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Abstract: Despite growing interest in using lightweight unmanned aerial systems (UASs) for ecologi-
cal research and conservation, review of the operational aspects of these evolving technologies is
limited in the scientific literature. To derive an objective framework for choosing among technologies
we calculated efficiency measures and conducted a data envelopment productivity frontier analysis
(DEA) to compare the efficacy of using manned aircraft (Cessna with Aviatrix triggered image capture
using a 50 mm lens) and UAS (Mavic Pro 2) for photogrammetric monitoring of restoration efforts in
dynamic braided rivers in Southern New Zealand. Efficacy assessment was based on the technologi-
cal, logistical, administrative, and economic requirements of pre (planning), peri (image acquiring)
and post (image processing) phases. The results reveal that the technological and logistic aspects
of UASs were more efficient than manned aircraft flights. Administratively, the first deployment
of UASs is less efficient but was very flexible for subsequent deployment. Manned aircraft flights
were more productive in terms of the number of acquired images, but the ground resolution of those
images was lower compared with those from UASs. Frontier analysis confirmed that UASs would be
economical for regular monitoring of habitats—and even more so if research personnel are trained to
fly the UASs.

Keywords: unmanned aerial systems (UAS); aerial photogrammetry; habitat monitoring; braided
river habitats; efficiency; data envelopment analysis (DEA)

1. Introduction

The use of digital aerial imagery for habitat monitoring is an evolving technology [1].
Increasing computational power, the availability of low-cost unmanned aerial systems
(UASs), and the development of software for image analysis have made aerial imagery
using UASs a tool of growing interest among conservation researchers and practitioners [2].
Since these technologies are relatively new, there is only a handful of scientific papers dis-
cussing their operational complexities [3]. It will be useful to have a comparative summary
of available technology with information about their applicability and efficiency for a given
purpose such as habitat monitoring [4–6], wildlife monitoring [7–9], vegetation change
analysis [10,11], forest inventory [12], monitoring agricultural productivity [13,14] etc.

Braided rivers are one of the most dynamic ecosystems of the world [15]. The unique
geomorphology and hydrological regime give rise to a range of habitats along the braided
riverbeds [16]. These diverse microhabitats are often endangered due to the growing threat
of habitat modifications induced by the upstream hydrological change and invasion by
introduced flora and fauna [15]. Monitoring the consequences of these impacts is important
for conserving the unique and often endemic flora and fauna of these habitats [17]. Braided
river systems are prone to changes, as the complex spatial and fluvial arrangements are
easily altered by fluctuations in the upstream flow regime [15]. The dynamic nature of the
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braided river ecosystem makes habitat monitoring challenging as changes often happen
within a short period following local weather events, such as high precipitation in the
catchments. Lack of accessibility, logistics, and resources can be additional challenges.
Remote sensing methods are being increasingly used in such situations [6].

There are many candidate remote sensing technologies to choose from, ranging from
satellite imagery to lightweight unmanned aerial vehicles (UASs) [18], as well as aerial
photographs using flights with manned aircraft [19]. Unmanned aerial systems are also
referred to as unmanned aerial vehicles (UAVs). The term “unmanned” is sometimes
argued as not being gender-neutral and “unoccupied” is suggested as an alternative [20].
However, we have persisted with the terms “manned” and “unmanned” as these are
widely used. Each of these remote sensing methods have a wide range of features to
choose from. For example, UASs vary in flying technology from fixed-wing or multi-
rotor [21] and can be equipped with various sensors including RGB [11], infra-red [22],
thermal bands [9], or even laser scanners [23]. Reviews of different UAS technologies are
available in the literature [21], but the technology is ever-evolving and new choices are
added to the mix relatively frequently. There are also varying options for flight planning,
operating, image acquisition, and image processing software [24]. However, there is a lack
in the scientific literature of objective comparison of technological alternatives for a given
application [1]. Cost-based decision making often underestimates logistical, administrative,
and other technological challenges [3]. There is need for a comprehensive framework
that can incorporate these different aspects and can still objectively compare different
technologies and assess their efficiencies for a given purpose. In this study, we assess the
applicability of aerial photogrammetry for monitoring changes in the habitat features of
the Aparima River, a braided river in Southern New Zealand, and compare the efficacy of
using manned aircraft versus unmanned aerial vehicles (UASs).

2. Materials and Methods
2.1. Study Site

A 10 km stretch of the Aparima River (46.0003◦ S, 168.1095◦ E) is being monitored for
changes in habitat features due to ongoing commercial gravel extraction from the riverbed.
The goal of the monitoring is to assess the changes and inform habitat management
solutions to maintain habitat suitability for a range of native species. In this research,
manned aircraft and unmanned aerial photogrammetry tools are compared in order to
select an economically viable and technologically suitable remote sensing monitoring
system.

2.2. Manned Aircraft and Unmanned Flight Missions

The manned aircraft flights were performed with a Cessna 180 customized to carry
aerial photogrammetry equipment [19]. Onboard was an Aviatrix aerial photography
system capable of triggering photographs at pre-fixed points along the planned flight
lines. Altitude above ground level, and image resolution and the number of flight lines
was also pre-set. The camera used was a Canon EOS 5DS r with a Sigma 50 mm lens.
The flight planning was carried out in Flight Planner Pro software from Aeroscientific
(Adelaide, Australia), licensed through the Department of Conservation. The image sizes
were 8688 × 5792 pixels with 50% sidewise and 68% forward overlaps. Three manned
aircraft flight missions were carried out in February 2018, December 2019, and October
2020 at 608 m, 518 m, and 304 m altitude above ground level (AGL), respectively. All
manned aircraft flights were performed at a speed of 166.70 km/h.

The unmanned flights were carried out with a commercially available Mavic2 pro
quadcopter (DJI, China) carrying a 20 MP Hasselblad camera with a 28 mm equivalent focal
length. The image sizes for unmanned flights were 5472 × 3648 pixels with 70% overlaps.
Flight planning for UASs was carried out with Pix4D software (Prilly, Switzerland) and the
same software was used to fly the UAS with DJI control on a Samsung A10 mobile phone.
The unmanned flights took place in October 2020 and November 2020. One site at the



Drones 2021, 5, 39 3 of 18

Northern end of the study area was performed on both the October and November missions,
before and after a flood event of the riverbed habitat induced by high precipitation in late
October. The flooding event possibly triggered the abandonment of colony exploration by
white fronted terns (Sterna striata) in that site. The abandonment was a potential indicator
of changes in habitat features. The re-deployment of the UAS within this short period was
carried out to search for the changes in the habitat due to the flooding event. The average
speed of UAS flights was 16.80 km/h and all were performed at 50 m altitude AGL. No
ground control points (GCPs) were used for manned aircraft or UAS flights.

The manned aircraft flights covered the whole 10 km stretch of the Aparima River
study area covering on average 863 ha. The unmanned flights covered three subsections
of this larger area, comprising Northern and Southern ends, and a central area, a total of
more than 83 ha (Figure 1). When necessary, the manned aircraft flight image geotags were
updated using ExifTool software (Kingston, ON, Canada) [25] by syncing with the aviatrix
trigger time log. All image processing analyses, including image mosaicking, were carried
out in ESRI ArcGIS Pro 2.5, Redlands, CA, USA.
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Figure 1. Flight plans and image footprints of flight missions over the Aparima River (a) Manned 
aircraft flight 2018, (b) Manned aircraft flight 2019, (c) Manned aircraft flight 2020, (d) unmanned 
flight 2020 over the Northern end, (e) unmanned flight 2020 over the central area, (f) unmanned 

Figure 1. Flight plans and image footprints of flight missions over the Aparima River (a) Manned
aircraft flight 2018, (b) Manned aircraft flight 2019, (c) Manned aircraft flight 2020, (d) unmanned
flight 2020 over the Northern end, (e) unmanned flight 2020 over the central area, (f) unmanned
flight 2020 over the Southern end of the manned aircraft flights. The image mosaics of these areas are
included in Figure 2.
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Figure 2. Output image mosaics from different manned aircraft and unmanned flight missions over
the Aparima River: (a) Manned aircraft flight 2018, (b) Manned aircraft flight 2019, (c) Manned
aircraft flight 2020, (d) unmanned flight 2020 over the Northern end, (e) unmanned flight 2020 over
the central area, (f) unmanned flight 2020 over the Southern end, (g) zoomed in subsection of manned
aircraft flight 2018, (h) zoomed in subsection of manned aircraft flight 2019, (i) zoomed in subsection
of manned aircraft flight 2020, (j) zoomed in subsection of unmanned flight 2020 over the Northern
end. Red, blue, and yellow polygons on 1e delineates the Northern, central and Southern sections
performed with UASs. The zoomed in subsections (1g,1h,1i,1j) showcases the ground resolution
difference among the flight missions.

2.3. Input Resource Assessment

For a better insight into the aerial imaging technology, we have separated aerial
photography operations into pre-, peri-, and post-flying phases. The pre-flying phase
includes flight planning and mobilizing resources for the flying operation. The peri-
flying phase includes the actual flight operation and image acquisition. The post-flying
phase includes image sorting, storage, and various image analysis techniques. For ease
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of comparison, we have considered orthophoto mosaicking of the acquired images as the
minimum step to be completed in the image processing phase.

Each of these three phases has technological, logistical, administrative, and economic
aspects to assess. Technological resource assessment includes software and hardware
availability, the required operating system or platform, and the trained personnel to operate
these tools. Logistics refers to organizing the required resources for the operation. The
administrative aspect is considered separately from logistics as it deals with compliance
with various rules and guidelines for undertaking flight missions for aerial photography.

2.3.1. Technological Aspects

Technological complexity is subjective depending on the previous experience of the
user. For a more objective assessment, the days of training required for someone who
is generally enthusiastic about the technology is used as a proxy for the training needs.
The data are generated from available formal training manuals, and the least number
of days needed for basic functional engagement with the technology is considered. For
example, for drone flying, diploma courses of a few months are available. However,
for basic engagement, a two-day course and some hands-on flying experience is a basic
necessity. Consequently, 30 days is considered as a proxy for drone flying training needs.
For manned aircraft flight, however, flying the plane and managing the aerial imagery
tools (Aviatrix system) are two distinct sets of skills. In our case, it was the same person
who was the pilot who simultaneously managed the Aviatrix system on board. However,
for resource assessment, we have considered the requirement as two trained skillsets. Any
time requirement is rounded up to the next full day.

2.3.2. Administrative Aspects

For the administrative assessment, we considered the number of days required to
secure the consent of all relevant stakeholders as an indicator of operational requirement.
Stakeholders were selected based on the rules and guidelines in place for flying airplanes
and drones. The stakeholders included air traffic control authorities, local councils, govern-
ment organizations, and private owners. The time required for consent was considered as
a whole, as the consent process could move simultaneously once initial communication
had been established.

2.3.3. Economic Assessment

For the economic assessment, the cost of procuring all the services and equipment
was considered. This includes the overall time required in technological, administrative,
and logistical fronts for the different flying phases. For recurring monitoring missions,
we included the establishment cost in the first mission and only included the resources
that were required for any subsequent mission. For a manned aircraft flight, the cost
of customization required to equip the airplane for aerial imaging is available from the
reporting by the New Zealand Department of Conservation [19]. The lead time required
for the customization of the manned aircraft flight is included as the logistics organization
time for the first flight as a required investment. The cost of a drone flight is taken from
the advertised price of the drone available for sales in New Zealand [26]. For our case, we
borrowed the drone from the Department of Conservation’s Maukahuka project [27]. The
communication required to organize the drone is taken as a substitute for the time required
for procuring a drone from the market. No customization was required for the drone itself.

Apart from the quantitative assessments, we used information synthesis on different
operational complexities as a qualitative assessment. For example, this would include an
assessment of the particular software, which has restricted access or limitations on being
used in the field because of the unavailability of a portable platform. Where possible, we
have directly compared the resource requirement for the two technologies. The analytical
frame used for these analyses is presented in Table 1.
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Table 1. Analytical framework for comparing manned aircraft and unmanned flying technologies for aerial photography.

Aspects Criteria Data Definition Analysis Notes

Technological

Software Availability, accessibility, and
complexity

Qualitative analysis: information
synthesis

Data envelopment analysis (DEA) production
frontier analysis is carried out for all aspectsHardware

Human resources No. of personnel;days required to
become trained

Descriptive statistics and Efficiency
measures

Includes trained and untrained personnel
required for operation

Logistics
Acquiring and organizing resources Cost (USD)

Descriptive statistics and efficiency
measures

Includes the cost of ground operations

Time Days Time required for organizing ground
operation

Administrative Approval/consents Days Descriptive statistics and Efficiency
measures

Consent stakeholders include organizations
and private owners

Economical
Time Total number of days Descriptive statistics and Efficiency

measures
Includes both preparedness and operational

time and moneyMoney Total money (USD)
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2.4. Efficiency Measurements and Data Envelopment Analysis (DEA)

For quantitative efficiency assessment, we used Farrell efficiency within the data
envelopment assessment (DEA) framework [28,29]. Farrell measures of efficiency are based
on proportional changes to input or output, i.e., how much input can proportionally be
reduced while maintaining the same output (input efficiency), and with the same amount
of input how much can we proportionally increase the productivity (output efficiency) [11].
The input–based Farrell efficiency or just input efficiency, for a technology where input is x
and output is y, is defined as

E f f iciency (Input), Ei = min { Ei > 0 | (Eix; y)}

In other words, it is the maximum proportional reduction of all inputs x that still can
produce y amount. An input efficiency measure of 0:7 would indicate that the technology
can save 30% off all inputs while producing the same outputs. Similarly, output–based
Farrell efficiency or output efficiency is defined as

E f f iciency (Output), Eo = max { Eo > 0 | (x; Eoy)}

In other words, the maximal proportional increment of all outputs y that is possible
for a given inputs x. An output efficiency measure of 1:2 suggests that the output can
be increased by 20% without any additional input [28]. Simply put, the input efficiency
is the actual input divided by the minimum input required, while the output efficiency
is the actual output divided by expected output [28]. Again, in general terms, efficiency
is measured by output divided by inputs. However, for a set of observed productivity
scenario, the efficiency is scaled to the different input sets. The efficiency measure reported
here is adjusted through the parameters used in the benchmarking procedure such as free
disposability hull, variable returns to scale, decreasing returns to scale, etc. The reported
efficiencies here are on a scale of 0 to 1, with 1 being the optimum effi-ciency [28–30].

The non-parametric DEA analysis is a widely used method for comparing produc-
tion efficiency among different firms using varying technologies [29,31–33]. The chosen
frontier type for DEA analysis was FDH+, which is a combination of free disposability
hull (FDH) and constant return to scale [28,30]. FDH is a stair-way shaped frontier and
the least restrictive on input data [28]. The free disposability implies that increased input
results in the same or in higher productivity. The choice of these efficiency measures
and frontier analysis is inspired by it being able to be used with low data availability,
while being non-parametric requires the least amount of data transformation. The key
productivity indicator (KPI) used for efficiency analysis is the number of the image acquired
or processed. Area coverage and the desired ground resolution of those images were also
included for discussing different aspects of efficiency. Since coarser (numerically higher)
ground resolution means lower productivity, multiplicative inverse, or reciprocal of ground
resolution, i.e., 1/ground resolution in cm was used in a quantitative analysis of efficiency.
To make the fractions an integer, the reciprocal was normalized by multiplying by 100. We
used the R package benchmarking [30] for all efficiency measurements and DEA production
frontier analysis.

3. Results
3.1. Resource Assessment and Efficiency Measures
3.1.1. Technological

For manned aircraft flight, flight planner pro software was used. The software is
licensed to the Department of Conservation. A demonstration version is available only by
contacting the company and they also provide orientation and training sessions for the
software as needed for any potential customer. Even though this is useful, there are certain
challenges to accessing the service, as one must prove genuine intent as a potential buyer.
The flight planner is available on PC and can be taken on board the flight with the Aviatrix
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system. An Aviatrix trigger box is available on order through aero scientific, which is a
more restrictive accessibility than for other platforms available off the shelf.

For UAS, Pix4D software suite was used for flight planning and control of the drone
during flight. The suite has software for flight planning and has extensions for operating
flights on various platforms. Most of the drone flight planning and flying control interface
comes as an application (app) to be used on Android mobiles and Apple iOS. This is conve-
nient during field operation as adjustments and modifications can be easily accommodated.
Similar software can be used for image analysis of both manned aircraft and unmanned
flights. However, the images that were taken through manned aircraft flights needed to
go through GPS geotagging correction as camera GPS tags are not always able to keep up
with the image capture rate, and often record the same GPS location for multiple images.

Technologically, manned aircraft and unmanned flights have similar personnel re-
quirements. For the peri-flying phase, the manned aircraft flight would need people trained
with two distinct skill sets, whereas unmanned flights can be undertaken by one trained
person and one supporting person (Supplementary Materials Table S1) to keep the UAS
under constant manual viewing. However, the training needs for the peri-flying phase is
much higher for manned aircraft flights than for unmanned flights (Table 2).

Whereas the manned aircraft flights generally have more outputs in terms of images
captured or processed (Table 3), the image quality as indicated by ground resolution is
higher for UASs (Table 3; Figure 2).

These findings are reflected in the efficiency measures (Table 4) where under techno-
logical efficiency, on average, manned aircraft flights are estimated to be about 90% efficient
compared to the efficiency of unmanned flights through different flying phases (Table 4).
The overall efficiency of the technological aspect for manned aircraft flights was about 76%
that of the unmanned flights. The detailed efficiency measures for all the flight missions
are included in Supplementary Materials Table S2.
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Table 2. Average input across manned aircraft and unmanned aerial missions through their different phases of flying.

Flying Phase Flight Type
Technological Logistical Administrative Operational Economical

Skillsets (No) Training
(Days) Days Cost (US$) (Days) Cost (US$) Execution

(Days) Total Days Total Cost
(US$)

Pre
Manned 1.00 5.67 3.00 490.00 3.00 700 2.00 13.67 1190.00

Unmanned 1.00 3.00 1.67 140.00 4.67 25.67 1.00 10.33 165.67

Peri
Manned 2.00 117.33 166.67 11,946.67 2.00 3710 1.00 287.00 15,656.67

Unmanned 2.00 10.67 5.00 956.67 2.33 700 1.00 19.00 1656.67

Post
Manned 1.00 10.67 3.67 490.00 1.00 70.00 20.00 35.33 560.00

Unmanned 1.00 10.67 1.33 490.00 1.00 32.67 2.33 15.33 522.67

Overall
Manned 4.00 133.67 172.67 12,926.67 6.00 4480 23.00 335.33 17,406.67

Unmanned 4.00 24.33 6.00 1586.67 8.00 758.33 4.33 42.67 2345.00
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Table 3. Outputs and key performance indicators (KPI) for different manned aircraft and unmanned flight missions over
the Aparima River.

Flight Missions Flight Type Flying Time Area Coverage
(ha)

Ground Resolution:
Reciprocal Normalized

(Planned cm)

Image
Processed (No)

First
Manned February 2018 974.48 17 (5.8 cm) 223

Unmanned (South) October 2020 20.60 125 (0.8 cm) 682

Second
Manned December 2019 615.63 23 (4.3 cm) 1087

Unmanned
(Central, North) November 2020 32.18 125 (0.8 cm) 1509

Third
Manned October 2020 999.24 36 (2.8 cm) 2287

Unmanned
(North) November 2020 30.81 125 (0.8 cm) 1559

Overall (Average) Manned 2018–2020 863.12 25.33 1199.00
Unmanned 2020 27.86 125.00 1250.00

Table 4. Average efficiency of manned and unmanned flights through different flying phases over
the Aparima River.

Flying
Phase

Flight Type Average Efficiency
Technological Logistical Administrative Economic

Pre
Manned 0.90 0.66 0.71 0.59

Unmanned 1.00 0.78 0.73 0.75

Peri
Manned 0.90 0.48 0.90 0.39

Unmanned 1.00 1.00 0.89 0.74

Post
Manned 0.90 0.67 0.90 0.49

Unmanned 1.00 0.83 1.00 0.71

Overall
Manned 0.76 0.55 0.81 0.39

Unmanned 1.00 0.88 0.79 0.73

3.1.2. Logistical

The logistics requirement is the highest for the peri-flying phase for both manned
aircraft and unmanned flights. However, the logistical requirement, both in terms of
time and cost, for manned aircraft flights is noticeably higher than for unmanned flights
(Table 4). In terms of efficiency, overall, the manned aircraft flights are on an average
33% less efficient than unmanned flights (Table 4). For the pre- and post-flying phase,
the logistics requirements for manned aircraft flights are still higher than for unmanned
flights. The lower logistics requirement for UAS makes this more flexible, especially for
re-deployments.

3.1.3. Administrative

The administrative input requirement for unmanned flights is higher than for manned
aircraft flights, especially for the pre-flying phase (Table 2; Supplementary Materials
Table S1). The unmanned flights require consent from any private landowners that have
private land within the flight range. This adds to the time required for both planning
and flying phases for unmanned flights (Supplementary Materials Table S1). Since flight
planning could bypass the subsequent consent requirement, unmanned flights still perform
more efficiently than manned aircraft flights on average for the pre-flying phase (Table 4).
However, since consent is required each time an unmanned mission is performed it becomes
less efficient than a manned aircraft flight. Overall, the administrative efficiency of manned
aircraft flights was higher (Table 4).
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3.1.4. Economic

From the economic aspect, unmanned flights required considerably lower inputs in
terms of time and money throughout all flying phases (Table 2). The same trend is reflected
in efficiency measures, and overall, the manned aircraft flights, on average, were about
39% efficient, whereas unmanned flights were 73% efficient (Table 4).

3.2. Re-Deployment of Unmanned Aerial Vehicles (UASs) Following a Flooding Event of
the Riverbed

The Aparima River experienced a flooding event in late October 2020. It was imme-
diately after the second UAS mission for acquiring photographs of the Northern end of
the project site (Figure 2). Before the weather event, white fronted terns (S. striata) were
exploring the site for potential colony establishment with an estimated 70 individuals
observed in that site for few weeks spanning from September to October, 2020. However,
after the weather event, the terns abandoned the site and did not return that summer. This
was a good opportunity to assess the changes in the habitat due to the weather event within
two weeks of the flooding event in early November. Although detailed image analysis
(Figure 3) remains outside the scope of this article, a quick visual inspection reveals erosion
of the sandy site as floodwater forced through the riverbed (Figure 3e,f). The ability to
rapidly deploy a UAS enabled documentation of the sudden changes in habitat features.
This would not have been possible with a manned aircraft flight, given the long period
required for logistic requirements.
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Figure 3. Image mosaics of same site at the Aprima River, New Zealand, before and after a flooding
event. Images were acquired with unmanned aerial system (UAS): (a,b) show flight path and photo
centres of flight missions, respectively, in October 2020 and November 2020; (c,d) show the image
mosaics; and (e,f) are zoomed in subsections of the same area before and after the flooding event
occurred in late October 2020 at the site.
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3.3. Comparison of Manned Aircraft and Unmanned Flights Through Data Envelopment
Productivity Frontier Analysis (DEA)

The DEA frontier analysis shows that across all four aspects of aerial imaging, manned
aircraft flights (Figure 4, solid lines) missions had higher productivity potential, i.e., higher
output efficiency over unmanned flights (Figure 4, dashed lines). The unmanned flights
have lower input requirements indicating the input efficiency of the unmanned flights
(Figure 4).
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Technologically, the manned aircraft and unmanned flights have similar minimum
input requirements and manned aircraft flights will have higher productivity given the
same inputs (Figure 4a). Unmanned flights need lower inputs for administrative, logistical,
and economic components (Figures 2c,d and 4b). However, it is the minimum input
requirement (where the frontier crosses the x-axis representing inputs) that clearly shows
that unmanned flights had much less initial investment and less time required for flight
deployments.
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4. Discussion

The results indicate that UASs have higher input efficiency, as minimum resource
requirement for deploying UASs are lower than that for manned aircraft flights. Results
also re-affirm that manned aircraft flights have higher output efficiency in acquiring more
images and area coverage than UASs. However, UASs, are performed at a lower height,
and usually have improved ground resolution of acquired images. More importantly, UAS
missions are much more flexible than manned aircraft flights for subsequent deployment
for monitoring dynamic habitats.

4.1. UASs Have Higher Input Efficiency Than Manned Aircraft Flights

The cost of arranging for UAS flights was much lower than for the manned aircraft
flights. Moreover, the manned aircraft flights needed further customization to fit cameras
and other accessories and therefore required approval from the Civil Aviation Authority [8].
Commercial aerial survey flights usually have these arrangements in place and are not
included in the cost-only analysis. However, these requirements added to the pre-flying
phase input, especially for the first fight mission of the manned aircraft flights, both in
terms of time and money. These inputs are indicative of the technological complexities of
the manned aircraft flights.

The manned aircraft flight operation is also much more training intensive than UASs.
Flying a manned aircraft flight for aerial photography, where one needs to fly along a
pre-planned flight line at a fixed speed, requires a long-term commitment for training and
accumulation of flying experience. On the contrary, UAS operations are much easier to
learn and implement. With only relatively brief training, project personnel can readily
operate a UAS to obtain aerial photographs of the area of interest.

The lower cost of UAS-based aerial photography for a small area is considered one of
the reasons for the growing use of UASs in various remote sensing operations [34], includ-
ing aerial photography for monitoring conservation projects [2]. Apart from investment,
UASs are considered safer as there is a lower risk to life and property in an event of an
accident [35]. The critical public concern for drone usage is privacy [18] and this is reflected
in UAS flying and usage guidelines mandating that consent must be secured from all
private landowners and people present within the UAS flying zone. Even though manned
aircraft flights could capture high-resolution images of the same area and people, there is
no legal requirement for specific consent for image acquisition [36]. Securing flight consent
is one notable feature, falling within the administrative category of flight operations, where
the input requirements for UASs are higher than for manned aircraft flights. The other
aspect where higher input is required for UAS operation is the need for arranging logistics
on the ground including finding a secure launching and landing site near the flight path [3].
In all other aspects, UASs have higher input efficiency than manned aircraft flight missions
for aerial photography.

4.2. Output Efficiency of Manned Aircraft Flights Are Higher Than UASs for Aerial Photography

Manned aircraft flights have the potential to acquire more images and over a larger
area than the UASs during flying missions, because the UASs are restricted by speed and
battery power. The ability to acquire and process more images can be translated into larger
area coverage or improved ground resolution or to cover the same area in fewer images.

The need for UASs to be always visible to the pilot and co-observer also limits the
extent of the flying area from each launching site [3]. The area coverage of manned
aircraft flights was significantly higher than the UASs for all three flight missions (Table 3).
Accordingly, the average overall cost of manned aircraft flights (US$18.75/ha) was much
lower than for UASs (US$104.28). However, for image quantity, the average cost is reversed
as the manned aircraft flights cost (US$ 66.81/image) is much higher than for UASs
(US$2.97/image). On the other hand, the ground resolution of aerial images taken from
UASs is finer (0.8 cm) than that of manned aircraft flights (average 4.3 cm, Table 3). These
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contrasting figures highlight the importance of a holistic analysis for comparing new
technologies.

The area coverage and ground resolution can be adjusted by flying at different heights
according to the intended end use of the aerial images. It is the number of acquired
and processed images that is independent of the user’s choice or requirement. Therefore,
the number of images was considered a key performance indicator (KPI) for frontier
analysis. As noted earlier, ground resolution of images acquired from manned aircraft
flights can be improved by flying at a lower height. However, there are administrative
restrictions on flight heights. For manned aircraft flights in New Zealand, the lowest flight
height is set at 304 m above ground level for settlements and 152 m for other areas. A
flight plan with lower altitude AGL will need special approval from the Civil Aviation
Authority (CAA), New Zealand [37]. Ground resolution of the resultant image can also
be lowered or by using a lens of higher focal length. In either case, the field of view for
such images will be reduced [8], necessitating more images to be taken to cover the area of
interest. Maintaining the image triggering sequence with a shorter time interval between
photocentres is challenging, and the potential for missing images also increases. Correcting
the GPS tags of these photos can also become challenging as the image timing sequence
will likely be shorter than a second and thereby difficult to align with triggering time. On
the other hand, the flight restriction for UASs is at the higher height. The highest UASs are
permitted to fly in New Zealand is 122 m [38], and there are similar regulations for flying
UASs in many countries of the world [39]. Additionally, the safety concern and reaction of
wildlife such as birds can limit how low a UAS can be performed [40], putting a cap on the
image ground resolution for a given camera setting. In any case, despite the lower ground
resolution, the output efficiency of manned aircraft flights remains higher than for UASs in
terms of the number of images acquired and by having higher ground coverage.

4.3. High UAS Flexibility for Monitoring Dynamic Ecosystems

The productivity frontier analysis indicates that deploying UASs requires much less
time and money than commissioning a manned aircraft flight for an aerial image mission
(Figure 4). This input efficiency provides UAS missions with very high flexibility in
arranging aerial image missions at short notice. The low cost of procuring a UAS would
make the hardware accessible at all times, even at a project level. In contrast, along with the
maintenance and other associated costs, procuring a manned aircraft flight on short notice
would likely be unrealistic at a project level. As the manned aircraft flights are specialized,
even outsourcing the services needs a considerable lead time to secure a slot for the mission.
This is a key constraint for monitoring dynamic ecosystems such as braided rivers, where
weather events might rapidly change flow regimes and necessitate that monitoring takes
place within only a few days, as demonstrated in the case of the Aprima river weather
event in October 2020 (Figure 3). UASs have been used for detecting temporal changes in
both biotic and abiotic habitat features such as detecting spring phenomenon [18], erosion
monitoring [41], etc. The high temporal resolution of image sequences using UASs can also
be a key to detecting vegetation changes [42]. Overall, flexibility in re-deployment is key
to the temporal flexibility of UASs is a positive attribute of UASs for monitoring dynamic
habitats.

Even technologically, drone operations are more flexible than manned aircraft flights,
especially for pre- and peri-flying phases. The flexibility comes from the availability of
flight planning and operating software suites such as Pix4D, which can be used through
everyday platforms such as mobile smartphones. It is also useful to be able to adjust flight
plans according to changing field conditions. For our second unmanned mission, due to
high winds, we adjusted our mission by slightly reducing the area to conserve the battery
power used to stabilize the drone against the wind. Such flexibility for adjusting flight
missions in response to local conditions is limited for manned aircraft flight missions.
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4.4. Use of Frontier Analysis in Future Research

It would be interesting to assess the efficiency of varying aerial flight mission settings
(flight height, camera, and focal length of manned aircraft flights and UASs) through a
scenario analysis. In this article, we demonstrated efficiency measure using the number
of images as a performance indicator. However, it is possible to use other performance
indicators such as ground resolution or area, which are used as outputs. The DEA produc-
tivity analytical framework can be used for any such analysis. The productivity frontier
draws a general threshold for productivity (minimum input requirement and maximum
possible output) and the free disposability allows the input-output observations to move
proportionately along that frontier [28,30]. If a mission setting falls under the curve, it is
operating at a lower efficiency. Additionally, the frontier analysis is considered better able
to handle the difference in scale issue than some other analyses and is used for technologi-
cal comparison in other fields [29]. With this, researchers and project managers can make
use of the DEA productivity frontier analysis for selecting technology and setting for aerial
photography missions, including flexibility of re-deployment for frequent monitoring.

5. Conclusions

Management of dynamic ecosystems such as braided riverbeds typically requires
monitoring at high frequencies over large spatial extents. We applied an established and
easy-to-use method for comparing two aerial imaging technologies to be used for monitor-
ing dynamic braided river habitats. This provides some insight into the field operations of
both manned aircraft and unmanned aerial image flight missions and demonstrates a way
to make technological choices in research and conservation practice.

We assessed the applicability of aerial photogrammetry for monitoring habitat restora-
tion efforts in the Aparima River, a braided river in Southern New Zealand, and compared
the efficacy of using manned aircraft and unmanned aerial vehicles. We found that tech-
nologically manned aircraft and unmanned flights have similar efficiency. Even though
manned aircraft flights have the potential to cover a larger area, manned aircraft flights are
constrained by the need for high initial investment both in terms of money and personnel
training. Outsourcing from specialized aerial photography aviation companies can also be
costly and will have limited availability due to demands elsewhere. UASs require much
less initial investment and it is relatively easy to train project personnel to fly UASs for
aerial photography missions. The low lead time required for UAS flying makes them
flexible for deployment, which is very critical for monitoring the dynamic braided river
habitats.
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