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Cover letter

To the supervisors, reviewers and Open University,

Please find enclodea selection of peerviewed published papers whicham submiting for
consideation for the degree of Doctor of Philosophy by Published Work. Thkilection of
papers constitutes a unified group of work on the themeDigcovering andM onitoring
Antarctic Wildlife Populations by Remotee®sing. This is aecentfield of studyand onein

which I have been fortunate enough to kesa significant contribtion.

The study of Antarctic wildlife is often logistically difficulextremeweatherconditions, poor
transport links andthe size of the continent make fieldwork challenging, expensive, and, in
some cases, dangerousaihy regions of the continentire remote anddistant from regularly
visited research stationsoare still poorly explored Previous vildlife monitoring studieshave
tendedto be basealoseto scientific research stations, the distribution of which is uneven and
clustered into a limitechumber of biegeographic regionswhichhas left us with ebiased and
relatively poor knowledge othe population and distributiorof many species of Antarctic
vertebrates The use of satellite remote sensimghich can below cost frequent andubiquitous

has allowed medo study wildlife in remote sites and to upscaéxisting point datasets into

regional estimates.

There is a pressing need for better information on Antarctic wildlife populatidnis originates
from two factors:the impacts of regionaklimate changeon Southern Ocearpredator
populations and the impacts ofcommercialfishing for Antarctic krill (Euphausia supeylim
krill -eating predators Recent increases in krill harvesting mean thatuvgently require better
estimates ofkrill -eating vertebrate populationsizes allowing better estimates of krill
consumption ratesVe also need better estimates of predadastribution andestimates ofheir
populationtrajectoriesto enable sustainablearvesting,including the spatial managementf

fisheries

Generating estimates ofertebratepopulatiors in the Antarctic by remotesensing methodss
made easier bthe lack of vegetation andbsence derrestrial mammalian predatorsneaning

that seabirds and sedfmave noneed to hiddo the degree often found in other systemisurrow



or camouflagetheir breeding sitesMany species therefore have a high visible contrast with
their surrounding environment and often breed colonially in largeups, which, along with
the lack of obscuring vegetain, maks them more easily visible by remote sensinghese
characteristics mean that seabirdnd sealdn the Antarctic are potentially moresimple to

count than inany other region of the globe

The urgent requirement to quantify wildlife populationsand the high visibility of those

populationsto satellitesmakeAntarctic wildlife ideal candidates farensus byemote sensing.

The scientific field of wildlife and conservation remote sensingxpandingrapidly. When |
started my work the number of pars using satellite imagery to map or estim#te abundance

of Antarctic wildlife was limited, with one paper on emperor penguins and two papers on Adélie
penguinswhich datedb a ¢ k t o These pape?s8veré methodological papsrglying a
limited number of colonies and norwd the techniques were deemed robust enough to provide
realistic population data at the time of publicationkewise the use of Very Higtspatial
Resolution(VHR) imagery for census work was almost unknowihe papers introdued here
developed new techniques that are accurate enough for robust population estimates using
medium and VHR imageryCritically, as well as developing those techniques the work also
applied them to broad areasn the case ofemperor penguins enabling antinentwide
population assessment of wildlife by direct observation for the first tifieelay the techniques

and principles laid out in the papers below have been applied to many other spediigen
in-part by the eer-higher resolution of satellitimagery; which allows new species to be

monitoredas greater resolutioecomes availahle

My expertise is in the application of remote sensing techniques and the construction of-image
processing algorithms to answer ecological questions about abundadcpogulation change.
This, coupled with ecological knowledge from my-aathors, has meant that | have been able

to make a significant contribution to the field, which has, and will in future, enable more robust
estimates of resilience to climate changel &nable more accurate assessment of harvesting
guotas for ecosystetbased management of Southern Ocean fisheries. Having now published a
number of signature papers in the field | feel that | am in an excellent position to drive forward

the science to newpecies and subjects in and beyond Antarctica.



The theme of wildlife remote sensing runs through all of tkeven submitted articles
introduced here, these papegpsovide a small selection of th8 refereedpublishedpapersof

which | have leachuthored(14) or coauthored 84).



Direct Satellite Remote Sensing of Wildlife

1. Introduction

1.1 Satellite remote sensing overview

Over the past four decades Satellite Remote Sensing (SRS) data have been used to
effectively assess some thie greatest challenges to biodiversity; the threat of climate
change, habitat loss, overexploitation and the effects of invasive species (Horning 2010).
Satellites collect data on many physical characteristics of the environmental that can be
used to inbrm stakeholders of land use, environmental change and habitat (Lillestaaid

2008). The data collected by these satellite platforms offers repeatable, standardized
information in a cost effective manner, which, subject to cloud cover and tasking
limitations, can be gathered over large areas, anywhere, regardless of rempteness
accessibilityor geopolitical boundariesMany satellites provide long and comprehensive
time series of these data that can be used to effectively monitor environmental chahge an
SRS methods have become widely used across a variety of applications and spatial and
temporal scales ranging from crops assessment to measuring deforestation. One of the most
commonly used methods is by categorizing the red edge of vegetation (Tuckey (@&

of plankton in the sea (Platt 1986)), which can generate simple effective indices that
categorize vegetation or vegetation assemblages. On, laegetation has been mapped
effectively by satellite since the beginning of the Landsat era over fotaidés ago, whilst

in the marine environmentplatforms such as SeaWifsd MODIS have been collecting

ocean colour data since the late 1970s. Other physical characteristics such as winds,
currents, elevationtemperature, and rainfall data are routinelyllested by satellite and

can be used to help deter mi neeta 2003Turaea 6 s bi o
2014, Pettorelliet al. 2014). A review of the uses of remote sensing for monitoring
biodiversity in 2007 (Leyequieet al. 2007) divided tle use into five categories; habitat

suitability, photosynthetic productivity, multtemporal patterns, structural properties of



habitat and forage quality, but there was no mention of the direct observation of
biodiversity using SRS.

Until recently the spéal resolution of satellite data has not been fine enough to discern
individual animals on the groundo direct observation has not been possible (Turner et al.
2003). This has meant that remotely sensed measurement of biodiversity and abundance
has ber indirect; calculations are based on estimating available habitat rather than directly
counting the animals themselves. But the rapid advancement of sensor technology has
improved resolution to a degree that direct observation is now possible for maggrlar

bodiedspecies.

The aim of this review ighereforeto chart the development of direct satellite remote
sensing of wildlife and to discuss its use, advantages and disadvantages, and future

direction.

1.2 Why count?

Direct estimates of wildlife abundaa are urgently needed for a variety of reasons
including:
A) Species status assessmenté\ssessing population size and monitoring change is a
fundamental component of conservation status assessments, such as those of the
IUCN red list (IUCN 2015). It is paricularly challenging for large, widely

distributed species. SRS may facilitate better status assessments for these species.

B) Identifying important wildlife sites: The distribution of populations across
landscapes is heterogeneous. Identifying sites whiehofiparticular importance to
populations of wideanging target species from the ground is problematic. SRS
gives the potential of longerm assessments of sites of principal importance to
target species. Important wildlife areas need to be identifiedbider to best
preserve vulnerable species and areas of high biodiversity (Mittermeier et al.
1998). These areas can then be given extra protection, designated as protected

areas and conservation and monitoring efforts can be concentrated on.tkem



C)

exanpl es see Birdlife | nt e(Hardstetiabo Al ds | mpo
WWF 0 s R a C e RChristie &&5aenmeéerkorn 2012). Additionally, for those

species that migrate, knowledge of breeding, migration routes and life histories are
important as theats may often occur outside protected areas (Hall et al. 2009,
Alerstam and Lindstréom 1990). This is especially true of birds and marine life that
conduct long migrations and many spedesutes and breeding grounds are

unknown. Many ecological processeccur at scales beyond which it is possible to
study from the Earthods surface. SRS prov
process facilitate sustainable management of natural resources. For example the
Commission for the Conservation of Antarctidarine Living Resources

(CCAMLR, https://www.ccamlr.org/) in the Southern Ocean uses higher trophic

level indicator species to monitor ecosystem health in order to set fishing quotas
within sustainable limits To do this accurate abundance estimates and an
understanding of ecosystem dynamics is required. CCAMLReiginning to use

SRS to fulfil this requirement.

Assessing largescale responses to anthropogenic activity, including climate
change:Human impact on wildfe is increasing (Vitousedt al. 1997, Halperret al.

2008, Wackernagel & Rees 1998). Increasing human population and standard of
living leaves less space and resources for biodiversity. Habitat loss, pollution,
overexploitation of natural resources amdosystem services, introduction of alien
species, and the unbalancing of ecosystems threaten many species and communities
(Trathan et al 2011). Monitoring both the threat and the resultant change, at
environmental and species level, is urgently requieed satellite observations can

play a crucial part in this. Although at local scales this impact is well studied, the
global nature of human impagcténcluding in areas remote from human access
require tools for scales from regional to global (Vitousekl. 1997. The effects of
climate change are a case in point. Understanding the effects of climate change on
biodiversity wild!l be dependent on an abi

large spatial and relatively long temporal scales.


https://www.ccamlr.org/

1.3 Traditional methods

The need for direct abundance measurements has traditionally been met byspedial
resolution surveys that are either groudshsed, shipased or flown from aircraft. Each of
these techniques has advantages and limitations; ground survaysecaccurate over small
areas but are impractical for larger studies and have inherent scaling errors. They are often
limited to areas that are logistically easy to reach, which in turn can lead to bias. Ship
surveys, attempting to estimate pelagic or fage sea life abundanege often expensive, of
limited accuracy and subject to the same scaling errors. Aerial surveys are widely used,
both for terrestrial and marine targets, but these can also be expensive to conduct over
large areas and contain a deg of risk: in recent years there have been at least 13 fatalities
in air crashes during cetacean surveys (Vicky Rowntree pers. comiesial surveys are
limited by the availability of planes and airstrips; some remote locations are beyond the
range ofmost light aircraft. In some cases where abundance estimates are required over
very large areadijne scale aerial survey has been combined with habitat models to upscale
to population level (e.g.Klien & Kuzyakin 1982), in a few cases very large surveys ov
many thousands of square kilometres have been completed. One such example is the recent
South Gobi aerial census which surveyed 150,000 &hdesert by small aircraft in 2013

(seehttp://southgobi2013.countingstuff.org/censuzone/). Direct aerial survey has been

most common for ungulates, and cetaceans, although other taxa such as seabirds (especially
for impact assessment of offshore wind farms), elephants and larger feline speeibsdm

targeted.

In polar environments the remote and inaccessible nature of the environment has meant
that the use of aerial survey has been extensive if infrequent. Such surveys have been
conducted on a number of species including pygoscelis penguinsefuse 1969,
Woehler 1993, Southwell & Emmerson 2013) emperor penguiystenodytes forsteri
(Hempel & Stonehouse 1987, Kooyman & Mullins 1990), seabirds (Bucgtamld 2012),
elephant sealsMirounga leonina(Campagnaet al. 1992), ice seals (Aldy et al. 2006),

walrus Odobenus rosmargstes & Gilbert 1978, Gilbert 1989), polar bearsrgus


http://southgobi2013.countingstuff.org/census-zone/
https://en.wiktionary.org/wiki/ursus#Latin

maritimu} (Evanset al. 2003, Monnettet al. 2006, Wiig & Derocher 1999) and reindeer

(Rangifer tarandug$Nellemanret al. 2001, Vistnet al. 2008, Klein & Kuzyakin 1982).

Aerial survey is also common in marine environments, esfyedéta whales and other large
mammals. It is the most common survey technique in the USA for Marine Mammal Stock
Assessment reports (Eberhardt al. 1979), which have to be completed each year for each
species in each state. Cetacean survey presentsinger of additional problems in
estimating total abundance as animals underwater are often indistinct in imagery, only
spending a short percentage of their time near the surface and so only a subset of the

population will be seen at any time.

The technique andspatialresolution of aerial census vary depending upon target species
and survey requirements, some surveys are photographic, whilst others rely on manual
counters recording their observations. Over time these survey techniques have been refined
andstandardized so that for some taxa, such as cetaceans (Garakr998) and seabirds

(Camphuysemt al. 2004) there are comprehensive guidelines.

2. The history of Direct Observation of wildlife by

satellite imagery

The first applications of direcbbservation from satellites to monitor wildlife started in the

1 9 8, §s use has accelerated marketh the last four years. This acceleration has
been facilitated by the increasirgpatialresolution of satellite sensors and accessibility to
cheapor free imagery such as the Landsat archivihat became open access in 2008. A

timeline highlighting scientific publications using the method is shown in figure 1.

10


https://en.wiktionary.org/wiki/maritimus#Latin

o o] (=] [Tp] (= wn : o n
o o =2] (e}] o (=] : - -
» N (o] N o o ! (=] o
- - ) - N N o N N
| Landsat4 | §:
o T T T 70 I | Landsat5 [T BN
E Landsat 7 8
i L Landsat 8
E | | SPOT2 | ! Hom
| IKONOS | ;fg: 1 mf
§ | SPOT5| | g 2.5m
< | QuickBird2 © 0.61n
g | Worldview! & 0gim
Z [ | Geoeye-1/ {2+ 0/41m|
i WorldView2 3! 046m
WorldView3 | 0.31m
WorldView4(planned)0:30m
‘ ﬁ H} ﬁ Su%&tby Lanc
\ A\ /TN

Key ]
Pygoscelis [.
penguin ‘*,
| Aptenodytes -

Penguin

l‘ Flying seabirds
= by Vi

Ice seal Sunley
Elephant seal
Walrus
Y Baleen whale I
=

Polar bear

Wildebest

Fig. 1 The number of scientific papers and published reports on the dirdateahdeseote sensing of wildlife by satellite (identified in Google Scholar,
Web of Science and from cross referencing literature eiatoite)n represents one papetimeline displays both the rapid rise in the number of
publications in the l&stir years and the diversification of techniques to other species. This acceleration has been facilitatgobbgitbsolutieasing

of VHR imagery and open access to Landsat data.



2.1 Monitoring penguins by satellite remote sensing

2.1.1 Semidirect observation of penguins from Landsat

Horning (2010) reviewed approaches to monitoring biodiversity abundance by satellite and
divided the field into direct and indirect observation. Indirect observation tends to rely on
identifying suitable habitaand from that extrapolating populatiorLéyequieret al. 2007), whilst

direct observation counts the animals themselves. There is however a third alternative
distinction, not differentiated in previous work; that of identifying the presence of animals by
indications of how they alter their surrounding environment. By identifying thesetik signals

in satellite imagery, presence and sometimes abundance information can be gained. These
methods are neither truly direct, as they do not target the bidterhselvesnor indirect sensu

Horning (2010). Here | use the tersemidirecto refer to them.

Several novel techniques have been used to detect the presence of wildlife in remotely sensed
images without directly measuring the animals themselves. Seatmtdnies have been the
primary target, as large congregations of densely packed birds alter the surrounding environment

in a number of ways. The first successful attempt to utilize remote sensing in this way was in the
1980s when it was discovered thatngmin guano could be identified in Landsat imagery
(Schwaller et al 1984, 1987, 1989). These studies showed that Adélie peRggos¢elis ade)iae
guano had an unusual spectral signature in the short wave -igfdlaand this signal could be
isolated fromthe surrounding environment in Landsat imagery. Analysis of three colonies in the
Ross Sea area suggested that penguin colonies could be automatically identified using this
technique and, as there was a good statistical match between the area of thagstaiicl
historical population counts, abundance estimates could be calculated from the imagery. Two
factors however | imited the usefulness of Schw
imagery in the midl980s was very high (~$500 per scenahd secondly penguin ecologists

knew that the whole guancovered area of a rookery was not a good indicator of the colony size,
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for although this area did not change, the number of penguins within it each year could vary

considerably on an annual bag@oehler & Riddle 1998).

Other indicators of large seabird colonies were also developed using Landsat imagery. In the
Arctic where seabirds tend to be cliff dwelling, the guano signal was a less useful indicator of
presence, as most birds defecated befeigning to the nest and a downwards looking satellite
would not be suitable for looking at cliffs. Here the signal used to indicate seabird presence was
an increase in vegetation below the cliffs (Williams & Dowdeswell 1998). The study analysed
Landsats TM images of Franz Joseph Land in the Russian High Arctic and identified colonies of
a number of seabird species. They used the locations of 100 known bird colonies, finding 96 of

them from the increased vegetation signal and identifying another 300gietsites.

In 2009 a continental scale study of emperor penguins was published using SRS (Fretwell
&Trathan 2009). This work identified colony locations by finding the red/brown guano stain of
emperor penguin colonies on sea ice using Landsat ETikhagery Previous estimates of the
number and location of colonies for this species had been very poor (Woehler 1993, Wienecke
2010) and this study was the first to comprehensively map emperor distribution and the first
continental scale study of its kind for argpecies. Ten new colony locations were identified
(bringing the total to 38 known sites) and many other site coordinates were refined. The study
was aided by NASA making the archive of Landsat imagery freely available in 2008 (Fig 1) and

paved the way fofurther continental scale studies of penguins by SRS.

Freely available Landsat imagery was utilized to map the locations of Adélie penguins in 2013
(Schwalleret al. 2013) around all of continental Antarctica other than the Antarctic Peninsula
region. This survey used grountruthing from new aerial surveys in East Antarctica (Southwell

et al. 2013, Southwell & Emmerson 2013). Like the emperor penguin sumeany new colonies
were found and further assessment between the size of the guano stainingopotitipn
numbers showed that the estimated population of Adélies in several regsuch as the

Amundsen Sea sector had been seriously underestimated.
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Parallel to this work, scientists funded by the German Environment Ministry were also assessing
the passibility of using satellite imagery to assess pygoscelis penguins (Mustadh 2012). A
detailed internal report was published which trialled a number of resouncelsiding Landsat 7,

VHR imagery, and tested the applicability of Radar imagery to etdtcolonies. The group tested
manual interpretation and several automated techniques for defining the area of guano staining at
six sites around the continent. Their conclusions suggested that Landsatvaiasuccessful at
finding and delineating largepygoscelis colonies, but highspatialresolution imagery would be

needed if the aim was to identify changes in the area of guano, or to identify smaller colonies.

The Schwalleret al.(2013) survey had omitted the Antarctic Peninsula as this regioreisegally

more vegetated and several other penguin species and a greater diversity of flying seabirds
coexist with Adélies making the groundluthing from East Antarctica unrepresentative. 2014

a publication compared the spectral signature of guano sesnfdken from Adélie penguin
colonies against a library of geological and vegetation spectra and found that the signature was
unique (Fretwellet al. 2014). Using a single Landsat 7 ETMscene in a well surveyed area
around Marguerite Bay that containedraumber of known Adélie colonies the authorsused a
target finding algorithm to identify areas of guano. The results highlighted the fact that the
guano signal was easily differentiated from vegetation, but that the method identified not only the
Adélie penguin colonies but also a number of other seabird colony locations incléditagctic
fulmars Fulmarus glacialoideand Antarctic shagsRhalacrocorax atrickpk also picked out a
location that was a known moulting site for Adélies. They conclutteat a spectral signature

from Landsat data could be used very successfully to find guano, however, it should not be
assumed that the guano belonged to Adélie, or other penguins or even that it was associated with
a currently occupied breeding site. Thaemains a need for further work on the guano spectra or

other methods to enable differentiation between species.

2.2.2 Very High Resolution satellite studies of penguins

14



The first use of highespatialresolution imagery for penguin study was by Guirgtal. (1995)

studying king penguins Aptenodytes patagonicusile aux Cochons in the Crozet Archipelago

(Guinet et al. 1995). A single panchromatic SPOT image at 16patialresolution was used to

identify and map a larg&ing penguin colony. The ideified area was compared to the area

surveyed previously by ground based methods and a 56% increase in area was documented. The
particul ar colony surveyed was very | arge (tl
~700,000 birds), but the authors notedahwith the planned increase spatialresolution that

the technique of satellite survey would be a useful future methodology for other, smaller colonies.

By the early 2000s the emphasis had moved to
Research Igtitute led the way in using Digital Globe VHR imagery (Sanchez & Kooyman 2004,
BarberMeyer et al. 2008). Unlike the Landsat imagery, the VHR data had enosghtial
resolution to differentiate between guano and the birds themselves, although in arbasof

staining, or locations where the colony stayed in the same spot over the whole season this became
more difficult. Like theking penguin work this study primarily used the highspatialresolution
panchromatic data, although in this case a supedvistassification technique was used to
automatically find the area of penguins. Results for the initial study were mixed, the use of the
panchromatic band in the classification led to problems differentiating penguins from shadow and
heavy guano stainingeading the authors to restrict their population classification to only two

groups: <3,000 birds and >5,000 birds.

One of the drawbacks of using VHR imagery is that it is not ubiquitous, but needs to be tasked,
and the relatively high cost and large datemlumes make whole continent surveys difficult.
However the 2009 Landsat survey that highlighted the location and distribution of emperor
colonies (Fretwell and Trathan 2009) heralded the possibility of using the coarser, but ubiquitous
Landsat data to fid colonies, and once found, using the VHR data to count them. The problem
was that the method of using just the panchromatic band did not return precise enough results to
give good population data. This problem waddressedby pansharpening the data andidg the

same classification used by Bardédeyer et al. (2008) on the higherspatial resolution
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pansharpened colour imagery. This method gave much better results and, in most cases where the
image quality was good, returneglausibly accurate results. Ina landmark paper in 2012
scientists from the UK, USA and Australia published a global population estimate for emperor
penguins based of remote sensing (Fretwetllal. 2012). Satellite datavere analysed for every
breeding location of emperor penguins anal the continent. The VHR satellite data, a mixture of
Worldview2 and Quickbird imagerweretaken within a two month window of a single breeding
season. This workvas believedo be the first census of a whole species from space:S@wmptic

ground truthing from 11 aerial and ground counts were used to assess the density of penguin
huddles, the work continued the discovery of new colonies that started with the Landsat work,
now using a mixture of new Landsat commemgiary and
satellite provider DigitalGlobe. The result was the discovery of four new colonies and the
confirmation of several previously suspedsites, bringing the total number of known breeding
locations analysed to 46. The population estimate raidexl estimate of breeding pairs from
135,000175,000 to ~238,000 pairs which the authors estimated translated to a total breeding

population of 595,000 birds, approximately double the previous estimate.

The finding of so many new colonies in unsurveyed andxpected locations, and being able to
access imagery on a yearly basis has also given rise to several new findings about the behaviour of
emperors, such as colony movement (LaRateal. 2014), reestablishment of colonies and
breeding on iceshelves (Anel et al. 2014, Fretwellet al. 2014).Some such behaviours had been

suggested (Trathamt al.2011) but others were new.

Study of how VHR imagery could improve knowledd@er other penguin species was being
conducted in parallel with the remote sensimgrk on emperors. The highespatialresolution of
various VHR satellite sensors was being trialled to assess how it could improve pygoscelis
penguin assessment and whether it could alleviate some of the problems associated with the
coarser pixels of the andsat imagery. The first two papers using VHR imagery to look at the
guano stained areas of pygoscelis penguins were published in 2012 (Naveen & Lynch 2012, Lynch

et al.2012) Both papers used the visible wavelengths of the imagery, and especiallygtner hi

16



spatial resolution of the panchromatic band. The first of these studies looked at the large
chinstrap Pygoscelis antarclicalonies at Deception Island in the South Shetland Islands. The
second paper concentrated on the Adélie penguins of Pau&tdon the Eastern Side of the
Peninsula. Both papers employed a simple methodology of manually digitizing around the darker
guano stained area in the higipatialresolution imagery and applying a density estimate to the
areas of penguins to estimate nhers. The advantage of the highspatial resolution imagery

was that unlike the Landsat data, in the VHR imagery the-solony areas could be identified,
which helped refine the accuracy of the method. Earlier work had already noted that the total
guano covered area was a poor indicator of population, as the number of penguins within the
colony varied annually but the area of the overall colony stayed the same. However, the sub
colonies inside each penguin rookery had more consistent densities (WoeldldRiddle 1998)

and this could be used effectively to estimate populations with some accuracy by measuring the
areas of the sub colonies and applying a density estimate. So the ability to pick out just the sub
colony area of breeding penguins, rather thdre twhole guano stained area made population
estimates much more robust than the earlier Landsat work. This method of using panchromatic
VHR data and manually digitizing colony outlines was used subsequently in estimating the

population of the Adélie penguicolony on Beaufort Island in the Ross Sea (LaBu&. 2013).

The problem of automating a procedure to reduce the effort required for manual digitization was
addressed by LaRue et al. (2014) who applied the classification techniques used sucoassfully
emperor penguins to Adélie penguin rookeries. The result found that satellite estimates from
automated classification were highly correlated with the manually digitized polygons, but that
although there was a strong correlation between guano area aaélié\ penguin abundance,
residual variability in the nesting density still produced relatively wide prediction intervals.

A second paper published almost concurrently with the LaRue et al. (2014) study also used a
supervised maximum classification likeldth analysis on VHR imagery to demark the extent of
Adélie penguin sub colonies (Waluda et al. 2014). Interestingly the site chosen on Signy Island

had a mixture of chinstrap and Adélie penguins. Previous field records had shown that when
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penguin chicks heh the guano changed colour to a deep red hue. The exact reason for this
change was unknown, but it was realised that it could be used to differentiate species as Adélie
chicks hatched well before other species. Careful timing of satellite image acoujsist after

Adélie chicks hatched displayed their locations with a deep pink guano colouration, but the
chinstrap chicks were still incubating and had much paler guano staining. This enabled

differentiation between species in the automated supervisedifitation of the VHR imagery.

Using the results of the LaRue methodology and the new distribution data from the Schwaller

al. (2013) paper a fultontinental population estimate was conduction in late 2014 (Lynch &
LaRue 2015). A mixed methodology dield census, supervised classification and manual
digitization was employed to estimate breeding populations. The final Adélie penguin estimate
suggested that the population was 53% larger than previous estimates; a likely conclusion as 41 of
the 251known colonies were previously unsurveyed and did not feature in existing population
estimates. The paper also commented on the possible expansion of the species into new breeding
areas and the local extinction at other breeding sites. Like previous papérsyeink highlights

the utility of using commercial VHR imagery to estimate abundance of penguins and seabirds in

remote areas.

Although the whole population of Adélie penguins has now been counted a number of questions
remain. The most pressing of which how the guano signal changes over time. We know from

field evidence that the colour varies considerably throughout the season and this may have an
effect on the manual or automated classification of penguincsidnies. Furthermore detailed
phenologicalknowledge linked to changes in guano may aid efforts to rigorously differentiate
between penguin species and between penguins and other species of colonial nesting seabird.
Fieldwork and analysis is currently underway to assess this quedtiprscientistsat British

Antarctic Survey and the University of Cambridge.
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2.2 Monitoring Mammals by Satellite Remote Sensing

2.2.1 Marine Mammals: Whales

The first attempt to utilizeSRSdata to directly observe mammals was in an attempt to identify
whales (Abileal?001). Marine mammal populations are routinely studied by aerial survey and
large numbers of survey flights are conducted for conservation, tourism, and environmental
impact assessments. Over several decades famatlods have been developed to standaediz
survey protocols (Eberhardet al 1979, Garneret al. 1999). The ability to study marine
mammals by satellite could potentially be a transformative technology and supplement or replace
the need for costly, and sometimes dangerous, aerial or boatysurvle first High Resolution

(HR) satellite images to be commercially availalvlerethe IKONOS2 satellite launched in 1999

and in 2001 Abileah (2001) reviewed the prospect of using this and other VHR imagery to look
for whales, discussing thgpatial aml radiometricresolution of various sensors available at the
time and theorizing on what might be possible and what sigioahoise ratios might be returned.

It also looked into the potential reflectivity of different whale species that might be captyred b
the satellites. A second paper (Abileah 2005) took this theoretical work forward into a project that
used IKONOS2 imagery to try to identify both simulated targets and actual humpback whales.
The study used one IKONOS8 image which has a panchromaticsotution of 1 m and a
multispectral resolution of 4 m over Maui, Hawaii. The paper set forward a methodology for
finding whales in imagery and also theorized about the probable reflectance signal that a whale
would return. The results were promising, witlseveral potential sightings of humpbacks
(Megaptera novaeangliaethe Maui image, but the pixels returned were difficult to identify as
whales. Importantly the work discussed the effect of ocean clutter (waves, swell, whitecaps) on the
method and propad ways of filtering ocean clutter from the imagery. The recommendations
looked to the increasedpatial and radiometriaesolution of forthcoming satellites (such as
Quickbird2) and the need for better radiometric resolution and better contrast in da&sasuch

as the ocean (lowering the sensor quantization level).
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Although a number of new, highespatial resolution satellites were launched in the following
years it was not until 2013 that a further paper looked into utilizing this new technology
(Fretwdl et al.2014). This study again took a single VHR image to establish if whales could be
identified and possibly counted from it. In this case the imagery used was a 50 cm resolution
WorldView2 (WV2) image (50cm panchromatic, 2m multispectral) and thgdaspecies was the
southern right whale Eubalaena australisThis species is a favourable target in comparison to
other species for several reasons: it has areas of callosities on its head which act as bright targets
in the water column, it breeds in loa locations in high densities and the females spend most of
the breeding period near the surface of the ocean. Additionally the AAf& collected light in a
ofar blued wavelength that theoretically would
light. The location targeted in the study was Golfo Nuevo near Peninsula Valdes in Argentina,
the largest known breeding agglomeration of southern right whales. A pragmatic approach to
minimizing ocean clutter was takefmsearching and acquiring an image withe calmest possible

sea conditions. The study was successful; whale shapes were clearly identified in the imagery and
55 probable whales and 23 other possible whales were manually identified giving a density similar

to that recorded in aerial survey.
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Figure 2: ltwo pairs of humpback

0 5 10 20

whales off" the coast of Mawui, Hawait
Meters

using pansharpened VS imagery
(Imagery curtsy of Digital Globe
Foundation) with a resolution of $1cm.
The lop figure shows whales breaking
the surface, characterized by bright
prxels, while the lower image indicated

whales beneath the surface, which are

showen by darker, less blue objects

The study also trialled and developed algorithms to automatically detect wiladeobjects and
found that these methods were comparable to the results from manually digitized whales.
However the automated analysis highlighted possible confounding facteading to the
recommendation that, over large areas, a saoibmated method should be employed with the

returns from the automated analysis checked manually before being classed as a whale.
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The launch of thaV V3 satellite with a spatial resolution ofl8m should add impetus to this field.
Initial tests show that humpbacks can been identified with some confidence with the improved

spatialresolution (figure 2)

2.2.2 Marine Mammals: Seals

Like whales most previous seal surveys have usually been condbygtexkrial survey (e.g.
Ericksonet al. 1971, Kumar & Johnson 20for exceptions see Southwelt al. 2004) and like

the whale surveys the amount of coverage needed, remote nature and extreme environment
means that these surveys are expensive andrdaafrequently. This is especially problematic for
ice-seals which breed on theea iceather thanon land, as the winter extent afea icearound
Antarctica approximately doubles the size of the continent each year, so the breeding habitat for
ice sealss very large. The sea ice environment is also dynamic, with the extent and character of
the annually changing ice making survey design for mykar monitoring challenging. These
problems result in large uncertainties on the abundance and distributiocecseals (Acklegt al.

2006, Southwelet al 2012).

Several species d&nd breeding and ice breedingeals have been targeted by direct remote
sensing: in Antarctica the Southern elephant sddirgunga leoninaand the Weddell seal
(Leptonychotageddellii) and the walrus in the Arctic. A number of projects are currently
underway to use the technology more widely on other species. The single publication on elephant
seals used VHR Gebye-1 satellite (resolution panchromatic 0.5 m, multispectr&5Lm) on the
Isthmus beaches of Macquarie Island in the Southern Ocean (McMahah 2014). Elephant

seals in the satellite data were counted manually and the counts compared to coincident ground
counts. The two counts were comparable, with the sadgltiount around 11% lower than the
ground count, but within the confidence limits of the survey. To improve the methodology the
authors suggested a number of methods including counting duplicate images on the same day and

on different days and further worko improve contrast within the images (the platform for
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counting seals in this study was Google Earth and therefore the ability to manipulate the imagery

was limited).

In the Arctic the use of satellite imagery to count walrus populations was asgbgthe WWF
(Boltunovet al. 2012). Ice seals in the Arctic are particularly threatened due to the impact of sea
ice loss through climate change and the growing commercialization and exploitation of the region
for natural resources. The survey chose fouralt@nson the western Arctic coast of Russia and
used EROSB imagery with a panchromatispatial resolution of 0.7 m to search for walrus.
Animals were obvious in the imagery and were counted manually. The test study highlighted the

utility of using satelite imagery for this type of survey.

Weddell seals were counted in Erebus Bay, astltlied location in the Ross Sea (LaRaieal.

2011). Weddell seals are smaller than elephant seals, but once hauled out of the ice have a high
contrast with their surrainding environmentmaking them easy targets for satellite or aerial
survey (unlike in the Arctic where breeding ice seals are concealed in ice dens to avoid predation
from polar bears) Five images from the Worldviewl (panchromatic resolution 0.6 m) and
Quickbird2 (panchromatic resolution 0.6 m, multispectral resolution 2.4 m) satellite were
analysed. Ground counts are conducted in Erebus bay multiple times each year, so this well
studied population was an ideal test site for the comparison. The five imesgelswere each from
different years and the correlation between ground counts and satellite counts varied considerably
between each image highlighting the problem of synoptic gretmithing of satellite imagery.
Satellite counts were conducted manuallydatended to underestimate the number of seals in
comparisonwith ground counts. The underestimation of satellite count to ground count was
reasonably consistent in a geographical and temporal context. The overall conclusion of the paper

was that satellitedata will prove a vital tool in Weddell seal population assessment in future.

The satellite methodology developed by LaReteal.(2011) has since been used in a larger scale
study to identify a population decrease of Weddell seals along the Victoria t@amst in the Ross
Sea (Ainleyet al. 2015). The study wscaled the geographical area to that of the whole eastern

side of the Ross Sea and compared recent satellite counts to historical counts going back to the
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1960s. The results of the analysis showtbdt several locationhad apparently suffered from
dramatic declines in seal numbers, more than the variability that could be attributed to the
accuracy of the satellite counts or natural yearly variability. The study has shown the utility of

satellite suvey for this type of data and recommended further monitoring using this technology.

2.2.3 Terrestrial mammals

Whist colonial nesting seabird studies have been at the forefront of SRS to estimate abundance,
studies on terrestrial mammals have been slowtake up the potential, possibly due to the
dispersed distributions. In the Arctic a single study on detecting polar bears was published in
2014 (Stapletoret al 2014). In most circumstances polar bears would be difficult to detect
against a white icypackground. This study circumvented that problem by studying a population
that spert the summer on the icee Rowley Island in Nunavut. In these cases the white coats of
the bearsgave high contrast with the surrounding environment, which is usually mutdrker

rock, soil or vegetation. Quickbird2 data at 50cm spatial resolution was initially analysed and the
bears in the imagery were counted manually by two observers. Results between the population
estimated modelled from ground survey and the satellibeints werecomparable tahe satellite

count showing 94 bears and the modelled ground estimate suggesting 102 bears.

To-datealmost all SRS studies of wildlife have been based in polar locations (LaRue & Knight
2014), often in the Antarctic where the laof large terrestrial predators negates the need for
camouflage and animals often group together in the open in large numbers. The first terrestrial
non-polar study was published in late 2014 and assessed the possibility of identifying large
mammals in Est African savannah environments by satellite (Yagigal. 2015). A GeoEyd
imageof part of the Maasai Mara National Reserve in Kenya was used. The authors developed a
hybrid classification method that utilized both object based and pixel based rowtireegomate

the detection and classification of large mammals in the park. One of the main advantages of using
satellites noted by the studyasthe lack of disturbance which when using other ground or aerial

methods may affect the survey results. Theauated methods were tested on adult wildebeest
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(Connochaetes gpgd adult zebrasHguus sp.A sample of the image was manually counted and

this was compared to the automated analysis.

3. Discussion

3.1 Advantages and disadvantages of remote serwdimgldlife

There are a range of advantages that SRS has over more traditional types of survey, but it also
has numerous constraints including financial and logistical constrains and technical

considerations.

3.1.1 Financial

For many species the abilityotscale up to regional estimates or address long term monitoring
studies is cost dependent. Satellite imagery is, in many cases, cheaper than traditional survey
methods, but not always; tasked WV3 imagery at full commercial rates and full spatial resolutio
with all spectral bands can be over $100 per square kilometre, a price which compares poorly with
aerial survey costs. The pricing structure for Digital Globe VHR imagery is complex and the
actual full price is dependent upon many factors including; rityidevel, tasked or untasked,
number of bands required, level of processing required, where in the world the image is from and
the type of institution buying the imagery. Buying archival imagery reduces the cost
considerably, but in many cases new sus/eyil need newly tasked imagery. Overall the pricing

of tasked VHR imagery is comparable with aerial survey. A recent comparison with one
environmental survey company quoted prices in the range ofZRper square kilometre at 50

cm and 30 cm resolutiofor aerial survey, plus a fixed amount for the cost of aircraft transit to
the survey site. Satellite imagery cost frdgital Globe at the same time were between $10.80

to $69.60 depending upon the type of institution purchasing, the resolution requinetthe

geographical area. The satellite provider discounts heavily for -ommmercial use with
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educational establishments receiving a 30% discount and NGOs such as conservation charities
receiving a 50% discount. Thus a conservation charity tasking &M 4 band WV3 imagery

would pay $26- $35 per kmd depending upon the geographic location of the area of interest.
Furthermore there are no other costs involvelhalysis effort for satellite imagery also tends to

be kss; the analysis for aerial transect ghing can be expensive and requires model inputs to
compensate for the partial coverage, whereas the wider, often total coverage of satellite imagery
negates the need for such mode&o for conservation bodies in most cases satellite imagery will
prove deaper than aerial survey. Other satellite providers of VHR imagery such as SPOT data

from Airbus have comparable pricing.

One potential rival is the expanding use of Unmanned Aerial Vehicle (UAV) suniéyes use of
small UAVs for small area survey is dmming increasingly common and can be considerably
cheaper than VHR satellite survey, with the purchase price of a drone and camerhaiftghess

than a single satellite image. However the limited range and local regulations, such as not flying
beyond ine of sight, restrict the use of this technology for larger surveys. L-oagge fixed wing
UAVs have the potential to provide an alternative to satellite survey (Hodgsam.2013), but at
present few commercial companies provide this technology andrewhieexists it can be

prohibitively expensive (Amanda Hodgson pers comms.)

Medium spatialresolution imagery on the other hand is freely available. The quality and temporal
return rate of Landsat sensors makes them extremely useful for-deatt appliations. Recently
data from Sentinel2 and 2a have comestneam and promise the free availability and spectral
bands of Landsat but at higher 10gpatialresolution. This is a resource that may be important

for further guano searching efforts both in Antaica and other regions.

3.1.2 Logistical

One of the great advantages of satellites is that they can potentially image any part of the world
on any day of the year and even acquire multiple images of the same area in the safeday.
orbital parameters beach satellite varies; the revisit rate of the ngointing Landsat8 sensor is
sixteen days, however most VHR satellites are maalir pointing and have the ability to direct
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their sensors to geographical regions not directly beneath them, meaningepatt acquisitions

for a single sensor can be less than one day. With a constellation of VHR satellites the ability to
target specific areas becomes much gredtkwever, practice and experience shows that the
chance of getting VHR imagery on a specifiay are very low. This is partially due to cloud
cover, but the chances of the satellite taking imagery also depends upon the priority tasking of the
satellite and the orbital parameters. Trying to match satellite survey with ground truthing often
provesdifficult and in practice even at the highest level of priority tasking (for which satellite
providers charge a premium) there is no guarardeacquiring imagery at the right time. Several
potential studies have been cancelled due to lack of satelfjtgsditon to match grounetruthing
surveys. Conversely, projects where there is a wide temporal window to take imagery, in areas
that are often cloud free and where there is a lack of competing interest from other potential

satellite users have a much gteachance of success.

Cloud cover is an obvious confounding issue, especially in tropical or maritime climates. Some
areas are almost always cloud covered; in thirty years of Landsat data collection over South
Georgia there has never been a single totalloud free image of the island. Alternative methods
can be employesguch agpiecemeal collection of smaller tiles, but this has implications for survey
design. VHR satellites tend to take imagery around 11 am local time (pers comms. Digital Globe
inc.),in a compromise between high sun angle and low atmospheric moisture co@fé&madir
acquisition does give some flexibility to this systeiout this must be balanced against the
potential issues of using heavily -ofadir images for classificatioverll cloud is often a major

issue especially in surveys where multiple images or multiple imaging times are required.

3.1.3 Technical

Many of the preliminary studies on the direct observation of wildlife have identified and counted
animals manually inthe mager y . However the termdencyo troe gu o
studies and the evdancreasing spatial resolution of those images mean that searching large areas

at pixel level can be very labour intensive. A survey area of 10@<kmilar to the recent IFAW
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Blue whale survey (Section 3.1) would result in over 10 billion panchromatic pixels in a WV3
image. Several authors have noted the need for automated orasgomated approaches to
minimize the user time spent in counting such imagery. Thiease been a number of attempts

and approaches to this problem. Studies trying to discriminate area features such as guano have
concentrated on pixel based algorithms using bivariate plots (Schwatled 1984), supervised
classifications (BarbeMeyer & al. 2008, Fretwell &Trathan 2009, LaRuet al.2014) and
spectral angle mappe(Fretwell et al.2014). Whilst those using VHR imagery to identify
individual animals have developed a variety of techniques including rule based (Fretvwall

2014) and iibrid (pixel based and object based) (Yatgal.2015) algorithms to try to find and

count individuals some current studies are using a combination of rule based algorithms mixed
with habitat analysis to help refine potential search areas for the asafifsetwell & Phillips in

prep). What is clear is that although some methods are transferable between species, overall the
different shape, size, colour, behaviour and phenology of each species leads to unique challenges
that often need unique remote semgisolutions. In many cases, such as the problem of detecting
whales and other animals whose shape in the imagery is variable as¢oniated routines where

the computer picks out potential targets that are then confirmed manually, will probably be more
useful that fully automated routines. For other species, such as albatross whose profile is more
consistent, a more automated system could be employed. The development, testing and
implementation of these automated and samtiomated routines will be one diie challenges

over the next decade.

One of the characteristics of satellite imagery is the instantaneous nature (in reality semi
instantaneous due to the puditoom nature of most sensors) of data collection over large areas.
This can be both an advantaged disadvantage for estimating abundance. For species such as
whales or ice seals that only spend a percentage of their time at the surface availability bias must
be considered and it is likely that these will be different to the availability bias fritvaranore
mature survey techniques. Potentially a whale swimming a few metres under the surface could be

seen by satellite that could not be seen by a passing ship, or possibly even by aerial survey, but
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both plane and ship based observers have the oppitytio see the whale surfacing over a
prolonged period of time (which also runs the risk of double counting), where a satellite does not.
Ground truthing to test the ability of satelliteto see animals is essential, but it is often difficult

to match thetimings of surveys to correspond (see previous section). One option may be to
combine satellite surveys closely with occupancy models, especially with species such as whales
and iceseals where imperfect detection is a problem (MacKesizé#. 2002, Kaanth et al. 2011).

In essence we have a lot still to learn about the detection probability and availability bias for
almost all the species studied by remote sensing. Converting these shapshot estimates to a full
population estimate is a complex task witlany factors to consider, especially if the survey is
taken at noroptimal times such as with emperor penguin surveys (Freteelbl. 2012). One

option is to take multiple images over the course of the season or even over the same day. This
will refine estimates and help estimate detection and availability, particularly if linked to synoptic
ground truthing, but multiple imagery would be expensive over large areas. Potentially small

areascould be assessed for variability and extrapolated to the largdaset.

3.2 Future Directions

With the everincreasing spatial resolution of satellite sensors and the greater availability of data
there is the prospect of a rapid acceleration in the subject field. At the time of writing further
studies on baleen whaepenguins, Antarctic seabirds, albatross, flamingo and seals are known to
be ongoing. The availability of WorldView3 data with a 31 @patialresolution, increases the
number of pixels per Afrom 4 to 10.4, effectively increasing satellite resolutignabfactor of 2.6.

This increase in spatial resolution will cross a number of thresholds making new, previously
untried speciegletectableby SRS. There will always be types of animals and habitat that are

unsuitable, but the need for abundance and
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Figure 3. Infogram of some of the constraints and considerations needed when assessing which specie:
projects are suitable for direct observation from gedaliég into three types; satellite considerations,

locational constrains and species aiiwsider

monitoring of many species might be met by satellite imagery. Below | discuss some of the
criteria, factors and relative advantages of the technology.

Like much remote sensing that uses visible wavelengths the availability of satellite imagéry wil

be biased toward certain areas. Cloud cover and atmospheric moisture is a problem in areas where
persistent cloud or mist render most images unusable. These areas will tend to be maritime, such
as the Southern Ocean islands, or tropical rainforest winégl cloud and persistent mist are a
problem.

The second consideration is the location; SRS studies will be more beneficial in remote areas, or

areas that are difficult to access where aerial or ground survey options are limited, these will
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include remoteaslands, deserts, the poles, mountainous areas and war zones or areas of political
unrest. Vegetation is an obvious confounding factor and it is unlikely that direct survey will be
suitable in forested areas. Regions with low or sparse vegetation, suidsags, grasslands and

tundra are better targets.

The final and possibly the most important considerations are those based on the animals
themselves. The size of the animal is of primary importanadrect observationdepending upon

the current and fture spatialresolution of satellite sensors. But size is of little consequence if the
animal spends little time visible to the satellite (availability bias), 1sarfacing marine species,
forest dwellers, burrowers, cliff dwelling and nocturnal specias warlikely to be addressed using
existing technology. Trials on blue whales using VHR imagery over 1000 &frsea have not
conclusively identified whales, showing that even the largest animals may be unsuitable for
satellite survey if they do not spend large enough percentage of time at the sea surface
(unpublished IFAW report courtesy of Russell Leaper). As well as size and availability the
contrast of the animal with the surrounding environment is important; camouflaged animals will

be more difficultto identify, although the use of different spectral information, multiple imagery

or low sun angles could help in some cases. The size and the aggregation of population is another
factor. Colonial nesting seabirds such as penguins are especially sutgdoups rather than
individuals are more easily located and congregated populations mean fewer images need to be
analysed. For example emperor penguixsst in hundreds of thousands but they only breed at

~50 sites, so the whole population can be captuin ~50 images. Larger, and more dispersed
populations that are difficult to assess by aerial or ground techniques (such as ice seals), may also
be suitable although this has to be offset against the cost of large area satellite surveys. Behaviour
suchas migration, length of breeding season and movement may also impact upon the suitability

of the species.

Finally the conservation need of the species must be taken into account as priority should be
given to those species with the most pressing consepwatieed, or those not alreagyccessfully

counted by more traditional methodologies.
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Metres

Figure 4. WorldView 3 satellite image of a known Royal Albatross breeding colony on Little Sister Island
in the Chatham Islands. The white dots in the inset @@ @skamesting albatross. This is an example

of promising ongoing and future work using direct observation from SRS.

Considering the above constraints and considerations several likely future candidate taxa for SRS
spring to mind. Some are species whabeindance has been previously or partially assessed by

aerial survey for example large ungulates such as reindeer, wild camels or rhino, and other
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African grassland species like elephants. Effort to test the applicability of SRS on other types of
sealsand whales are ongoing, and there are already studies underway on species of large seabirds
such as petrels and albatross (see figure 4). Other colonial nesting birds such as flamingo would

also be possible.

3.3 Conclusion

The use of satellite imagery telucidate animal numbers by direct or sedwiect remote sensing

was first suggested in the 1980s but it has not been until the era of very dpghalresolution

satellites particularly in the last five years that the technology has been applied stigltess

Satellite imagery has a number of key advantages over other survey techniques, primarily the
availability of the imagery over remote areas and the ability of satelidecollect data over large

regions. This has led to satellite data being useddte ctag & mor e detail ed gro

surveys to regional studies.

Many of the larger and more successful surveys undertaken so far have concentrated on
Antarctic species, especially penguins where whole populations of two species have been counted
by satellite. In other areas of the globe animal behaviour, camouflagescamogalingvegetation

often make visibility of wildlife more difficult. The increasing availability of ever more powerful
sensors such as the WorldView3 satellite will allow theobgation of these satellite techniques to
many other species over the coming decaaled could solve some of the problems of visibility
that have so far restricted the use of the technology. Many challenges remain; how to understand
the data and how to aomate/process the large quantities of imagery data are major problems
that need to be addressed. Additionally the cost of the satellite data and the transfer of knowledge
and techniques from the remote sensing community to the conservation communitpesikey
factors if satellite technology and techniques are torbere widely used to find, count and

monitor wildlife successfully.
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Papers to be considered

1) Detecting and mapping vegetation distribution on the Antarctic
Peninsula from remote sensing data(2011)

Although this paper was published sometime after my first penguin paper, my first scientific work
on remote sensing was using Landsat data to map Antarctic vegetation. | therefore irtbisde

paper as an introduction to later work on wildlife as it uses Landsat data in a similar way.

Whil st mapping parts of the Antarctic Peninsul a
vegetation in the neainfra-red band of Landsat ETM images. At the time, although remote

sensing for vegetation mapping and monitoring was well established in other regions, no remote
sensing studies of Antarctic vegetation existed. The sparse nature of Antarctic vegetation
combined with the low verdancy dfie typical mosses and lichens that comprise assemblages on

the continent make vegetation impossible to differentiate using coarser satellite sensors (MODIS,
AVHRR etc.). However, useful results are obtainable with higbmatialresolution platforms such

as Landsat, especially with targeted acquisitions. | instigated a project over an area in Marguerite

Bay to test NDVI valuesin Landsat ETM+ against groundtruthing data collected
opportunistically in the field by BAS colleagues. The results were very ginm, and showed that

vegetation could be differentiated from the surrounding rock even at very low NDVI values.

| then analysel Landsat imagery covering much of the northern Antarctic Peninsula to map the
distribution and intensity of vegetation. This wgathe first timesatellite imageryhad been used to

map vegetation and provided a method to quantify vegetatierdancyin the region.l gave a

paper aboutthisworlet t he 2008 RSPSoc symposium and won t
best presentatio. The work introduced me to the science of applied remote sensing in Antarctica

and the background to this study influenced my later papBnge to my ongoing penguin work

this paper was published in 2011 Polar Biologyimpact factor 2.071)it has nowbeen cited 25

times. The method has since been used in the 2014 WWF RACE#RId Assessment of Circum
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Arctic Ecosystem Resiliengstudy to highlight regions of ecological resilience (given as a working

paper at the Antarctic Treaty Consultative Meetifd TCM) 2014).

My vegetation analysis was important because it shows that even low density and intensity
vegetation can be distinguished from rock and guano allowing us to map vegetation in remote

areas and over large regional scadesl define baselines aissess future assessment of change

2) Penguins from space: faecal stains reveal the location of emperor
penguin colonies (2009)

This canbe considered a breakthrough paper in many respects. It had a similar genesis to the
vegetation workd whilst using Landsat imagery for mapping | realised | could see red/brown

staining on the sea ice. Following discussions with BAS ecologists and after checking published
literature; | showed that the stains matched with the location of some known emperor penguin
colonies: we were seeing the guano deposits left by the penguins. Emperor penguins are
notoriously difficult to find and study by traditiondleld-study means; they breed on fasta icgin

the extremeclimate conditions of the Antarctic winter. By the summewvhen scientists arrive

most of theemperorswill have left their breeding sites and the sea ice will often have melted

leaving no trace of the colony. A quote from the eminent Australian penguin expert Barbara
Wienecke in 2009 before our work was psblhed s ums up Astweeéavesnotfitmat i on
understanding of the number of existing breeding colonies, we cannot estimate the size or trends of the gl
popul ation of &mperwaspanpgpubhbém, as ththatspeci e
the specieswould face rapid reduction in population if current predictions of future climatic

warming in Antarctica were true.

In October 2008, in conjunction with BAS ecologist Phil Trathan who supplied the biological
knowledge of the species tolpanform the study, | started a project to download Landsat images
from the LandsatlmageMosaic of AntarcticdLIMA) of asmuch of the Antarctic coastliness|

could to visually and automatically identify these brown staiftowever in November2008

NASA made the whole Landsat archive freely downloadable, so we were able to cover around 85 %

of the Antarctic coastline using suitable imagery. This was the first continental scale survey of
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wildlife in this way. We found ten new colony locatiorrgjsing the number of known colonies

from 28to 38, confirmed many others and+drew the distribution map for the species.

The paper published inGlobal Ecology and Biogeogréipmyact factor 7.242)yon many plaudits

it was awarded Facultyl000 status for tHmest biological papersthere were parliamentary
questionsPr i me Mi ni steaelb dwt QRreisttd iomdpengwinsyitkled torfunds mper or
from the British Antarctic Territories fund to do more research wasincluded, along with LIMA,

asone of thetop ten scientific achievements of the-y@€ar NASA Global Landsat missioand,

several MAtarctic Treaty Consultative Meeting papers were generated as a result of the papers

findings. The paper has been cité@ times in the last 5 years. Crucially the g identified the

locations of colonies so that further work could be done on them.

3) An emperor penguin population estimate: the first global, synoptic
survey of a species from spac€2012)

Once | had identified the majority of emperor colony locatid took advantage o&n opportunity

to count these colonies using higépatial resolution satellite imagery and so provide a global
population estimate for the species. Jerry Kooyman, an eminent USA penguin biologist, had
already started this work, butik results were onlypartially successfull realised that by pan
sharpening the imagery we would imprown hisresults. In 2009 | tasked the image provider
Digital Globe to take imagery of every known and suspected penguin colony location and to cover
the areas not already imaged in our Landsat surveyehted and tested amproved classification
method to improve emperor classification routines from the VHR imagery. Myself and workers
from the US Polar Geospatial Center in Minneapolis then classifiedimages and collated the
results. | gathered a group of emperor experts to help write the paper. In 2012 we published the
census; the first synoptic survey of any species by satellite. We found six new colonies and
produced a population estimate of 53®) birds, almost twice the previous population estimate.
The survey provided a rigorous method, using a consistent mettoggofrom a single breeding

season to calculate the numbers. Doubling the population estimate of such an iconic animal
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attracted atteition from the media, scientists and policy makers. It also provided the impetus to
attempt continent wide surveys of other species in the same way (simiklreAzenguin estimates
have been published this year). The paperblished in PLoS One (impagictor 3.534has been
cited 99 times in thethreeyears since publication. This, along with my previous emperor penguin
work, led to a Sientific Committee orAntarctic ResearcHSCAR) Special Interest Group on
Penguin Remote Sensing being set up, withfitst meeting in summer 2018n which | have been

a leading participantThe new population estimate was instrumental in changing the status of the

species in the | UCN Red List from o0l east concer

4) Emperor Penguins Breeding on Iceshelves(2014)

| have continued to monitor emperor penguins, and gvgear the satelliteimagery provider,
Digital Globe, has been tasked with collecting imagery over the colony areas in the expectation of
a monitoring study when a sufficiently long tienseries has been acquired. Some of the images
collected for this future analysis contained surprising information; several colonies were located,
not on thesea icaeas previouslyrecognised but on iceshelves. By looking back at the archive of
imagery am comparing results withsea icedata collected by synthetic aperture radar satellites |
was able to show that, in at least one case, the colony moved onto tebelfavhen the seie
formed late in the austral autumitoo late to be a stable platformvhen the emperors turned up at

the breeding site. Some of the four colonies that displayed this behaviour bred on-#telces
every year, whilst others only did so when the ice conditions dictated. | published aipapeoS
One(impact factor 3.534highlighting and discussing this unusual behaviour with several of the
scientists who were involved in mgreviouscensus work. Although only publishdd 2014 the

paper had been citeti7 times The paper has major implications fanodelling the interactios of
climate change with the ecological addmographicharacteristics oémperor penguins, especially

in relation to potential population change
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5) Using the unique spectral signature of guano to identify unknown
seabird colonies

This paper exploreghe spectral signature of guano, testing lab spectra from penguiano
against a number of spectral librariés show that the spectral profile of guano is unique. We then
use spectratarget-matching techniquegrom pixels of known penguin colonieso deect other

pixels with similar spectrdn a single Antarctic Landsascene The techniques very successful

and finds all known penguin colonies and all known large seabird colonies irateg it also
identifies a number of potential unknown sites. Wakma the case that these methods, using remote
sensing techniques to find seabir@®uld betransferred to many other areasutside Antarctica,
indeed we are already using the technique in a number of other projects. This paper has only just
been publisheth Remote Sensing of Environmeri,year impact factor 6.0t the time of writing
(January 2015). This paper was instigated by a question from one of thatbors to me and on

this paper | contributed all project development, analysis and writing.

T he Future

| have several new innovative and important projects at various stages of completion these include:

1. SCARAntarctic Pack Ice Seal Census Il. This project, in collaboration Witk, Australian
and US partners will us&/HR satellite data and thermalata from UAVs to automate the
counting of pack ice seals.has already received grant funding from the Australian Research

Council and a further bid is currently in progress.

2. UK OverseasT erritories seabird census. Building on the VHR and guano wopkdpose to
bid for Darwin funds to find and count seabird coloniesUK OverseasT erritories, a joint
project with RSPB.This has started with a small grant to count Northern royal albatross
using VHR imagery on the Chatham Islands. A paper on countingdesing albatross, on

which | am lead author, is about to be submitted.
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3. Whale remote sensing. | have a variety of follmw projects from our satellite whale work
concentrating on right whales-in whales and humpback$his involved collaborating with
the EU Ecopotential project to count Fin whales in the Mediterranean and a NERC Doctoral
Training Partnership project with Cambridge University to recruit a new PhD student to

study whales from space.

A number of other projects on seabirds, penguins, saadsvehales both in Antarctica and other
areas of the globe are under discussion with a range of organizatibick underlines that there is
great potential to transfer the use of direct and safinect observation to many other species. As
with all technobgy, VHR satellite imagery will become cheaper over time and already new sensors
such as WorldView4 are nearing launch which will alleviate some of the problems with over
demand. There is pressure on the satellite industry from national bodies such as &ASRSA to
make i magery fBuhas gopnoft domservatipo work éreely available, as is already
the case with disastaelief imagery. If cheaper 30 cm spatial resolution imagery becomes available
then many species of large birdsspeciajl those which are rare, difficult to survey or endangered
such as certain species gfeese, bustards, pelicans, albatross, flamiragabfrigate birdscan be
counted by SRSLarge mammals are also a possibility; African ungulates have already been
succedsllly counted using 50cm imagery so higher spatial resolution would improve detection
rates and increase the number of species possible. Wildebeest, zebra, elephangindfiecand
buffalo would all be possible andith the use of automated change éetion it may also be
possible to detect smaller animals such as important predator species and more camouflaged
speciesThe ability of timed acquisition to target low sun angles which give long shadows for ease
of det ect i-toal pechle-shapsd froenl downward point sensors would also be

advantageous.

Offshore it may be possible to target many species of whales, especially those breeding in calmer
waters right whale, humpback whales, grey whales and beluga whales are species that have this
trait. | am already investigating the possibility of finding large dolphin pods by detecting the
common characteristic splash patterns left by large number of jumping dolpBingongs have
already been surveyed using long range UAVs, thase several spedef manateghat are often

found at the surface in calm waters would also be good targets.
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Animals in difficult to survey regions such as deserts or mountains would suit these techniques;
wolves in mountainous regionsould be targeted in winter snow bghange detection methods,
while camel,oryx, ibex,the Mongolian wild ass, the Saharan cheetah and several other endangered
desertdwellers could be targetetly change and shadedetection from VHR satellite imagery
over large areasThese desert and motein species often range over wide territories, so the broad

coverage of satellite data are advantageous.

Conclusion

Here | present five peer reviewed scientific papers on which | have been first author that have
uniform thread or remote sensing wildlifi@ Antarctica. The first paper, identifying vegetation, is

included as an introduction, and as an insight into my own development in the subject area. The
overall aim of my work has been to develop and apply new satellite remote sensing methods to
answer citical questions on the distribution and abundance of Antarctic wildlife. Tike papers

display adistinct progression, becoming more technical as my ownvidedge and remote sensing

skill-set has increasetihave utilized these remote sensitechnigueson a number of other papers

and prgects that are not included within this thesi¥hese include identifying whales using VHR

imagery, correlating Antarctic sea ice loss with the decline of an emperor penguin colony,
classifying pygoscelis penguins bwtsllite on the South Orkney Islands and two other papers

di scussing the distribution of emperorFirggengui n:
recorded loss of an emperor penguin colony in the recent period of Antarctic regional warming:
implications for other colonied a Wialesofrom space: counting southern right whales by

satelited are included as appendices at the end of t

the full list of publish papers below.

The five paperdncluded in his thesishave had a considerable impact on the fields of Antarctic
remote sensingespecially for penguin studies where remote sensimgpw considered an essential
tool. Our knowledge of emperor penguins; their distribution,pptation and behaviour, ds

charged markedly with, and since, the publication of these papers. | hope that future efforts using
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remote sensing can also address the question

their populations will change as Antarctica warms.

Overall, the advancel have made in using remote sensing to identdgunt and monitor Antarctic
Wildlife have had a significanitnpactin the fieldof conservation remote sensingnderstanding
Antarctic populations and detecting changes is grbwing importane as climate change is
predicted to impact on many Antarctic speciasthe coming decade#dditionally, the need for
predator populatiorestimates to managksheries ancecosystem resources in the southern ocean
means that the need for accurapeedator population assessment in and around Antarctica is

vitally important. My work on remote sesing of wildlife facilitates theseequiremens.

Peter Fretwell,February,2016
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Abstract We present the first regional map of vegetation
of anywhere on the Antarctic continent based on remote
sensing (RS) data. We have used a normalized difference
vegetation index (NDVI) for the examination of Landsat
ETM data on the Antarctic Peninsula. The results show that
44.6 km* (0.086%) of the study area (74,468 km?) is
classed with a probability of vegetation of over 50%. The
NDVI analysis is ground-truthed against vegetation surveys
in Ryder Bay on the Antarctic Peninsula, and the results
have been corrected for several factors influencing low
NDVI readings in this environment. This methodology has
been applied to 13 Landsat scenes covering Graham Land
in the Northern part of the Antarctic Peninsula to examine
the distribution of vegetation in the region. The Antarctic
Peninsula region is important, as it has shown rapid warm-
ing of over 3°C during the past 50 years, and predictions
indicate accelerated future warming. A baseline survey of
the amount and distribution of vegetation is required
against which to monitor future change. The results give a
comprehensive coverage and allow us to present the first
remote sensing-based vegetation map in Antarctica. How-
ever, initial results point to the need for further investiga-
tion of apparent errors resulting from geology on bare
ground.

Herbarium specimens and details of Antarctic collections can be found
at: hitp:/www antarctica.ac.uk/bas_research/data/information_about_
collections.php

Landsat 7 user handbook: http://landsathandbook gsfe.nasa.gov/handbook.
html
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Introduction

The Antarctic Peninsula region has shown rapid warming
in recent decades, station records show that mean tempera-
ture has warmed by 3.7°C (century)™' (Vaughan et al.
2003). Predictions of change in the next 50 years include a
more than doubling the days when melt can occur in the
region (Vaughan 2006). This climatic change has led, and
will continue to lead, to higher summer-growing season
temperatures and an increase in the amount of available
water, thereby relaxing two of the abiotic constraints on
biological activity, along with an increase in the duration of
the active or growing season (Convey 2003, 20006; but see
also discussion on possible adverse effects in some circum-
stances in the latter review). The warming has also led to
thinning (Pritchard and Vaugan 2007) and recession in
local ice-caps and glaciers (Cook et al. 2005), exposing
new bare ground for colonization by terrestrial biota (Convey
and Smith 2006).

Predictions of changes in vegetation due to these
changing environmental conditions were first put forward
in the 1980s and early 1990s (Roberts 1989; Smith and
Steerkamp 1990; Voytek 1990; Kennedy 1995). The two
most consistently proposed predictions are of positive
responses in indigenous species, through the general relaxa-
tion of current environmental constraints, and of colonization
and establishment by exotic species, through the lowering
of environmental barriers coupled with anthropogenic
assistance in dispersal (Convey 2003, 2006; Frenot et al.
2005). Experiments and observations from the region
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generally confirm these predictions, describing colonization
of newly exposed ground, and the expansion of populations
of flowering plants in the recent past (Fowbert and Smith
1994; Smith 1994; Convey and Smith 2006). Future predic-
tions suggest ongoing change and, in the longer term, that
increased competition may lead to the loss of some indige-
nous species (Convey 1996).

Based on the exceptional rates of physical environmental
change experienced over recent decades in parts of Antarc-
tica and the simplicity and implied sensitivity of indigenous
polar terrestrial ecosystems (e.g. Callaghan and Jonasson
1995; Freckman and Virginia 1997), the Antarctic Penin-
sula region has been highlighted as a globally important
barometer for identifying the consequences of climate
change (Convey et al. 2003). To monitor and assess future
changes of Antarctic Peninsula vegetation, a robust quanti-
tative baseline assessment of vegetation for the region is
required. At present, no such assessment exists.

Anoverview of the vegetation of the Antarctic Peninsula
region is provided by Smith (1996) and of Antarctic botani-
cal records and general biogeographical patterns by Peat
et al. (2007). The Antarctic Peninsula region is one of the
most biodiverse terrestrial regions in the Antarctic but,
detailed studies are limited to a few small areas, generally
in the vicinity of established research stations (Chown and
Convey 2007). Many ice-free areas are very sparsely vege-
tated, but in favourable locations such as sheltered north-
facing slopes, closed stands of mosses and/or Antarctic hair
grass (Deschampsia Antarctica) (one of only two flowering
plants in Antarctica) covering 10s or occasionally 100s of
square metres may be found.

Current knowledge on the distribution of the vegetation
can be best determined from herbarium specimens. The
British Antarctic Survey (BAS) Antarctic Plant Database, a
database of Antarctic and sub-Antarctic herbarium speci-
mens, containg 128,00 records of specimens from the Ant-
arctic Peninsula region—4,700 moss specimens, 7,200
lichen specimens, with liverworts, flowering plants, fungi
and algae forming the remainder. These records show that
the majority of the vegetation is found at low altitudes on
the western side of the Peninsula, particularly on its
offshore islands, with much less vegetation on the colder,
more heavily glaciated eastern side, and virtually none at
altitude along the mountainous spine of the Peninsula.
However, while collections have been made by over 200
collectors in the last 110 years, there remain many locations
in this region, particularly those lacking safe landing sites
from the sea, which have never been visited. Furthermore,
many visits are likely to have been brief (typically, a few
hours), and the majority of sites have not been visited by a
botanist. Thus, the quality of data available and its geo-
graphic coverage remain extremely variable and patchy
(Chown and Convey 2007). Even within the few areas
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where comprehensive collections of specimens have been
made, there is generally very little quantitative information
available on the detailed distribution and abundance of the
vegetation.

The extent of the Antarctica Peninsula region
(~420,000 km®>—twice that of Great Britain) and its
remote, inaccessible and rugged nature means that ground-
based survey methods are of limited utility. Therefore, sat-
ellite remote sensing (RS) methods that have regional and
consistently repeatable coverage are the only practical
means of mapping, monitoring and analysing vegetation
distributions. This is especially true of the eastern side of
the Antarctic Peninsula, an area experiencing rapid envi-
ronmental change since the break-up of the Prince Gustav
and Larsen Ice Shelves. In this study, we use normalized
difference vegetation index (NDVI) to identify areas of
vegetation; this index is based on the ratio of reflectance of
visible red to near-infrared light.

Previous polar NDVI studies have used NOAA AVHRR
data to analyse vegetation and phytomass over large-scale
areas in the Arctic (Raynolds et al. 2006; Verbyla 2008). In
these studies, data were intergrated into a 1.1 x 1.1km
grid—a cell size too coarse to analyse Antarctic Peninsula
(AP) vegetation. Due to its patchy and sparse nature, almost
all of the areas on the Antarctic Peninsula would show as
un-vegetated using this method.

Attempts at vegetation analysis by RS in Antarctica have
been extremely limited to date. Underlying this lack of
application is the simple fact that the sparse and patchy
nature of the typical Antarctic ‘fellfield” vegetation that
consists of fragmented growth of cryptogamic vegetation
(mosses and lichens) interspersed with bare ground and
rock (Smith 1984; Block et al. 2009).Orbiting RS satellite
platforms with large pixel sizes (10s—100s m) cannot differ-
entiate smaller or sparsely distributed vegetation. This
problem is exacerbated by much of the vegetation consist-
ing of lichens, whose symbiotic nature and structural mor-
phology shield the chlorophyll contained in their algal
cells, thus reducing the possibility of identification through
RS. Nevertheless, spectral analysis of mosses and algae
(Dana et al. 1994; Lovelock and Robinson 2002) shows the
potential viability of identifying a variety of Antarctic veg-
etation types by their spectral reflectance. These studies uti-
lized hand-held spectrometers, rather than satellite RS, but
demonstrate that detection of these vegetation types using
satellite RS is theoretically possible. In this study, we test
and refine the application of RS, especially NDVI, in order
to provide a new and more comprehensive baseline descrip-
tion of the extent of terrestrial vegetation on the Antarctic
Peninsula. By comparing ground truthing and RS data in a
test area, we derive likelihood thresholds for vegetation in
the region, these thresholds are then used to map the distri-
bution of vegetation across a wider study area.
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Methods

Image-processing techniques using Landsat satellite imagery
have been proven able to map the distribution of vegetation
of temperate and tropical regions, typically consisting of
higher plant types, but previous studies have not attempted
to apply this index to the typical cryptogam-dominated or
fellfield-type habitats of the Antarctic. These techniques
rely on the different spectral response of vegetation to solar
radiation at different parts of the electromagnetic (EM)
spectrum, where absorbency by chlorophyll and the cellular
structure of leaves results in low reflectance in the visible
red wavelength and relatively high reflectance in the infra-
red wavelength (Billings and Morris 1951; Knipling 1970).
The normalised difference vegetation index (NDVI) is
based on a ratio of visible red light and near infrared; it can
be written as NDVI = [(NIR — RED)/NIR + RED)] (Gates
1980) and is a commonly used index, giving values varying
between —1.0 and +1.0. Values near +1 indicate pixels with
very high chlorophyll content, those at zero or negative
numbers indicate bare rock, snow or water. As it is based
on a ratio of image bands, it has the effect of normalizing
the effect of changing illumination, surface slope, aspect
and other factors.

We converted the Landsat ETM + DN values to surface
reflectance values (Lillesand and Keifer 1994, p. 14) using
the SRFLsml script (http://www. microimages.com/sml/
SRFLsml) and the TNTMips image-processing software.
This corrects for varying illumination, it does not correct
for atmospheric conditions, but the low atmospheric tem-
peratures in Antarctica (rarely above +5°C) result in little
atmospheric moisture without cloud formation. Using sur-
face reflectance values is especially important when deriv-
ing accurate band ratio indices from multiple dates and
locations. In this study, we used NDVI simply to detect the
presence of vegetation, whereas its use in more quantitative
assessments of biomass is more complex and needs to con-
sider many other factors.

Remote sensing

We used the standard NDVI index to determine whether
Antarctic terrestrial vegetation can be reliably detected
using multispectral satellite imagery. Landsat ETM data
were used exclusively for this analysis, thus giving a con-
sistent dataset. The pixel size of these data in the multispec-
fral bands is 30m x 30 m. Even at this resolution, the
sparse and variable nature of the typical Antarctic vegeta-
tion gives rise to several unique challenges. Calculation of
the NDVT values used ESRI ArcGIS software. Initially, one
Landsat ETM scene (scene path 220, row 107 acquired 19
February 2001) was used for ground truthing and to assess
vegetation thresholds before expanding the methodology to

other areas. NDVI values derived from the test scene were
plotted against a detailed map of the area (British Antarctic
Survey 2006). This map is photogrametrically compiled
aerial photography and horizontally accurate to within 5 m.
The Landsat scene was georeferenced using orbital parame-
ters and was found to be ~50m offset from the more
detailed map data, so the scene was re-referenced using the
detailed map coastline, making the data accurate to within
5m. This process also enabled accurate positioning of
GPS-collected ground-truth data.

Ground truthing

Two islands in Ryder Bay, L.éonie Island and Anchorage
Island, which have a well-studied terrestrial biology (e.g.
Convey and Smith 1997; Bokhorst et al. 2007) and for
which high-definition mapping is available, were chosen
as appropriate locations to provide ground truthing for the
NDVI values (Fig. 1). Léonie Island is a steep mountain-
ous island, reaching 500 m in height and is ice-free on the
North side. It has distinct patches of vegetation including
the flowering plants, Deschampsia antarctica and Colo-
banrhus quitensis, and a variety of bryophyte species (34
moss species and 3 liverwort species) have been recorded
from the island. These vegetation patches occur on cliff ter-
races, mainly at altitudes of less than 100 m. Anchorage
Island, in contrast, has a maximum altitude of 54 m and is
largely unvegetated at altitudes of less than 20 m and lichen-
covered at higher altitudes. It has much less-developed vege-
tation, consisting of small bryophyte-dominated patches
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Fig. 1 Location map of ground-truthing area
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Fig. 2 Areas of vegetation on
Anchorage and Léonie Island
assess by ground truthing in
comparison with NDVI values
computed form Landsat imag-
ery. Doited fine indicates area of
ground survey, solid line indi-
cates the areas assessed as vege-
tation on the ground survey.
Coloured pixels refer to NDVI
figures from the Landsat imag-
ery, Numbers relate to areas in
Table 1

{only 14 moss species and one liverwort species have
been recorded), and very few grass (Deschampsia
antarctica)-dominated patches. Most rock outcrops are
lichen-covered, predominantly consisting of Usnea and
Umbilicaria spp.

A hand-held Garmin GPS was used to provide ground
truthing by walking round discrete patches of vegetation
and saving the recorded track. Léonie Island was visited on
9 February 2007 when the ice-free part of the island was
examined thoroughly and all large patches of continuous
vegetation were mapped, with the exception of a few small
patches (less than 10 m?) located at high altitudes and diffi-
cult to access. One large discrete patch on particularly steep
cliffs was difficult to access, and only the top edge of the
patch was mapped and a visual estimate made of its extent
(patch six and seven shown in Fig. 2). While there is a
6-year temporal difference between the vegetation ratios
given by the remotely sensed data (2001) and this ground
survey, vegetation on the Antarctic Peninsula is very slow
growing (Smith 1996), and we consider that this will be a
minor confounding influence on the data obtained and must
be consider as a small but unquantifiable possible source of
error in the larger study.

Anchorage Island was visited on 10 and 13 February
2007. Here, to enable the NDVI values of moss- and lichen-
dominated areas to be compared, two discrete patches of
moss vegetation and two patches of lichen vegetation were
mapped. The second of the lichen tracks included a small,
distinct area dominated by grass, but no areas dominated by
moss. Finally, an area of algal vegetation on one of the
island’s beaches was mapped to assess whether the remote
sensing data was likely to be sensitive to marine algal vege-
tation.

We compared the vegetation boundaries from this
ground truthing with the NDVI values from the Landsat
data by overlaying the two datasets onto the detailed map of
the area (Fig. 2).
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Results from ground truthing

Figure 3 shows the percentage of image pixels with each
NDVI value that fall inside the vegetated polygon bound-
aries collected from the ground-truthing survey. The poly-
gons noted as vegetated all contained variable amounts of
moss or lichen. In this study, no assessment was made of
percentage cover of the vegetation patches, and therefore
we cannot quantify the density of vegetation within each
pixel. The NDVI statistics in the ground-truthing area have
been used to assess the likelihood of NDVI values from
other areas identifying vegetation.

Only 28% of the pixels with NDVI values between 0.00
and 0.05 were within vegetated areas, this low value is
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Fig. 3 Percentage of pixels falling within the area assessed as vege-
tated by ground truthing, in relation to their NDVTI valves. Each value
along the x axis relates to a specific NDVI value, the y axis relates to
the percentage of these values within areas classed as vegetation in the
ground trothing, The data have been divided into four classes: below
0.05 NDVIis unlikely to be vegetated, between 0.05 and 0.1 is classed
as probably vegetated, between 0.1 and 0.2 is classed as very probable
and over 0.2 is classed as almost certain



Polar Biol (2011) 34:273-281

277

considered to indicate either an absence of vegetation or
extremely sparse coverage of vegetation. Conversely, over
50% of all pixels (with the exception of one value at 0.16
NDVT) with over 0.05 NDVT are within areas identified as
vegetated. This percentage rises with higher NDVI, indicat-
ing higher probability of vegetation and/or higher cover
within each pixel. Between 0.05 and 0.10 NDVI, 50-72% of
pixels fall into vegetated areas. Between 0.1 and 0.2 NDVI,
a mean of 87.3% of pixels are within vegetated areas, and
with NDVI values above 0.2 the average rises to 95.9%.

In line with this reasoning, the dataset has been divided
into four classes; NDVI values of less than 0.05 are consid-
ered unlikely to be vegetated. Above NDVT 0.05 is consid-
ered probably vegetated, above 0.1 is very probable and
above 0.2 is classed as almost certain.

The variability of percentages of pixels within classes is
due mainly to two causes. Firstly that of mixed pixels, and
secondly due to the amount, type or amount of chlorophyll
in that pixel.

Mixed pixels are a particular problem in the ground-tru-
thing area (see Lillesand et al. 2004 for a futher discussion
of mixed pixels). In the small test areas used in this study
{two test areas totalling 0.7 km?), with the small patches of
vegetation sampled (21 areas of vegetation with a mean area
of 0.009 km?), it is inevitable that some of the Landsat pix-
els fall on either side of the edges of the ground-truthing
polygons. Due to the small area of ground survey, several of
the NDVI classes have a limited number of pixels in them;
therefore, any single mixed pixels in these classes can give a
bias to the percentage of pixels in that class. It would be
advisable to use larger patches of vegetation, but the nature
of vegetation at this latitude means that large areas of con-
tinuous vegetation cover are very rare and so preclude this
option. The problem of mixed pixels may be exacerbated by
small changes in vegetation between the collection of the
ground-truthing data in 2007 and the acquisition of the
imagery in 2001. Although vepgetation changes in the Ant-
arctic Peninsula are slow (Smith 1996), enly small changes
would be needed to create a noticeable number of mixed
pixels in small test areas such as those used.

The second cause is whether higher NDVI values indi-
cate greater coverage of vegetation or differing vegetation
type. This problem is discussed in more detail later in this
study. However, for the purposes of ground truthing, larger
NDVI figures in this study are considered statistically more
likely to be vegetation rather than noise or background
readings from rock or soil.

Figure 2 shows satellite images of the two test areas
indicating the areas of ground, superimposed upon this are
the NDVI readings of each pixel from the landsat. These
pixels are coloured depending upon the NDVI reading:
0.05-0.1 NDVT for probable vegetation, 0.1-0.2 for very
probable and over 0.2 for almost certain. The maximum

NDVI value for any cell in the survey area was 0.27 in area
11 on Léonie Island. All areas of high NDVI readings in the
test area corresponded with areas identified as vegetation
during the ground-truthing survey, although some overlap
around the edges of vegetation polygons occurred.

Extending the study area

Having identified threshold levels for the NDVT of vegeta-
tion from the ground survey, the analysis was extended to
cover a wider area. Thirteen Landsat ETM scenes acquired
for the LIMA mosaic were chosen, covering the northemn
part of the Antarctic Peninsula (Graham Land). The three
thresholds identified from the test area in Ryder Bay were
then used to identify the distribution of sparse, medium and
dense vegetation over this area.

Data quality control and possible confounding factors

It was apparent that a number of the selected scenes were
widely saturated in band 3 and therefore unsuitable for use
in the analysis since they did not indicate the real difference
between band 4 and band 3. This caused widespread high
NDVT values that were obviously false since they corre-
sponded with snow and ice surfaces. Those scenes suffering
from saturation all have high sun elevation angles (>34°),
compared to the remaining useable images (<27°) and had
low gain settings in band 4 (see Fig. 4, Table 2 for details).
These unused scenes accounted for 20.2% of the rock out-
crop in the study area. For comparability, only Landsat
ETM + scenes with high gain settings in the first four bands
were used in the final analysis.

Inspection of NDVI values obtained from the Landsat
image of Ryder Bay identified some anomalous positive
values that necessitated correction before the method could
be applied to a wider area. High NDVI values at the edges
of icebergs showed as anomalies. The values were almost
exclusively single pixels that were associated with highly
contrasted edges or boundaries (i.e. when passing from a
very light to a very dark signal), when low positive NDVI
values were returned, which were comparable to the read-
ings obtained from vegetation. This was a frequent occur-
rence at the boundary between bright snow and shadow or
at the edge of floating icebergs. We believe these anomalies
result from differences in pixel values across sharp bound-
aries caused by the necessary resampling to a common grid
due to band offsets in the ETM + instrument (Landsat 7 sci-
ence user hand-book, see notes). Conversion from DN val-
ues to spectral reflectance values corrected for many of
these anomalies in the data, with the remaining anomalous
pixels confined to a small number at the edge of icebergs, a
sea mask was used to remove these pixels.
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Fig. 4 Vegetated areas in
Graharn Land calenlated nsing
the three NDVI thregholds:
G'reen denotes areas of probable
vegetation but sparse coverage,
orange equates to very probable
and moderate coverage, and red
is almost certain vegetation with
dense coverage, Hatching indi-
cates areas where available
imagery was unsuitable. Some
exaggeration of the size of each
area of vegetation has been nec-
egzary to dieplay the distribution
at this scale. To show this, two
inget rnaps have been included
that display erarmnples of the
datazet in more detail, fnser |
shows Ulu Peninsula on James
Ross Ieland, a large area of rock
outerop that has many low
NDWVI values that are widely
spaced over a large area with a
low deneity, Imret 2 shows an
area of the Danco Coast, around
Cierva Point, This has fewer
vegetated pizels, but these are of
higher ND'VI values and are con-
centrated in a few geographic
locations showing a dense
coverage of vegstation in sach
of these areas

Table 1 Vegetation patches in
the two ground study sites

(see Fig. 2 forthe location of
cach arsa) noting the main
vegetation type in each patch
and the roean NDVT valie of the
Landasat pizxels falling within the
ground-trthed area
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Area Diegeription Type of vegstation Analysiz
value
Anchorage Island
1 Main vegetation site Umbilicaria, other lichens, sorne Descharmpsia 0.167
2 Green algal patch Seaszonal algal patch includes small moss patch 0038
g Large Lichen patch Usnea and Urnbilicaria 0076
4 Lichen-dominated patch Usnea and Umbilicaria 0.085
5 Moss patch Mix of mosses some Usnea and other lichens 0.073
area not clagsed as vegetated 0.013
Léowme Island
6 Dense vegetation Mosses and grase 0.075
7 CHtT patches A variety of vegstation on steep cliffs 0091
3 Moszzes and grass Mired species of mosses and grasses 0083
9 Scattered vegetation Scattered patches of mosses and grasses 0052
10 Patch under cliff Scattersd mose, grass and Colobanthug BRI,
11 Srrall patch Small patch of moss and grass 0.225
area not classed as vegetated —0.021
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