
Citation: Inman, V.L.; Leggett, K.E.A.

Hidden Hippos: Using

Photogrammetry and Multiple

Imputation to Determine the Age,

Sex, and Body Condition of an

Animal Often Partially Submerged.

Drones 2022, 6, 409. https://doi.org/

10.3390/drones6120409

Academic Editor: Felipe Gonzalez

Toro

Received: 29 November 2022

Accepted: 9 December 2022

Published: 12 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

drones

Article

Hidden Hippos: Using Photogrammetry and Multiple
Imputation to Determine the Age, Sex, and Body Condition of
an Animal Often Partially Submerged
Victoria L. Inman 1,* and Keith E. A. Leggett 2

1 Centre for Ecosystem Science, School of Biological, Earth and Environmental Sciences,
University of New South Wales Sydney, Sydney, NSW 2052, Australia

2 Fowlers Gap Arid Zone Research Station, University of New South Wales, Fowlers Gap, NSW 2880, Australia
* Correspondence: victoria.inman@outlook.com

Abstract: Demographic Information on threatened species is important to plan conservation actions.
Due to their aquatic lifestyle, the subtle nature of hippo sexual dimorphism, and their occurrence in
inaccessible areas, it is difficult to visually determine hippo ages and sexes. Previously, hippo body
lengths have been measured from drone images and used to estimate age. However, due to hippos’
propensity to be partially submerged, it is often difficult to obtain the required measurements. We
used the novel technique of multiple imputation to estimate missing body measurements. Further,
we explored if male and female hippos could be differentiated in drone images based on body
proportions, also examining body condition indices and how these varied seasonally. Multiple
imputation increased the number of hippos that we aged threefold, and the body lengths we obtained
fell within the range provided in literature, supporting their validity. We provide one of the first age
structure breakdowns of a hippo population not from culled hippos. Accounting for overall size,
males had wider necks and snouts than females. Hippo body condition varied seasonally, indicating
responses to resources and reproduction. We provide a new technique and demonstrate the utility of
drones to determine age and sex structures of hippo populations.

Keywords: photogrammetry; multiple imputation through chained equations; missing data; hippos;
demographics; drone

1. Introduction

For many threatened species, there is limited information on population sizes and
demographics (age structure, sex ratio, and rates of reproduction and death) [1]. Yet access
to demographic data is important for conservation management, as these data can indicate
population trends and resource availability [2,3], and because reproduction and death
influence population sizes [4]. Examining variations in an animal’s body condition can
also provide valuable information, by allowing for the assessment of how that animal is
responding to changes in the environment, as well as its life history (e.g., reproduction) [5,6].

The age of wild animals can rarely be accurately known and is instead often esti-
mated through direct observation of the size of animals or the development of certain
characteristics (e.g., skin colour in orangutan [7]). Direct observation allows researchers to
use their experience and judgement to age animals, although this results in a subjective
assessment. An alternative is to take measurements of certain body parts and compare to
a known relationship with age (e.g., teeth in elephant [8]). Total body length is regularly
used, given there is often a well-known, strong relationship between this variable and
age [9–13]. Sexing animals is often easier; however, for species that do not exhibit sexual
dimorphism, or where the dimorphism is subtle, this can also be difficult to determine in
the field. There are numerous ways to assess body condition of animals, though indices
should be length normalized given body measurements scale with overall body size [5,6].
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Field measurements of restrained or immobilised animals can be used to take body
measurements [14,15]; however, for some species, these methods are unfeasible [16,17].
Photogrammetry (measurements from images) is a viable alternative way to collect these
data [18] and has been used on a range of animal species (e.g., deer [17], pinnipeds [19],
elephants [20]) normally using handheld cameras. However, generally, even this method
requires researchers to be close to the animal. Recently, photogrammetry using images
collected from drones has been developed [5,6,15], taking advantage of the ability to
capture data without being near the animal. Orthomosaics (using many images that are
geometrically corrected to uniform scale) are preferred for photogrammetry as they have
reduced distortion [15]; however, measurements from single images are also acceptable,
especially when animals are unlikely to remain stationary [5,6,14,18].

It is not always possible to get the required body measurements from images, for
example if the animal is partially obscured. There are several ways missing data can be
dealt with; commonly, animals without the necessary measurements are removed from
subsequent analyses [21,22] or average measurements from other animals in the study
are used to replace the missing value [23]. An alternative approach, which is used in this
study, is multiple imputation through chained equations. Imputation is the process of
replacing missing data with values estimated based on other available data [24]. Multiple
imputation through chained equations is an extension of this, where missing data are
imputed numerous times until the datasets converge, which allows for uncertainty in the
imputed values to be accounted for [25].

In 2006, the conservation status of the common hippopotamus (Hippopotamus am-
phibius), hereafter called hippo, was raised from ‘Least Concern’ to ‘Vulnerable’ [26], with
hippos experiencing substantial declines in both numbers and geographical range [26,27].
Accurate data on the demographics of hippo populations are essential for effective con-
servation [26,28,29]. Due to their propensity to be at least partially submerged, and the
subtle nature of hippo sexual dimorphism, it is difficult to consistently and accurately
differentiate hippo age and sex categories [27,30–37]. Much of the current knowledge of
hippo demographics originates from studies of hippos that were culled, and the carcasses
collected and measured [38–41]. In these studies, jaw length, tooth eruption and wear
patterns, eye lens size, body weight, body length, and chest girth have been used to assign
hippos to 20 age classes. Actual ages (in years) were then assigned to these classes based
on the estimated ages of the oldest hippos and by comparison with a limited number
of animals of known age [38,40,42,43]. Most of the ageing methods used in anatomical
studies (e.g., tooth eruption) are impossible to implement in field studies; however, there is
potential to estimate body size in the field.

Given there is a known relationship between hippo body length and age [39,41,42,44,45],
that they often occur in inaccessible areas, and their dangerous nature [46–48], hippos appear
to be a suitable candidate for drone photogrammetry for ageing. Recently, Inman et al. [21]
used a drone to count hippos and assign them into three age classes (adult, subadult, juvenile)
based on their full length. However, even under ideal conditions, on average only 53%
of hippos were able to be measured and therefore assigned into age classes. Hippos were
also measured and assigned into age classes using a drone in the Democratic Republic of
Congo [49], and to overcome the challenge of assessing body length of partially submerged
hippos, these researchers chose to extrapolate length based on the approximate proportions
of head to back, acknowledging this was subjective. They flew multiple passes over the
same pod, and still often could not get measurements of all animals [49]. More recent work
in South Africa used drones to classify hippos into two age classes (adult, juvenile), but
detailed methodology was not provided and, therefore, we assume the authors made a
subjective decision based on size [50]. Neither project attempted to sex hippos from the
drone, though the latter did when conducting ground surveys, perhaps indicating these
were desired data but not possible for them to collect using the drone.

Accounting for the difficulty in obtaining full body length measurements of hippos,
the aim of this study was to establish a more reliable method to age hippos, even when
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they were partially submerged, by using photogrammetry from drone images and multiple
imputation. Further, we investigate the possibility of differentiating between adult females
and males on drone images based on body measurements, and in addition assess body
condition and how it varies seasonally by looking at length-to-width ratios. As far as we
can determine, this paper represents the first effort to use multiple imputation to improve
photogrammetry of animals, acknowledging that body length often cannot consistently be
measured, and the first paper to attempt to sex and assess the body condition of hippos
from a drone.

2. Materials and Methods
2.1. Study Area

This study was conducted within a 13.83 km2 section of floodplain within the Abu Con-
cession, a wildlife management area used for non-consumptive tourism, in the Okavango
Delta, located within northern Botswana (Figure 1). The Okavango Delta has a semi-arid
climate with rainy summers (October–April) and is subject to an annual flood event, with
the flood waters originating from the high rainfall areas in Angola and moving slowly down
the Okavango Delta with peak flood extent occurring in July–September [51–55]. Flooding
of the Okavango Delta does not correspond with local rainfall in the rainy season; the dry
season covers a high flood period initially, and then as the dry season progresses and the
flood extent reduces, a period of medium-to-low flood. Therefore, we distinguish three
seasons: the rainy season when the flood is low (hereafter referred to as “rainy season (low
flood)”), the dry season when flooding has peaked (“dry season (high flood)”), and the dry
season when flooding has begun to recede (“dry season (med-low flood)”). The onset of
the rainy season varies yearly, and we categorised it as beginning with the first rains over
10 mm and ending with the last rains of the season. This study was conducted between
22 November 2017 and 19 October 2018, with the 2017 dry season (med-low flood) period
occurring from October until 6 December 2017, the rainy season (low flood) occurring from
6 December 2017 until 31 March 2018, the dry season (high flood) occurring from July until
September 2018, and the 2018 dry season (med-low flood) period occurring from September
to 21 October 2018.
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2.2. Image Collection

Using a drone, we surveyed for hippos in all lagoons >0.001 km2 in size within
the study area (Figure 1), with anything less than this considered unsuitable for hippos.
This was a conservative threshold to disregard lagoons, given Amoussou et al. [56] did
not observe hippos in lagoons smaller than 0.2 km2. In this study, the smallest lagoon
occupied by a hippo (and only one solitary hippo once) was 0.0016 km2, with the next
smallest occupied lagoon comprising 0.0034 km2, providing support for the threshold
value. Suitable lagoons were identified from high-resolution drone imagery orthomosaics
(refer to [57] for more information). We flew over the lagoons a total of 12 times (four times
each season), each flight being two weeks (±1 day) after the previous.

We used a multirotor DJI Phantom 4™ (4K-quality video, 12.4 MP photo, aperture
of f/2.8 [58]) (DJI, Shenzhen, China), with a three-axis gimbal to stabilise the camera, and
the drone controlled by a GPS-stabilised system. We recorded videos using the automatic
ISO and shutter speed, which varied to promote neutrally exposed images. The camera’s
sensor width was 6.2 mm and focal length was 3.61 mm [59]. The drone calculates it height
relative to the launch location using barometric sensors, so we launched the drone in an
area with similar altitude to the survey area to ensure the correct flight height. Flights were
conducted under UNSW’s Animal Care and Ethics Committee (ACEC Number 17/75A);
Australian Government Civil Aviation Safety Authority (Remote Pilot Licence 1023529);
Civil Aviation Authority of Botswana (Remotely Piloted Aircraft Certificate Number RPA
(H) 147); and The Republic of Botswana Ministry of Environment, Wildlife, and Tourism
(Research Permit EWT 8/36/4 XXXIII (55)).

Outlines of the lagoons were imported into the DroneHarmony app (www.droneharmony.
com (accessed on 12 November 2017)), which was used to control the drone flight during
surveys. The app automatically calculated the flight routes for each lagoon to ensure the
entire lagoon was captured on video with a horizontal overlap of 10% based on a height of
40 m (based on optimal flight height for surveying hippos described in [21]) and camera
facing directly downward. Hippos made no obvious changes in their behaviour and did
not appear to be disturbed by the drone at this height. The drone was programmed to
fly (10 km/h) in transects over the lagoon, whilst continuously recording video. Video
was chosen rather than still images to increase the likelihood of noticing hippos that were
momentarily surfacing, as well as improving our ability to capture hippos in a suitable
posture for measuring (as done for cetaceans in [6]). The optimal flight direction calculated
by the app was used, except for two lagoons that were elongated and where flight direction
was set for shorter transects, which allows for easier video review. The drone was operated
at a minimum of 100 m from the edge of the lagoons, out of line of sight of the hippos,
to avoid disturbing them. If several lagoons were in proximity, they were flown over in
the same flight; otherwise, the drone was landed and then relaunched closer to the next
lagoon. Surveys were conducted between 10:00 and 14:30, the optimal time determined by
Inman et al. [21], except for four lagoons located near tourist lodges where flights occurred
as close to optimal times as possible but varied with guest activities.

2.3. Photogrammetry, Multiple Imputation, and Analysis

We calculated the ground sampling distance (GSD), which represents the size of pixels,
based on Equation (1):

GSD = sensor width × flight height/focal length × image width (1)

This was calculated for each image with height set as 40 m, and image width as 3840
or 4096 pixels (dependent on video settings used). Measuring an object of known length is
a standard way of assessing the accuracy of a calculated GSD [6], and we did this using a
30 cm × 30 cm tile (see Supplementary Text S1 for details). Tile measurements obtained
from drone images ranged from 29.83 cm to 30.14 cm, and we deemed this accurate enough
and therefore did not correct measurements taken from the drone.

www.droneharmony.com
www.droneharmony.com


Drones 2022, 6, 409 5 of 18

To measure the hippos from the drone images, we used the ‘snapshot’ function of
VLC media player [60] to obtain one still image of every hippo visible in each video, by
looking for instances where (from most to least important) the following occurred: most of
the hippos’ body was visible, the hippo was in a ‘natural’ resting position (stretched out
with its head parallel to the water and head, neck, and body in straight alignment), and in
the centre of the image. Individual images were imported into ImageJ [61], the ‘set scale’
function was used to input the GSD for that image and the ‘straight line’ function was used
to take seven body measurements: back length (base of tail to neck fold), neck length (neck
fold to back of ears), head length (back of ears to end of snout), body width (widest part
of back), neck width (widest part of neck), forehead width (widest part between eyes and
ears), and snout width (widest part of snout) (Figure 2). We only measured when the body
part was clearly visible and were confident that measurements would be accurate.
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Figure 2. Seven body measurements were taken from drone images during surveys for hippopotamus
(Hippopotamus amphibius) between 22 November 2017 and 19 October 2018 within the Abu Concession
in the Okavango Delta: (a) back length (base of tail to neck fold), (b) neck length (neck fold to back of
ears), (c) head length (back of ears to end of snout), (d) body width (widest part of back), (e) neck
width (widest part of neck), (f) forehead width (widest part between eyes and ears), and (g) snout
width (widest part of snout).

We tentatively assigned the sex of some adult hippos based on their spatial relationship
with conspecifics. Hippos that were solitary (either alone in a lagoon or >100 m from another
hippo) were assigned as adult males [30,41,62], and hippos with juveniles resting on them
as adult females [63]. No attempt was made to sex subadult or juvenile hippos given that
the sexual dimorphism at this age is more cryptic [31].

The resulting dataset had numerous missing measurements, where hippos were par-
tially submerged, or image quality was insufficient to take either some or all measurements.
Missingness patterns were investigated using the md.pattern function, and multiple im-
putation by chained equations was conducted to impute missing values using the mice
function (MICE package [25]). We used a predictive mean matching method and set the
number of multiple imputations as 70 and number of iterations as 50. We chose the number
of imputations using the rule of thumb that it should be similar to the percentage of incom-
plete cases [64] and the number of iterations by examining trace plots to ensure variables
converged. The imputations were inspected using the densityplot and plot functions. All
seven body measurements were used as predictors for all other variables. Hippos with
no measurements (i.e., completely submerged but still identifiable as hippos), as well as
hippos that had two or fewer measurements, were excluded from imputation. However,
hippos with only back length and/or body width measurements were retained, given that
these were strong predictors of total length on their own.
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The imputations were averaged to obtain one dataset and the total length of each
hippo was calculated by adding the back, neck, and head lengths. Averaging the results
of multiple imputation datasets is generally not recommended as it reduces the level of
variation when performing regression [24], so while we used the averaged dataset when
examining the total length for each hippo, we used all imputations for regression. We
calculated the amount of variation (R2) in total length that was explained by each of the
seven body measurements by fitting linear regression models (lm function) separately for
each measurement for both the measured and imputed data (using the pool function on
all imputations). Body measurements were log transformed to achieve normality. The
data almost certainly represent repeated measurements of the same individuals, though
a lack of individual identification restricted our ability to account for this. Hereafter, we
refer to “measured data” and “imputed data” to differentiate between the original dataset
of actual measurements (with missing values) and the averaged imputed dataset (with
missing values imputed).

For both measured and imputed data, hippos were assigned ages based on their
total length. Martin [45] provides an equation to calculate age from body length, also
providing the range of body lengths for each year of age, separately for male and female
hippos (referred to as sex-dependent age/length relationship), where both sexes have the
same total length for the first eight years and then diverge (with males being larger than
females of equivalent age) (Supplementary Table S1). Unable to differentiate between
adult males and females, we averaged the total lengths (referred to as averaged age/length
relationship) (Supplementary Table S1). The difference in the size of the sexes increases
with increasing age; therefore, averaging is likely to result in ageing errors only in older
adults, and only adding a maximum error of four years. Based on the given ages, hippos
were assigned to three age classes (juveniles, subadults, and adults), with hippos greater
than four years old assigned as adults (given the lower-end estimates of age of sexual
maturity [42,65–72]), hippos two to four years old were categorised as subadults and
hippos less than two years old were categorised as juveniles (hippos produce a calf about
once every 1.5–2 years [38,69]).

To determine if there was scope for male and female hippos to be differentiated
in drone images, we examined if they had significantly different body proportions, by
fitting linear regression models separately for each of the seven measurements, with sex
(assigned based on spatial relationships) as an explanatory variable, as well as total length
(to control for the fact that male hippos are larger overall). For this analysis, we used only
the measured data (not imputed). To account for multiple testing, p values were adjusted
using the p.adjust function (method = “BY”), which controls the false discovery rate [73].

To assess hippo body condition, we used the ratio of each width measurement (body
width, neck width, forehead width, snout width) to total length, only using measured (not
imputed) data. There were insufficient numbers of juveniles, subadults, adult females,
or adult males to analyse body condition for these groups, so we only calculated body
condition for non-sexed adult hippos. We examined how body condition varied seasonally,
by fitting separate linear models for each width-to-length ratio, with the ratio as the
response variable and season as the explanatory variable.

All statistics were conducted in R version 3.5.2 [74]. Means are reported ± standard
error.

2.4. Validating Methods

To test the validity of using body length measurements from drone images to assign
ages, and how multiple imputation of missing data might affect this, we applied the method
to hippos of known age class/sex. On 14 August 2018, we visually assigned all hippos
within a lagoon into three age classes (juveniles, subadults, and adults) using the method
described in Inman et al. [21]. In addition, adults were classified as females using the above
method (also tentatively recorded as females if a subadult was resting on them) [63]. Adult
males were identified by their large size, having substantially larger necks and heads than
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females, and with larger canines (visible when yawning), which results in a bulge behind
their nostrils when their mouth is closed [27,31,43,75,76]. Once the visual assessment was
complete, we took drone images of each hippo and calculated the same measurements
as earlier, ageing each hippo using the average age/length relationship, as well as the
sex-dependent relationship where possible. The age classes assigned from drone images
were then compared to those we assigned visually. We then tested the accuracy of multiple
imputation by randomly removing body measurements from the validation dataset using
the sample function, based on the percentage that each body measurement was missing
from the main dataset. This incomplete validation dataset was then joined to the measured
dataset from the previous section and multiple imputation rerun using the same inputs as
before. Ages and age classes were assigned based on the imputed body lengths.

3. Results

In total, 576 hippos were detected in drone videos (see Supplementary Table S2 for
details on each flight). We were unable to take any of the seven body measurements for
11.8% of these hippos. For the remaining hippos, the number of body measurements able
to be taken varied, with only 18.6% of hippos having all seven body measurements. Back
length was the measurement most often missing, and forehead width was the most common
measurement (Table 1). There were 141 hippos for which back, neck, and head length
measurements were available, and therefore, the total length could be calculated. After
removing hippos with no measurements (68) and hippos with two or fewer measurements
(57), 451 hippos were included in the imputation. Density plots suggested relatively good
fit of the imputed data, though imputed values for back length, body width, neck length,
and neck width showed some shifting distribution patterns to lower values compared to
the measured data (Supplementary Figure S1). For both datasets (measured and imputed),
total length was most strongly correlated with back length followed by body width (Table 1
and Supplementary Figure S2). The order of the remaining measurements varied between
the measured and imputed datasets, though neck width and length were the poorest
predictors of total length in both datasets (Table 1 and Supplementary Figure S2). Hippo
length ranged from 109 to 354 cm (Figure 3), which corresponds to the full hippo age range
(<one year old to 45 years old) using the average age/length relationship. Of the 141 hippos
for which total length could be calculated from the measured data, 5.7% were juveniles,
7.8% subadults, and 86.5% adults (Figure 3). Using the imputed data, this changed to 13.3%
juveniles, 14.4% subadults, and 72.3% adults (Figure 3).

Table 1. Percentage of each hippopotamus (Hippopotamus amphibius) body measurement missing and
variation in total length (R2) explained by each measurement (all log transformed) for measured and
imputed data collected during surveys between 22 November 2017 and 19 October 2018 within the
Abu Concession in the Okavango Delta.

Variable % Missing R2 Measured R2 Imputed

log(Back length) 68.7 0.95 0.95
log(Neck length) 44.1 0.61 0.72
log(Head length) 9.6 0.67 0.77
log(Body width) 65.7 0.83 0.84
log(Neck width) 43.9 0.63 0.72

log(Forehead width) 6.3 0.70 0.75
log(Snout width) 26.6 0.71 0.76
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Figure 3. Frequency histogram of hippopotamus (Hippopotamus amphibius) (a) total length and (b) age
for measured data (light grey) and imputed data (dark grey) and table of number and percentage
of hippos in each age class, from data collected during surveys between 22 November 2017 and
19 October 2018 within the Abu Concession in the Okavango Delta. Vertical lines indicate age classes.

Of the 53 hippos that were assigned as adult males (28) and females (25) based on
their spatial relationship with other hippos, 13 males and 9 females were missing at least
one length measurements and therefore had to have values imputed; they were all correctly
classified as adults based on the imputed values. All seven body measurements were
obtained for 24 (45.3%) of the adult male and female hippos. After accounting for total
length, male hippos had significantly wider necks (t23 = 4.114, BY adjusted p = 0.006) and
snouts (t22 = 3.977, BY adjusted p = 0.006) than female hippos (Figure 4). There were no
significant differences in back length, neck length, head length, body width, or forehead
width (all p > 0.05) between the sexes after controlling for total length (Figure 4). The largest
adult male we measured (354.4 cm) was slightly smaller than the maximum size given for
adult males (359 cm), as was the largest adult female (338.4 cm, maximum size 343 cm).
Average measurements for male and female adult hippos are presented in Supplementary
Table S3. Using the sex-dependent age/length relationship, adult males were on average
25 years old (range 11–42) with adult females on average 16 years old (range 4–42). Based
on the measurements, we tentatively assigned hippos in the complete dataset as adult
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males if they had measurements that were one standard deviation bigger than the largest
female measurement or were larger than the upper total length measurement of females
(343 cm [45]). This resulted in 23 hippos being assigned as male, of which 17 were ‘new’
males (i.e., were not assigned as males based on their spatial relationships to other hippos).
None of the hippos that were assigned as male based on their size were assigned female
based on their spatial relationships.
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The ratio of body width to total length for adult hippos varied significantly with
season (F2,104 = 8.303, p < 0.001), being lower (i.e., leaner) in the rainy season (low flood)
than the semi-dry season (high flood) (p < 0.001) and dry season (med-low flood) (p = 0.034)
(Figure 5). The other width ratios did not significantly change with season: neck width to
total length ratio (F2,114 = 1.036, p = 0.358), forehead width to total length ratio (F2,119 =
1.714, p = 0.185), and snout width to total length ratio (F2,104 = 1.356, p = 0.262).
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Figure 5. Violin and boxplots (means shown by white circles) showing seasonal changes in adult
hippopotamus (Hippopotamus amphibius) body condition (body width:total length) using data collected
during surveys between 22 November 2017 and 19 October 2018 within the Abu Concession in the
Okavango Delta. Significant post hoc pairwise comparisons identified by asterisks (*, p-value ≤ 0.05;
***, p-value ≤ 0.001).

For the validation, we visually assigned age classes to all 11 hippos in the lagoon, and
these matched the age classes calculated from drone measurements (Table 2). The ages
calculated based on the average age/length relationship ranged from less than 1 to 38,
and reassigning these based on the sex-dependent relationship (where possible) changed
them by up to three years. Two adults were flagged as potential males based on the drone
measurements of their neck width and length and snout width (which were more than one
standard deviation bigger than the largest female measurement in this study), with one
visually confirmed as an adult male at the time and the other likely to be a male, given
that we confirmed that there were two adult males in this pod four days later (personal
observation). After randomly removing body measurements and imputing new values,
assigned ages changed by up to two years, with only one hippo incorrectly reassigned as to
a different age class (subadult to juvenile).
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Table 2. Total length, age, age classes, and sexes assigned to hippopotamus (Hippopotamus amphibius) using visual assessment, measured data from drone images,
and from imputation. Note that imputed length, age, and age class are absent for hippos 1, 4, and 7 as randomly removed values did not affect back, neck, or
head length for these hippos. Hippo 8 was the only hippo misclassified using imputed data. Data collected on 14 August 2018 within the Abu Concession in the
Okavango Delta.

Hippo Total Length (cm) Age Age Class

Measured Imputed Measured
(Average)

Measured
(Sex-Dependent) Imputed Visual Measured Imputed

1 338.87 38 35 Adult male

Adult (potential male):
neck width 70.3 cm
neck length 54.5 cm
snout width 50.0 cm

2 317.82 313.73 27 - 25 Adult Adult (potential male):
snout width 49.2 cm Adult

3 296.80 296.15 16 17 16 Adult female Adult Adult

4 295.40 15 16 Adult female Adult

5 323.25 323.58 30 33 30 Adult (likely female) Adult Adult

6 300.06 299.49 18 19 17 Adult (likely female) Adult Adult

7 264.11 7 - p Adult Adult

8 194.68 178.71 2 - 1 Subadult Subadult Juvenile

9 184.62 196.97 2 - 2 Subadult Subadult Subadult

10 134.26 135.17 <1 - <1 Juvenile Juvenile Juvenile

11 121.86 122.90 <1 - <1 Juvenile Juvenile Juvenile
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4. Discussion

In this paper, we show that drones provide a viable and effective solution for determin-
ing hippo age through body measurements. We demonstrate the use of a novel technique
(multiple imputation) for photogrammetry when not all body measurements are available,
increasing the number of hippos that we were able to age from 24 to 78%. We explore the
use of photogrammetry to differentiate males from females, important for an animal with
subtle sexual dimorphism, and show that body condition of animals can be assessed using
drones, which is valuable when determining resource availability in their environment.

The body lengths we obtained from drone images fall within the published range
obtained from culled hippos [39,42], providing support to their validity. Further, measuring
an object of known size from the drone provided similar values to the true size, providing
a high level of confidence in subsequent measurements of hippos using this technique.
There was agreement when comparing hippos of visually assigned age class/sex to those
assigned from drone images. A confirmed adult male was identified as such from the
drone images based on neck and snout measurements, and two confirmed females and two
likely females had body measurements consistent with adult females, though these could
also describe young males. Further, the random removal and subsequent imputation of
values for the validation pod demonstrated the validity of imputed data; only 1 hippo out
of 11 was incorrectly assigned to the wrong age class. For the remaining hippos, there was
minimal difference between ages based on imputed length and those from measured length.
Inaccurate ageing will mainly occur in adults, as small changes in length correspond
to larger changes in age, though the age class of ‘adult’ is likely to remain. Previous
research [49] did not attempt to validate drone-assigned age classes or confirm drone
measurements against an object of known size, with other researchers [50] subjectively
ageing hippos.

It was rare to obtain all seven body measurements for hippos, and the probability
of obtaining a measurement varied with body part. Due to their common posture of
resting with their head above water whilst submerging their body, head measurements
were more frequent, although snout width was often missing. We were generally less
confident taking ‘width’ measurements, and therefore irregularly recorded them, as there
were fewer indicators that the body part was fully exposed. In contrast, all three length
measurements (back, neck, and head length) had obvious indicators: the base of the tail,
neck fold, ears, and nostrils. Therefore, missing length measurements are more likely
related to hippo posture (e.g., a hippo with only its head and neck above water). There can
be a high level of uncertainty and therefore inaccuracy associated with manual detection
of the edge of an animal’s body, especially when water disturbance and turbidity distort
the body outline [5,6]. We attempted to minimise this by only measuring hippos when
we were confident their bodies were clearly exposed. There is generally good consistency
between measurements taken of the same animal by different observers (e.g., sea lions [77]
or whales [78]), though it would be valuable to investigate this specifically for hippos, given
the abovementioned lack of clear exposure. Back length had the highest correlation with
total length, which is logical given that it is the largest measurement included in the total
length calculation, but it was also the measurement most often missing. Neck measurements
had the lowest correlation (despite neck length’s inclusion in the calculation of total length)
probably because postural changes of extending and contracting the neck can change both
the width and length significantly. Lhoest [49] also suggested changes in posture and
body spread may have affected body measurements. Multiple imputation allowed us to
increase the number of hippos that we could assign ages to threefold. Imputing body length
measurements appears to be an acceptable compromise when data are limited. However, if
accuracy and completeness are priorities, then multiple flights could be conducted until all
length measurements for all hippos are obtained, though this would be a resource-intensive
process.

This paper represents the first attempt to differentiate male and female hippos using
drone measurements. Male hippos are known for their large size [76], and this was con-
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firmed in our study, with all body measurements being, on average, bigger for males than
females. However, only neck width and snout width were significantly larger once the
effect of total size was accounted for, a result similar to that found in culled hippos where
male hippos had larger neck girth and jaw size than female hippos after accounting for
total size [79]. The smallest adult female (as determined by the presence of a juvenile) we
measured was four years old, and this supports estimates of age of puberty as being much
earlier (3–4 years old [67,69,80]) than sometimes suggested (7–15 years old [38,40]). There
were another four adult females (with juveniles) younger than seven. Assigning hippos
as male or female based on their spatial relationship to other hippos is not infallible. It is
unlikely, though possible, that a male hippo could have a juvenile resting on them, and
therefore be incorrectly assigned as female. Likewise, females may distance themselves
from their pod prior to giving birth [81], which would have them incorrectly assigned as
male. Males were assigned due to being solitary, and probably represent hippos that were
ejected from pods, were not strong enough to defend territories, or were trying to establish
a new territory [31,76,82]; given this, we indirectly excluded dominant bulls that occurred
within a pod. Peripheral males are smaller than their dominant counterparts [41], suggest-
ing our results are conservative in terms of difference between adult males and females.
Further sampling with visual confirmation of sexes could improve our understanding of
the body size/sex relationship, increasing our confidence and ability to determine threshold
values above which certain measurements must belong to an adult male.

Our results provide one of the first classifications of the relative age structure (actual
ages rather than just age classes) of a free-living hippo population. Previous age data
have generally been collected from culled hippos and there were likely inherent biases;
for example, younger and smaller animals are more difficult to shoot and recover and
hunters tended to focus on large pods that were likely to include more females than
males, meaning these age classes/sexes are likely to be under/over-represented in samples,
respectively [38,43,83]. Our results show this under-representation of young hippos in
culling studies; we calculated that 13.5% and 14.6% of the population were juveniles and
subadults (using imputed data), respectively, compared to 2.4–2.7% and 0.6–2.4% of culled
hippos [40,83]. Examining the age classes from the measured data, most hippos were
adults, with similar numbers of juveniles and subadults, but the relative percentage of both
juveniles and subadults increased based on the imputed data. This suggests that younger
hippos were disproportionately more likely to be missing measurements, probably due to
their smaller size, which means they are often more submerged and therefore less visible,
in addition their propensity to submerge quicker than adults when disturbed [50]. This
pattern was also noted by Inman et al. [21], where more juveniles and subadults were able
to be identified from their land surveys compared to drone surveys, because they were
often not able to get full body length measurements from the drone. The percentage of
hippos in each age class, for both the measured and imputed data, fall within the range
of values reported elsewhere [30,36,63,84–90]. Further discussion of hippo demographic
structure based on these data can be found in Inman [57].

We expected hippos would be in better condition (greater body width to total length
ratio) during the rainy season, owing to more abundant and better-quality graze [91,92];
however, adult hippos were leanest in this season. This may be because the rainy season
is when most female hippos give birth [38], with poorer body condition potentially due
to the cost of reproduction (e.g., lactation), a pattern consistent with that seen in mature
whales [5,93]. Further, hippos may have been larger in the other seasons due to the presence
of large pregnant females. Seasonal changes were not apparent when examining indices
for other width measurements (snout, forehead, neck), indicating that these perhaps are
not fat deposit areas, and emphasizing the body width to total length ratio as a valid body
condition index for hippos. Similar patterns (where seasonal changes in condition were not
homogenous across the body) have been noted in whales, with no evidence of a seasonal
change for measurements not associated with fat storage (e.g., the head) [5,93]. Given the
variation, time of year should be considered when investigating hippo body condition,
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perhaps avoiding the peak birthing period when the female body condition may be less
related to resource availability. There are no existing body condition scoring systems for
hippos [94], nor research detailing fat distribution in hippos, to corroborate our findings.

A detailed examination of how ageing and sexing hippos using drones compares to
other methods is outside the scope of this study, although we briefly discuss the advantages
and disadvantages of various methods here. Historically, the ages and sexes of hippos
have been determined through direct observation [31] and examining carcasses [41]. Visual
assessment or photogrammetry using camera traps is also an option, although it does
not appear to have been previously used; handheld cameras are unlikely to be suitable
given the dangerous nature of hippos. Importantly, both drones and camera traps allow
researchers to remain at a safe distance from hippos when collecting data. Further, drones
can be used in areas that are otherwise inaccessible by vehicle, unlike direct observation or
camera traps. Drones also allow for surveys of multiple lagoons within a short period of
time, whereas for direct observations, researchers are required to move between areas each
time and using camera traps, researchers must predict where hippos are likely to be. It is
easy to examine large groups of hippos using the drone as the birds-eye view allows for
individuals within the middle of the pod to be identified. Although drones and associated
software can be prohibitively expensive, the drone used in this study was small, relatively
affordable, and commercially available, and we used open access software. However,
drone flying is a skill that requires training and permits. While camera traps can also be
costly, direct observation requires very little equipment. Photogrammetry from camera trap
images can be used to age hippos, although it requires the additional step of determining
the distance the animal is from the camera. Alternatively, both camera traps and direct
observation allow for the subjective assessment of ages and sexes, which can be valuable if
researchers can distinguish subtle differences. However, for many researchers, an objective,
repeatable method to age and sex hippos is desired, and drone photogrammetry allows
for this.

5. Conclusions

Drones are generally well regarded as a valuable tool for non-invasive monitoring
of wildlife [95–97], including hippos [21,49,57,98–101]. This paper expands on the current
use of drones generally just to count hippos, by demonstrating that it can also provide
accurate estimates of hippo demographic structure and body condition, even under difficult
conditions when hippos are partially submerged. For hippos, there is limited opportunity
to collect these data on the ground given their dangerous nature and occurrence in difficult
to access areas [102–104]. Drones provide an alternative method, with low impact on hip-
pos [21] and improving the safety for people involved. Regular collection of demographic
data would allow for temporal changes to be tracked, with these data acting as an indicator
of the health of the population for this threatened species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/drones6120409/s1, Text S1: Assessing the accuracy of GSD
calculated for drone images; Table S1: Relationship between total length and age for male and female
hippos. Averaged lengths and demographic classes added; Table S2: Number of lagoons surveyed
(i.e., had surface area > 0.001 km2) and occupied by hippos, and number of hippos counted in the
study area for the 12 surveys; Figure S1: Density plots comparing measured data (blue) to multiple
imputations (red); Figure S2: Linear relationships between body measurements (log transformed)
and total length for measured data. Table S3: Average age (years) and body measurements (cm) with
standard deviation for adult male and female hippos (assigned based on spatial relationships), with
range in brackets. Ages calculated based on the sex-dependent relationship.

Author Contributions: Conceptualization, V.L.I. and K.E.A.L.; methodology, V.L.I.; software, V.L.I.;
validation, V.L.I.; formal analysis, V.L.I.; investigation, V.L.I.; resources, K.E.A.L.; data curation,
V.L.I.; writing—original draft preparation, V.L.I.; writing—review and editing, V.L.I. and K.E.A.L.;
visualization, V.L.I.; supervision, K.E.A.L.; project administration, V.L.I. and K.E.A.L.; funding
acquisition, K.E.A.L. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/drones6120409/s1
https://www.mdpi.com/article/10.3390/drones6120409/s1


Drones 2022, 6, 409 15 of 18

Funding: This research received no external funding.

Data Availability Statement: Data and code are available from the corresponding author on reason-
able request.

Acknowledgments: Thanks to Elephants Without Borders for hosting and supporting the study, the
Botswana Ministry of Environment, Wildlife, and Tourism for allowing us to conduct this research.
Further, we thank Fly UAS for sponsoring Remote Pilot Licence training, Keboditse “CK” Mboroma
for his assistance in the field, and Wilderness Safaris and staff at Abu and Seba Camps.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scheele, B.C.; Legge, S.; Blanchard, W.; Garnett, S.; Geyle, H.; Gillespie, G.; Harrison, P.; Lindenmayer, D.; Lintermans, M.;

Robinson, N.; et al. Continental-Scale Assessment Reveals Inadequate Monitoring for Threatened Vertebrates in a Megadiverse
Country. Biol. Conserv. 2019, 235, 273–278. [CrossRef]

2. DeMars, C.A.; Gilbert, S.; Serrouya, R.; Kelly, A.P.; Larter, N.C.; Hervieux, D.; Boutin, S. Demographic Responses of a Threatened,
Low-Density Ungulate to Annual Variation in Meteorological and Phenological Conditions. PLoS ONE 2021, 16, e0258136.
[CrossRef] [PubMed]

3. Hays, G.C.; Taxonera, A.; Renom, B.; Fairweather, K.; Lopes, A.; Cozens, J.; Laloë, J.O. Changes in Mean Body Size in an
Expanding Population of a Threatened Species. Proc. R. Soc. B Biol. Sci. 2022, 289, 20220696. [CrossRef] [PubMed]

4. Tauler, H.; Real, J.; Hernández-Matías, A.; Aymerich, P.; Baucells, J.; Martorell, C.; Santandreu, J. Identifying Key Demographic
Parameters for the Viability of a Growing Population of the Endangered Egyptian Vulture Neophron Percnopterus. Bird Conserv.
Int. 2015, 25, 426–439. [CrossRef]

5. Christiansen, F.; Dujon, A.M.; Sprogis, K.R.; Arnould, J.P.Y.; Bejder, L. Noninvasive Unmanned Aerial Vehicle Provides Estimates
of the Energetic Cost of Reproduction in Humpback Whales. Ecosphere 2016, 7, 1–18. [CrossRef]

6. Burnett, J.D.; Lemos, L.; Barlow, D.; Wing, M.G.; Chandler, T.; Torres, L.G. Estimating Morphometric Attributes of Baleen Whales
with Photogrammetry from Small UASs: A Case Study with Blue and Gray Whales. Mar. Mamm. Sci. 2019, 35, 108–139. [CrossRef]

7. Kuze, N.; Malim, T.P.; Kohshima, S. Developmental Changes in the Facial Morphology of the Borneo Orangutan (Pongo
Pygmaeus): Possible Signals in Visual Communication. Am. J. Primatol. 2005, 65, 353–376. [CrossRef]

8. Laws, R.M. Age Criteria for the African Elephant: Loxodonta Africana. Afr. J. Ecol. 1966, 4, 1–37. [CrossRef]
9. Cherdsukjai, P.; Buddhachat, K.; Brown, J.; Kaewkool, M.; Poommouang, A.; Kaewmong, P.; Kittiwattanawong, K.; Nganvong-

panit, K. Age Relationships with Telomere Length, Body Weight and Body Length in Wild Dugong (Dugong Dugon). PeerJ 2020,
8, e10319. [CrossRef]

10. Masoud, I.; Shapiro, F.; Kent, R.; Moses, A. A Longitudinal Study of the Growth of the New Zealand White Rabbit: Cumulative
and Biweekly Incremental Growth Rates for Body Length, Body Weight, Femoral Length, and Tibial Length. J. Orthop. Res. 1986,
4, 221–231. [CrossRef]

11. Norgaard, N.; Larsen, B.H. Age Determination of Harbour Seals Phoca Vitulina by Cementum Growth Layers, X-Ray of Teeth,
and Body Length. Dan. Rev. Game Biol. 1991, 14, 18–32.

12. Lubetkin, S.C.; Zeh, J.E.; George, J.C. Statistical Modeling of Baleen and Body Length at Age in Bowhead Whales (Balaena
Mysticetus). Can. J. Zool. 2012, 90, 915–931. [CrossRef]

13. Fudala, K.; Bialik, R.J. Breeding Colony Dynamics of Southern Elephant Seals at Patelnia Point, King George Island, Antarctica.
Remote Sens. 2020, 12, 2964. [CrossRef]

14. Bell, C.M.; Hindell, M.A.; Burton, H.R. Estimation of Body Mass in the Southern Elephant Seal, Mirounga Leonina, by Photogram-
metry and Morphometrics. Mar. Mamm. Sci. 1997, 13, 669–682. [CrossRef]

15. Allan, B.M.; Ierodiaconou, D.; Hoskins, A.J.; Arnould, J.P.Y. A Rapid UAV Method for Assessing Body Condition in Fur Seals.
Drones 2019, 3, 24. [CrossRef]

16. Weisgerber, J.N.; Medill, S.A.; McLoughlin, P.D. Parallel-Laser Photogrammetry to Estimate Body Size in Free-Ranging Mammals.
Wildl. Soc. Bull 2015, 39, 422–428. [CrossRef]

17. Smith, A.F.; Bongi, P.; Ciuti, S. Remote, Non-Invasive Photogrammetry for Measuring Physical Traits in Wildlife. J. Zool. 2021,
313, 250–262. [CrossRef]

18. Berger, J. Estimation of Body-Size Traits by Photogrammetry in Large Mammals to Inform Conservation. Conserv. Biol. 2012, 26,
769–777. [CrossRef]

19. Meise, K.; Mueller, B.; Zein, B.; Trillmich, F. Applicability of Single-Camera Photogrammetry to Determine Body Dimensions of
Pinnipeds: Galapagos Sea Lions as an Example. PLoS ONE 2014, 9, e101197. [CrossRef]

20. Shrader, A.M.; Ferreira, S.M.; van Aarde, R.J. Digital Photogrammetry and Laser Rangefinder Techniques to Measure African
Elephants. South Afr. J. Wildl. Res. 2006, 36, 1–7.

21. Inman, V.L.; Kingsford, R.T.; Chase, M.J.; Leggett, K.E.A. Drone-Based Effective Counting and Ageing of Hippopotamus
(Hippopotamus Amphibius) in the Okavango Delta in Botswana. PLoS ONE 2019, 14, 1–16. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biocon.2019.04.023
http://doi.org/10.1371/journal.pone.0258136
http://www.ncbi.nlm.nih.gov/pubmed/34624030
http://doi.org/10.1098/rspb.2022.0696
http://www.ncbi.nlm.nih.gov/pubmed/35673864
http://doi.org/10.1017/S0959270914000392
http://doi.org/10.1002/ecs2.1468
http://doi.org/10.1111/mms.12527
http://doi.org/10.1002/ajp.20121
http://doi.org/10.1111/j.1365-2028.1966.tb00878.x
http://doi.org/10.7717/peerj.10319
http://doi.org/10.1002/jor.1100040211
http://doi.org/10.1139/z2012-057
http://doi.org/10.3390/rs12182964
http://doi.org/10.1111/j.1748-7692.1997.tb00090.x
http://doi.org/10.3390/drones3010024
http://doi.org/10.1002/wsb.541
http://doi.org/10.1111/jzo.12858
http://doi.org/10.1111/j.1523-1739.2012.01896.x
http://doi.org/10.1371/journal.pone.0101197
http://doi.org/10.1371/journal.pone.0219652
http://www.ncbi.nlm.nih.gov/pubmed/31805046


Drones 2022, 6, 409 16 of 18

22. Taylor, J.; Freedman, L.; Oliver, T.J.; McCluskey, J. Morphometric Distances between Australian Wild Rabbit Populations. Aust. J.
Zool. 1977, 25, 721–732. [CrossRef]

23. Poolea, W.E.; Carpenterb, S.M.; Simmsa, N.G. Multivariate Analyses of Skull Morphometrics from the Two Species of Grey
Kangaroos, Macropus Giganteus Shaw and M. Fuliginosus (Desmarest). Aust. J. Zool. 1980, 28, 591–605. [CrossRef]

24. Van Buuren, S. Flexible Imputation of Missing Data, 2nd ed.; Chapman and Hall/CRC: Boca Raton, FL, USA, 2018.
25. Van Buuren, S.; Groothuis-Oudshoorn, K. Mice: Multivariate Imputation by Chained Equations in R. J. Stat. Softw. 2011, 45, 1–67.

[CrossRef]
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