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Abstract: Long Term Ecological Research (LTER) generates unique data sets th at have the potential to identify
and quantify trends in ecological processes that may be difficult to detect at lower temporal resolutions. Even
though many LTER sites are within protected areas, they do not necessarily produce data that are well aligned
with the objectives of the institutions and individuals who manage and govern these sites. There are several
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potential reasons for this, including: i) insufficient information provided by the LTER on socio-ecological
variables of relevance to management; ii) a mismatch between the spatial scale of the data collected by the
LTER and the scale of data needed to inform management decisions; iii) a lack of inclusion of policy-makers
in crucial steps of LTER project implementation, including experimental design and analysis, and; iv) an
absence or insufficiency of formal or informal mechanisms for incorporating LTER data into environmental
decision-making and protected area governance. Using examples from recently implemented LTER in the
Costa dos Corais Environmental Protected Area (known as the PELD-CCAL), we reflect on how some of
these challenges can be addressed and provide general recommendations for increasing the conservation
management and policy relevance of LTER projects in Brazil.

Keywords: LTSER; coastal reefs; environmental policy; monitoring; governance.

INTRODUCTION

It has long been recognized that there is a
fundamental mismatch between the typical time
span of an ecological research project (2 to 4 years)
and the temporal dynamics of many ecological
processes (Callahan 1984). This is particularly
problematic at the landscape scale where trends in
critical ecological variables such as beta diversity
and community composition may require data
that spans decades rather than years (Willis &
Whittaker 2002). Policy-makers have responded
to this challenge in a number of ways, particularly
through the creation of long-term ecological
research (LTER) sites, where funding is assured for
long enough to generate key metrics of ecological
change over extended time periods (Callahan 1984).
The first dedicated LTER sites were funded by the US
government’s National Science Foundation (NSF),
which began investing in site-based environmental
research in 1980 (Willig & Walker 2016). Thus, the
oldest dedicated LTER sites in the world have been
subject to 40 years of continuous ecological study
- although there are several research sites (non-
included in LTER network, hereafter indicated as
‘non-LTER’) with longer records of continuous
ecological monitoring (e.g. Wytham Woods in
Oxford has been intensively studied since the 1920s
- Savill et al. 2010). In contrast to North America
and Europe, LTER research in Brazil has more
recent origins with the national program (known
as PELD - Pesquisas Ecoldgicas de Longa Duracéo)
approved in 1998 (Tabarelli et al. 2013).

Many LTER sites around the world are located
within protected areas (PAs). PAs are ideal for
LTER research because they: i) are natural habitats
with limited or carefully controlled use of natural
resources; ii) often have good historical baselines
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of ecological information, and; iii) typically have a
mature research infrastructure, greatly facilitating
the initiation of new projects and reducing costs
for ongoing research. PAs can thus contribute
enormously to LTER, and may also benefit from
the presence of an LTER program within their
boundaries. These benefits may be indirect,
stemming from the presence of researchers
in the PA; this has been shown to deter illegal
exploitation activities and significantly contribute
to the local economies (Laurance 2013). LTER
projects may also directly benefit and contribute
to a PA by generating data that directly feeds
into management and governance. For example,
LTER projects (e.g. North Temperate Lakes LTER
site in northern Wisconsin; Luquillo LTER site,
Puerto Rico; Konza Prairie LTER site, a tallgrass
prairie in northeastern, Kansas) may provide early
warning of rapid environmental change, phase
shifts in ecological community dynamics and
declining trends in populations of endangered or
vulnerable species (Callahan 1984, Turner et al.
2003). Nevertheless, the objectives of ecological
research and PA management are frequently
poorly aligned (Gruby et al. 2016). Specifically,
there are at least four key challenges that need
to be overcome for LTER projects to significantly
contribute to protected area management: i)
generating data on socio-ecological variables of
relevance to PA management and governance; ii)
solving the mismatch between the spatial scale of
data collection and the geographic scale of data
needed to inform stakeholders; iii) providing a
platform for policy-makers to contribute to the
design, implementation and analysis of the LTER
project, and; iv) developing formal and/or informal
mechanisms for incorporating LTER data into
protected area decision-making.



Using examples from the Costa dos Corais LTER
in Alagoas state, northeast Brazil (hereafter, PELD-
CCAL), we reflect on how some of these challenges
can be addressed and, based on our experiences,
provide some general recommendations for
increasing the management and policy relevance
of LTER projects in Brazil.

THE APA COSTA DOS CORAIS AND THE
PELD-CCAL

The long-term ecological research project at the
Costa dos Corais Environmental Protected Area
(APA Costa dos Corais or APACC in Portuguese)
in Alagoas state was approved by the Brazilian
government’s research funding agency (CNPq)
in 2016. The APACC is the largest federal coastal
marine protected area in Brazil, with over
400,000 ha including coral reefs, seagrass beds,
mangroves, estuaries and about 120 km of beaches
accompanied by Atlantic forests. It is located in
northeastern Brazil, between the municipalities
of Tamandaré in Pernambuco State and Macei6 in
Alagoas State (Figure 1). The extensive fringing reefs
in the APACC are discontinuously oriented near and
parallel to the coast at depths of 1 m to 20 m (Ledo
et al. 2019, Figure 1a). Like other near-coast reefs
in Brazil, the main threats are from agricultural
effluents, urban development, tourism, trade in
reef organisms, predatory fishing, and industrial
exploitation projects (reviewed in Ledo et al. 2016).
More recently, severe effects of climate change
have been observed in APACC and other reefs of
Brazil with thermal anomalies reaching up to 31
°C, intensifying coral bleaching events and their
associated effects (Costa et al. 2001, Miranda et al.
2013, Leao et al. 2016), as well as the massive oil
spill coming from unknown source offshore ocean
affecting coral reefs, sandy beaches, mangroves and
local people (Ladle et al. 2020, Miranda et al. 2020,
Magris & Giarrizzo 2020). These reefs and other
systems compose a diverse habitat mosaic that
includes microorganisms (e.g. fungi and bacteria),
corals, octocorals, zoanthids, algae, fish, birds, and
vulnerable or endangered species such as coral
Mussismilia harttii, greenback parrotfish (Scarus
trispinosus), the hawksbill sea turtle (Eretmochelys
imbricata), the green sea turtle (Chelonia mydas),
and the Antillean manatee (Trichechus manatus
manatus).
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Under Brazilian legislation, APAs are designated
for sustainable use of natural resources by local
communities in addition to the protection of
biodiversity (BRASIL 1981). The APACC supports a
large population of artisanal fishermen (de Souza
et al. 2018) with all the associated environmental
challenges that this livelihood brings to a region
(Batista et al. 2014). It also has a very active tourist
industry that, in addition to traditional beach
tourism, exploits the reefs for snorkeling and
scuba diving (de Vasconcellos Pegas et al. 2018,
Steiner et al. 2006). APACC has also developed a
highly successful community-based ecotourism
enterprise based around the local manatee
population (Normande et al. 2015).

The emergence of urban development linked
to ‘second home’ tourism (i.e. beach houses
exclusively used for holidays and vacations) along
23 km of the APACC in Alagoas State (a tourism
destination locally known as ‘Rota Ecoldgica’ or
ecological route) may represent a new threat to
the local socio-ecological system. The extremely
high levels of human use, along with a long history
of fisheries research in the area (e.g. Ferreira et al.
2001), led the LTER researchers of the PELD-CCAL
to propose a project that adopted an explicitly

socio-ecological perspective; foregrounding
integrative, interdisciplinary research and
adopting community-based monitoring, as

well as a range of new technologies such as the
use of remote underwater cameras and drones,
the analysis of social media images to evaluate
cultural ecosystem services (Retka et al. 2019),
and the application of molecular tools such next
generation sequencing and DNA microarray to
monitor anthropogenic activities.

The main long-term aim of the PELD-CCAL
is to develop an integrated system of long-term
monitoring of the socio-ecological processes that
occur within the APACC in Alagoas state (Figure 2,
Appendix 1), allowing researchers to address five
fundamental and interlinked questions: i) what
are the temporal and spatial patterns of biological
communities, ecological processes and the
perceptions of APACC users?; ii) what are the effects
of anthropogenic activities on APACC ecosystems
and management zones?; iii) what environmental
quality indicators can be used to measure APACC'’s
ecological and cultural resilience?; iv) what are
the baselines for biological and social indicators
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for ecosystems and management zones within
APACC?, and; v) how effective are the management
areas of the conservation unit? In parallel and over
the medium term, the project aims to generate
information on the status of certain target species
of conservation concern (e.g the Antillean
manatee, sea turtles and scleractinian corals),
as well as identify changes in the biophysical
and cultural environment that can help identify
conservation priorities and test the impact of
different management decisions. For example, the
APACC has a recently implemented zoning system
(including zones for sustainable use, conservation,
fishing and tourism - Figure 1a).

The PELD-CCAL was designed in close
coordination with key stakeholders (e.g. artisanal
fishermen and tourism industry leaders) and
the support of the APACC’s management team
(ICMBIO members - government environmental
agencies - who are also full members of the PELD-
CCALs research team). These collaborations are
pivotal to achieve the medium and long-term
objectives of the PELD. The project team also has
developed extensive contacts / partnerships with
local NGOs working in the area.
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CHALLENGES AND SOLUTIONS

Challenge 1: Generating data on socio-
ecological variables of relevance to PA
management and governance

The first LTER sites, understandably, adopted a
strongly ecological focus in which humans were
largely excluded (Hinds 1984). They focused on a
wide range of biotic and abiotic indicators, which
could allow standardized assessments of the
combined effects of multiple drivers at relatively
large geographic and temporal scales (Haase et al.
2018). However, the last two decades of research
have revealed that even environments considered
as ‘natural’ often host social-ecological systems,
where anthropogenic activities play (and have
historically played) a defining role in driving
ecological dynamics (Vitousek et al. 1997, Chapin
et al. 2010). LTER projects, even those established
at a time when human influences were routinely
down-played, have relevant potential to contribute
to a better understanding of the nature of coupled
social-ecological systems within which the sites are
embedded Mirtl et al. 2013, Dick et al. 2018). For
example, recent research suggests that effective
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Figure 2. Framework for understanding the long-term ecological health and sustainability of the
Environmental Protected Area (APA) Costa dos Corais adopted by the Long Term Ecological Research Costa
dos Corais Alagoas (PELD CCAL). Ecological health and sustainability is conceptualized as the result of
the interactions between ecosystem structure, ecosystem function, threats and management/governance,
aspects monitored during the project. Modified from McField & Kramer (2007).
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ecosystem-based conservation requires an in-
depth understanding of key cultural characteristics
of the stakeholders, including their values and
identities, knowledge and practice, governance
systems, livelihoods and their interactions with the
biophysical environment (Poe et al. 2014).

Solution 1.1: Creation of Long-Term Social

Ecological Research (LTSER) sites or adoption of
LTSER methodology and indicators

LTSER sites were specifically developed to monitor
changes in social and natural systems at large scales
(e.g. Haberl et al. 2006, Collins et al. 2011, Dick et
al. 2018). Although LTSER can be considered as
distinct from LTER, LTSER approaches can be
incorporated into more traditional projects. This
can be clearly seen in Europe and North America
where LTER projects began to shift the way they
treated and monitored human activity “from
exogenous ‘disturbances’ to endogenous behavior”
(Ohl & Swinton 2010).

The success of such approaches depends, to a
large extent, on incorporating social scientists and
interdisciplinary researchers into the LTER research
team (Gruby et al. 2016). The key underlying
concept of LTSER research is the understanding that
the human dimension, including socioeconomic
factors, cultural values, behaviors, attitudes and
perceptions, plays a key role in determining socio-
ecological dynamics, and should therefore be
incorporated into ecological monitoring systems
(Collins et al. 2011, Poe et al. 2014). To date,
socio-ecological components have scarcely been
addressed in Brazilian LTER projects (cf. Tabarelli
et al. 2013) and one of the main objectives of the
PELD-CCAL was therefore to develop a genuinely
integrated monitoring system. This motivation
stemmed, in part, from the necessities of working
in a sustainable use protected area such as APACC,
where maintaining human natural resource
exploitation is the main objective of the designation
(Silva 2005). In order to integrate socio-ecological
assessment into the PELD CCAL, we focused
on monitoring four key dimensions of human
interactions with the environment: threats, cultural
services, livelihoods, and governance and policy.
We adopted a multi-method approach (cf. Viera
et al. 2018). Specifically, we combined data from
conventional questionnaire social surveys with
data derived from online surveys, key informant
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interviews, participant observation and content
analysis of images retrieved from social media sites.

The potential of big data approaches that use
social media sources to generate data on human-
nature interactions within the APACC is enormous.
Our analysis focuses on cultural ecosystem services
(CES), the non-material benefits that arise from
human-ecosystem relationships. These play a
vital role in generating well-being and health in
local communities (Fish ef al. 2016), though have
rarely been monitored in LTER projects. CES may
also play an important role in generating positive
sentiment towards a protected area. Building on
the groundbreaking work of Richards & Friess
(2015), we are monitoring CES in APACC using
user-contributed georeferenced photographs from
Flickr (an image- and video-hosting website). In
our initial analysis (documented in Retka et al.
2019), we assessed 1,984 photographs taken by 207
users between 2010 and 2016 — by using archived
material we were able to extend our analysis to
before the initiation of the LTER program. The
most represented CES categories were landscape
appreciation and social recreation; an unsurprising
result given the natural attributes of this tropical
beach location. Artistic/cultural expressions
and appreciation, and nature appreciation were
also highly represented. Engagements with CES
had clear spatial and temporal patterns relating
to user behavior, reflecting the biophysical and
infrastructural characteristics of different sites
within the APA. Parallel research in Catimbau
national park (Viera et al 2018) suggests that
analysis of social media photographs may be biased
against some types of CES, and for that reason we
are also collecting data from standardized social
surveys.

It is important to note that there is no “one
size fits all” solution to collecting socio-ecological
variables of relevance to PA management, with
choice of indicators being strongly dependent on
the cultural context of the reserve (Fabre et al. 2012).
In the case of the PELD-CCAL, the high economic
dependence of the local population on artisanal
fishing and tourism (mainly national) meant
that most of our indicators were chosen to reflect
different aspects of these livelihood choices. For
example, we are assessing economic and dietary
dependence of local communities on seafood and
fish, tourist use of beaches and reefs, frequency of



reported conflicts between locals and PA managers,
and are generating a variety of metrics that quantify
artisanal fishing pressure (Appendix 1).

As mentioned previously, issues of spatial
and temporal scale are equally relevant to socio-
ecological research, and particular care should be
taken with the design of social surveys if the aim
is to extrapolate trends to larger populations (De
Vaus 2013). Consequently, all of our quantitative
social surveys are carefully calibrated to ensure
that the sample size is sufficient to make robust
extrapolations for variables of interest. For
example, we are currently quantifying different
forms of human interactions (e.g. recreational
pastimes, livelihood activities, etc.) with the
biophysical features of the APACC with the aim
of monitoring long term trends in the number of
people engaging in activities that generate different
forms of social value (Jepson et al. 2017, Gamarra
et al. 2019). Finally, ecological and social variables
will change at different rates, necessitating careful
consideration of sampling frequency. For example,
changes in attitudes and behaviors often show
considerable latency with respect to changes in
ecological conditions making annual social surveys
redundant.

Scale is a ‘fundamental conceptual problem in
ecology, if not in all of science’ (Levin 1992), though
it is rarely rigorously addressed in comparative
ecological studies (Whittaker et al. 2001). Perhaps
the most common challenge of scale is how to
robustly generalize the results of point or transect-
based sampling to larger areas (upscaling) in
a way that is both sufficiently precise and that
accurately reflects real-world conditions (Riddle
et al. 2011). This could be particularly challenging
for research focused on providing information for
management of conservation units because, while
many ecological indicators (e.g. measures of alpha
diversity) are based on highly localized sampling,
management decisions (e.g. zoning, fishing
restrictions) typically relate to much larger areas.
This mismatch may be exacerbated in fragmented
or heterogeneous habitats where there may be rapid
or discontinuous changes in ecological community
structure with distance from a sampling point (cf.
Nekola & White 1999, Soininen et al. 2007).

Issues of scale are not specific to ecological
characteristics and processes, and also present a
challenge for interpreting and using the results of,
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for example, evaluations of stakeholder knowledge,
attitudes and behaviors. Such key social variables
are typically collected through semi-structured
questionnaires or other forms of quantitative social
research (De Vaus 2013). In general, these are costly
and time-consuming and in protected areas are
typically administered at local scales with relatively
small samples that may be demographically or
culturally biased. Moreover, most such studies
do not follow a standard methodology, limiting
replicability and comparability between studies
conducted at different times and in different
locations (Bragagnolo et al. 2016).

There are two general solutions for producing
LTER data at scales appropriate for informing
conservation management: i) adoption of large-
scale approaches to data collection. In addition to
a range of remote sensing techniques (e.g. sensors
mounted on satellites or drones), such approaches
include the use of emerging digital technology for
both ecological and social monitoring (Arts et al.
2015). This category includes the analysis of user
generated content on social media sites (Hausmann
etal.2018) or dedicated apps (Jepson & Ladle 2015,
Mufioz et al. 2019); ii) spatial extrapolation of
localized data (e.g. point or transect data) to larger
geographic areas, ideally covering the entire PA.

Solution 1.2: Large-scale data collection
There are a wide variety of approaches to collecting
data over larger geographic areas, although all
have their limitations. The most extensively used
methods involve remote sensing by satellite which,
in the context of reefs, can be used for, among
other things, structure and habitat composition
(e.g. benthic cover, rugosity, bathymetry), and also
a wide range of variables relating to the physical
environment of the reef, such as sea surface
temperature, exposure, winds, solar radiation
and water quality (reviewed in Mumby et al. 2004,
Hedley et al. 2016, Purkis 2018). While satellite
remote sensing cannot provide the detail and
precision generated by field surveys, its complete
areal coverage makes it indispensable for some
aspects of reef management (Hedley et al. 2016).
Of course, satellites are not the only sources
of remote sensing data. Recent years have seen
a considerable increase in the use of unmanned
aerial vehicles (UAVs, or drones) in conservation
research (reviewed in Wich & Koh 2018). Drones
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typically collect data at scales intermediate between
traditional field sampling and satellite sensing,
and are especially suited to collecting data from
difficult to access locations and where sampling
by other means is expensive or impractical. Using
reef monitoring as an example, drones have been
used to map reef structures at very high resolution
(Casella et al. 2017, Chirayath & Earle 2016),
identify and map fish nursery grounds (Ventura et
al. 2016), assess beach erosion (Casella et al. 2016),
monitor populations of sea turtles (Rees et al.
2018) and dugongs (Hogson et al. 2013), and have
been proposed as an effective way to assess illegal
fishing (Arefin 2018). Although this last potential
use of drones is of critical importance to many
managers of MPAs, its implementation is beset
with social dilemmas (Sandbrook 2015, Humle et
al. 2014, Adams 2017) and any monitoring of the
natural resource exploitation activities of local
residents needs to be sensitive to cultural context
and the potential of exacerbating conflict between
resource users and authorities (Keane et al. 2008).
In the PELD-CCAL, we are using drones to monitor
sea turtles and manatees in 147 randomly selected
transects that stretch across the length of the
protected area (Figure 1b) and, at present, have
no plans to use drones to study the temporal and
spatial distribution of artisanal fishing crafts.

Even though surveillance of natural resource
use activities is potentially problematic, other
types of data on human use of the environment are
publicly available and can be used for conservation
monitoring at large spatial scales. For example,
broad datasets of cumulative impact from National
Center for Ecological Analyses and Synthesis can be
used for conservation purposes and high spatial and
temporal resolution data on tourist use of protected
areas can be generated from georeferenced photos
posted on file sharing web-sites such as Flickr and
Instagram (Halpern et al. 2008, Ladle et al. 2016,
Tenkanen et al. 2017). Conservation managers in
APACC have a strong interest in monitoring trends
in tourist use of the PA. This interest is related to
concerns about excessive use of certain reefs and
beaches by tourists (e.g. coral damage and litter).
The latter is important because the beaches of the
region annually receive several species of migratory
birds from the Arctic during the peak of the
tourist season M. Efe (personal communication).
Disruptions by human recreational use of beaches
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may reduce the amount of coastal habitat available
to migratory birds and this may have individual
or population consequences (Gibson et al. 2018).
In addition to conducting bird surveys, along the
length of the protected area, the PELD CCAL has
been monitoring tourist use based on the density
of social media photographs (Figure 3, data from
Retka et al. 2019). Our ultimate objective is to
combine the data from traditional bird surveys
with the analysis of social media photographs to
assess the relationship between bird and human
abundance in the APA._

Solution 1.3: Extrapolation of data collected at a
local scale

Any type of variable can be spatially extrapolated
(often referred to as predictive mapping) if it has a
statistically consistent relationship with another
variable or variables whose values are known over
a larger area (Wisz et al. 2012, Tardin et al. 2019).
The best-known type of spatial extrapolation
in ecology is probably the prediction of species
distributions based on the relationship between
presence/absence data and as wide range of
biophysical variables; known a species distribution
modelling (SDM) or ecological niche modelling
(ENM) (see Peterson & Sober6n 2012 for discussion
of underlying concepts). More recently, researchers
have developed techniques to simultaneously
model multiple species using multi-response
algorithms (Nieto-Lugilde et al. 2018). However, it
is important to note that spatial extrapolation can
potentially be used for any variable of interest given
sufficiently robust associations with other variables.
In the context of inshore coral reefs, predictor
variables are typically abiotic variables (such as
substrate, seawater temperature, water depth)
that can be generated at high spatial resolutions
through satellite remote sensing (Hedley et al. 2016,
Purkis 2018).

One of the simplest statistical methods for
spatial extrapolation is through logistic regressions,
whereby the model predicts the probability of the
presence/absence of the variable of interest within
any given polygon inside the research area. This
has been used very successfully to map seagrass
beds in North Carolina (United States) based on
hydrological characteristics of the study area (Kelly
et al. 2001). Logistic regressions are particularly
appropriate and effective when a simple dependent



Miranda et al. | 287

(6T02) ‘7P 12 BY19Y WoI] vle(] "(YOIRN-12q010(0) Uoseas Y31y 1stno) (g ‘(1oquardasg-ridy) uoseas moy1sumnol (v :3urmp 910g
01 0T0Z WOIJ (WO DIII[J'MMM) D[II[] 01U0 papeordn pue sre1o)) sop e1so) (VdV) a1y pa1da1oid [eiusawiuoIiauy apisur uayel sydeidoloyd jo Aiisua(d *g 9anSg

9390's

85705

MDZYHE

M.O8LSE

wn 0g

Mo =1
(Yare -12qo120) AlIsuag 01oyd
3UOZ WISLINOL &3

3UCZ 9MELON

Sasjeue| 10j aUOZ UO|1eAlasu0)

20VdY =
SanIEd BN

MOZE

MDBLSE

MDFSISE

ALOWSSE

S.0.65:6

S.0LS:8

97390S

8°57'0"S,

MOTIHE

M08LoSE

Mo =
(raquimrdas-|udy) Aysuaq o1oyd

0

Uo7 WsnoL &

3U0Z 3Bl ON =

Saajeue 104 UOZ UOIIBAIasSUO)
20vdv &

sanediDIUNA =

W 05

MOZYHE

M,0#GSE

M0 GSE

Oecol. Aust. 24(2): 279-300, 2020



288 | Long Term Ecological Research and Management

variable (e.g. seagrass presence/absence) is strongly
related to small number of biophysical variables.

Many ecological data are not so straightforward
to predict, such as the location, density and size
of reef fish. Under these circumstances predictive
maps are typically generated through more
sophisticated statistical techniques such as boosted
regression trees (BRTs), generalized linear models
(GLMs) and generalized additive model (GAM).
These methods are used to model the complex,
non-linear relationships between organisms
and their environment (Elith et al. 2008). BRTs,
for example, work by calculating a large number
of simple models using random subsets of the
database (Schapire & Freund 2013), which are then
combined to produce an ‘ensemble’ model whose
output is used for mapping. Working on reefs off
the island of St John in the southern Caribbean,
Costa et al. (2014) successfully used BRTs to model
density of large fish (> 29 cm) with water depth
and standard deviation of depth identified as the
most influential variables. Interestingly, the BRTs
performed poorly for smaller fish, suggesting that
the explanatory variables did not capture the key
drivers influencing their density and distribution.

Perhaps the most effective demonstration of
the potential of spatial extrapolation concerns
the modelling of coral reef fish species richness
combined with empirical modelling techniques,
remotely sensed data, field observations and GIS
using model reefs in the U.S. Caribbean. Pittman
et al. (2007) evaluated the performance of three
different modelling techniques (multiple linear
regression, neural networks and regression trees)
when applied to two geographically distinct
coral reef ecosystems. They found that regression
trees outperformed the other two approaches
(multiple linear regression and neural networks)
and were able to very accurately predict high and
low areas of fish species richness. The key abiotic
variables determining richness were rugosity and
bathymetric variance, with water depth and
percentage cover of seagrass/hard cover being of
lesser importance. These results are particularly
significant because they strongly suggest that, in
similar ecosystems, fish species richness could be
robustly estimated at broad spatial scales using
topographic complexity alone.

Finally,
on species

literature
(marine

there is
distribution modelling

an enormous
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applications reviewed in Robinson et al. 2017)
with many associated modelling tools, the most
widely used of which is probably MaxEnt (Elith et
al. 2011). However, the results of SDMs are typically
coarse-grained (1 km scale or more) which may be
less appropriate or informative for management
within more geographically localized protected
areas (Farrell et al. 2013). This limitation has been
partly overcome by using high spatial resolution
explanatory variables which, in conjunction with
intensive and systematic sampling of the species of
interest, can be used to generate SDMs with very
fine grain sizes (e.g. 10 m — 100 m). Such models
provide insights into the variables influencing
local scale species distributions including the
location of potential corridors of movement and
isolated habitat patches (Nezar et al, 2017). The
use of such high-resolution methods is increasing
and there have been several notable studies in
marine coastal environments. For example, Leong
et al. (2018) were able to generate high resolution
maps of 12 overlapping mangrove species using a
digital elevation model as a proxy for small-scale
inundation processes.

Solution 1.4: Spatial extrapolation to support
management

The PELD-CCAL combines large-scale data
collection and spatial extrapolation of key
variables to support conservation management
and the sustainable exploitation of artisanal
fisheries resources. We already had extensive
information about large-scale spatial use of
the APACC by manatees by way of a long-term
satellite monitoring program of reintroduced
individuals by members of the PELD-CCAL
team (Normande et al. 2016). However, there was
scant information on green sea turtles (Chelonia
mydas) — the most abundant of the marine turtles
in the APACC and the most likely to come into
conflict with artisanal fishermen due to their use
of similar parts of the reef ecosystem. Drawing
on recent studies that use drones to monitor sea
turtles (Bevan et al. 2015, Kelaher et al. 2019),
we instigated long-term monitoring by drone
across the APACC (see above). Data from drone
transects (Figure 1b) can be used to generate
geo-referenced observations of sea turtles which,
when statistically associated with biophysical
features of importance to them (e.g. algal and



seagrass beds, reefs, depth), can then be used to
generate robust maps of habitat use at the level
of the APACC. Our ultimate aim is to compare
the relative abundance of turtles and manatees
in the APACC with spatially explicit information
on habitat use by artisanal fishermen (Appendix
1). Such information is partially available from
ethno-knowledge surveys (to date we have
surveyed over 1500 fishermen in the APACC) and
could also be generated from the drone transects
given the full consent of the fishing communities.

In summary, although many LTER projects
are situated in protected areas, the data that they
generate may not always be at an appropriate
scale to inform management decisions within
the PA. This challenge can be addressed by:
i) incorporating a combination of local scale
and landscape scale metrics into the LTER, the
latter generated from remote sensing data (e.g.
via satellite, drones) or by utilizing the growing
range of digital metrics that capture different
aspects of human-nature interactions (Ladle et
al. 2016); ii) Extrapolating data collected at local
scales through rigorous statistical procedures.
The resulting data can be used to support
management decisions (e.g. change of zoning
regulations), monitor landscape scale, socio-
ecological trends and evaluate the consequences
of new conservation or development initiatives.
Clearly, both the types of indicators and their
spatio-temporal resolution should be determined
in close consultation with the management
authorities (see Challenges III and IV) and align
closely with the objectives outlined in the PA’s
management plan. Finally, it is important to
note that socio-ecological processes in PAs can
be significantly influenced by processes within
the landscape (or seascape) within which they
are embedded. This is a particular challenge for
coastal PAs such as the PELD CCAL which are
strongly influenced by the many human activities
occurring in the land adjacent the shoreline
(Alvarez-Romero et al. 2011), for example, land
management in the catchment areas. Such links
may require evaluation and monitoring of socio-
ecological processes at a much greater spatial
scale than the PA itself, potentially incorporating
completely different ecosystems with all the
challenges this entails.
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Challenge 2: Providing a platform for
environmental managers to contribute to the
design, implementation and analysis of the LTER
project

As might be expected, LTER projects are dominated
by full-time academics working from universities
and other research centers. However, if the data
generated by LTER projects situated in PAs are
going to genuinely contribute to environmental
decision-making, it is essential that the products
generated by the project align with the needs of the
PA managers and other stakeholders.

Solution 2.1: Inclusion of PA staff and other key
stakeholders in the design, implementation and
analysis of the LTER project

In the Brazilian context, federal reserves such as
APACC are managed by staff from the Chico Mendes
Institute for Biodiversity Conservation (known
by the acronym ICMBio), a semi-autonomous
institution linked to the Brazilian Ministry of
the Environment. The PELD CCAL benefits from
particularly strong ties with ICMBio staff with
the Director of the APACC and several key staff
contributing to the design of the project and fully
participating as official research team members. In
addition to helping with logistics, this participation
extended to data collection and sharing, regular
planning meetings and collaboration in the
preparation of scientific papers and reports.

In our experience, the greatest challenge to
ensuring the continued contribution of PA staff
to the PELD has been dealing with the impacts
of the current wave of political instability in
the country. There has been a broad and well-
publicized restructuring of federal environmental
bodies (Pereira et al. 2019, Escobar 2019) with
ramifications at multiple levels. In the APACC, key
ICMBio members of the PELD research team had
their management roles changed or were even
placed to work in different conservation units. In
addition to disrupting data collection and other
regular activities, such staff turnover necessitates a
repeated phase of network building with uncertain
outcomes for future participation and data sharing.

Of course, ICMBio is not the only organization
with a stake in environmental management of
federal conservation units in Brazil. Local and
national NGOs often play a major role in PA
governance and management, with many actively
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engaged in research and data collection. These
NGOs often have relevant social capital, which is
of important value for communicating the results
of LTER to the local communities and, potentially,
to mobilize community members to co-produce
knowledge. Local NGOs are particularly relevant
in this respect, typically being very active on social
media. Thus, in addition to staff from government
agencies, the inclusion of members of local NGOs
in LTER research teams can be extremely valuable —
especially in LTSER projects where socio-ecological
data are essential to meet project targets. Given
the acknowledged importance of co-production
of knowledge for effective environmental
governance (Wyborn 2015, Nel et al. 2016), local
NGOs can provide an essential bridge between
academics and local communities. Ultimately,
this could lead to the creation of community-
based monitoring schemes within LTER programs,
allowing concerned citizens to track and respond
to issues of common community environmental
concern and thereby play a more proactive role in
the management of natural resources (Conrad &
Hilchey 2011, Whitelaw et al. 2003).

Solution 2.2: Coproduction of knowledge

As one of the objectives of the PELD-CCAL was
to work towards greater community involvement
and the coproduction of knowledge with key
stakeholders, we considered it essential to include
members of the local NGO Instituto Biota de
Conservagdo (Biota) as part of the research team.
Biota is an environmental NGO that has worked in
theregion over thelast 10 years with a focus on using
citizen-based monitoring to identify key areas of
sea turtles and marine mammal occurrence in the
APACC. To do this they have developed a dedicated
app and are also heavily involved in dissemination
of conservation information through conventional
social media. The data acquired through citizen-
based monitoring associated with data from a year
of daily monitoring in the entire study area, will help
us to understand the accuracy of the citizen-based
monitoring regarding the identification of sea
turtles and manatees stranding hotspots. Once we
understand the relations between data from these
two sources, we may be able to monitor the trends
of strandings through time using citizen-science
- a less costly way of monitor large areas such as
APACC. This data can also be cross-referenced to
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information from our drone surveys and could
potentially be used to validate predictive maps of
sea turtle occurrence throughout the APA.

In summary, our experience suggests that close
working relationships with PA management staff
and local NGOs that work in the conservation unit
are essential preconditions for the implementation
of LTER programs that adopt a broader socio-
ecological perspective. Ideally, employees of these
organizations should be official members of LTER
project teams, and actively participate in the design
stage of the project. In addition to the fundamental
logistical support and grounded knowledge that
such team members bring to the project, their
organizations also provide access to considerable
social capital that can be mobilized for diverse
ends, including community monitoring initiatives
and dissemination of results.

Challenge 3: Developing formal and/or
informal mechanisms for incorporating LTER
data into protected area decision-making

The literature on PA management and decision-
making processes is large, diverse (see review in
Worboys et al. 2001) and a detailed review is beyond
the scope of this short perspective. Although
there is abundant variation depending on the PA
designation and the management authority, most
larger PAs have one or more governance entities,
the most powerful of which is often termed a
‘management’, ‘consultative’ or ‘steering’ council.
Any major changes in management typically entail
a revision of the PA's management plan: one of the
key instruments for allocating limited resources,
directing conservation actions and ensuring that
the broader objectives of the PA’s designation are
achieved (Worboys et al. 2015). Management plan
content should reflect PA objectives, but is also
influenced by the perspectives of the contributors,
official and unofficial policy guidelines for plan
preparation and presentation, the content and
structure of previous Management Plans, and third
party contracting of Management Plan production
(Thomas & Middleton 2003, Gamarra et al. 2019).
Several decades ago, PA management council
typically reflected the top-down
approach to conservation management with
members predominantly drawn from government
and academic. This has gradually been changing,
spurred onbythe Convention on Biological Diversity

prevailing



Aichi Target 11, which requires the 193 signatory
parties to incorporate social equity into protected
area (PA) management by 2020. Nevertheless,
progress has been frustratingly slow with a
recent survey of managers, staff, and community
representatives from 225 PAs worldwide indicating
shortfalls in ensuring effective participation in
decision-making, transparent procedures, access to
justice in conflicting situations, and the recognition
of the rights and diversity of local people (Zafra-
Calvo et al. 2019).

Solution 3.1: Ensure that LTER researchers have

a presence on management and governance
committees

APACC has a diverse and inclusive management
council that includes representatives from a variety
of government institutions, regional research
centers, associations of local fishermen, tourism
and agriculture organizations and local NGOs.
Current representatives from the Federal University
of Alagoas and ICMBio are both important
members of the PELD CCAL team and are able to
directly draw on and introduce monitoring data
into council discussions.

Solution 3.2: Develop strong communication
channels with multiple stakeholders, and
especially with the official representatives of
stakeholder groups and organizations

The PELD CCAL team invests considerable time
and resources in communication and awareness-
raising initiatives with key stakeholders (e.g.
fishermen groups, local NGOs), to keep them
informed about the objectives and results of
the LTER. Such work is detailed and challenging
and our experience suggests that it is important
to have one or more dedicated communication
professionals within an LTER team and a clear
communication strategy. From the initiation of the
PELD-CCAL, communication and dissemination of
results have been coordinated by a professionally
qualified journalist from the Federal University
of Alagoas’ Institute of Social Communication
and Arts Sciences. Moreover, we are also working
towards an open-access online communication
platform that will present the results of the PELD
using language and visualizations that can be easily
understood by all stakeholders.
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CONCLUSIONS

The PELD-CCAL is one of the most recently
established LTER sites in Brazil with all of the
advantages and disadvantages that this brings. Our
greatest disadvantage is, perhaps self-evidently,
the lack of long-term socio-ecological data sets on
which to build our research framework. This lack
was one of the motivating factors (along with the
interdisciplinary nature of the core team members)
behind our decision to take an intentionally broad
perspective of LTER, and to incorporate some
innovative technologies such as monitoring by
drone and quantitative analysis of photographs
posted on social media sites. Nevertheless, in
comparison with the vast majority of other
LTER sites in Brazil we are only just beginning
our research — a fact that may make our PELD
particularly vulnerable to any future reductions in
funding for Brazilian LTER research.

Among the many advantages of “starting
late”, was the opportunity to review the evolution
of LTER networks in Brazil - the Tabarelli et al
(2013) report was invaluable - and other countries
and identify research trends. The PELD-CCALSs
multidisciplinary team is starting to generate novel
data and methods to apply to the challenge of better
aligning PA management with societal aspirations.
Our adoption of an LTSER approach, integrating key
indicators of human-nature interactions into the
overall monitoring framework, has been essential
in this respect. Brazil’s original (and enormously
successful) LTER sites were strongly focused on
monitoring ecological processes (Tabarelli et al.
2013) and we felt that any new initiatives needed
to adopt a more human-oriented perspective
if they were to align with current international
trends. Adopting an explicit socio-ecological
research framework also fit with our subsidiary
objective of generating data to support and inform
management and governance decision-making in
the APACC.

The great benefits of adopting such an approach
recently became apparent when a large quantity of
crude oil began washing up on the beaches, coral
reefs, and mangroves of northeast Brazil in late
August/early September 2019 (Magris & Giarrizzo
2020). Within four months oil had been recorded
along > 3000 km of the Brazilian coastline (> 980
beaches) making it the most extensive disaster
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ever recorded in a tropical coastal region (Oliviera-
Soares et al. 2020). Significantly, more than 55
protected areas have been affected by the oil,
including the APA Costa de Corais. Fortunately,
due to our extensive, robust and up-to-date
baseline information on a wide variety of socio-
ecological factors we were able to comprehensively
assess the consequences of this unprecedented
environmental disaster, including the key species
as reef-builder corals (Miranda et al. 2020), and
economic and social consequences for local
artisanal fishing communities (Ladle et al. 2020).
Preliminary analysis indicates that recent events
of oil spill strongly impacted local livelihoods,
compromising the fish value chain and local food
security.

The above is an example of one of the many
tangible contributions that LTER sites can make
to PA management, though to maximize these
certain challenges need to be both recognized and
overcome. Most of the solutions to these challenges
are simple, but often have profound consequences
for what data are generated, how, and by whom.
Our view is that as political and developmental
threats to PAs increase (cf. Bernard et al. 2014), data
on complex socio-ecological interplay of human
populations, landscapes and species will become
increasingly important as an evidence base for
conservation advocacy. LTER projects that build the
needs of management and governance into their
research framework will be best placed to provide
this information. Such a close alignment between
PA and LTER project objectives not only adds value
and urgency to the ecological research, but also
opens new space for innovation in monitoring and
communication.
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Table Al. Research components, specific aims and metrics for monitoring of the Long Term Ecological

Research Costa dos Corais Alagoas.

Research component Aim

Metric for monitoring

Ecosystem Structure

To describe physical-chemical water
conditions and extension of coastal/
1.1 marine ecosystems  (estuaries,
mangroves, coral reefs and sandy
beaches) and management zoning

To describe taxonomic diversity and

Physical/chemical variables (e.g. seawater
temperature, salinity, pH, turbidity,
dissolved oxygen, dissolved organic
nitrogen, radon, nitrite, nitrate, phosphate,
silicate, calcium carbonate, chlorophyll
a). Microbiological variables (total
coliforms, Escherichia coli and enterococci
abundance, and Bacillus, Staphylococcus
and Clostridium presence/absence using
phylochip DNA microarray). Area (km?) of
the systems using remote sensing.

Abundance, richness, and functional
diversity (microorganisms, corals,

1.2 assemblages structure zoanthids, algae, octocorals, fish, sea turtles,
manatees, birds and plants).
Ecosystem function
To monitor key populational Manatees and sea turtles abundance using
21 process of emblematic species (e.g. drones, molecular/genetic identification
’ manatees and sea turtles) important of Mugil spp. a commercially relevant
to social and economic issues estuarine fish species.
T reef condition insi n . . .
O assess reel co dition inside a d % Bleaching, % mortality, % disease and %
2.2 outside no take zones specially . ;
. . healthy in coral community.
coral bleaching and mortality
53 To monitor dynamics of fluxes in Invertebrates and fish biomass/abundance
’ river-estuary-reef systems in different habitats in the estuarine system.
TO rr‘lom‘tor herlvor.y Process, Algae, sea grass and herbivores abundances,
investigating relationships between . . - .
2.4 herbivore fish bite rates, algae biomass in
algae, reef fish, sea turtles and
gut contents of sea turtles and manatees.
manatees.
Threats
. . . . Tourist number in coral reefs, san h
3.1 To identify tourism magnitude. ouristnumberin cora reets, sa dybeaches
and manatee conservation zone.
Seawater temperature, salinity, pH,
turbidity, dissolved oxygen, dissolved
. . . organic nitrogen, radon, nitrite, nitrate,
To monitor marine and estuarine > .
: . S phosphate, silicate, calcium carbonate.
pollution  investigating  water ; D .
. Total coliforms, Escherichia coli and
3.2 quality.

enterococci abundance, and Bacillus,
Staphylococcus and Clostridium presence/
absence using phylochip DNA microarray.
Hybridization degree of target species for
artisanal fishing (Mugil spp.).

Table 1. Continues on next page...
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Table 1. ...Continued

Research component Aim Metric for monitoring
. . . . Artisanal fishermen socioeconomic
To investigate socioeconomic L . o
3.3 . Lo description and  fishing  activities
fishing activities. .
production.

3.4

3.5

3.6

To monitor fishing and tourism
impacts.

Mapping landscape activities such
as agriculture, shrimp farms and
urban areas.

To evaluate climate change effects
on marine systems.

Fish structure stocks for fishing target
species. Coral reef communities condition
inside and outside Tourism Zones, and
tourist number.

A map integrating land, coastal and marine
areas of APACC interest.

% Bleaching, % mortality, % disease and %
healthy associated to episodes of seawater
temperature anomalies. Sedimentation
rates and river flows.

Governance/Management

4.1

4.2

4.3

4.4

4.5

To identify attitudes, behaviours
and perceptions of the residents,

fishermen, teachers about the
coastal/marine ecosystem
importance for themselves life

quality.
To describe the Cultural Ecosystem
Services.

To assess efficiency of no-take areas
integrating biological, social and
economic metrics aiming establish
adaptative/participative police.

Training local people and students
focusing on tropical biodiversity
conservation with multidisciplinary
approach.

To create and share long term
socioecological database.

Attitudes, behaviours and perceptions of
the people.

Aesthetic values,
values, inspirations.

recreation, spiritual

Condition, abundance and richness of reef
species as corals, urchins, algae, octocorals,
fish inside and outside no-take zones.
Cultural Ecosystem Services.

Number of people and students trained.

An online database.
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