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A detecdo remota € uma ferramenta muito poderosa para a criacdo de mapas topograficos da
superficie terrestre. Dados de satélite, fotografias aéreas e mais recentemente os veiculos
aéreos nao tripulados (drones) tém sido utilizados para este proposito. Comparada com o0s outros
métodos, os dados obtidos com os drones tém uma resolucdo superior. Os drones apresentam
numerosas vantagens, especialmente em trabalhos em areas intertidais onde as condi¢cfes séo
mais duras (e.g. ventos, chuva). O Parque Natural do Litoral Norte € uma area protegida onde
coexistem Varios ecossistemas com uma grande biodiversidade, maioritariamente em zonas
intertidais rochosas. Para 0s organismos que habitam estas areas, a temperatura € um dos
fatores mais importantes na sua sobrevivéncia. Nesta tese foi testado o potencial dos drones
para produzir mapas topogréaficos de elevada resolucdo no intertidal de quatro praias do Parque
Natural do Litoral Norte. Para o efeito, utilizaram-se dois drones diferentes (Phantom 4 Pro e FIMI
SE X8) na captacdo de imagens usadas posteriormente para a construcdo dos mapas
topograficos (modelos digitais de elevacdo) dos quatro intertidais. A partir destes foram derivadas
as variaveis topograficas mais importantes (Orientagdo, Pendente e Radiacdo Solar). A
temperatura foi obtida a partir de loggers previamente colocados em locais estratégicos destes
intertidais rochosos. Esta demonstrou-se correlacionada com as variaveis topograficas mais
relevantes (Orientacdo, Pendente e Radiacédo Solar), para que fossem construidos dois modelos
de temperatura superficial da rocha. Por fim, os modelos de temperatura da superficie da rocha
foram projetados para a totalidade da area rochosa das quatro praias. Dois modelos extremos
de temperatura da superficie da rocha foram criados — minimo (R?= 0,87) e maximo (R?=0,75) —
que ilustram grande variabilidade nas areas de estudo. Esta tese demonstra o desafio que é fazer
mapas topograficos em areas como a zona intertidal. Para além disso, enfatiza a importancia da
criacdo de modelos de temperatura da superficie da rocha que podem ser usadas para estudar
o impacto das alteracdes climéaticas em organismos sésseis. Esta tese revela novas ferramentas
de grande potencial para serem desenvolvidas e utilizadas para estudar, proteger e conservar

estes ecossistemas.



PO Hrlwo FCUP 3

EACULOASE BECIENCIAS Mapping of the intertidal shores of Parque Natural do Litoral Norte

FC UNIVERSIDADE DO PORTO

Remote sensing is a powerful tool for the creation of topographic maps of the earth's surface.
Satellite data, aerial photography and, more recently, unnamed aerial vehicles (UAVs) have been
used for this purpose. Among these, drones provide data with better spatial resolution and present
numerous advantages, especially when working in intertidal areas which bear rough conditions
(e.g. winds, rain). The Parque Natural do Litoral Norte (PNLN) is a protected area which
encompasses several ecosystems of great biodiversity, particularly in intertidal rocky areas.
Temperature is the most important factor for the survival of intertidal organisms. In this thesis the
potential of drones to produce high resolution topographic maps was assessed in four intertidal
areas of PNLN. Two different drones (Phantom 4 Pro and FIMI SE X8) were used to create a
topographic map (Digital Elevation Model) of the four study areas, from which the important
topographic variables (Aspect, Slope, Solar Radiation) were derived. Data on local temperature
were obtained from loggers, previously placed in strategic locations of rocky shores. They were
related with relevant topographic variables, to build two models of rock surface temperature.
Finally, the rock surface temperature models were projected to the entire surface area of the four
intertidal areas. Two extreme rock surface temperature models of the four rocky shores were
created - minimum and maximum — minimum (R?= 0,87) and maximum (R2=0,75) — which

illustrate high variability in the study areas.

This thesis shows how challenging it is to create topographic maps of areas such as the intertidal.
Furthermore, it highlights the importance of the creation of rock surface temperature models which
can then be used to study the direct effect of temperature changes on sessile species. This
uncovers new tools with great potential to be further developed and be used to study, protect and

conserve these environments.

Key words: Remote sensing, UAVs, Drones, Digital elevation model, Temperature, Rocky shores,

Surface Temperature Model.
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DEM - Digital Elevation Model

ESRI — Environmental Systems Research Institute
ETRS - European Terrestrial Reference System
GNSS - Global Navigation Satellite System

GCP — Ground Control Point

HMSL - Height above Mean Sea Level

ICNF — Instituto da Conservacgdo da Natureza e das Florestas
PNLN — Parque Natural do Litoral Norte

RTK — Real Time Kinematic

ReNEP — Rede Nacional de Estagbes Permanentes
RS — Remote Sensing

UTM — Universal Transverse Mercator

UAV — Unmanned Aerial Vehicles
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Remote sensing (RS) is a powerful tool for the creation of topographic maps of the earth's surface.
It is the science of acquiring information about an object, area or phenomenon through analysis
of the energy reflected by the earth’s surface sensed by a device (sensor) which is not in direct
contact with the target object (Chuvieco, 2020). Although dominated by the use of satellite data,
which provide the ability of mapping large areas at the same time (Kwok, 2018), the emergence
of unmanned aerial vehicles (UAVS) has created new opportunities for RS application in several
research (Padua et al., 2017, 2018). UAVs are aircrafts which have no pilot on board. Usually
called drones, these devices are remotely controlled from the ground by an operator or can be
pre-programmed to work in autopilot mode (Marx et al., 2017). The UAVs have an original military
purpose, being only applied to research studies in the late 90s and early 215 century (Colomina
& Molina, 2014). In the last decade, an immeasurable number of UAV manufacturers have
emerged due to technological advances and more permissive legislation (Padua et al., 2017).
UAVs have the unique ability to capture data at a spatial, spectral and temporal resolution never
seen before (Maes & Steppe, 2019). The wide variety of sensors that UAVs currently have (e.g.
thermal cameras and hyperspectral cameras), means that the data they acquire can generate a
huge range of products, such as digital elevation models (DEM), orthophotomaps and vegetation
indices, which are widely used in different fields (Mozaffari et al., 2019). Therefore, they have
been used in many studies in countless research fields, such as like ecology, agriculture and

disaster protection (Yao et al., 2019).

Ecology is one of the research areas which had greatly benefited from remote sensing data to
study natural processes at global scale. The North American Breeding Bird Survey (BBS,
https://www.pwrc.usgs.gov/bbs), United States Forest Inventory and Analysis National Program

(FIA, http://www.fia.fs.fed.us) are examples of monitoring projects using satellite data (long time

series data) at a global scale (Zhang et al., 2016). In this context, the appearance of UAVs has
revolutionized this field of knowledge. UAVs surveys have low flight altitude and therefore, the
resulting data have very-high spatial resolution (pixel sizes in the order of centimeters; Mancini et
al., 2013). By detecting changes at very small scales, UAVs enable the study of ecological
processes with a very high resolution (Cruzan et al., 2016; Puliti et al., 2015; Vincent Raoult et
al., 2020). Also, data might be acquired across relatively large areas with great flexibility in the
timing and frequency of image capture, which allows spatial and temporal dynamics to be added
(Anderson & Gaston, 2013). The first studies made with the help of drones in terrestrial ecology

were to monitor population size of black-headed gull (Jones et al. 2006). Baena et al. (2017) and


http://www.fia.fs.fed.us/
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Johansen et al. (2020) have studied the health condition of trees through the state of its leaves
by measuring their absorbance capacity with UAV flights. These equipments have brought a new
way for ecologists to study and understand natural processes over small to medium sized regions
(Vincent Raoult et al., 2018). They offer an unprecedented opportunity to study and monitor

coastal environments.

Coastal areas are regions of remarkable primary and secondary productivity, biodiversity, and
high accessibility, which support numerous physical and biological processes. Considering the
rough conditions of these areas (e.qg. tides, winds, waves and currents), the use of UAVs brought
numerous advances, as it made studies less time consuming and resource-intensive (Colefax et
al., 2018; Schofield et al., 2019). Indeed, this new approach have prompted ecological studies in
coastal areas (Murfitt et al., n.d.; Rossiter et al., 2020), helping their ecological management
(Kiszka et al.,, 2016; Raoult & Gaston, 2018). Among them are the mapping of seaweeds

communities conducted in Portugal (Borges et al., 2019).

In coastal areas, the intertidal zone is defined as the boundary between the terrestrial and marine
environments (Lv et al., 2020). Intertidal zones create diverse ecosystems with unique conditions
influenced by the ocean and the land (Nordlund et al., 2013). Within these areas, the rocky
intertidal zones are places affected by winds, wave energy, tides and many other physical factors
(Hawkins et al., 2019; O’Donnell & Denny, 2008). Despite the physical conditions, these are
places with high biodiversity, particularly in a small space. Their physical and ecological
characteristics make them ideal places to apply remote sensing technologies, such as UAVs
(Borges et al., 2019; Escobar-Sanchez et al., 2021). The work carried out with UAVs offers a new

methodology that is much less destructive for the organisms that live there.

The intertidal and rocky shore organisms are highly adaptable to fast and extreme changes (Faria
et al., 2020). Despite all the physical parameters affecting them, temperature plays a crucial role
on their survival capacity (Li et al., 2021; Wang et al., 2020). All the residents of these areas have
to struggle twice a day to survive with the temperature of the rock where they live (Judge et al.,
2018; Schneider et al., 2010; Sinclair et al., 2016). When the weather conditions are extreme, the
surface of the rock in these areas can become lethal due to the increase or decrease of the
temperature (Seabra et al., 2011). With the help of UAVSs, it has been possible to derive surface
temperature models with a very high level of detail (Garza, 2016). Intertidal ecology can benefit

from these models associated to physical data taken in situ, with the help of loggers (Fitzhenry et



[MAPORTO FCUP 10

EACULOASE BECIENCIAS Mapping of the intertidal shores of Parque Natural do Litoral Norte

FC UNIVERSIDADE DO PORTO

al.,, 2004; Lima & Wethey, 2009; Miner et al.,, 2018). Together they create rock surface
temperature models that help to understand and conserve the different habitats that exist in these
places (Choi et al., 2019). Therefore, it is important to characterize the temperature surface of
each intertidal to further understand the ecology of the organisms that inhabit these places, how

they are distributed and how they will be affected by the coming climate changes.

The Parque Natural do Litoral Norte (PNLN) presents one of the largest rocky intertidal
concentrations in Portugal (ICNF, 2018) (Fig. 1). These places are home to many commercially
important and heavily exploited species, namely Paracentrotus lividus, that need to be studied
and conserved (Bertocci et al., 2021). Being a protected area, regulations on the catch of intertidal
organisms are in place, for instance, it is not allowed the use of tools for the collection of organism
and width and size of organisms harvested are also limited (Bertocci et al., 2021; ICNF, 2018).
Other activities such as artisanal fisheries, Sargaco collection and an original agricultural method,
masseiras (plantations are close to dunes and use Sargaco and Polybius henslowii crabs as
fertilizer) are traditional of this location and are still preserved nowadays (ICNF, 2018). Given that
these are already exploited and damaged locations and bearing in mind that this is a protected
area, research with drones are ideal, as they present the possibility of studying these locations

with a minimum damage while enabling protection.
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Figure 1: Geographical representation of the limits of Parque Natural Litoral Norte, in the northern coast of Portugal.

Coastal ecosystems are highly dynamic environments and therefore very susceptible to multiple
threats, including climate change. Mapping and monitoring are essential to better understand and
manage these ecosystems. The main aim of this thesis was to map, with the highest possible
resolution, the intertidal rocky shore of four rocky shores of Parque Natural do Litoral Norte. This
aim was branched in two specific objectives: the first was to make topographic spatial
characterization of the rocky intertidal areas of the four study areas. The second one was to build
a temperature surface model for these rocky shores. To build this model, data collected with UAVs
were combined with temperature data collected from loggers placed in the intertidal rocks. Due
to the inherent challenges of working in coastal areas, biophysical datasets at appropriate spatial
and temporal scales are seldom available. This thesis will be a step forward in the development
of a rocky shore surface model that will be a useful tool for a better understanding of ecological

processes on a local scale.



[MAPORTO FCUP 12

EACULOASE BECIENCIAS Mapping of the intertidal shores of Parque Natural do Litoral Norte

FC UNIVERSIDADE DO PORTO

This thesis is organized in four chapters. The first chapter is the Introduction with the brief revision
of the topics addressed in the following chapters, as well as the objectives of this work. The
second chapter describes the techniques, methodological and statistical approach used to
analyse the data collected. The third chapter presents the results obtained from each of the
processes conducted in each of the phases of this work. Finally, chapter 4 contains the discussion

and conclusions as well as future perspectives.
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The study area is in northern west coast of Portugal and encompasses four rocky intertidal shores,
Carrugem, Sao Bartolomeu do Mar, Rio de Moinhos and Apulia (from north to south — Figure 2).
These rocky shores are embraced by Parque Natural do Litoral Norte (PNLN). The PNLN extends
over 16 km of coastal Atlantic, with a total size of 88,87 km?, out of which the vast majority is
marine protected area (~76,53 km?) and the remaining is land area (ICNF, 2018). The former is
essentially made up of a sandy beach cordon and primary and secondary dunes of great instability
and at risk of erosion. The climate in the park is strongly influenced by the Atlantic Ocean, with
abundant rainfall during the winter and constant northern winds. The target rocky shores are
formed by granite rocks, schistose and conglomerates and are surrounded by coarse sands,

boulders and smalls rocks (Geologia | Hidrologia | Clima — ICNF, n.d.).

ATLANTIC OCEAN

<7

»  From North to South

QO Praia de Carruagem

QO Praia de Sdo Bartolomeu

QO Praia de Rio de Moinhos

O Praia de Apulia
ParqueNaturalLitoralNorte

Figure 2: Location of the northern west of continental Portugal and the study intertidal shores: Carruagem,

Sé&o Bartolomeu de Mar, Rio de Moinhos and Apdlia.
The intertidal zone is the interface between land and ocean. Intertidal shores may be divided into
three different levels: High, Medium, Low. This division is based on the tidal level that reaches

different heights of the shore (Widdows & Brinsley, 2002).

The High intertidal zone is an area that is only covered by sea water during high tides, and for a
short period of time. As it is dry for long periods, this area is inhabited by small marine snails,
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barnacles, hermit crabs and by a group of algae (e.g. Fucus vesiculosus) that can withstand these
tough conditions (Nicastro et al., 2013). The Middle intertidal zone is the place where the tide
rises and falls twice a day. A larger number of organisms can be found in this area, such as sea
urchin, crabs, mussels, biogenic reefs and different types of algae (e.g. Mytilus spp) (Raffaelli &
Hawkins, 1996). The Low intertidal zone is always covered by water, except during spring low
tides, this area constitute a protection and growth zone for many species, so a large number of
organisms can be found (NOAA’s National Ocean Service, n.d.).

In the four rocky shores, the high intertidal is dominated by green and brown seaweeds,
consisting mainly of Enteromorpha spp and Fucus vesiculosus. The middle zone is constituted by
large patches of Mytilus spp, barnacles and limpets. In the low intertidal zone it is possible to find
some biogenic reefs, formed by the polychaete Sabellaria alveolata, and big areas dominated by
red algae including Chondrus crispus, Osmundea pinnatifida and some opportunistic kelp like

Saccorhiza polyschides and Laminaria ochroleuca.

UAV flights were conducted between January 2020 and February 2021. The weather conditions
were challenging, with flights being always done in low tide conditions and early in the morning,
so that there would be low wind and minimal cloud cover. The first and second campaigns were
conducted with the Xiaomi FIMI X8 SE UAV on the intertidal areas of S&o Bartolomeu and Apulia.
Flights with the DJI Phantom 4-Pro UAVs, were carried out at the end of 2020 and the beginning
of 2021 in Moinhos and Carruagem (Table 1). In one of the campaigns, one of the drones was
damaged by the wind, reason for which there was a need to use two different drones
characteristics of both models of drones are described in Table 2.

Table 1: Dates of the campaigns and drones used for each study area.

STUDY AREA DATE UAV
Carruagem 21 NOVEMBER 2020 09:08 DJI PHANTOM 4-PRO
Sé&o Bartolomeu 14 FEBRUARY 2020 10:33 XIAOMI FIMI X8 SE
Moinhos 26 FEBRUARY 2021 08:31 DJI PHANTOM 4-PRO

Apdlia 24 JANUARY 2020 09:33 XIAOMI FIMI X8 SE
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All flights were performed in parallel rows with high longitudinal and lateral overlap. They were
programmed using the software Pix4Dcapture in which the target area, the longitudinal and lateral
overlap, the ground pixel size and the flight direction were previously planned. A dual-frequency
GNSS receiver (Trimble R6-3) in real-time kinematic (RTK) mode, with real-time differential
correction broadcast by the National Network of Permanent Stations (ReNEP), was used to collect
the ground control points (GCPs). This was performed to improve the georeferencing of the
images collected, because the global navigation satellite system (GNSS) included in UAVs has
an accuracy with an associated error of a few meters. To improve the geolocation accuracy of the
products extracted from the photographs, it is necessary to capture a series of GCPs uniformly

over the study area (Table 3 and Fig. 3).
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X8SE PHANTOM 4 PRO
MANUFACTURER Xiaomi Fimi DIl
WEIGHT 765 grams 1388 grams
MAX FLIGHT TIME 35 minutes 30 minutes
DRONE MAX SPEED 65 km/h 72 km/h
CAMERA SENSOR SONY CMOS CMOS
DRONE IMAGE STABILIZATION 3 axis gimbal 3 axis gimbal
DRONE PHOTO RESOLUTION 12 Mp 20 Mp
SATELLITE POSITIONING GPS GLONASS BEIDOU GPS GLONASS
SYSTEMS
IMAGE FORMAT DNG, PNG JPEG, DNG

Table 3: Example of some GPCs captured in one of the intertidal, HMSL represents the orthometric altitude coefficient for each of

the points.
POINT LONGITUDE LATITUDE HMSL
(Decimal degrees) (Decimal degrees) (m)
PO1 \ -8.806199472 41.597441824 4.831
P02 -8.806232568 41.596617771 4.449
P03 -8.806095169 41.595723667 3.887

Loggers were installed in three intertidal zones (Carruagem, Moinhos and Apulia). Due to
technology/equipment constrains, a different number of loggers was placed in each intertidal

zone, namely four in Carrugem and Apulia and six in Moinhos (Fig. 4). Each of these loggers was
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positioned with different orientation with the objective of capturing temperatures at which intertidal
organisms are exposed during the low tide (Judge et al., 2018; Seabra et al., 2011). They were
installed by drilling small holes in the rock surface and coated with epoxy. Loggers were
programmed to record the temperature of the rocky surface each ten minutes. Data matching the

dates of the drone flights were collected from the loggers (Gandra et al., 2015).

Figure 4: Set up of loggers in the rocky intertidal.

The alignment of the images captured with UAVs and their georeferencing was processed using

photogrammetric methods implemented in the software Agisoft Photoscan (Agisoft LLC, St.
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Figure 5: Schematic workflow in Agisoft PhotoScan software.

Petersburg, Russia). The coordinate system in which the images were captured by the UAVs was
reprojected for the ETRS89 UTM Zone 29N reference system. It was then aligned with the highest
possible resolution, creating a 3D sparse point cloud generated from conjugate points and,
afterwards, the GPCs were added (Fig. 5). A dense cloud point was obtained with a surface model
in a grid. Finally, using the dense cloud point, orthorectification was performed to generate the
digital elevation model (DEM) for each of the intertidal rocky areas (Fig. 6) (Gongalves et al.,
2018).



[MPORTO | . o FOUPI
J~ Frcuiooe oecincns Mapping of the intertidal shores of Parque Natural do Litoral Norte
UNIVERSIDADE DO PORTO

Figure 6: Workflow in a Agisoft Photoscan software. Top left: addition of the photographs taken during the flight. Top right:

alignment of the photographs. Bottom left: addition of the GCPs. Bottom right: construction of Dense Point Cloud.
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As the flights were conducted with two UAVs equipped with different sensors with different
characteristics, the spatial resolution (i.e pixel size) of each of the four DEMs was not the same.
Hence, the DEMs pixel size had to be homogenized (7x7cm). For this purpose, ArcMap software
was used and the resampling tool was applied with the nearest neighbour assignment technique,
due to the type of data used. This process consists in unifying the pixel size by calculating how

many cells of smaller size must be joined to create a pixel of larger size.

The most important topographic variables (slope, aspect, solar radiation) for calculating the rock
surface temperature were derived from the DEM of each intertidal area. Aspect, slope and solar
area were constructed in Environmental Systems Research Institute's (ESRI's) ArcMap 10.3
software, using the Spatial Analyst tool. The aspect is defined as the orientation of the slope,
measured clockwise in degrees from 0 to 360, where 0 is north-facing, 90 is east-facing, 180 is
south-facing, and 270 is west-facing. The slope was expressed in percentage of rise of the rocky
surface. Solar area was calculated using the solar radiation tool, this allowed to know the
insolation received by each of the rocky intertidal. The data was obtained in units of watt hours
per square meter (Wh/m?), and only for the hours where the study areas were not covered by
water masses were selected. The time configuration was Multiple days in a year, selecting the
days when UAVs flights were performed.

From the logger data, emersion time intervals and temperature values of the rock surface were
acquired. A Pearson correlation analysis was performed using R software to determine the
relationship between the rock surface temperature and the emersion time. Only the values from the
shore surface were used, without the influence of sea water temperature. To obtain these values,
the tidal height data from the nearest port of Viana do Castelo were compared with the data
obtained from the loggers. They were filtered by time and tidal coefficients to get values for each
of the points of the logger locations on emersion time. With the emersion time data, the maximum
and minimum of each of the loggers were selected to obtain the thermal extremes of each of the
points. All this treatment was done after the data from the loggers were selected to the same
dates of the UAVs flights.

The values of the topographic variables were extracted for the location of each logger. All these
processes (resample, merge, extract) were performed in ArcMap 10.3 software. The rock surface
temperature data obtained by the loggers were selected and adjusted to have the same time
interval in all study areas. To build a temperature surface model, a linear regression was used to
calculate the mathematical model that best described the relation between the maximum and

minimum temperature measured by loggers and topographic variables. This was performed using



FCUP 21
Mapping of the intertidal shores of Parque Natural do Litoral Norte

[PORTO

'F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO
R software and the raster package. The resulting mathematical model was then projected to the

entire study area.

Lastly, to check how reliable the model built was, logger temperatures were compared to model
predicted temperatures. To test if there were significant differences between measured and

predicted temperatures a Wilcoxon test was applied.

Each of the intertidal areas (Carruagem, Sao Bartolomeu, Moinhos and Apdlia) was flown over
under similar weather conditions. A total of 1141 pictures were taken in the four locations and 38
ground control points (GCPs) were collected over the whole intertidal area (Table 4). The total
area surveyed covers a total of 80.459 m? of rocky intertidal. In the intertidal zones of Apulia and
Séo Bartolomeu, the height of the flights exceeded 31 meters, while in Carruagem and Moinhos,

the average height of the flight was 20 meters (Fig. 7).

. ; 2i L2
Figure 7: Two images of the flights. In the left, picture taken with UAVs FIMi X8 SE and on the right, picture taken with Phantom 4 -

Pro.
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Table 4: UAVs’ rocky intertidal campaigns features. UAV: unmanned aerial vehicle; GCPs: ground control points.

CAMERA RESOLUTION

STUDY AREA UAV IMAGES GCPS PIXEL SIZE (m)
CARRUAGEM DJI PHANTOM 4-PRO 20 Mp 246 12 0.036
SAO BARTOLOMEU XIAOMI FIMI X8 SE 12 Mp 252 6 0.07
MOINHOS DJI PHANTOM 4-PRO 20 Mp 427 12 0.031
APULIA XIAOMI FIMI X8 SE 12 Mp 216 8 0.032

The DEM with higher spatial resolution was derived for the intertidal area of Moinhos (~0.031 m),
while the DEM of the intertidal of S&o Bartolomeu had a value of 0.07 meters. The DEMs of the
intertidal of Apulia and Carruagem had a pixel size of 0.032 and 0.036 metres, respectively. The
maximum elevation in the coastal area of Moinhos and Sao Bartolomeu was 13.5 and 13 meters,
respectively, above mean sea level (Fig. 8). On the other hand, the maximum elevation in the
coastal area of Carruagem and Apulia was 8.33 meters and 9.33 meters, respectively, above
mean sea level (Fig. 10). The coastal area with the lowest elevation was Moinhos -3,2 metres
(Fig. 8). The coastal area of Carruagem, S&o Bartolomeu and Apulia had negative elevations of
-1.9, -2.13 and -2.31 metres, respectively (Fig.8).
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Figure 8: Composition of four Digital Elevation models (DEMs) for each intertidal area. A corresponds to th e DEM of Carruagem.
B corresponds to the DEM of S&o Bartolomeu. C corresponds to the DEM of Apulia rocky shore and D corresponds to the DEM of

Moinhos.
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The S&o Bartolomeu intertidal was the only one with aspect values between -1° and 359.9°.
Aspect values equal to -1° correspond to flat areas. On the contrary, the intertidal of Apulia had
aspect values between 0° and 359.9°, the intertidal of Moinhos had values between 0.18° and

359.8° and finally the intertidal of Carruagem has aspect values between 0.001° and 359.9°.

The intertidal of Apulia showed less variation of aspect with a prenominal orientation to south, the
areas of Sao Bartolomeu, Carruagem and Moinhos were highly variable (Fig. 9, Fig. 10, Fig. 11).
The slope of the intertidal of S&o Bartolomeu ranged between 0 and 80.8 % (Fig. 10). Comparing
with the remaining intertidal areas, it had the highest slope. In the intertidal of Apulia the slope
values ranged from 0.004 to 78.9 %, in Carruagem from 0 to 80 % and finally in the intertidal of
Moinhos from 0.18 to 80.1 %.

The solar radiation in Apulia was 150388 Wh/m? and in Moinhos 151332 Wh/m?, being these the
two intertidal areas with the highest radiation (Fig. 12). The intertidal areas of S&o Bartolomeu
(148737 Wh/m?) and Carruagem (145444 Wh/m?) were the areas with the lowest values of solar
radiation (Fig. 10).

The maximum temperature collected by loggers in the selected period ranged between 16.2 -
21.7 °C, 18.9 - 34.2 °C, 18.3 - 26.1 °C for Carruagem, Moinhos and Apdulia, respectively (Table
5). The minimum temperature ranged between 10.3 - 12 °C, 4.7 - 6.4 °C and 9.1 - 9.7 °C in

Carruagem, Moinhos and Apulia, respectively.

In the location of each logger, aspect ranged within each location: 184.2° - 327.3° for Carruagem,
17.4° - 0 343° for Moinhos and 84.8° - 90° for Apulia (Table 5). Slope varied between 0.8 - 8.8 %
in Carruagem, 12.4 - 75.6 % in Moinhos and 3.2 - 3.4 % in Apulia (Table 5). Solar radiation was
measured between 76848 and 95459.6 Wh/m? in Carruagem, 17210.8 and 141319 Wh/m?in
Moinhos and 92602.6 and 93188.8 Wh/m?in Apdulia (Table 5).
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Figure 9: Composition of topographic variables of the intertidal of Carruagem.
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Table 5: The exact location of each of the loggers and the coefficients of the extracted topographic variables.

LOGGER LOGGER SOLAR

X_UTM29  Y_UTM29 ASPOECT SLOPE  RADIATION RTOECJJEiiFEgCEE RTOEC,\;(JEi%F;EgCEE N 'II?EOR(':I'}I(I;(AL
- - © (%) whim?) MAX. (°C) MIN. (°C)
516031.9  4605020.2 184.2 0.8 93456.0 21.7 11.2 Carruagem
5160325  4605024.1 262.6 2.8 92380.1 17.8 10.3 Carruagem
516032.6  4605022.2 218.0 2.4 95459.6 27.0 10.8 Carruagem
516032.3  4605022.6 327.3 8.8 76848.0 16.2 12.0 Carruagem
516871.6  4601724.7 36.45 72.1 17210.8 19.3 6.1 Moinhos
516874.1  4601724.5 343.3 69.6 17969.7 20.3 5.9 Moinhos
516871.7  4601724.6 17.4 75.6 20647.6 18.9 6.4 Moinhos
516869.6  4601721.2 202.8 12.4 114183.0 31.6 5.0 Moinhos
516873.7  4601720.3 214.5 24.6 124375.0 34.2 5.2 Moinhos
516871.6  4601720.9 180.1 32.8 141319.0 31.3 4.7 Moinhos
517983.1  4592994.5 84.8 3.3 92602.6 26.1 9.5 Apulia
517983.3  4592994.7 86.8 3.4 92812.1 18.3 9.6 Apulia
517985.1  4592994.1 89.6 3.3 93140.0 23.0 9.1 Apulia
517985.3  4592994.3 90.0 3.2 93188.8 18.8 9.7 Apulia

Two models were derived to create a minimum and maximum temperature rock surface model.
Pearson correlation test showed that temperature was highly correlated to emersion time. For this
reason data from the loggers corresponding to emersion time were not used. The model created
with the minimum temperatures recorded by the loggers and the topographic variables was
statistically significant. The most relevant variables for this model were Aspect and Slope explain
87% of the variability of the temperature (R? = 0,87) (Table 6). The result created for the model
with maximum temperatures recorded by the loggers and the topographic variables was also
statistically significant. For this model the most relevant variables were Slope and Solar Radiation
which explain 75% of the variability of the temperature (R? = 0,75) (Table 7). The values obtained
from the two models were similar to the ones recorded by the loggers (Table 8). The maximum
temperature predicted was 36.8 °C in the intertidal of Moinhos (Fig. 17). The minimum

temperature was also in the intertidal of Moinhos with a value of 3.9 °C (Fig. 18). The rock surface
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temperature values measured by all the loggers and the minimum and maximum temperature

values predicted by the models were not statistically different (Wilcoxon test: V=55, p = 0.90).

Table 6: Summary of results of the Minimum Surface Temperature Model. Significance code: p-value, *** [0, 0.001], ** (0.001, 0.01],*
(0.01, 0.05], . (0.05, 0.1], (0.1, 1].

Estimate Std. Error T value Pr(>1tl)
ASPECT 7.539%e-01 1.520e-01 4.961 0.00057 ***
SLOPE 2.662e-02 2.844e-03 -9.359 2.91e-06 ***
SOLAR RADIATION 8.976e-07 9.322e-06 -0.096 0.92519
RESIDUAL STANDARD ERROR 0.9284 on 10 degrees of freedom
MULTIPLE R-SQUARED 0.9007, Adjusted R-squared: 0.8709

30.24 on 3 and 10 DF, p-value: 2.503e-05
F-STATISTIC

Table 7: Summary of results of the Maximum Surface Temperature Model. Significance code: p-value, *** [0, 0.001], ** (0.001,
0.01],* (0.01, 0.05], . (0.05, 0.1], (0.1, 1]

Estimate Std. Error T value Pr(>Itl)
ASPECT -1.0637947 0.4776500 -2.227 0.050085
SLOPE 0.0429849 0.0089387 4.809 0.000714 ***
SOLAR RADIATION 0.0001454 0.0000293 4.962 0.000568 ***
RESIDUAL STANDARD ERROR 2.918 on 10 degrees of freedom
MULTIPLE R-SQUARED 0.8091, Adjusted R-squared: 0.7518

F-STATISTIC 14.13 on 3 and 10 DF, p-value: 0.0006291
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Table 8: Data of the rocky surface measured for the loggers and rocky surface predict with the model.

TEMPERATURE TEMPERATURE TEMPERATURE TEMPERATURE ROCKY

X_UTM29 Y _UTM29 LOGGERS MIN. PREDICT MIN. LOGGERS MAX. PREDICT MAX. INTERTIDAL
(m) (m) (°C) (°C) (°C) (°C)
516871.7 4601724.8 6.1 7.1 19.3 18.5 Moinhos
516874.1 4601724.6 5.9 4.9 20.3 20.4 Moinhos
516871.7 4601724.7 6.4 7.1 18.9 18.5 Moinhos
516869.7 4601721.2 5 5.5 31.6 32.2 Moinhos
516873.8 4601720.3 5.2 5.2 34.2 32.7 Moinhos
516871.7 4601720.9 47 5.3 31.3 32.1 Moinhos
517983.1 4592994.5 9.5 8.9 26.1 22.6 Apulia
517983.3 4592994.7 9.6 8.9 18.3 22.7 Apulia
517985.1 4592994.1 9.6 8.9 23 22.7 Apulia
517985.3 4592994.3 9.7 8.9 18.8 22.7 Apulia
516031.9 4605020.2 11.2 10.5 21.7 20.5 Carruagem
516032.5 4605024.1 10.3 11.9 17.8 18.3 Carruagem
516032.6 4605022.2 10.8 10.4 27 27.7 Carruagem

516032.3 4605022.6 12 11.9 16.2 18.3 Carruagem
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Figure 13: The maximum rocky surface temperature of the intertidal of Carruagem.
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Figure 14: The minimum rocky surface temperature of the intertidal of Carruagem.
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Figure 15: The maximum rocky surface temperature of the intertidal of S&o Bartolomeu.
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Figure 16: The minimum rocky surface temperature of the intertidal of S&o Bartolomeu.
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Figure 17: The maximum rocky surface temperature of the intertidal of Moinhos.
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Figure 18: The minimum rocky surface temperature of the intertidal of Moinhos.
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Figure 19: The maximum rocky surface temperature of the intertidal of Apulia.
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Figure 20: The minimum rocky surface temperature of the intertidal of Apulia
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This thesis aims to to build topographic maps of four intertidal rocky shores of PNLN, based on
flights done by UAVs and to create a surface temperature model from derived topographic
products of the Digital elevation model (DEM) together with physical data collected in situ
(loggers). For this, DEMs were built for four rocky shores of Parque Natural do Litoral Norte. The
pixel size of the four DEMs ranged between 3 and 8 centimeters what is in accordance with other
works (Dai et al., 2018). The resolution of the DEMs was affected by the height at which the flights
were performed, and the resolution of the camera attached to the drone. Indeed, Leitéo et al.,
(2016) has also observed the effect of the flight height and camera resolution in the resolution of
their DEMs. As expected, the higher values of altitude correspond to dunes or boulders, mainly
present in the intertidal of Moinhos and S&o Bartolomeu (Fig. 10) The intertidal of S&do Bartolomeu
and Apdulia are oriented to the north in most of their extension, making them the shores with more
cold spots. They are also the two rocky shores with more flat areas, which are more susceptible
to temperature changes, cooling down faster (Janetzki et al., 2021). Carruagem and Moinhos are
oriented towards the west, making them the coastal areas with the higher values of solar radiation.
The intertidal of Moinhos has a high elevation compared to the other areas and showed the
highest levels of solar radiation. In the intertidal of Moinhos, the largest range of temperatures
can be observed due to its steep slope and the orientation. The two other intertidal sites, Apulia
and Carruagem, were found more uniform, having less variation in slope and aspect. Therefore,

a smaller temperature range was observed.

In this work, 80495 m? were mapped and temperature values were predicted for this entire area
using fourteen loggers. The position where the loggers were placed plays a fundamental role in
characterizing the different thermal levels present in the intertidal (Reid & Harley, 2021). Maximum
and minimum temperature data recorded at the rock surface yielded surprising results, with
temperature variations of more than 29 °C having been recorded. These data revealed that
temperature variations within these rocky areas are far wider than previously believed from
studies using data obtained from nearby weather stations or satellite data (Jurgens & Gaylord,
2018; J. Lathlean et al., 2011; J. A. Lathlean et al., 2014). This is particularly important as the
highest mortality events of the organisms that inhabit the rocky intertidal occur from both high and
low temperature peaks during aerial exposure (Harley, 2008; Nielsen et al., 2021; Wethey et al.,
2011). On the other hand, the number of loggers is a key factor to rigorously determine all the
different temperatures in locations such an irregular terrain as the intertidal (H.-Y. Wang et al.,

2020). Models of the minimum and maximum surface temperature were build using data from
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these fourteen loggers. The rocky shore of Sdo Bartolomeu had no loggers installed, and so it
was used as an area to test if the predicted models were accurate. Although the sample size is
very low, models explained high percentage of variability of the observed temperature (Minimum
Surface Temperature Model - R? = 0.87, Maximum Surface Temperature Model — R? = 0.75).
Despite the low number of loggers, the models were able to predict both minimum and maximum
temperature for the locations of loggers (Wilcoxon test, p>0.05). Although they are very accurate
in training data prediction, there should be some uncertainty when predicting to the entire study
area. Indeed, most spatial modelling studies that aim to predict a physical variable such as
temperature, whether of the rock surface, air or sea, usually involve greater amounts of loggers,
meteorological stations or satellite imagery (Gandra et al., 2015; Maclean et al., 2019; Seabra et
al., 2011; M. Wang et al., 2017). Further work will be done to improve both model predictions and
validation. For this, data from other locations, further away from the ones used so far, will be
obtained by implementing more loggers. This work consisted of an initial attempt to create a
surface model, creating a methodology, that once further developed, can be applied in the future.

This thesis demonstrates that UAVs equipped with optical sensors capturing high-resolution
images are a very valuable tool for developing topographic maps of rocky intertidal areas (Choi
et al., 2019). The simplicity and pace with which UAVs capture data has been demonstrated in
this work. This equipment is a powerful instrument for quantifying spatial patterns of organisms
living in the rocky intertidal (Gomes et al., 2018). The complex geomorphology that was found in
these rocky intertidal areas and the fact that they suffer tidal effects make them an ideal place for
UAVs surveys. However, it remains a challenging job working with drones due to their vulnerability
to fast changing weather conditions, such as, strong winds, rain and cloud coverage (Kellaris et
al., 2019). Another conclusion of this work is that it is not easy to work with loggers placed in the
rocky intertidal. The high dynamism that characterizes these areas added to various physical
factors that alter the morphology of the rocky shores, difficult the finding of these equipments. It
was challenging to extract data from each of them in the three shores and to clean the extracted
data to have the aerial time intervals. However, to understand the behavior of the animals living

on top of the rock, this kind of data is essential (Judge et al., 2018).



FCUP 42

UJPORTO
.
FACULDADE DE CIENCIAS

FC UNIVERSIDADE DO PORTO

Mapping of the intertidal shores of Parque Natural do Litoral Norte

This work shows the great potential that UAVs have for the creation of high spatial resolution
topographic maps, in places such as the intertidal. Biological data collected in situ combined with
data from UAVs present a great opportunity to study spatial patterns of organisms that can be
influenced by physical parameters (Helmuth et al., 2006). It is necessary to carry out more studies
with UAVs in the intertidal to achieve monitoring, protection, and conservation plans. The models
created are a first attempt, being the basis for further studies. In the future, a surface temperature
model will be creating using high number of loggers. The model will be therefore improved and
validated. It will be than used to related with biological data in order in climate change studies.
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