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ABSTRACT

As ectotherms, crocodilians achieve and maintain a preferred body temperature by seeking or avoiding
heat in the environment. Temperature management influences aspects of crocodile welfare, production,
and reproduction, and strongly determines the success of crocodile farming operations. Concerns
surrounding temperature management of commercially farmed Nile crocodiles in South Africa have been
raised by the NSPCA (National Society for the Prevention of Cruelty to Animals). Wild Nile crocodiles in
the Kruger National Park have been affected by pansteatitis outbreaks leading up to and during winter
months since 2008. Cooler winter temperatures have been implicated as a potential contributor to the
recurrence of this disease. This study evaluated minimally invasive Nile crocodile body condition
assessments, thermal experiences and behaviours of wild and captive Nile crocodiles, and the effect of
temperature on nest site selection in commercial settings. Non-invasive data capture techniques were
employed and developed to ensure the crocodiles natural behaviours, and therefore thermal experiences,
were not disrupted or altered. This included drones, an Internet of Things system of abiotic loggers,
telemetry tracking and temperature logging systems, and iButtons.

Seven drone-based morphometrics were measured for 288 commercially farmed Nile crocodiles across
two farms in South Africa, and a subsequent body condition assessment was conducted using two of these
morphometrics. A small and relatively inexpensive drone (DJI Mavic Mini) was selected for this study, after
a vigilance assessment concluded that it was minimally disruptive to normal crocodile behaviour.
Crocodiles on one farm were slimmer than those on the other farm prior to the drone flights. Crocodile
condition was assessed with the following UAV-captured measures: total length (TL), snout-hindlimb
length (SHL), snout-neck length (SNL), neck width (NW), belly width (BW), total surface area (SA), and
perimeter. A body condition index (BCl) was calculated for each crocodile by measuring the relationship
between total length and belly width, with the equation: BClI = (BW/TL) * 10, derived from
photogrammetrically processed orthophotos in GIS. The BCl values were then normalized to form a body
condition score (BCS) with the equation: BCS = (BCI/1.27) * 4 + 1. The body condition score ranked
crocodiles from 1-5, with 1 being thin or emaciated and 5 being fat or obese relative to other crocodiles.
The majority of crocodiles in the study had a BCS of 3, with few animals scoring a 1 or 5. The farm housing
noticeably thinner crocodiles prior to the study had no BCS 5 occurrences, while the other farm had no
BCS 1 occurrences. This UAV-based body condition score could be applied to large wild or captive
populations for a fast-paced health and welfare evaluation.

Thermal behaviours of captive Nile crocodiles on a commercial crocodile farm in South Africa were
assessed using a method which transformed relative thermal maps (produced by a DJI Mavic 2 Enterprise
Dual drone) into a predictive model where temperatures were derived to within 2.6 °C per pixel of a
processed orthophoto. Thermal behavioural data was extracted from the drone imagery and juxtaposed
with climate and abiotic thermal data from the pen. Site (concrete, water, nest, and grass/sand) selection
by crocodiles varied with season, time of day, and daily climatic conditions. During high ambient and pen
temperatures in summer crocodiles sought refuge in water bodies, which only accounted for 20% of the
pens total surface area. During low ambient and pen temperatures in winter the crocodiles prioritized
basking on the concrete and grass/sand areas, abandoning the water bodies. The results suggest a need
for increased shading over the land areas during summer, and heating of the waterbodies during winter.
These alterations would increase the amount of thermally viable areas within the pen, allowing the
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crocodiles to exercise heat seeking and avoidance behaviours during both seasons. This method provides
a non-invasive assessment of the pens design from a thermal perspective, which can then inform
improved temperature management.

Thermal behaviours of 16 wild Nile crocodiles (233-429 cm TL) within Kruger National Park were assessed.
Each crocodile was fitted with sensors that recorded external temperatures (attached onto the crocodiles’
backs), internal temperatures (stomach), activity (accelerometer), and location (GPS coordinates).
Internal body temperatures were strongly influenced by ambient air temperatures and humidity, as well
as the immediate external environment temperature. Variations in internal temperatures and activity
levels were dependent on sex, size, and season. Seasonal temperature (internal, external, and ambient)
and activity level fluctuations varied significantly. Internal temperature averages were low from April to
July. Activity means declined from March till May and remained relatively low before increasing again
between November and December. Reduced internal temperature and activity levels coincided with
outbreaks of pansteatitis, highlighting a potential correlation. As ectotherms, the environmental
temperatures available to crocodiles play a critical role in successful thermoregulation and dependent
biological processes (metabolism, digestion, reproduction, immune function, muscular function,
development, and behaviour). This study expanded the parks understanding of the temperatures
experienced by these wild crocodiles and will guide future management efforts with respect to thermal
comfort and thermal opportunities.

Nile crocodile nesting behaviours were monitored over a single breeding season on a commercial farm in
South Africa. Drones (a DJI Mavic Mini 2 SE and a Mavic 2 Enterprise Dual) were used for overhead
behavioural and temperature monitoring, whilst iButtons were placed at ground level recording nest
temperatures at various depths and locations around the breeder pen. The farm recorded the numbers
of eggs laid and hatched in each nest. The complex interplay between climate, nest thermal properties,
crocodile nesting behaviours, and pen layout was inspected. Nesting locations within the pen varied in
orientation, thermal properties, distance from waterbodies, distance from a nearby tourist centre, and
proportion of grass coverage. Significant variations in nest site selection occurred across nesting locations,
with a distinct predilection for certain sections while others were scarcely utilized. Behavioural variations
were also noted between sections when considering nest occupancy versus confirmed egg deposition.
The characteristics for preferred nesting sites in farmed settings need to be identified and met to ensure
that all nesting female crocodiles have sufficient nesting opportunities. Stress due to nest site competition
could result in a decrease in laying and hatching success and is a welfare concern.

Given the thermal challenges faced by crocodiles during summer and winter seasons, and the variations
in crocodile farm setups in South Africa, guidelines for dynamic and innovative management strategies of
both farmed and wild populations are necessary. The findings of these studies inform both farming and
conservation efforts regarding the thermal experiences of Nile crocodiles in South Africa. Farming
regulations may require updating with regards to temperature/pen design and management, whereas
wildlife management initiatives could benefit from wild Nile crocodile thermal experience awareness.
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OPSOMMING

As ektoterme, bereik en handhaaf krokodille 'n voorkeur-liggaamstemperatuur deur hitte in die
omgewing te soek of te vermy. Temperatuurbestuur beinvioed aspekte van krokodille se welsyn,
produksie en voortplanting, wat die sukses van krokodilboerderybedrywighede grootliks bepaal. Kommer
oor temperatuurbestuur van Nylkrokodille wat kommersieél in Suid-Afrika geteel word, is deur die NDBV
(Nasionale Raad van Dierebeskermingsverenigings) geopper. Wilde Nylkrokodille in die Kruger Nasionale
Park is deur pansteatitis-uitbrake geaffekteer in die aanloop tot en gedurende die wintermaande, vanaf
2008. Koeler wintertemperature is geimpliseer as 'n potensiéle bydraende faktor tot die herhalende
voorkoms van hierdie siekte. Hierdie studie het met minimaal indringende Nylkrokodil
liggaamskondisiebepalings, en termiese ervarings en gedrag van Nylkrokodille geévalueer, en die effek
van temperatuur op die seleksie van nesplek in kommersiéle omgewings. Nie-indringende
datavasleggingstegnieke is gebruik en ontwikkel om te verseker dat die krokodille se natuurlike gedrag,
en dus termiese ervarings, nie ontwrig of verander word nie. Dit het hommeltuie, “The Internet of Things-
stelsel” van abiotiese aantekenaars, telemetrie-opsporing, temperatuurregistrasiestelsels en iButtons
ingelsuit.

Sewe hommeltuig-gebaseerde morfometriese metings is gemeet vir 288 Nylkrokodille in kommersiéle
boerderye by twee plase in Suid-Afrika, en 'n daaropvolgende liggaamskondisieberaming is uitgevoer met
behulp van twee van hierdie morfometriese metings. 'n Klein en relatief goedkoop hommeltuig (DJI Mavic
Mini) is vir hierdie studie gekies, na 'n waaksaamheidsasessering gevind het dat dit minimaal ontwrigtend
vir normale gedrag is. Op een van die plase, was die krokodille maerder as dié op die ander plase voor die
evaluasies begin het. Die spektrum van maer tot vet krokodille is geassesseer deur die volgende UAV-
vaslegging maatstawwe: totale lengte (TL), snoet tot agterpote lengte (SHL), snoet tot nek lengte (SNL),
nek breedte (NW), pens breedte (BW), totale oppervlakte (SA) en omtrek. 'n Liggaamskondisie-indeks
(BCl) is vir elke krokodil bereken deur die verwantskap tussen totale lengte en maagwydte, met die
vergelyking: BCI = (BW/TL) * 10, afgelei van fotogrammetries verwerkte ortofoto's in GIS te meet. Die BCI-
waardes is dan genormaliseer om 'n liggaamskondisietelling (BCS) te bereken met die vergelyking: BCS =
(BClI/1.27) * 4 + 1. Die liggaamskondisietelling het krokodille van 1-5 gerangskik, 1 is ‘n maer of uitgeteerde
krokodil, en 5 is ‘n vet of oorgewig krokodil in teenstelling met die ander krokodille. 'n BCS van 3 was die
algemeenste tussen alle krokodille in die studie, met min diere wat 'n 1 of 5 behaal het. Die plaas waar
krokodille met skraler abdominale omtrekke gehuisves was, het geen BCS 5 gevalle gehad nie en die plaas
wat krokodille gehuisves het met wyer abdominale omtrekke, het geen BCS 1 gevalle gehad nie. Hierdie
UAV-gebaseerde liggaamskondisietelling kan toegepas word op groot wilde of gevange bevolkings vir ‘n
vinnige gesondheids- en welsynsevaluering.

Termiese gedrag van gevange Nylkrokodille, op 'n kommersiéle krokodilplaas in Suid- Afrika, is
geassesseer deur gebruik te maak van 'n metode wat relatiewe termiese kaarte (geproduseer deur 'n “DJI
Mavic 2 Enterprise Dual” hommeltuig) in 'n voorspellings model omskep het waar temperature afgelei is
tot binne 2.6 °C per pixel van 'n verwerkte ortofoto. Krokodil termiese gedrag data is onttrek uit die
hommeltuig beelde en saamgestel met klimaat en abiotiese termiese data uit die kraal. Materiaal (beton,
water, nes, en gras/sand) seleksie deur krokodille het gewissel met seisoen, tyd van die dag en daaglikse
klimaatstoestande. Tydens hoé omgewings- en hoktemperature in die somer het krokodille skuiling in
watermassas gesoek, wat slegs 20% van die krale se totale oppervlakte uitmaak. Tydens lae omgewings-
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en hoktemperature in die winter het die krokodille gekies om op die beton- en gras-/sandgebiede te bak,
en die watermassas te verlaat. Die resultate dui op 'n behoefte aan verhoogde skaduwee oor die
landgebiede gedurende die somer, en verhitting van die waterliggame gedurende die winter. Hierdie
veranderinge sal die hoeveelheid termies geskikte areas binne die kraal verhoog, wat die krokodille in
staat stel om hittesoekende en vermydingsgedrag gedurende beide seisoene uit te oefen. Hierdie metode
het die nie-indringende inspeksie van potensiéle tekorte in die kraalontwerp vanuit 'n termiese
perspektief moontlik gemaak, wat dan verbeterde temperatuurbestuur kan inlig.

Termiese gedrag van 16 wilde Nylkrokodille (233-429 cm TL) binne die Kruger Nasionale Park is
geassesseer. Elke krokodil was toegerus met sensors wat eksterne temperature (aan die krokodil se rug
vasgeheg), interne temperature (maag), aktiwiteit (versnellingsmeter) en ligging (GPS-kodrdinate).
Interne liggaamstemperature is beinvloed deur lug, temperature, en humiditeit, sowel as hul onmiddellike
eksterne omgewings temperature. Variasies in interne temperature en aktiwiteitsvlakke was afhanklik
van geslag, grootte en seisoen. Seisoenale temperatuur (intern, ekstern en omgewing) en
aktiwiteitsvlakskommelings het aansienlik gewissel. Interne temperatuur gemiddeldes het besonder laag
gedaal vanaf April tot Julie. Aktiwiteit gemiddeldes het skerp gedaal vanaf Maart tot Mei en het relatief
laag gebly totdat dit weer tussen November en Desember toegeneem het. Verlaagde interne
temperatuur- en aktiwiteitsvlakke stem ooreen met uitbrake van pansteatitis, wat ‘n potensiéle korrelasie
beklemtoon. As ektoterme, speel die beskikbare omgewingstemperature vir krokodille 'n kritieke rol in
suksesvolle termoregulering, en die afhanklike biologiese prosesse (metabolisme, vertering,
voortplanting, immuunfunksie, spierfunksie, ontwikkeling en gedrag). Hierdie studie het die park se begrip
van die temperature wat deur hierdie wilde krokodille ervaar word verbeter en sal toekomstige
bestuurspogings rig ten opsigte van termiese gerief en termiese geleenthede.

Nylkrokodille se nesgedrag is oor 'n enkele broeiseisoen op 'n kommersiéle plaas in Suid-Afrika gemonitor.
Hommeltuie ('n “DJI Mavic Mini 2 SE” en 'n “Mavic 2 Enterprise Dual”) is gebruik vir oorhoofse gedrags-
en temperatuur monitering, terwyl iButtons op grondvlak geplaas is om nestemperature op verskillende
dieptes en plekke rondom die teelhok aan te teken. Die plaas het terselfdetyd die getalle van eiers wat
gelé en uitgebroei is in elke nes aangeteken. Die komplekse wisselwerking tussen klimaat, die neste se
termiese eienskappe, krokodil nesbesoek gedrag, en kraal uitleg is geinspekteer. Die liggings van neste
binne die krale het gewissel in terme van oriéntasie, termiese eienskappe, afstand vanaf waterliggame,
afstand vanaf 'n nabygeleé toeristesentrum, en proporsie van gras bedekking. Beduidende variasies in nes
seleksie het voorgekom tussen nesplekke, met 'n duidelike voorliefde vir sekere seksies, terwyl ander
skaars benut is. Gedragsvariasies is ook tussen seksies opgemerk wanneer nesbesetting teenoor
bevestigde eierproduksie oorweeg word. Die vereistes vir voorkeur-nesplekke in boerdery
omstandighede moet oorweeg word en nagekom word om te verseker dat alle reproduserende vroulike
krokodille voldoende nesgeleenthede het. Stres of mededinging tussen wyfies vir voorkeur nesplekke kan
lei tot 'n afname in 1é- en uitbroeisukses, en is ‘n welsyn bekommernis.

Gegewe die termiese uitdagings waarmee krokodille gedurende die somer- en winterseisoene te kampe
het, en die variasies in krokodilplaas fasiliteite in Suid-Afrika, is riglyne vir dinamiese en innoverende
bestuurstrategieé van beide geboerde en wilde bevolkings nodig. Die bevindinge van hierdie studies lig
beide boerdery- en bewaringspogings in oor die termiese ervarings van Nylkrokodille in Suid-Afrika.
Boerderyregulasies moet moontlik opgedateer word met betrekking tot temperatuur/kraal ontwerp en
bestuur, terwyl bewaringsinisiatiewe sal baat by die waarnemings oor wilde Nylkrokodille se termiese
ervarings.
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= “Mavic 2”.
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for this graph: Mavic Mini = “Mini”, Mavic Air 2 = “Air 2”, Mavic 2 Enterprise Dual = “Mavic 2”, and Matrice
300 RTK = “M300”.

Figure 5. (a) Morphological features recognisable from UAV imagery that are required to capture the
morphometric measurements for the current study. “A” lllustrates the conclusion of the dermal neck
scutes required for the morphological measure SNL. “B” Illustrates to the circumcircle scute layer behind
the hind legs, required for the morphological measure SHL. (b) Depicts morphometric measures captured
as vector line layers in QGIS, colour codes: total length in yellow, snout-hindlimb length in blue, belly width
in pink, neck width in green, and snout-neck length in orange. (c) Depicts morphometric measures
captured as vector polygon layers in QGIS: perimeter shown by the black outline of the crocodile, and
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Figure 6. lllustrates the deconstruction of an intact iButton to reveal the battery and printed circuit board.
Image (a) depicts the outer stainless-steel cap having been filed through, (b) the plastic insert having been
carefully filed through and the lower stainless-steel cap removed, (c) the plastic insert was gently peeled
back, and the upper steel cap was removed to reveal the internals, and (d) the PCB viewed from the front,
and the old battery inside a plastic frame connected to the grommet. Image (e) depicts the PCB layout
where “A” and “C” represent the positive (anode) terminals, “B” the quartz crystal, “D” the negative
(cathode or “ground”) terminal, and “E” the integrated circuit. The opposing side of the PCB, as seen in
figure 6¢, represents the “data” terminal.

Figure 7. lllustrates the connections between the battery and the iButton PCBs, front (a) and back (b).
Image (c) depicts an iButton after it has been sealed in heat shrink and clamped shut with the stranded
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Figure 8. Reader unit modification showing (a) extension wires soldered onto the data and ground (“Gnd/-
") electrical contacts at the back of the reader, and (b) the crocodile clips placed onto the wire ends to
establish the electrical contact for the one-wire interface.

Figure 9. Pen layout (not to scale), depicting the water body placements (dark blue rectangles), the
feeding gutter (light blue oval), the concrete encased temperature loggers (grey oblongs), and the
placement of shade netting (rectangle with a dot-filled pattern).
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Figure 10. Placement of loggers (iButtons in green and Hobo pendants in red) within the right-hand water
body within the pen (not to scale). The dotted line indicates the chain onto which the iButtons were fitted,
and the blue line depicts the water level. Depths are included and marked with arrows.

Figure 11. Mean hourly environmental and crocodile temperatures (a) and humidity (b) for the full study
period.

Figure 12. Grower 1 (a) and grower 2 (b) core body temperatures plotted over the full study period. Dotted
lines at 28 °C and 33 °C reference the recommended optimal Tbinteral's for crocodile farming, and dashed
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timeslot.
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plotted for summer (c) and winter (d) seasons. A dotted line at 20 °C serves as a reference, facilitating
easier comparison of temperature values across different conditions.

Figure 16. Repeat of figure 5.

Figure 17. (a) Scatterplot depicting the relationship between total length and snout-neck length of 288
farmed Nile crocodiles, and (b) scatterplot depicting total length and snout-hindlimb length of 288 farmed
Nile crocodiles. Graphs a and b differentiate the crocodiles farm of origin, crocodiles from farm A are
represented with “+” and crocodiles from farm B with “O”".

Figure 18. Nile crocodiles within each of the five different body condition scoring (BCS) categories. From
left to right, a BCS from 1 to 5 as assessed and derived in the current study.

Figure 19. The decision tree identifying the morphometrics (other than TL and BW) that most decisively
differentiated the crocodiles’ farm of origin.

Figure 20. Ground control point as captured in (a) red, green, and blue (RGB) and (b) greyscale by the DIJI
Mavic 2 Enterprise Dual. The RGB (a 12-megapixel CMOS sensor) and thermal (uncooled VOx
microbolometer thermal sensor) sensors vary in their resolution, hence the image clarity variation.

Figure 21. Hourly ambient temperature (a) and relative humidity (b) for the four days included in the
assessment.

Figure 22. LoRaWAN water ("Twater”) and concrete (shaded represented as “Tconcreteshade” and sunny
represented as “Tconcretesun”) temperatures within the timespan of the flights. All plots contain a
dashed line at 30 °C for reference.

Figure 23. Hourly proportional material use within the pen for all flights.

Figure 24. The proportions of heat avoidance 