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Highlights
Restoration and rehabilitation are essen-
tial strategies to promote recovery and
adaptation of ecosystems.

Clear goals, appropriate indicators, and
standardized monitoring of restoration
interventions are critical to assess their
success, yet these are often lacking or
unclear.

Photogrammetric three-dimensional
reconstructions enable accurate,
Ecosystem restoration has been practiced for over a century and is increasingly
supported by the emergent applied science of restoration ecology. A prerequisite
for successful ecosystem restoration is determining meaningful and measurable
goals. This requires tools tomonitor success in a standardized way. Photogramme-
try uses images to reconstruct landscapes and organisms in three dimensions,
enabling non-invasive measurement of key success indicators with unprecedented
accuracy. We propose photogrammetry can improve restoration success by:
(i) facilitating measurable goals; (ii) innovating and standardizing indicators of
success; and (iii) standardizing monitoring. While the case we present is specific
to coral reefs, photogrammetry has enormous potential to improve restoration prac-
tice in a wide range of ecosystems.
standardized, and non-invasive mea-
surement of key indicators needed
for monitoring of restoration, such as
surface area, canopy height, volume,
and fractal dimensions of features in a
landscape.

Photogrammetry can boost the success
of restoration interventions by: (i) estab-
lishing a baseline to assess success
and facilitate goal setting; (ii) innovating
and standardizing indicators of success;
and (iii) standardizing monitoring of
restoration indicators with unprece-
dented accuracy and precision.
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The need for ecosystem restoration in the Anthropocene
Earth’s ecosystems are highly degraded, and as we enter the Anthropocene their health will
likely diminish further without concerted and innovative conservation efforts. There is growing
recognition that ecosystems which are subject to novel and large-scale disturbances require
active management interventions, such as ecosystem restoration. Thus, the United Nations
(2019) has declared 2021–2030 as the ‘Decade of Ecosystem Restoration’ [United Nations
Environment Agency (2019) Resolution 73/284: United Nations Decade on Ecosystem
Restoration (2021–2030) (https://undocs.org/A/RES/73/284)]. For restoration to be success-
ful, research is needed to answer how, when, and where to implement restoration interven-
tions. The practice of ecosystem restoration is underpinned by the science of restoration
ecology [1], and both will play an increasingly important role in ecosystem and biodiversity
management in the Anthropocene.

Applying photogrammetry to key stages in the restoration process
Ecosystem restoration is defined as ‘the process of assisting recovery of an ecosystem that has
been degraded, damaged, or destroyed’ (https://www.ser.org/). According to the latest stan-
dards, the goal of any ecosystem restoration project should be ‘achieving substantial ecosystem
recovery relative to an appropriate reference system’ [2]. Reference systems usually refer to
native ecosystems that represent a pre-disturbance state against which to gauge restoration
success. It is argued that limiting this definition to native ecosystems is no longer appropriate,
and that the definition of a reference system should be broadened to anticipate changes in envi-
ronmental conditions [3]. For instance, a reference system may differ from the native state due to
the stress of a new regime of cumulative disturbances [4,5]. The debate around the definition of a
reference system is reflected in the lack of clear goal setting, standardized indicators, and consis-
tent long-term monitoring of restoration interventions. Photogrammetry presents an exciting,
non-invasive tool to gather data needed to determine success of ecosystem restoration.
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Photogrammetry (photo = image, gram = recording, and metry = measure) is the science of
recording and measuring objects from images. Typically, overlapping adjacent images are used
to reconstruct three-dimensional (3D) models of landscapes and organisms [6] (see Box 1 for
examples of photogrammetric outputs). 3D models are used widely in ecology and conservation,
to study traits through time non-invasively. More recently, they have been used to plan
and monitor restoration interventions, predominantly in terrestrial ecosystems. For instance,
monitoring of tree growth in forests [7], geomorphic change in river systems [8,9], and dune
Box 1. Types of photogrammetric outputs to monitor ecosystems.

Perhaps the most valuable aspect of using photogrammetric tools for ecosystem monitoring is the capacity it provides to
deliver an integrated 3D-view of a system that could only previously be viewed in discrete chunks (samples) [57]. The
process can deliver several valuable products to assist in this regard (Figure I):

(A) Orthomosaic: this is a single high-resolution image derived from merging all photos collected in a survey of a given
area. This process is similar to that used in satellite-based image mapping except that the resolution here is much
greater. This allows for a marked increase in the utility of the derived monitoring data due to increased spatial and
taxonomic precision. In marine systems, where satellite-based techniques work much more poorly and only in very
shallow waters, the benefit of access to large-area high resolution orthomosaics is even greater.

(B) Dense point cloud: the most direct result of the pixel mapping after camera alignment is the 3D point cloud. Where image
quality is high, this cloud can be so dense that significant detail can be determined directly. For example, features can be
identified in the landscape and annotated directly, avoiding the loss of information that results when orthomosaics are
used and the 3D model is projected onto one of many possible 2D planes. It is also possible to derive estimates of the
change in structure over time by directly aligning 3D point clouds derived from image sets taken at different times.

(C) 3Dmesh: The 3Dmesh is typically derived from a best-fit approach to the dense cloud. A drawback of using the mesh is
that it is, by nature, an interpolation of the data (the dense points). However, being a surface of irregular triangles, it is
possible to derive estimates of surface area and, for closed models (e.g., individual organism), volume. This allows for
tracking of changes in these ecologically relevant parameters over time. The mesh can also be used in a similar way to
the dense cloud, to estimate 3D deviation values between different time points and thus quantify structural change.

(D) Digital elevation model (DEM): The dense cloud can be rasterized to create a DEM. DEMs are commonly used in remote
sensing and a wide variety of existing packages can be used to interrogate them for metrics of structure. However, unlike
the 3D mesh, the DEM will only be 2.5D, having lost any information on overhanging structures.
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Figure I. Types of photogrammetric outputs to monitor ecosystems.
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restoration [10]. In the marine realm, applications of 3D technology have been largely restricted to
aerial photogrammetry in intertidal coastal settings [11], including vegetationmapping in wetlands
and estuaries [12,13] and the monitoring of restored oyster reefs [14] (Box 2).

The advantage of photogrammetry over existing methods (e.g., visual assessments, quadrats,
and line-intercept) for monitoring is well established [6,15–18]. For example, at comparable
or less effort than needed for existing methods, photogrammetry quantifies population size,
patchiness, dispersion of organisms, surface complexity, fractal dimensions, and space availability
across the landscape. Precise metrics can be obtained using off-the-shelf equipment [16], with
equipment ranging from hundreds to thousands of dollars. Some photogrammetry options are
cheaper than existing methods [17], specifically when assessed as the cost-per-area surveyed
[16,17]. Disadvantages include the need for a top-end computer (~$5000–10 000 USD), long
processing times (~hours to weeks), and learning specialized software (e.g., Agisoft Metashape
~$500 USD), although there are open-source alternatives and an average computer can be
used at the cost of longer processing time.

The advent of underwater photogrammetry has quantified the critical role of habitat forming
species for ecological dynamics in subtidal environments, including kelp forests [19], mussel
reefs [20], and coral reefs [15]. 3D models have potential to inform and thus improve the success
of marine restoration interventions (Box 2). Here, we illustrate how photogrammetry can improve
outcomes throughout three key stages (hereafter referred to as hurdles) in the restoration process
by: (i) informing planning and goal setting; (ii) standardizing and enabling novel indicators of
success; and (iii) standardizing monitoring. We describe how photogrammetry can help over-
come these hurdles in coral reefs and how this applies to other ecosystems.

Coral reefs provide goods and services worth billions of dollars [21], and they are extremely
vulnerable to climate change [4]. As a result, there is a major research and conservation focus
Box 2. How ecosystem restoration can benefit from photogrammetric based monitoring

Recent advances in image capture and photogrammetric methods have led to an upsurge in the types and quality of data
available to support ecosystem restoration, with key benefits for planning and monitoring restoration success across a
wide range of ecosystems [57]. While existing in situ monitoring methods can be costly, labor intensive, and potentially
destructive (e.g., trampling of coastal habitats), photogrammetric methods efficiently and cost-effectively capture high-
resolution data at large spatial scales without disturbing the delicate habitats being restored. For example, rather than
manually taking in situmeasurements of individual organisms (e.g., of trees, mangroves, or oyster beds), detailed informa-
tion is captured by high-resolution cameras from above [11,45]. Cameras are typically mounted on drones when used in
terrestrial and coastal ecosystems, and are operated by divers or mounted on automated underwater vehicles in marine
systems. One of the key benefits of large-area mapping and 3D modelling is therefore that it allows fast sampling of large
areas and captures thousands of individual organisms as well as relationships to their surroundings and neighbors. This
level of detail and spatial coverage therefore provides more comprehensive information on ecosystem state and dynamics
than existing methods (e.g., transects and quadrats) that typically only capture a smaller subset of information
(e.g., species composition and abundance) without geospatial context.

Photogrammetric methods enable accurate baseline mapping and quantitative monitoring of individuals, populations, and
communities in the landscape throughout all stages of the restoration process. Importantly, they capture spatial configurations
of biota in the landscape and physical habitat characteristics (e.g., 3D architecture) that relate directly to habitat suitability,
ecosystem dynamics (e.g., predator/prey relationships; invasive versus native species), and functions (e.g., habitat provision)
[45]. Photogrammetric methods therefore have broad application to ecosystem restoration across terrestrial and marine
realms. For example, 3D models of tree canopies can be used to monitor growth trends of individual trees or of entire forest
patches [7]. They can help assess geomorphic (e.g., spatial variation in sediment erosion and deposition) and vegetation
change (e.g., cover, shape of patches, and invasive species) in river [8] and coastal dune restoration and link patterns to poten-
tial drivers, such as wind and wave regime [10]. Large-area 3D mapping thus provides maps and geospatial information
needed to assess ecosystem dynamics (e.g., predator–prey relationships; invasive species) and recovery trajectories of entire
ecological communities, key to assessing the success of restoration interventions in any ecosystem.
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on restoring damaged reefs and actively assisting corals to adapt to climate change via assisted
evolution [22,23]. Considering that most tropical coral reefs are at severe risk of being lost even if
warming is capped at 1.5°C above pre-industrial levels [24], direct restoration interventions will
likely be needed to assist in maintaining coral reefs.

Using photogrammetry in planning and goal setting
It is essential that clear goals are set prior to any restoration intervention, that goals are
informed by the ecology of the system, and that monitoring is conducted to assess whether
restoration is effective at meeting these goals [25]. A widely accepted goal of restoration is
to ‘re-establish a self-sustaining, functioning ecosystem’ [26] relative to a baseline reference
ecosystem [2]. Yet, specific, timebound and measurable a priori goals are seldom set or poorly
defined in coral reef restoration projects, mostly because of the lack of methods to quantify
ecological relevant attributes [26–29] (see the supplemental information online). While photo-
grammetry cannot directly set restoration goals, it enables the measurement of drivers of
ecosystem function, structure, and trajectory [6,15,18], key in assessing a ‘self-sustaining,
functioning ecosystem’.

To set goals efficiently, restoration interventions require information on the landscape of the site
to be restored across different spatial extents and resolutions. Quantifying reef state is key in
determining the type of intervention most likely to succeed (e.g., outplanting versus larval prop-
agation). For instance, if the reef is mostly depleted, recruitment would drive recovery, and
hence an intervention promoting recruitment would be best suited [30]. 2D maps might help
practitioners decide where the best locations are to outplant or seed corals to maximize fitness.
For transplants, this might be identifying areas where particular taxa thrive naturally, which can
be inferred through the size-frequency distribution and patchiness of that taxa across the reef
scape [29]. For larval seeding, photogrammetry may indicate areas with suitable surface com-
plexity to provide refugia for newly settled corals [31,32]. Similarly, a combination of levels of
structural complexity can be targeted to support different taxonomic groups and life stages
[15,33].

Once a site and an intervention type are selected for restoration, photogrammetry can facilitate
the assessment of success of said restoration intervention. For instance, growth and survival
rate of both wild and outplanted corals might change depending on: (i) their location
(e.g., above versus under canopy); (ii) the benthic community composition and structure
(e.g., level of competition in a coral’s immediate surrounding); and (iii) the structural complexity
of the reef (e.g., a more complex reef may offer higher protection from predation) [34]. All these
variables can be precisely quantified by photogrammetry and used to set realistic expectations
of growth and survival rates across the reef scape. In the longer term, photogrammetric data
could be used to set targets for more ecological relevant attributes using a reference ecosystem as
a benchmark, such as specific levels of the size-frequency distribution, structural complexity, or
canopy height in the restored community.

Innovating and standardizing indicators of restoration success
Standardizing the measurement of growth
A second hurdle to assessing success of restoration interventions is the lack of appropriate and
standardized indicators. To date, coral reef restoration has primarily involved transplanting corals
(‘recoralation’ sensu ‘reforestation’) or modifying substratum at small scales, and measuring
transplant survival and growth to assess success of an intervention [35]. A lack of standardization
and a plethora of inconsistent growth metrics (e.g., buoyant weight, branch number, linear exten-
sion, and diameter), have made comparison across projects difficult [28].
1096 Trends in Ecology & Evolution, December 2021, Vol. 36, No. 12
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In the short-term (weeks, months, or years), a fundamental indicator of success/failure of resto-
ration interventions is the growth of organisms in a restored area. 3D models can be used to
derive both traditional and novel measures of growth and fitness (Figure 1), including changes
in linear extension, volume, surface area, ratios similar to those used in plants (e.g., root/shoot
ratio), and even spatially explicit 3D growth around the organism [35,36]. Corals are sessile
modular organisms, often with complex morphologies, which photogrammetry can capture
precisely and non-invasively [16]. 3Dmodels allow quantification of even small amounts of growth
over short periods of time [36], facilitating the assessment of early progress towards the desired
trajectory and enabling adaptive management if necessary. Photogrammetry also enables novel
metrics which can capturemore subtle changes in growth and fitness, but also alterations to coral
structure that may indicate unexpected outcomes of phenotype–environment interactions
[36,37] (Figure 1). Some of themost exciting metrics relate to coral fitness (e.g., accretion, surface
area, and volume) [15,38,39] and habitat function (e.g., fractal dimension, surface curvature,
branch packing, interstitial space, field of view, and object distribution) [40–43].
TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 1. Example 3D model of the same coral captured over time. (A) 2017, (B) 2018, and (C) 2019, and the
corresponding 3D comparison for deviation amongst model pairs in 3D space (x, y, and z axes), denoted by the colors,
with warm colors indicating increase in size over time (growth) and cool colors indicating a decrease in size over time
(shrinkage). This specific coral grew more between (D) 2017–2018 period (6 months) than between (E) 2018–2019 period
(9 months); the biggest growth was detected across the 15 months period (F) (2017–2019). This type of information is
useful in the context of restoration because it may inform on the best season to implement a specific intervention, or on
potential size-related thresholds in coral growth. Measuring growth using 3D models does not disturb the organism in any
way, allows millimeter precision, and can be fully standardized, making 3D models a great tool for standardizing metrics
and monitoring of ecosystem restoration.
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Innovating indicators: from organism to community dynamics
Currently, over 60% of restoration projects quantify coral growth and survival to characterize
restoration outcomes [28]. Yet, to robustly assess ecosystem restoration success, we also
need to consider demographic and ecological processes that influence community dynamics
and recovery trajectories, such as the re-establishment of breeding populations [28] and species
interactions [44]. Large area 3D models provide exciting opportunities to use powerful
approaches in landscape and spatial ecology [45,46] previously largely limited to terrestrial
systems (but see Edwards et al. 2017 [47]). Photogrammetric large-area maps of the seafloor cap-
ture thousands of individual organisms and their locations, including species density, population
size structure, and neighborhood relationships [6,7,34,45], that can be used to infer ecological
processes underpinning recovery trajectories with relevance to ecosystem restoration (Figure 2).

Photogrammetry has already advanced our understanding of the processes underpinning eco-
system trajectories and function [34,36–38,43], and could help innovate indicators of success
of restoration interventions, which go beyond the organism and allow inference of community
dynamics. A potential metric of restoration success for a population is to establish when colonies
of a given population reachmaturity (assessed by size) and are close enough to each other for suc-
cessful fertilization. Photogrammetry can facilitate measuring average coral size and proximity,
helping to establish target values that characterize a ‘breeding population’ [48].

Appropriate indicators should allow for the assessment of both ecological and demographic pro-
cesses, and meet ecosystem restoration and resilience definitions [49,50]. Potential indicators
that reflect restoration success and reef resilience have been proposed by Hein et al. (2017)
[26] and others [51,52]: coral diversity, morphology, herbivore biomass and diversity, benthic
Coral colony size
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Figure 2. Example 3D model of a reef area through time and some of the key indicators that can be derived to investigate and predict the trajectory of
marine ecosystems. 3D models of reef areas facilitate measuring novel metrics that are difficult, expensive, or impossible to quantify otherwise, such as size frequency
distribution, demographic rates, spatial context, and 3D structural complexity. 3D models are thus a great tool for innovating metrics and standardizing monitoring in
ecosystem restoration.
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Outstanding questions
3D photogrammetry can capture an
entire landscape of a restored area at
high-resolution rather than just capturing
data from subsets of a restored area.
This can inform where and when to
implement ecosystem restoration and
help assess how well a restoration inter-
vention is (or not) meeting its goals
compared to a reference system.

Photogrammetrically derived data
capture metrics at both broad and fine
scale, so you can zoom out to look at
the whole landscape, but also zoom in
to get high resolution (i.e., individual
corals). The cross-scale nature of pho-
togrammetric data allows for more
precise and adequate metrics to be
monitored throughout the restoration
process.

A single dataset of images can be used
to generate multiple types of data
(e.g., coral cover, reef rugosity, colony
size frequency distributions, and de-
mographic rates), resulting in a quick
and cost-effective method to collect
valuable information to: determine
what type of intervention might be
most successful, assess restoration
success, and standardize monitoring
of restoration interventions.

Different types of photogrammetric
products will differ in their precision of
measuring change, and associated
levels of uncertainty in the derived
metrics will also differ. How can such
uncertainties be accounted for to
achieve unbiased and standardized
monitoring of restoration interventions
and share lessons learnt across
restoration projects?

At the level of the individual organism,
3D photogrammetry provides a tool
to measure growth of transplanted
individuals in a non-destructive and
highly precise way. The importance of
measuring demographic rates without
damaging the studied system requires
further attention, especially for ecosys-
tems at risk of collapse such as coral
reefs.

3D maps can be used as visual tools
to demonstrate landscape scale
restoration outcomes, something
that cannot be done as easily with
photomosaics or data from line
transects, making photogrammetry a
cover, recruitment, coral health, structural complexity, and size-frequency distribution of popula-
tions and communities. Photogrammetry cannot directly measure all of these (herbivore biomass
and diversity), but excels at some (e.g., structural complexity, size-frequency distribution, patchi-
ness, density, and clumping), and is as effective as existing methods for quantifying benthic diver-
sity, cover, health, and recruitment (<1 cm).

The ecology and biology of many sessile [34,37,38,53] andmobile taxa [15,33,40,43,53] is tightly
linked with different aspects of structural complexity across ecosystems. Photogrammetry can
inform the type of structure needed to support specific taxa (e.g., fast-growing species). In
turn, relating individual metrics of fitness with species assemblage, habitat structure, and abiotic
variables, would support the progression of science and practice of restoration ecology, poten-
tially capable of building more resilient communities in the Anthropocene.

The role of photogrammetry in standardizing monitoring techniques
Demographic processes underpin the persistence, proliferation, or demise of populations and
such processes are difficult to capture using conventional monitoring methods that focus on
percentage coverage of a particular species on the seafloor [54]. A major advantage of photo-
grammetry is the ability to measure coral sizes over large spatial extents [18], capturing size-
frequency distributions for each coral taxon and where in the seascape individuals are located.
Even a once-off size-frequency distribution for a population or community can be very informative
and provide inference on recruitment, growth, and mortality processes [24,52,55]. Indeed, pho-
togrammetry can quantify high-resolution demographic data across spatial extents an order of
magnitude larger than conventional methods [56,57]. Applied to restoration projects, such demo-
graphic insights can help understand the fundamental causes of growth or decline of the restored
population (e.g., size-specific and/or density-specific mortality, or recruitment success) [58].
Photogrammetric surveys thus enable powerful inference about key processes underpinning
the perceived success or failure of restoration interventions [59,60].

Standardized monitoring techniques [28] and indicators suitable to assess restoration success
[26] are urgently needed to enable cross-project data exchange globally, and to reduce the
failure rate of restoration projects [28]. A common data source, such as 3D maps recon-
structed from images, would represent an important step towards operationalizing global
guidelines. Conventional monitoring of restoration focuses largely on tracking the fate of the
corals being restored [28]. Photogrammetry allows this to be done in a much more efficient,
rigorous, and non-invasive manner that also captures community dynamics [16–18]. Impor-
tantly, photogrammetry provides a permanent record at the time of sampling, facilitating
standardized monitoring and enabling the interrogation of unforeseen metrics during later
stages of the restoration project [59,60].

Concluding remarks
Currently, coral reef restoration is dominated by short-term and small-scale projects [28]. While
the restoration ecology community is aware of the need to increase both the spatial and temporal
scope of restoration projects, there is no clear path forward on how to accomplish this, especially
in difficult to access ecosystems such as coral reefs. Currently, photogrammetry is the best tool
to achieve quantitative and standardized methods throughout the restoration process [57].
Several coral reef restoration projects are currently pioneering photogrammetry [e.g., the Reef
Restoration Adaptation Program (RRAP)], paving the way towards measuring growth with
unparalleled precision, developing novel metrics that transcend single taxa, and advancing our
understanding of the processes underpinning recovery. However, the full potential of applying
photogrammetry in ecosystem restoration is still untapped (see Outstanding questions).
Trends in Ecology & Evolution, December 2021, Vol. 36, No. 12 1099



Trends in Ecology & Evolution

great tool for stakeholder engagement
and communication of restoration
goals, progress, and lessons learned.
3D models quantify landscape and demographic rates at reference and restored sites and
promote standardization of how the success (or failure) of restoration interventions is assessed,
leading to lessons learned and ultimately progressing the science and practice of restoration
ecology. Additionally, 3D models are visually intuitive and meet the next generation expectations
in terms of virtual reality and communication (critical for the success of any applied science).
Indeed, 3D models are excellent communication tools, and can be used online, in classrooms,
and at government meetings to convey the state of a site before, during, and after a restoration
project (a picture is worth a thousand words). While restoration may be a valuable tool for boosting
the recovery and adaptation of ecosystems, it does not replace climate action or other important
and required management strategies to preserve ecosystems in the Anthropocene.
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