientists to focus their
research on the ecological questions that are appropriatacholevel ofecological detail7], and
managers to focus on the conservatotivities at ecologicallyelevantspatial and temporal scalgs.

From an ecological perspective, mangrove ecosystéikes other vegetated ecosystems, can be
placed within gierarchicalstructure[9]. The central concept of this theory focuses on the differences
in structure and process rate betwéerarchicallevels.Based on these differences, ecosystems are
viewed as being stratified into discrete levels of interacting subsystems, with attebdtpsocesses
occurring at spefic spatial and temporal scal¢g 10i 12]. Remote sensing is ol able todeliver
information a» mangrovecharacteristicat specificspatial and temporacales. However, the spatial
configuration of mangros as measured in an airborne or satelliteage is dictated by spatial
structures of mangrosgen the field interacting with imagingensor characteristicén order touse
satellite or airborn@nage datdo extract information at specific scales or featuresrfangrovs, it is
essential to understand the control of mangrove spatial strsctutbeir measuremenh animage.

This raises theguestion fiwhat mangrove features are dominant and able to be mapped at specific
levels of image resolutionas controlled by pixel si26 Studies linking the spatial structure of
mangrove and the inage spatiatesolution are limited.

The seledbn of scale or an appropriate spatial resolution is an important factor that contributes to
the successful application of remote sensing. It depends on several factors, including the infasmation
be extracted fromthe ground scene, the analysis methmdé used to extract the information, the
spatal structure offeatures withinthe image scengl3], the type of environment being investigated
and other relevantonistraints i(e., cost and time)14]. The ale effects regardeds one of the most
important problems inremote sensing studiegl5i 17]. The fiscal® represents the window of
perception[16], the ability of observation, and reflects the limitation of knowledge through which a
phenonenon may be viewed or perceivgth]. Changing the scalef daa collection and analysis
impactsthe measurements armtbnclusios able to balrawnfor an environment and image data set
combination Consequently, selecting an appropriate or optimal spatial resolution requires information
on the spatial characteristiogfeatures withirthe scene under investigation.
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Scientists have developed several methods to select the optimal spatial scale for remote sensin
applications, which are tied to selection of pixel sizes and spectral bands, primarily fothegeerpixel
classification. Theanost widely adopted method is ¢é@amire the spatial autocorrelation of the image
scene through the anagssof semivariograns. The £mkivariogram is a tool to link models e
ground scendo spatial variation in imaged 8] andis able to detecthe most dominanscalds) of
variation in image$19]. In remote sensing stig$, it enableghe optimal pixel size for featurmapping
in different environmerst from image datao be specifiedfor example in foress [20i 23], tropical
savannab[24,25], grasslansl[26,27], and wetland[28]. Semivariograms can be used to identify the
domains of scal where certain features resifi21,24,29], which in turn will provide support in
selecting the most appropriate image spatial resoléhioa specific mapping purpose.

The current status of remotely sensed dagg (arious types and resolutions) enables rradtle
information to be deried for mapping and monitoring mangrewaeross spatiaécological hierarchies.
However, @ an incresing number of remotelgensed data setsith different pixel sizedbecome
availableselecting the most appropriagpatial resolution becomes more difficult. In order to select an
appropriate spatial resolution for a specific application, the spatiedatbastics of the scene should
be examined30]. The main objectiveof this study vereto develop methaito estimatehe optimum
pixel size for mapping mangrove composition and structural properties, and test the applicability of the
method. The examiation of spatial characteristics of mangmwas conductedisedexperimental
semivariogramsderived fromWorldView-2 images,in Moreton Bay, Australiato determine the
spatial scalesf the mangrove featureshis information may provide guidance falacting the most
appropriateimage spatial resolution for npping certain mangrove features, and answethng
guestion ofwhat mangrove feature can be mapped from a given spatial resphnidvice versa

2. Dataand Methods
2.1. Study Site

This reseath was carried outni mangrove areas at timeouth of the Brisbane Rivelorthern
Moreton Bay, Southeast Queensland, Australia (between 18B315311'20'E and
2719'41"1 2725'31"'S), includingWhyte and Fisherman Islargl andthe Boondall wetlands (Figer1).
This lowland area is classified as subpical, experiencing warm climate (average daily maximum:
28.9 €, minimum: 20.0 €) with moderate to high rainfall (mean annual rainfal;2&7.7 mm).
Thehighest rainfall events are associated with monsodegakression duringhe summe season
(December to FebruaryBl]. Moreton Bay is one of Austrafi® premier wetlargl and a Ramsar
Conventionlisted wetlandwith extensive stands of mangro\y8g]. Avicennia marinas the dominant
mangrovespeciesand compises approximately 75% of the entire mangraommunity within this
region [33]. However, other speciesuch asRhizophora stylosaCeriops australis Bruguiera
gymnorhizaExcoecaria agallocheandAegiceras corniculatuprareoccasionally preseif84].

There are four different mangrove zonatioranf the siimarsh area to the coastline (Figure 1c);
staring with open scrub formatioS3), followed by lowclosed forestwith singlestem (l14a) and
mixed-stem (I14b) tregand finally closed foregM4), accading tothe Spechtet al.[35] classification
This structural zonations consistenfor Whyte Island and Fisherman Islanthngrove with some
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variations information width (Figure 1) The zonation is less noticeable for Boondall wetlands,
although it ha similar vegetation formation gradation from saltmarsh to the river Widterrationée

behind selecting these sites was ‘th@f) they areprotectedand well-preservedwith minimum
disturbancesmaking them ideal for developing and testing mapping &ubes for this research;

(2) there are distinct mangrove zonation and structural differences from the seaward to the landward
locations and (3) there are multesoluton image data sets available for theges.

Figure 1. (a) Study sites Mangrovesat Moreton Bay area, Brisbane, Australi@) An
example of field survey transecitrange circles represent location ofrh0Ox 10 m quadrats,
and (c) Transectsof image pixels runningparallel to the coastlineised to derive the
semivariograms showfor Whyte Island

153°5'0"E 153°7'30"E 153°10'0"E

MORETON BAY

Boondall wetlands

S.0€.22.42 S.0,02.22

_27°22'30°S

S.0.52.42

153°100°E

153°50°E 153°7'30°E

Field survey sites - Background image is pan-sharpened
® Field survey transect WorldView-2 532 bands combination.

Semi-variogram transect sites - The coordinate datum is WGS 1984.

2.2. ImageandField Datasets

The image data used as a basis for mangrat@ptructure examination wasVorldView-2 image
of the Brisbane Rivemouthcaptured on 14 Apr2011(Figure 1 andrable 1).The image was obtained
in an ortho-rectified format correctedat Level 3X (LV3X);with rootmeansquare errorRMSE) 2D of
0.00 [36] Radiometric correctiorwas appliedto the imageto convert the pixel valgefrom digital
number to topof-atmosphere spectral radiance (Wsrmm) usinghe valies provided by Updike and
Comp[37]. The atmosphericcorrection conveiig top-of-atmosphere spectral radiance to at surface
reflectance waperformed usinghe Fast Lineof-sight Atmospheric Analysis of Hypercubé3d AASH)
Atmospheric Correction kdel inEnvironment for Visualizing Image&RNVI) 4.8, with the atmospheric
visibility parameter estimated frorthe moderateresolution imaging spectroradiomet€dMODIS)
aerosol produdt38]. A very highspatial resolution aerial photograprable ) captued on 14 January
2011 (www.nearmap.coinwas usedto measure the dimensione(, spatial sizepf mangrove features
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investigated(foliage clumping, canopy gaps, tree crown, vegetation formairosommunity and
vegetatiorcover typ@ andas a referend® analyzethe image spatial structure

Table 1.Characteristics of imag#ata used in this study

Image Type WorldView -2 Aerial Photograph
Acquisition date 14 April 2011 14 January 2011
Acquisition time 00:10:47.59 UTCZ0:10:47.59 AEST)

Product type ad level Ortho, LV3X Ortho-rectified
Geometric attributes UTM 56 J inmeters GCS WGS 1984
Radiometric attributes 16 bits pespixel

Spectral attributes

Pixel size

Coastal (400450 nm)
Blue (453 510 nm)
Green (510580 nm)
Yellow (585 625 nm)

Red (630690 nm)

Red ede (705 745 nm)
NIR1 (770 895 nm)
NIR2 (860 1040 nm)
PAN (450 800 nm)

Multispectral 2 m, panchromatic 0.5 m

True color image
(red, green, blue)

7.5cm

Note AESTO Australian Eastern Standard Time

The fieldwork was conducteduring April 2012 to measureselectednangrove vegetation structure
and compositiowvariablesin the study aredifteen representative 200 to 30dang field transects were
established perpendicular to the shoreline (Figafa).10n each transect, plots of 1010 m quadrats
were sampledalong the transect lines as a frame to record mangrove zonation pattern and measure
mangrove biophysical properties in the field, including transect and plot pssitemetation structural
information €anopyheigh andvegetatiorformationtype), dominant species, and field photos.

Table 2. Mangrove vegetation structural characteristics of Moreton Bay mangroves, sampled
at three sites, derived from field data sampled across the main vegetation zonation boundaries.

Distance
from Coastline

Whyte Island

Fisherman Island

Boondall Wetlands

175m
(S3)

125 m
(14a)

Open scrub, i13 m height, multi
stem, gaps > canopy cover,
Sarcocornia quinquefloravater or
soil understory, low density canopy
cover, dominant speciésvicennia
marina.

Low-closed forestl,i47 m height,
single or multi stem, gaps < canopy
cover,Avicennia marinaeedling or
Aegiceras corniculaturanderstory,
medum density canopy cover,
dominant specieAvicennia marina.

Open scrub, 218t m height, single or
multi stem, gaps €anopy cover,
Sarcocornia quinquefloravater or
soil understory, low density canopy
cover, dominant specidssicennia
marina.

Low-closed forestl,i® m height,
single stem, gaps < canopy cover,
Avicennia marinaseedling or
Aegiceras corniculaturanderstory,
high density canopy cover,
dominant specie@vicennia marina.

Open scrub, 1i% m height, single or
multi stem, gaps > canopy cover,
Sarcocornia quingeflora, water or soil
understorymedium density canopy
cover, dominant speciés/icennia
marina.

Low-closed forestl,57.5 m height,
single stem, gaps < canopy cover,
Avicennia marinaseedling or
Aegiceras corniculaturandersbry,
high density canopy covelgminant
speciesAvicennia marina.
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Table 2.Cont
Distance )
) Whyte Island Fishermanlsland Boondall Wetlands
from Coastline
75 m Low-closed forest2,i@ m height, Low-closed forest2,18.0m height, Low-closed forest2,7T® m height,
(14b) single stem, single stem, single stem,
gaps < canopy cover, clear gaps < canopy cover, clear gaps < canopygover, clear or

understory, very higdensity canopy understory, high density canopy Avicennia marinaeedling
cover, dominanspeciesAvicennia cover, dominant specidssicennia understory, high density canopy

marinawith some individual marinawith some individual cover, dominant specids/icennia
Rhizophora stylosa. Rhizophora stylosand patches of  marinawith some individual
Ceriop tagal Rhizophora stylosa.
25m Closed forest, 1idl2 m height, single Closed forest,8L1 m height, single Closed forest,8L0.5 mheight,
(M4) or multi stem, or multi stem, single or multi stem,
gaps < canopy cover, clear gaps < canopy cover, clear gaps < canopy cover, clear

understoy, high density canopy understory, high density canopy understory, high density canopy

cover, dominant specigss/icennia cover, dominant speciésvicennia  cover, dominant specids/icennia

marinatrees. marinatrees. marinatrees with some patches of
Ceriop tagal

Positions of each sampling plot (at the start and the end of the plot) were rdaasogeGarmin
eTrex Legend H handeld GPS using amaverage readinime for each point between 4@Ghd600 s
(with the positional accuracy ofi 8 m) to maximize theGPS signal insidéhe mangrove canopy.
Additional control points identifiable from théfd and image were used to ensure the precise overlay
of the transects to the imagear®py height was measured every 5 m along the transect aising
TruPulse 360 laser rangefinder. The mangrove structural formation on each plot was determined using
Austrdian vegetation structural formations tallgs] and the dominant species information were
identified using Australian mangrove identification whigd]. The structural characteristics measured
along the transect in each of three mangrove field sampkeaié presented in Table 2.

2.3.Methods

Figure 2summarzesthe methods used to measure the spatial structure of mangrove features in the
study area. The work flow is divided intioree stepsStepl is necessary to prepare the data and create a
series © images with different pixel sizes as a basis for nadtle level examination of mangrove
spatial structureStep2 deals with measuring amghalyzing the spatial structure of mangrove vegetation
from the pre-processedmages using senviariograns. Step 3 appliesand evaluatethe results from
step2 into image datasets for mapping mangrove features using-bbjgatimage analysi§OBIA).

2.3.1. Image Dataset Preparation

Pansharpening algorithms were applied to the atmospherically corrected imag#sitoa higher
spatial resolution imagdor input to thespatial structure analysis. Six different pararpening
algorithms principal component, multiplicative, Brovey, wavelet, Gi@8ammidt, and color
normalized from commercial image processing softeavereinvestigated to determine their quality
in terms of preserving pixel values of ttemospherically correcteadulti-spectral data. Several image
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guality metrics were applied, including root mean square error, standard deviation, relative saift of th
mean, and cd&cient of correlation39,40] The overall evaluation of the image quality metrics shows
that the GramSchmidt parsharpening algorithm produced the pixel values closest to the original
multi-spectral data, antherefore this method wassed to produce a sharpenechage for spatial
structure analysis.

Figure 2. Overview of the methods.

STEP 1 STEP 2 STEP 3
WorldView-2 image 5| Pixelvalue exaction along — | Application of the scheme
3 transects to an image dataset usin
v OBIA approach

Radiometric& atmosphericorrection

Semivariogram calculations

v Segmentation and
v classificatio

Image parsharpening Analysis of the semvariograms 3
v
v L Evaluation of the optimum

Image resampling ; . - . .
(0.5, 1, 2, 4, 8, 10m pixel sizes) [— Optimum pixel size scheme pixel size scheme

A

To enable analysis of the spatial structure of mangratenultiple specifiescales andto examine
the effect of different pi@l sizes on the derived information, the Gr&aohmidt parsharpened images
(0.5 mpixels) were resampled to a pixel size of 1 m, and the original repéctral image (2 mixels)
were resampled to 4, 8, and 10pmel sizesusing an averaging algoritim. According to Bian and
Butler[41], the pixel aggregation method is more appropriate darcessingemote sensing images
because a pixel value is assumed to be the averaged value over the associated area on fhieiground.
procesgproduceda total of six dfferentimage pixel sizes (0.5, 1, 2, 4, 8, and 10 Tije reasons for
selecting these pixel sizes were to detgcificdetails of mangrove features, and an approxonat
of the currently available image datasei. of processing above was done usiBiVI 4.8 image
processing software.

2.32. Measurement d¥langrove Spatial Structure through Sevi@riogram

The semivariogram ¢ )is a spatial statisted graph of semivariance which is themeasured
difference in variance value between pairseagjiondi zed variable samples in relation to their spatial
separationwith a given relative orientatiort provides a concise and unbiased description of the
scal€s) and patter(s) of spatial variability,in both remotelysensed data and field dajt42,43].

If applied to remotehgensed data; the semariogram is used to examine the relation between the
digital number DN) or pixel valueof n pixel pairs at a distande(the lag distance) apart. The equation
forsemivar i ahnic e 9 (

o(h) E% 006 00w O (1)

w h e r g repzebents half of the mathematical expectation of the squared differences of pixel pair
values at a distanch, andDN refers tospectralreflectance or vegetation index this study Hence,
f or i mage shpestimates the vambhbilityaf,DdNas @ function of spatial separation.
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In creating semvariograns, the distance ofachlag determines the number of the pixel pairs in the
transectsample By increasing the lag distance, the pixel pairs on a traasedewey which in turn
decreassthe onfidence level of the analy5i42]. To alleviate this problem, Webstpt4] suggested
to uselag distance shorterthan a fifth of thetransect length fothe semivariogram interpretation.
Theanalysis of seravariograms requires two assumptions: spatial stationarity, which assumes that the
correlationbetweenvariables is a function of the lag distance between pixals because of the
variation in @atial position of the transe¢f1,27,45]; and ergodicity, which assumes that spatial
statistics taken over the area of the image as a whole are dnbsiBrates of those parametpt§].
Both of these assumptions are appropriate inaigégmotelysensed images; first, because ofitheation
in scan angle and terrain effects are miniava henceregarded as stationary in increments, and second,
the reflectancewsface is considered stochaqdéi6]. However, according t€urran[42], all image bands
and directions should be examined in order to define the minimum range of theasegram and
therefore the minimum spatial resolution of the feature element. There are two sampling oettdds
creating semvariograns [2947]; (1) transect method, whetee semivariogram is calculated along a
single, representative row or column of pixels from each selected image, amatr{2)method, wherthe
semivariogram is calculated for all the row and column pixels in each infagecawopy structure
analysis the transect sampling method provides more detailedagiation and periodicityand also
smaller rangedistance compare tthe matrix method[29). It was as a result of averaginthe
semivariograms for all row and column ditens in matrix methodTherefae, the first sampling
method wasdoptedor this study in order to depict structural information inherent within each of the
mangrove zones.

The approach used for examining spatial structure in this study was similamteeticonducted by
Cohenet al.[29], and Johansen and Phif2d]. We used seeraltransects created over the image data
sets (original and resampled WorldVi&images) to generate sewadriograms. All eight bands tiie
WorldView-2 image (Table 1)andthe derived normalized difference vegetation index (NDVI) images
were used to generate the serariograms. According to image visual inspectsormd semivariogram
evaluation [48], four bands (green, resbge, near infraredl (NIR1), NDVI) were sensitive to
mangro\e vegetation variations and htwek least redundant information among other bamlsrefore
only these bands weresed for further analysis die semivariograns. The semivariogram transects
were located parallel to the coastline to represenhtimogenousreas within eacilmangrove zoa
(i.e., areas assumed to hasinilar vegetationstructural properties)n this study 12 representative
transects located parallel to the coastline at a distance of 25 m, 75 m, 125 m, andra@bthe
coastlinewere used to develop semariograms within zone structwwé@-igure 1c) The distance of the
transectdine varied between 500 arfj000 m depending on the length of the mangrove zonation.
All transects were evaluated six different pixel sizes (0.5,,12, 4, § and 10 m). We used
EarthResources Data Analysis SysteBERDAS IMAGINE) 2013 to extract pixel values along the
semtvariogram transects and GS+ geostatistical software forsamaince calculation.

2.3.3. Interpretation oSemtVariograns

In order to interpret a senviariogram, it is necessary to understand the term and characteristics
associatedo the semivariogram (Figure B The range (a) of senviariograms is a distana which
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samples become independeand it is controlled by the sizef dominant objects in an image.
Theheight of the sill §), where the semrariogram levels off, is considered proportional to the density
of objects and scersxale level of variance. The form of sewairiograms is controlled by the pattern
and distribubn of objectsm an imagd18,19,45,49]. These descriptors of sewariograns are usually
used together to interpret the appropriate spatial resolution for mangrove elements.

Figure 3. An example of variogram with descripspand theadefinition of termq24,43].

& Term Symbol | Definition
! Semki (h Half the averaged variances between pixels §
2
: variance distance h apart.
l«—— Range (a) —p! . .
! s . Area, shape and orientation of space
uppor b
P | represented by each sample datum.
; | L h Distance (and direction in two or more
L 1 ag . . . .
< : < dimensions) between sampling pairs.
> ®
& | g sill s Maximumvalle of o (h) mode
Q 1 =
,§ Value-pair ! g Point on x axis wher
= .
g \(/ea’;!%zr:::;‘ta' : § Range a maximum. Places closer than the range are
b 1 B =
g , = 3 related statistically, places further apart are no
o Variogram : (%) & :
model | Point where o2(h) mod
! Nugget . .
______________ t-d---Y--- . Co Represents a componenttbé variation that is
H variance l lated
! Nugget spatially uncorrelated.
Support (y) | vanance Structured o '
| (co) ] c Sill minus nugget variance.
l 1 o v variance
0 ¥ 5
0 Lag, h (distance of separation) Gradient m The slope for o(h) m
component.

The advantage of using semariograns in remote sensing is its ability to relate descripbrs to
the spatl characteristics of the scefi)]. The range and sill were extracted from all seariograms
of transects located parallel and perpendicular to the coastline theiggeen, reeedge, NIR1, and
NDVI bands. Six different image pixel &€z were evaluated to detect the scale at which certain
features withineach mangrove zone occurred. The range provides a measure of the size of the
elementsor features in the mangrove environmeénthe image and has beenggested as a useful
indicator br selecting the optimal spatial resolution for discriminating featembedded in the
semivariogram[19,42]. Visual inspection of the field data and visual interpretation of the image were
conducted in order to relate the serariogam range values tthe mangrove vegetation structure
dimensiong(foliage clumping, canopy gagndtree crownsize vegetation formatignor community
and vegetation aer typg. This information provides guidance for developamgcheme in selecting
the optimum image spatiegesolution to extract specific mangrove feature, and seregasis foran
inversion mapping approach total of over 1500 semivariograms wereanalyed in this study.
Thefindings from the semivariogram analysis revead the spatial characteristicsf mangrove
vegetation features and the optimum pixel sizes to map these features.
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2.3.4.Applicationof the Analysis Results

To test the applicability and validate thesults we used objeebased imagenalysis (OBIA)
applied tothe original and resapled WorldView-2 imageswith the segmentation and classification
being driven by parameters obtained from the sambgram analysis OBIA offers some
fundamental advantages in the context of this stuaiuding (1) image objects can be created at
multiple, yet specifi¢ hierarchicalspatialscales €.g, tree community consists of several single tree
canopies]51,52], (2) numerous attributes can be obt a
statistics, geometry and context, (3) better mimics humpenception ofrealworld objects[53],
and(4) image objects reduce the salidpepper effect in pixebased classificatior[$4].

We applied image segmentation and classification to the original and resampled WorklView
images to evaluate the applidék of the semivariogram resultsThe segmentation and classification
routines were carried out using eCognition Develgadtware v. 8.7.0A series of scale parameters
from 5 to 100 were testefdr the mapping ofmangrovefeatures witha weight of 5applied tothe
green, red, reédge, and NIR1 bands to enhance the influence of bands that are sensitive to vegetation
reflectance in the segmentation. We used a-dndlerror approach and visual inspection of the
segmentation results with the helpaofery-high-spatial resolution aerial photograph (7.5 cm pixel size)
to determine the mangrove features that can be depicted from different scale parameters and imag
pixel sizes.

A supervised rukbased classification was applied to implement the optimue pize scheme for
mangrove feature mapping based on the Worldv2emwagesThe rule sets were developed using the
objectsd spectral information, geometry of the
hierarchy layer was used to segt@ mangrove and nanangrove features, the second layer was for
dividing the mangrove area into trees and gaps (and shadows), and the third layer, was used fo
classification of objects within the mangrove tree class. These hierarchical layerapphzdto all
image pixel sizes being examindthe result of thenapping vasused to evaluate the image selection
scheme and inversion mapping approach.

3. Results and Discussion
3.1. Relation ofSemiVariogramsto Mangrove Vegetation Structure Properties

Visual characteristics of the imagdemonstrate the gradual loss of mangrove spatial structure
detail by the increasing pixel siz€Bigure 4. The descriptivestatistics for each imagehows the
divergence between original (0.5 and 2 m) andmgdad imagg1, 4, 8, and 10 mWhile the mean
values of the bands in the resampled imaxgabit somerandomvariations the coefficient of variance
(%CV) decreast with decreasing spatial resolution relative to the original images. ®astal and
yellow bands fothe first resampling group (from 0.5 to 1 m) and all bands for the second resampling
group (from 2 to 10 malso follow this pattern.Figure 4 showsthat an image with lower spatial
resolutionhas lower data variability and therefore contdess informabn compared to digher
spatial resolution image.
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Figure 4. Subsets of mangrovendVhyte Island at pixel sizes of 0.5, 1,4,8, and 10 m
displayed with aband combination of R:7, G:5,38 and their associated descripttatistics.

The original and RIEPIRE pixe pixe 4m pixe Bm pixe Om p
resampled
\WorldView-2

images.

Image statistics]s Mean %CV | Mean %CV Mean %CV | Mean %CV | Mean %CV | Mean %CV
Coastal 0.0605 0.64 | 0.0605 0.63 | 0.0628 0.53 | 0.0628 0.52 | 0.0625 0.51 | 0.0628 0.50
Blue 0.0684 0.68 | 0.0683 0.68 | 0.0710 0.58 | 0.0710 0.% | 0.0707 0.54 | 0.0710 0.53
Green 0.0876 0.59 | 0.0875 0.59 | 0.0908 0.51 | 0.0908 0.50 | 0.0904 0.48 | 0.0909 0.47
Yellow 0.0879 0.67 | 0.0879 0.66 | 0.0915 0.56 | 0.0914 0.55 | 0.0911 0.53 | 0.0915 0.52
Red 0.0778 0.79 | 0.0778 0.79 | 0.0814 0.66 | 0.0814 0.65 | 0.0811 0.63 | 0.0815 0.62
Rededge | 0.1429 0.50 | 0.1428 0.50 | 0.1479 0.54 | 0.1478 0.53 | 0.1472 0.52 | 0.1482 0.51
NIR1 0.2109 0.60 | 0.2108 0.60 | 0.2172 0.67 | 0.2171 0.66 | 0.2162 0.65 | 0.2179 0.63
NIR2 0.1909 0.63 | 0.1908 0.63 | 0.1967 0.70 | 0.1966 0.69 | 0.1958 0.67 | 0.1973 0.66
NDVI 0.3617 1.11 | 0.3611 1.10 | 0.3@9 1.34 | 0.343 1.33 | 0.3055 1.32 | 0.3104 1.29
Note: The meanimage spectral reflectancand NDVI valueswere representedt a scale of il, %CV:
coefficient of variance

WV-2 image bands

The spatial structural information of mangrove elementdgatures) detectable from the original
and resampled WorldVies® imageswas related to the semvariogram descriptors (range, sidnd
form). Figure 5 (preliminary published [d#8]) shows the representative sevariogram plot of the
near infrared1l (NIR) image band at six different pixel sizes, and the average mangrove feature sizes
measured froniield-work and the aerial photograph. It revesisiilar resultsto those presented in
other studies examining the effects of changes in image pixel @izemage information
content[19,24,29,55,56]Specifically, there is gradualloss of information detail with thimcreasing
pixel size (Figure 4 and 5Jhe forms of semvariogram changes with the varying pixel sizes describe
the effect of data regularizati on the spatial heterogeneity component. The decreasing height of the
sill characterizeshe loss of spatial variability when the spatial resolution of the image decreases,
which is also evident in the image statistics in Figure 4.

At a pixel size of 0.5m, theform of semivariograms ppears to beontrolled by inteicanopy
featuresincluding individual shrubs and tree crown, foliage clumping and smallerdaterpy gaps.
At a pixel size of 1 m, the individual shrub and tree crown are still distindueshiut the detailed
foliage clumping and intecanopy gaps become more difficult to identify. Single shrub crowns and
foliage clumping identified from the image and field data correspond to thevaeogram lag distance
of 1.5 m, and the intezanopy @ps at 2 m. Pixel sizes 0.5 and 1 m had similar-sambgram forms,
meaning the variation of information of the pattern and distribution of mangrove features within these



Remote Seng014 6 995

sizes are comparable, but they have different sill height which is attributed ttifférent level of

pixel value variancen the image scene (see image statistics in Figukl#hpugh these two pixel sizes

offer similar capability, detailed information on structural properties and sharper visual image appearance
increases the likélood of correctly identifying mangrove inteanopyfeatures.

Figure 5. Subset of NIR1 semiariogram showing the mangrove features responsible for
the semivariogram range and forop toa50 m lag distance
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The range of the sermviariograms for pixel ges 2 m and smaller are all at 5 m, which is
approximately equal to thev@ragediameter ofsinglemangroveree crowss. This indicates that single
mangrove tree crowns may be distinguished at a maximum pixel size of 2 m. At a pixel size of 4 m the
averagesingle tree crown is no longer apparent, although some individual larger canopies of mangrove
tree and gaps that are more than 10 m in diameter can still be identified. Based on field observations, i
is likely that the range of about 8 to 10 m corresgatedgroups of two tree crowns, and these can be
identified at pixel sizes of 4 mThe semivariogram range of pixel sizes of 8 and 10 m are
approximately 20 and 30 ,nrespectively, which correspond to the average size of mangrove
vegetation formation oraanmunity at 23 m and larger mangrove cover types at 3@trapixel size
of 4 m and larger, the canopglated information is gradually lost. They are more appropriate for
mapping larger mangrove communities mangrove patay and separating mangravefrom
non-mangrove cover tyjse

Overall, there are noticeable patterns of seamiogram peaks and troughs with different sill
heighs across varying pixel sizes. According to FigGrehe variation of structural information within
mangrove stands can only Ipgeserved by pixel sizes of 0.5 to 2 m, where the seamogram
contains periodic peaks and troughs altdmggraph. On the other hand,rfrgixel sizes of 4 to 10 m,
these variations are fbandresult in relatively flat graphs with minimum or no infeation e within
mangrove structural properties. This finding indicates that pixel sizes of 2 m and smaller are
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appropriate for mappingmall size features anadternal variation of mangrove canofsuch as single
shrub crown, foliage clumping, canopy gaped average tree crownyhereas pixel sizes of 4 m and
larger are more appropriate to map larger mangrove fegguels as groupof tree crowns, vegation
formations ocommunitiesand cover type

3.2. Relation oSemiVariogramsto Mangrove Zone €atures

Variation in spatial structural information between mangroveegoire. areas with consistent
structure and composition parallel to the coasthmere examined using transects located parallel to
the coastline at varying distances from tineeeMoreton Bay sits. The semivariograms were derived
from transects of 1000 m in length along the mangrove zonation which were located at distances of 25,
75, 125, and 175 m from the edge of outer mangrove stands. These distanceslected to be as
representative as possibldf mangrove zonation to depict the within mangrove zonation structural
properties. Among the three transect locations; two of tipeoducedsimilar semivariograms.
Therefore, only two of the transect locations are discussed hareh wre Fisherman Island and
Boondall wetlands (Figuré).

The transect at 125 m from the coastline on Fisherman Island had high sill values and was the
second highest for all of the bands. It corresponds to eclosed forest mangrove formation where
there are mixed stems éfvicennia maringrees(l4a) with high canopy cover and some canopy gaps.

For the Boondall wetlandsthis transect distance was at the third highest level of the semivariogram
sill height. The mixeestem lowclosed forest (14a) fornt@n in Boondall has a lower canopy cover

and more canopy gaps, making it appear to have low contrast in the image. Finally, transects located &
a distance of 175 m from the coastline had the lowest-genugram sill values and this pattern is
noticeabé for all bands and all locations. These transects cover the operAsarabnia marinazone

with low density of canopy cover and uniform canopy layers. Some gaps Saitbocornia
guinqueflora water or soil are also frequently found in this zone, whiely gontribute to decreasing

the reflectance intensity of the pixels.

Semtvariograms located along the mangrove zones revealed different spatial structural
characteristics of mangrove features within each zonation. As shown in Figure 7, the averagk range o
semivariograms of all evaluated bands for transects located along the mangrove zonation at the
Moreton Bay sites exhibit different patterithe average range values of open scrub formation (S3)
were higher for all of the image bands (2.7 to 8.1 m) @etpto the other formations, where {olesed
forestl (I14a) had the lowest average range value (2.5 to 5.2 m), araloked forest2 (14b) together
with closed forest (M4) had a similar range value (3.1 to 6.6 and 2.6 to, 8e8mectively). The high
average range values on the open scrub formation (S3) were attributed to the large variation in the size
of Avicennia marinascrub patches interleaved with large gaps of ground or water that are frequently
found in this zone (see image on Figure 7). Conlgree low average range values of the {oased
forestl (l4a) were caused by the foliage clumping and the narrow canopy gapm)Ibetween
individual tree crowns (approximately 5 m in diameter) that dominate this zone.
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Figure 6. Subset of paishapened image ofa) Fisherman Island an¢b) Boondall
wetlands showing the transects along the mangrove zonations, eame/asiograms
created from transects along the mangrove zonation at distances of 25, 75, 125, and 175 m
from the coastline using the b pansharpened WorldViev2 image.
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Figure 7. Mean semiariogram range values sampled at 0.5 m pixel size for the green,
rededge, NIR1, and NDVI bandsased on four transects located @ m (S3)125 m (l4a),
75 m (14b),and25 m (M4)from thecoastline of Moreton Bay mangras/e

10
m Green m Red-edge mNIR1 = NDVI

Mean range (m)

low-closed forest2 closed forest

® i o

S3, open scrub, 2m, 143, low-closed forest, 14b, low-closed forest, M4, closed forest,

multi-stem 5i 10 m, multi/single stem 5i 10 m, single stem 10i 30 m, multi/single stem

3.3.OptimumPixel Sizédor Mangrove Mapping

Several transects were established along the mangrove zonatieiVidreton Bay site to create
semivariograms to depict the variation of spatial size of the structural features of mangroge
information onthe characteristics @patial structure of mangrove featuodgaired from semiariogram
interpretation and analysis provides the basis for establishing the relationship between mangrove
feature sizes and optimum spatial resolutiom, jmage pixelsize) to map these featsréccording to
techniques used ithe previous semvariogram analyss, seven mangrove vegetation structures were
apparent in the study ar@ad detectable from the WorldVie® image data. These included single
shrub crown, small foliage clumping withiramopy or intracanopy, smaller canopy gaps, average
single tree crown, double tree crown or larger gaps, vegetation structuratiéo/omammunity and
vegetatiorcover type By integratingsemivariogram interpretation results sgecificpixel sizes alog
mangrove zonationswith field data and image interpretatiom, was apparent thatach of these
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mangrove features resdievithin certain range distances and can only be detected at specific image
pixel 9zes

Figure 8 illustrates the relationships beéwethe range of mangrove features, the optimum pixel
size, and the most appropriate spectral bands able to identify and map these features. The mangro\
structural features were plotted on thaxis from the largest scaletae bottom to the smallest $eat
thetop of the axis. Seven plot boxes inside the graph teiere the mangrove featurestbe y axis
reside along the feature range distance (bottom x axis); and the downward bar charts from the x axis
the top illustrate the influence tfe associated pixel size on the plot boxes of mangrove features. The
most appropriate spectral bands wel@cedas dot point indicators beside the associated mangrove
feature. For example, the average single tree crown hasvaeogram range valsdetween 4and8
m. This feature can be identifiagsing image pixel sizes of 0.5, 1, and 2 m, lsitunable to be
identified at apixel size of 4 m or larger. Therefore, in this case, an imageanjiiel size of 2 m is
the optimum option to map the average mangrdree crown as it is the largest pixel size able to
identify individual tree crowns, and green, 4&dige, and NDVI bands will be the most suitable bands
for discriminating this feature. For mapping routine purposes, @singage datasstwith a smaller
pixel size will increase the cqdioth for resources and processing, aray producehe result that is
similar to a product derived from the optimum pixel size.

Figure 8. Relationship between mangrove features, feature ranges, optimum pixel sizes,
and he most sensitive image bands to map mangrove features.
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3.4. Applicationof theOptimum Pixel Size Scheme

The pattern of mangrove feature information obtained from different scale parameters applied to
different image pixel sizes was interpreted from ihgage segmentation results (Figure 9).
In accordance to the results thie semivariogram analysis; the lower value of the scale parameter or
the smaller pixel size, the more mangrove information coulexiiaced from the image. According
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to the interpetation results, single shrub croswould only be recognised at a pixel size of 0.5 m with
the segmentation scale paraimeC80, and at a pixel size df m with the scale parametét0. At a
pixel size of 2 m, the smallesbtainablemangrove objecteiere canopy gaps and single tree crewn
with a segmentation scale paramefat0 and 2030, respectively. Aia scale paramete40 the
segment size v&atoo large and failed to identify single tree crewwost ofthe pixel sizesC®2 m could
only differentide objects larger than the average size of single tree syanatuding double/multiple
tree crowns, larger gaps, vegetation formatma community and vegetatiorover typs; with the
exception of scale paramete@0 ata pixel size 4m, whichstill allowed discrimination o$ingle tree
crowrs. In general, therevas an obvious relatiohg between mangrove information detail and the
pixel and segmentation scale parameter size, where smaller pixel asizeegmentation scale
parameteswill allow moredetailedmapping ofmangrove features.

Figure 9. Graph of mangrove features detectable at a number of scale parameters derived
from different WorldView2 image pixel sizes.
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We alsoidentified the size of dominant objects able to be delineated in thees&gjion process
from six different pixel sizes anelated the result with the measurfedture dimensiom the field
The dominant segment sizes and theresponding pixel sizewere found to correspondell to
theresult of the optimum pixel sizes frothesemivariogramanalysis(Columns candf in Table3).
Theresult indicated that the theoretical finding of the optinpirel sizes from the SV ismpirically
proven on the image deget through image segmentation.
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Table 3. Optimum pixel sizes interpretdfdom semivariogram and image segmentation
results

OBIA Segmentation

Average Optimum
Features  Image Pixel pominant
Size(m) in Size(m) Object I.:eatur.e ImaTge Pixel
theField  fromSV  gjze(m? Dimension  Size(m)

Estimated Optimum
Mangrove Features

(m) from OBIA
(@) (b) (©) (d) (e) (®
Single shrub crown 1i2 0.5 15 1.2 0.5
Canopy gaps 2 1 4 2 1
Single tree crown 4 2 16 4 2
Doube tree crowns/ larger gaps 8 4 48 6.9 4
Vegetation formatiohcommunity 20i 25 8 128 11.3 8
Vegetation over type 30140 10 700 26.4 10

The classification results showed tltla¢ use okach image pixel sizerabled the discriminaton of
the smallest mangrove object according to the previously developtthion pixel sizescheme
(Figure §. Figure 10shows some selected exples of the classification results applialtheimage at
pixel sizesof 0.5, 2, and 8 m to depict information of shrub crown, single tree crown, and mangrove
formation respectively.We used avery-high-spatial resolution aerial photograph as a refereioc
assess and evaluate the quality of mangrove feature mapping. This was used as there was no existir
map containing mangrove vegetation features for the study area, and the aerial photograph
interpretdion was accepted to be corrédtie to the featuseevident at very high resolutipwithout
any fam of accuracy assessment [57].

Figure 10.Example of mangrove features segmented and classified (green polygons) from
images with different image pixel sizes and scale parameters (SP).
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