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SUMMARY 

Understanding ecological dynamics implies disentangling the connections and interactions between living and 

non-living components of an ecosystem. Here, we studied links between the unique physical environment of 

the granite outcrops of the Guiana Shield, one of the most ancient bedrock formations on Earth, and local 

biodiversity. On these outcrops – also known as inselbergs – there are eroded depressions that become rock 

pools that can periodically hold water from rain or river input, allowing for the development of a unique 

diversity of microorganisms, plants, and animals. Although the fauna of temporary rock pool systems on rocky 

outcrops has been documented in temperate, arid, and semi-arid regions, little is known about similar systems 

in the Neotropics.  

The first challenge was to characterize the complex three-dimensional (3D) structure of the habitat; 

for this, we used remote sensing via an unoccupied aerial vehicle (UAV). We concluded that drone imagery 

could help to reconstruct spatial variation in microhabitat structures that would be impossible to quantify 

using ground-level observations or satellite images. In addition, we managed to reconstruct relevant proxies 

for habitat quality, like photosynthetic activity and rock pool connectivity, via stream network modeling based 

on a digital elevation model.  

Even though inselberg ecosystems are renowned for their plant diversity, little was known about the 

aquatic fauna associated with this habitat, and certainly not in this region. In the second chapter, we explored 

the aquatic biodiversity of macroinvertebrates in the early and late phases of the rainy season. This section 

presents the first biodiversity survey and first characterization of the water properties of this ecosystem in the 

Neotropics. We found strong seasonality with both taxonomic and functional differences in communities. 

Early inundation communities were dominated by microcrustaceans and gathering collectors. At the same 

time, predators almost doubled their relative abundance and increased their contribution to community 

diversity from 40 % to 50 % later in the rainy season. However, the species pool also housed predators such 

as specialized dragonflies with adaptations that helped them to exploit resources from the beginning of 

inundations.   

Finally, in chapter three, we showed strong differentiation in Odonata communities between pools 

that differ in permanence. To help explain this variation in habitat use, we performed a large-scale life-history 

experiment with three Odonata families. Here, we tested whether slight variations in dissolved salt 

concentrations and water level are used by naiads as cues for impending pond drying and could stimulate 

them to accelerate development. The chapter illustrates how developmental plasticity triggered by different 

cues can help odonates avoid mortality and exploit prey in short-lived habitats. It also contributes to a better 

understanding of the requirements and flexibility of odonates in response to environmental conditions.  

Overall, this project provides the first documentation of the inhabitants of this peculiar and 

unexplored aquatic microcosm system in South America. Using innovative technologies, faunistic inventories, 

multivariate analysis, and life-history experiments, we gained more insights into the fundamental ecological 

processes that determine the composition of local macroinvertebrate communities. This can facilitate their 

inclusion in informed land management and conservation initiatives.   

Keywords: Mapping microhabitats | Hydrology| Macroinvertebrates | Odonata | Life-history. 
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RESUMEN GENERAL 

 

Entender las dinámicas ecológicas implica ser capaz de esclarecer las conexiones e interacciones entre los 

factores bióticos y abióticos al interior y entre ecosistemas. En este proyecto estudiamos las conexiones entre 

la biodiversidad local y el entorno físico único de los afloramientos de granito del Escudo Guayanés, una de las 

formaciones rocosas más antiguas de la Tierra. En estos afloramientos, también conocidos como inselbergs, 

hay concavidades que por la acción erosiva del viento y el agua se convierten en charcos que periódicamente 

pueden retener aguas lluvias o provenientes de los ríos o lagunas. Esto permite el desarrollo de una 

biodiversidad única de microorganismos, plantas y animales. Aunque la fauna de los sistemas formados por 

estos charcos sobre afloramientos rocosos en regiones templadas, áridas y semiáridas ha sido ampliamente 

documentada, se sabe poco sobre sistemas similares en el Neotrópico. 

El primer desafío del proyecto fue caracterizar la compleja estructura tridimensional (3D) del hábitat. 

Para ello, utilizamos la fotogrametría a través de imágenes tomadas con un vehículo aéreo no tripulado (dron 

o UAV por sus siglas en inglés). Con los análisis realizados llegamos a la conclusión de que las imágenes 

tomadas con drones pueden ayudar a reconstruir la variación espacial de las estructuras de los microhábitats. 

Tarea que sería imposible de cuantificar mediante observaciones a nivel del suelo o utilizando imágenes de 

satélite. Además, logramos reconstruir indicadores de la calidad del hábitat, tales como la actividad 

fotosintética y la conectividad de los charcos mediante el modelamiento de la elevación del terreno y las 

microcuencas. 

A pesar de que los inselbergs son reconocidos por su diversidad de plantas, poco se sabía sobre la 

fauna acuática asociada a estos hábitats en la ecozona neotropical. En el segundo capítulo, exploramos la 

biodiversidad acuática de los macroinvertebrados presentes al inicio y en una fase tardía de la temporada de 

lluvias. Esta sección presenta el primer estudio de biodiversidad y la primera caracterización de las 

características fisicoquímicas del agua de este ecosistema en la región. Encontramos una fuerte estacionalidad 

con diferencias tanto taxonómicas como funcionales en las comunidades de estos organismos. Al inicio de la 

fase de inundación de los charcos las comunidades estaban dominadas por micro crustáceos pioneros y otros 

organismos recolectores. Por su parte, los depredadores casi duplicaron su abundancia relativa una vez avanzó 

la temporada de lluvias. En el grupo de especies pioneras también se registraron depredadores especializados 

como libélulas con adaptaciones que les ayudan a explotar los recursos al principio de las inundaciones. 

Finalmente, en el capítulo tres, mostramos una fuerte diferenciación en las comunidades de odonatos que 

habitan charcos que difieren en su hidroperíodo. Para ayudar a explicar esta variación en el uso del hábitat, 

realizamos un experimento de historia de vida a gran escala con tres familias de Odonata. En este probamos 

si las náyades eran capaces de utilizar ligeras variaciones en las concentraciones de minerales disueltos y el 

nivel del agua como señales de la desecación inminente del charco que habitan. El capítulo ilustra cómo la 

plasticidad del desarrollo desencadenada por diferentes señales puede ayudar a los odonatos a evitar la 

mortalidad y explotar hábitats de corta duración. También contribuye a una mejor comprensión de los 

requisitos y la flexibilidad de los odonatos en respuesta a las condiciones ambientales. En general, en este 

proyecto usamos nuevas tecnologías, inventarios faunísticos, análisis multivariado y experimentos de historia 

de vida para obtener más información sobre los procesos ecológicos fundamentales que determinan la 

composición de las comunidades locales de macroinvertebrados. Esto puede facilitar su inclusión en iniciativas 

informadas para la gestión responsable de los ecosistemas y la conservación de la biodiversidad. 

Palabras clave: Microhábitats | Hidroperíodo | Macroinvertebrados | Odonata | Historia de vida. 
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SAMENVATTING 

Om ecologische dynamiek te begrijpen is het nodig om de interacties tussen de levende en niet-levende 

componenten van ecosystemen te reconstrueren. Hier onderzochten we verbanden tussen de unieke fysische 

structuur en de lokale biodiversiteit van granieten heuvels die deel uitmaken van het Guyanaschild, één van 

de oudste gesteenteformaties op aarde. Op deze ontsluitingen die ook wel inselbergs (of eiland-bergen) 

genoemd worden bevinden zich clusters van geërodeerde depressies die zich kunnen vullen met regen of 

rivierwater en zo rotspoelen vormen. De periodische aanwezigheid van water in deze systemen zorgt voor de 

ontwikkeling van een unieke biodiversiteit van micro-organismen, planten en dieren die afwezig zijn in andere 

zoetwaterhabitats die niet opdrogen. Hoewel de fauna van tijdelijke rotspoelsystemen op inselbergs in 

gematigde, aride en semi-aride gebieden vrij goed gedocumenteerd is, is er weinig bekend over soortgelijke 

systemen in de Neotropis. 

Eerst en vooral gebruikten we teledetectie door middel van een onbemande drone om de ruimtelijke 

variatie in microhabitatstructuur te reconstrueren met een nauwkeurigheid die niet haalbaar zou zijn met 

satellietbeelden of grondwaarnemingen. We slaagden er ook in om met de dronebeelden relevante proxy’s 

voor habitatkwaliteit te reconstrueren zoals subtiele verschillen in fotosynthetische activiteit en hydrologische 

connectiviteit van dendritische poelnetwerken. 

Hoewel inselbergecosystemen bekend staan om hun plantenrijkdom, was er weinig bekend over hun 

aquatische fauna, en zeker niet in deze regio. In het tweede hoofdstuk onderzochten we daarom de aquatische 

biodiversiteit van macro-invertebraten in het begin en op het einde van het regenseizoen. Het was meteen de 

eerste documentering van de aquatische biodiversiteit en de watervariables van dit ecosysteem. We vonden 

sterke seizoenale verschillen met zowel taxonomische als functionele verschillen in de gemeenschappen. 

Vroeg na vulling werden de gemeenschappen gedomineerd door verzamelende voedende organismen en 

microcrustaceeën, terwijl de predatoren later in het regenseizoen abundanter werden. Interessant is dat er 

binnen de lokale “pool” van soorten ook predatoren waren zoals gespecialiseerde libellenlarven met 

aanpassingen die hen in staat stelden om ook al heel vroeg binnen inundaties actief te zijn.  

Tenslotte, in hoofdstuk drie, toonden we een sterke differentiatie aan in de assemblages van libellen 

en waterjuffers (Odonata) tussen poelen die verschillen in permanentie. Om deze variatie in habitatgebruik te 

helpen verklaren, werd een grootschalig levensgeschiedenisexperiment uitgevoerd met vertegenwoordigers 

van drie families. Hierin werd nagegaan of kleine variaties in opgeloste zoutconcentraties, dan wel 

waterniveau, kunnen worden gebruikt door larven als een indicatie voor uitdroging van de poel. We vonden 

dat een aantal soorten inderdaad hierop reageren door hun ontwikkeling te versnellen. Dit hoofdstuk 

illustreert de grote variatie in omgevingsvereisten maar ook de flexibiliteit van sommige odonaten. Deze 

fenotypische plasticiteit kan hen helpen om voor te komen in variabele en kortlevende systemen.  

Dit project was een belangrijke eerste verkenning van de ecologie en de bewoners van deze 

merkwaardige aquatische microkosmen in een slecht bestudeerde biogeografische regio. Door gebruikt te 

maken van nieuwe technologieën, faunistische inventarisaties, multivariate analyses, en 

levensgeschiedenisexperimenten begrijpen we nu beter welke factoren de samenstelling van 

macroinvertebratengemeenschappen bepalen waardoor ze ook beter beheerd en beschermd kunnen 

worden.     

Trefwoorden: Microhabitatstructuur | Hydroperiode | Macroinvertebraten | Odonata | 

Levensgeschiedenis
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GENERAL INTRODUCTION  

To understand the ecology of organisms and their adaptations to the environment, it is necessary to 

reconstruct interactions between the living and non-living components of an ecosystem. This thesis 

focuses on a peculiar ecosystem in a remote part of the world that has received relatively little 

attention. We first reconstructed the physical habitat structure of a set of Neotropical outcrops (or 

inselbergs) and then looked into the unique communities of aquatic macro-invertebrates found 

there.   

Inselbergs: “islands on islands” (Ornduff, 1987) 
Inselbergs (the German word for “island mountains”) is a term that was coined by the German 

geologist Wilhelm Bornhardt (1864 - 1946) in 1900. He was fascinated by isolated rocky outcrops that 

towered above the savanna plains of East Africa, like islands from the sea (Migoń, 2013). Currently, 

the term is widely used to refer to hills, ridges, outcrops, or small mountains made of resistant 

minerals, such as granite or gneiss, that occur in relative isolation from similar habitats (Porembski 

and Barthlott, 2000a). Inselbergs can be found on all continents, except possibly Antarctica, and have 

received different names worldwide, such as ‘monadnocks’ in the US, ‘kopjes’ in southern Africa, and 

‘morros’ in 

Brazil. 

 

 

 

  

 

 

 

 

 

 

 

Figure 1. Two conventional models of inselbergs: exposure and evolution. (a) Pediplanation: slope retreat 

across bedrock, compatible with King (1948). WR: weathered rock. Modified from Gunnell et al., 2007. (b) 

Ritchot model (1975), compatible with Falconer and Woods (1911), showing preferential erosion of tensional 

crest and exposure of compressive core. The figure was taken from figure 6.28, Twidale and Vidal Romaní 

(2005). 
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The origin of inselbergs has been debated, and different models to explain their formation 

exist. Two main hypotheses prevail: one assumes that inselbergs form based on their position in the 

landscape (at the edges of erosional areas), while the other stresses that inselbergs represent the 

most resistant remnants of a rock slab that withstood erosion. The former mechanism is attributed 

to King (1948), who stated that inselbergs are by-products of long-term scarp retreat and 

pediplanation (Figure 1 (a)). The latter was previously proposed by Falconer and Woods (1911). They 

stated that from a granite or gneiss surface subjected to deep and long-continued weathering, the 

weathered crust is removed while the most resistant rocks remain as inselbergs (Figure 1 (b)) (Migoń, 

2013). Rivers have been suggested to be responsible for the erosion of the plains adjacent to or 

surrounding inselbergs (Bornhardt, 1900; Falconer and Woods, 1911). The model of inselberg 

development through two- or multi-stage weathering followed by denudation (Figure 1 (b)) has 

general support. However, the other scenarios cannot be dismissed entirely (Migoń, 2013). 

Inselbergs can be found in various shapes and sizes, but granitic forms –which probably 

represent the most common inselberg geology– can be subdivided into three major types. 

Bornhardts are dome-shaped outcrops named after Wilhelm Bornhardt; nubbins are hills made of 

blocks or boulders, and koppies are comparatively small, steep-sided castellated residuals (Figure 2). 

Shapes and sizes largely depend on weathering conditions and the mineral content and structure of 

the bedrock and surrounding plains (Twidale and Vidal Romaní, 2005). Even though inselbergs 

worldwide have different ages, they are generally considered old landscape elements. Some are 

made of Precambrian minerals, hence this geological age is much older than the age of exposure in 

the landscape (the cosmogenic age). Still, some inselbergs are thought to have a cosmogenic age of 

more than 50 million years, and some are likely to have been exposed even longer (Porembski et al., 

1997). 

Figure 2. (a) Illustrations and (b) pictures of the three major types of inselbergs: (i) Bornhardt, (ii) nubbin, 

and (iii) koppie from (iv) a weathering mantle in the Mojave Desert, California (USA). (a) Modified from the 

schematic of major granite landforms, Withers (2000). (b) modified from Figure 12, Migoń chapter in 

Treatise on Geomorphology (2013). 
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Rock pools on inselbergs and where to find them 
On the old bedrock of many inselbergs found around the world, eroded basins can be formed through 

so-called pseudo-karstic processes (Ruban, 2022). Minerals are dissolved by rainwater and, 

potentially aided by the expansion of freezing or salty water, basins can become deeper over time. 

After rains, they can give rise to pools that usually do not keep water year-round. These rock pools 

are one of the most common minor landforms on granite outcrops. They tend to develop on slightly 

inclined surfaces (from flat to 25°). One of the first descriptions comes from Dartmoor in 

southwestern England. They were called ‘rock basons’ more than seven centuries ago (Twidale and 

Vidal Romaní, 2005). More recently, they have been called ‘rock pools’; ‘panholes’; ‘water eyes’; 

‘gnammas,’ derived from an Australian indigenous language; ‘weathering pits’ (Mathes, 1930); 

‘tanques’ and ‘vasques rocheuses’ in France; ‘Opferkessel’ and ‘Felsschüssel’ in Germany; ‘kociołki’ 

in Poland; ‘pías’, ‘marmitas,’ ‘cassolas’ and ‘pilancones’ in Spain; ‘caldeiros,’ ‘poços’ and ‘oriçangas’ 

in Brazil; ‘araceenhorst’ in Surinam (Twidale and Vidal Romaní, 2005); ‘tinajas’ in Mexico; ‘charcos 

sobre rocas’ in Colombia; among many other names in different languages and regions. This 

document will refer to them as rock pools (Figure 3). A non-exhaustive list of localities of freshwater 

rock pools on inselbergs worldwide is reported in BOX 1.  

Figure 3. (a) Rock pool on Karikari rock inside of Bojonawi Nature Reserve (Colombia), September 2016 

(labeled as P1 in Chapter 1 and K3 in Chapters 2 and 3). (b) Rock pool on Kamiesberge (South Africa). July 

2018. Pictures were taken by (a) Aristizábal-Botero and (b) Joren Snoeks. 

Geo-hydrology of rock pools 
Many attempts to classify inland waters have emerged, primarily in management-oriented literature. 

For example, the Worldwide Surface Water Classification System, proposed by Higler in 1988, or the 

Habitats Classification Scheme from the International Union for Conservation of Nature – IUCN 

(2022). Such efforts consider a combination of variables, including size; water source and 

composition; dominant vegetation; the length of the inundation period, from flooding to drying 

(defined as the hydroperiod); and the variation, frequency, and periodicity of these cycles, known as 

the hydroregime (Hulsmans et al., 2007). Rock pool sizes vary from several centimeters to more than 

10 m across and from a few millimeters to several meters deep. About two centuries ago, rock basins 

were attributed to human activities. For example, in Britain, they were thought to be related to 

Druidical ceremonies (Twidale and Vidal Romaní, 2005). It is known that due to physical, chemical, 

 

(a)                                                                                                      (b) 
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and biological weathering, and the erosive action of water and wind, rock pools continuously appear 

and grow on rock surfaces over geological time. Since many bedrocks, like granite, are not 

compositionally homogeneous, it is still difficult to establish why rock pools are located where they 

are. Any condition that can produce a depression, albeit minor, can be enough for accumulated water 

to alter the rock with which it comes into contact and facilitates weathering, resulting in a self-

reinforcing process (Timms and Rankin, 2015).  However, particularly in limestone, rock pools can 

become leaky over time and no longer hold water (Vanschoenwinkel pers. obs). 

 

 
BOX 1. Inselbergs with freshwater rock pools distributed worldwide. Source: Vanschoenwinkel non-exhaustive 
unpublished database  

Legend Locality  Region Country 

IO (AO) Iona National Park Moçâmedes Desert Angola 

WR (AU) Walga Rock, Hyden Rock, Kings 
Rocks, Jilbadgie Rock, Baladgie 
Rock, Elachbuttin Rock, 
Bulamanya Rock, Ballan Rock, 
among many others 

Western Australia Australia 

WA (AU) Sandford Rocks and Yorkrakine 
Rock Nature Reserves 

Westonia  Australia 

UKT (AU) Uluru-Kata Tjuta National Park Northern Territory  Australia 

SCZ (BO) Concepción Santa Cruz  Bolivia 

MP (BW) Kubu Island (Lekhubu) Makgadikgadi Pan  Botswana 

KT (BW) Kgale and Thamaga Hills among 
others 

Gaborone Botswana 

RR (BR) Serra da Mocidade National Park  Roraima  Brazil 

PB (BR) Drylands from Paraíba  Paraíba  Brazil 

BA (BR) Chapada Diamantina National 
Park 

Bahia  Brazil 

BC (CA) Stawamus Chief Provincial Park British Columbia  Canada 
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MG (CL) Torres del Paine Magallanes  Chile 

NM (CN) Hexigten UNESCO Global Geopark  Inner Mongolia  China 

VID (CO) Puerto Carreño and Bojonawi 
Nature Reserve   

Vichada  Colombia 

GUA (CO) Inírida and Cerros de Mavicure  Guainía  Colombia 

JS (EG) Galt el Azraqthe and Kharazet el 
Shaq  

South Sinai  Egypt 

DEV (UK) Dartmoor National Park Devon  England 

TVA (FI) Tvärminne Hangö Finland 

BRE (FR) Cote de Granit Rose Bretagne France 

OCC (FR)  Cascades du Sautadet (La Roque-
sur-Cèze)  

Occitanie  France 

PAC (FR)  Roquebrune-sur-Argens and Colle 
du Rouet 

Alpes-Côte d'Azur France 

BIA (FR)  Le monte Genova (Santo-Pietro-
di-Tenda) 

Corsica France 

CR (GR) Gavdos and Olympos  Crete and Karpathos Greece 

BK (HU) Kiskunság National Park Bács-Kiskun Hungary 

WG (IN) Kundadri Hills W Ghats of Karnataka India 

CNP (IC) Comoé National Park Savanes District Côte d’Ivoire 

SA (JM)  Discovery Bay Marine Laboratory Saint Ann  Jamaica 

MM (MW) Mulanje Mountain Forest Reserve  Southern Malawi Malawi 

GZ (MT)  Dwerja Għawdex  Malta 

NSR (MZ)  Niassa Special Reserve Cabo Delgado Province Mozambique 

NB (NM) Naukluftberge and Brandberg Erongo  Namibia 

TR (NO) Flatanger Trøndelag  Norway 

W (OM) Wadis  Al Matabbah  Oman 

K (PL) Karkonoski Park Narodowy Karkonosze Mountains Poland 

AD (RU) Adygea Republic Mountains Krasnodar Krai Russia 

NC (ZA) Kamiesberge Northern Cape  South Africa 

KB (ZA) Korannaberg Free State  South Africa 

M (ES)  La Pedriza (Sierra de Guadarrama) Madrid  Spain 

CU (ES) Cuenca  Castilla–La Mancha Spain 

GAL (ES) Monte O Pindo (La Coruña) Galicia  Spain 

BE (ES) Begur Catalonia  Spain 

SM (SZ) Sibebe Rock  Mbabane Swaziland 

UP (SE)  Sydsvenska höglandet Uppland Sweden 

JT (TN) Jugurtha Tableland Kalaat es Senam Tunisia 

PK (UA) Pidkamin inselberg Brody de Galychyna Ukraine 

LM (UG) Lake Mburo National Park Nyabushozi   Uganda 

RAK (AE) Al Hajar mountains Ras Al Khaimah  United Arab Emirates 

ID (US) City of Rocks National Reserve  Idaho United States of America 

CA (US)  Yosemite National Park California United States of America 

UT (US) Zion National Park Utah United States of America 

TX (US) Enchanted Rock National Park Texas United States of America 

NH (US) Mount Monadnock or Grand 
Monadnock 

New Hampshire United States of America 

AI (US)  Appledore Island Maine United States of America 

SC (US) Forty Acre Rock South Carolina United States of America 
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GA (US) Stone Mountain Georgia United States of America 

RR (VE) Canaima National Park  Bolívar Venezuela 

DM (ZW) Ngomakurira and Mhakwe 
Mountains   

Domboshawa Zimbabwe 

MWR (ZW) Malilangwe Wildlife Reserve South Zimbabwe Zimbabwe 

 Rock pools can have variable shapes, but most have been described as oval, elliptical, or 

circular in plan. When water exceeds the storage capacity of the rock pool, it overflows. Over time, 

such overflows can facilitate the formation of small gutters, called rivulets or outlets. Hence, the rock 

pool can become part of an integrated drainage system. Several morphological types have been 

recognized, and many authors have proposed names to classify the different shapes of rock pools 

around the world (e.g., Campbell, 1997; Timms, 2013; Aguilera et al., 2014; Timms and Rankin, 2015). 

Here we will use the three morphological types proposed for rock pools on granite: pans (or bucket-

shaped pools), pits, and armchair-shaped (Twidale and Vidal Romaní, 2005). A schema of the 

development of the three main morphologies of rock pools is provided in Figure 4. Buckets are more 

common in laminated rock.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic development of three distinct types of rock pools: pits, pans, and armchair shaped. After 

Twidale, 1982. Modified from Campbell, 1997. 
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Figure 5. (a) Dry endorheic rock pool (M6 in Chapter 2, M11 in Chapter 3), dry season of March 2017. (b) The 

same rock pool, but full of rainwater during the previous rainy season, September 2016. (c) Filled and 

interconnected endorheic rock pools (in first plane M8 in Chapter 2, M4 in Chapter 3) formed an integrated 

drainage system in the rainy season of September 2016. (a) to (c) pictures were taken in Cerro Morrocoy 

(Bojonawi Nature Reserve). (d) Section of the ortomosaic of Karikari rock (Bojonawi Nature Reserve) made 

using UAV imagery from March 2017. The arrow points to a dry fluvial pool (K7 in Chapter 2, K5 in Chapter 

3), on the edge of Karikari rock (Colombia). At the bottom, we find the Orinoco River. The approximate area 

captured in (e) is shown in the polygon. (e) Aerial picture from the income point where the Peñuelo Lagoon 

(indicated by the upper right arrow) connects with the Orinoco River during the peak of the rainy season. 

The margins of the maximum levels reached by the water are visible as white bands that reveal the color of 

the granite (pointed by the lower left arrow). After this ‘bounder,’ the crusted microorganisms change the 

color of the rock. The picture was taken by David Páez-Pérez in March 2017. 

Rock pools can also be found in coastal areas, where they can be brackish (salinity greater 

than 5 ppt or 5 PSU practical salinity units) or in freshwater environments (Therriault, 2002). The 
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present dissertation is mainly focused on freshwater rock pools, even though there will be some 

mentions of studies that included brackish rock pools as well. There are two main sources of water 

in freshwater rock pools. In endorheic rock pools, the water source is exclusively rain (Figure 5(a) to 

(c)). Meanwhile, in fluvial rock pools, inundations can start through the influx of water from a nearby 

river or lagoon (Figure 5(d) to (e)) (Lasso et al., 2020).  

Most rock pools generally are temporary waters with relatively short flooding and drying 

cycles. A schema of proposed subcategories for temporary waters is presented in Figure 6. Based on 

this classification, rock pools can be ephemeral or episodic, while others may be seasonal. Only very 

rarely, gigantic rock pools in moist regions might be semi-permanent. The hydrology of rock pools is 

determined by their basin and catchment, combined with the prevailing climate. Often, hydroperiods 

of deeper pond basins tend to be longer than those of shallower pools (Jocqué et al., 2006; 

Vanschoenwinkel et al., 2009). This is true when there is enough rainfall to fill the basins to their 

maximum and when there is not enough rainfall to compensate for losses from evaporation 

continuously. The surface-to-volume ratio is an indicator that can be used to get a rough idea of how 

rapidly a pool may evaporate compared to other pools in the same area.  Here pools with a relatively 

small surface area and a deep basin typically retain water longer than pools with a similar water 

volume but with a larger surface area (Marcus and Weeks, 1997).  

Figure 6. A classification scheme for temporary waters. The figure and description are based on Figure 1.5 

from Williams (2006). Flooding regime subcategories: Episodic ponds, with rare and very irregular flooding 

that may last for a few months; Ephemeral ponds, which fill after rain and by run-off, dry out during the 

following days if no additional input follows; Seasonal ponds, with alternating wet and dry periods every year 

linked with specific seasons. They fill during the wet season of the year and dry out predictably on an annual 

basis; Intermittent ponds with alternating wet and dry periods but at a lower frequency than seasonal 

ponds. Flooding possibly persists for months or years; Semi-permanent ponds, which are predictably 

flooded, though water levels may vary. The annual water input is greater than the losses, so they do not dry 

out yearly. 

Using rainfall, evaporation data, and basic pool geometry as inputs, Hulsmans and coworkers 

(2007) developed a hydrological model to correctly estimate complete hydroperiods with an overall 

accuracy of 70 %. Likewise, Vanschoenwinkel et al. (2009) and Tuytens et al. (2014) published more 

accurate hydrological models reconstructing pool water levels and even associated salinities and 
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overflow events. More recently, preliminary analyses showed that hydroperiods from rock pools in 

the Sonora Desert might shorten in response to warming land surface and air temperatures 

registered by satellite sensors. Such variables are related to higher rates of evapotranspiration and 

decreased precipitation (Britton et al., 2022). 

Biodiversity patterns 
In 1849, Alexander von Humboldt wrote about the granite inselbergs that he saw on the banks of the 

Orinoco River during his travels through South America (1799–1804). He was fascinated by the 

striking black color of the rocks (Figure 7 (b)), which contrasted with the paler colors of inselbergs 

from drier regions (Figure 7 (a)). At this moment, von Humboldt misinterpreted the black color as the 

result of the presence of manganese oxide (Rascher et al., 2003). Now we know the inselbergs are 

black principally due to a very dense cover of free-living cyanobacteria embedded in the bedrock 

(Porembski et al., 2000). Inselbergs can have yellowish, pinkish, reddish, greenish, and whitish 

mosaics of algae, lichens, fungi, and mosses. Characteristic combinations of epi- and endolithic 

microorganisms cause differences in coloration, but, in general, inselbergs are typically yellowish, 

grey, or brown-colored in dryland regions. In contrast, inselbergs in humid regions tend to be black 

(Büdel et al., 2000).  

Figure 7. (a) Inselbergs from Paarl, South Africa. Picture taken by Bram Vanschoenwinkel (2018). (b) Granitic 

inselbergs and El Peñuelo lagoon inside the Bojonawi Nature Reserve on the Colombian bank of the Orinoco 

River. Picture taken by David Páez-Pérez (2017). 

 

Considered terrestrial ‘habitat-islands,’ inselbergs have been used as model systems in 

biological sciences (Porembski and Barthlott, 2000a; Pinheiro et al., 2014). Disciplines such as 

community ecology and physiology find in them a natural laboratory due to their ecological 

distinctiveness from the surrounding environmental matrix (Porembski, 2007). A large body of 

literature describes the biodiversity of freshwater rock pools from inselbergs worldwide, for example, 

Hamer and Martens, 1998 in South Africa; Baron et al., 1998 and Jocqué et al., 2007 in Utah (USA); 

Pinder et al., 2000 in SW Australia; Therriault, 2002 in Jamaica; Brendonck et al., 2010, 2015, 2016 in 

Botswana; Lanfranco and Briffa, 2019 in Malta; Da Silva et al., 2020 in Brazil; Snoeks et al., 2021 in 

Ivory Coast. Differences in species composition of the communities on inselbergs compared with the 

surrounding environment have been reported for invertebrates (Main 2000); cryptograms such as 
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lichens, fungi, mosses, liverworts, and algae (George 2000); reptiles and amphibians (Ceríaco et al., 

2018).  

Moreover, inselbergs are renowned for their plant diversity (Ibisch et al., 1995; Porembski 

and Barthlott, 2000b; Porembski et al., 2016; De Paula et al., 2016, 2017, 2020). Granitic inselbergs 

often have mat-forming plants that may prevent the long-term accumulation of water in eroded 

depressions (Porembski, 2007). Mats consist predominantly of xerophytes with large numbers of 

endemic Bromeliaceae, Velloziaceae, and Cactaceae (Figure 8) (De Paula et al., 2016). General 

surveys of plant species and a broad description of vegetation types from inselbergs from the 

Colombian Guiana Shield located on the banks of the Orinoco River are provided in Parra-O (2006) 

and Córdoba-S and Tadri-Zocher (2020). Furthermore, a floristic and phylogenetic analysis of 

inselbergs from a database with 50 inselbergs that included three Neotropical biomes (11 in the 

Amazon, 14 in the Atlantic Forest, and 25 from the Caatinga) found that the microclimatic conditions 

can strongly differ from those of the surrounding matrix. Nonetheless, these biogeographical 

analyses revealed little similarity among the sampled inselbergs across biomes at the species level. 

Therefore, they suggested that their flora is tightly related to the biome where it is located (Barbosa-

Silva et al., 2022).  

Figure 8. (a) Orthophytum gurkenii Hutchison, 1983 growing in mats formed by the lycophyte Selaginella 

sellowii Hieron, 1900 in north-eastern Minas Gerais (Brazil). (b) Tillandsia chapeuensis Rauh, 1986 (grey 

leaves) and Tillandsia setacea (syn. T. tenuifolia) Swartz, 1797 (yellow leaves) on a typical inselberg or ‘brejo 

de altitude’ in Paraíba (Brazil). (c) Tillandsia araujei Mez, 1894 growing with Coleocephalocereus fluminensis 

Backeberg, 1942 in Rio de Janeiro (Brazil). (d) Mat of Vellozia tubiflora Kunth, 1825 in Cerro Morrocoy – 

Bojonawi Nature Reserve (Colombian Guiana shield). Photographs (a) and (c) De Paula; (c) De Pontes and (d) 

Aristizábal-Botero. 

 

A particular effort to study fauna communities from rock pools on inselbergs has been made 

in arid and semi-arid parts of the world, where they sometimes are the only sources of fresh water 

available (Timms, 2012, 2017). For example, invertebrate assemblages in a rock-pool cluster from 

South Africa have been subject to long-term ecological monitoring. They have been used to 

demonstrate different ecological and evolutionary concepts in the field, such as diversified bet-

hedging (Pinceel et al., 2021), disturbance-diversity relationships, species sorting, and mass effects 

(Vanschoenwinkel et al., 2007, 2013). In contrast, little was known about fauna from rock-pool 

systems on inselbergs from the Neotropics. Before 2020, there were no studies of the fauna 

communities of freshwater rock pools in the Neotropics, except for Therriault (2002), who described 



 

11 

temporal patterns of invertebrate diversity from coastal freshwater and brackish water rock pools in 

Jamaica. In addition, scattered taxonomical records were included in regional reviews of specific 

groups of organisms, such as dragonflies (Bota-Sierra et al., 2015), and one study on the ecology of 

anurans and odonates (Figure 9. (a)) from freshwater rock pools in the Atlantic Forest in Brazil 

(Schiesari et al., 2018).  

Rock pools on inselbergs are recognized for supporting diverse aquatic invertebrate 

communities (Jocqué et al., 2007; Brendonck et al., 2015; Timms, 2017). The macroscopic fraction of 

invertebrates, conventionally called macroinvertebrates, are defined as invertebrates greater than 1 

mm in size (Cummins, 2019). It is a highly diverse group of organisms involved in many ecosystem 

processes, such as nutrient recycling and energy flow, not only inside the freshwater environment 

but between aquatic and terrestrial environments (Knight et al., 2005; Rico et al., 2014; Ramírez and 

Gutiérrez-Fonseca, 2014). For instance, insects with mixed life cycles, i.e., aquatic larvae and 

terrestrial-flying adults, connect ecosystems across ecotones and can occupy different ecological 

niches during their life span. This is the case for some Hydrophilidae diving beetles, with predatory 

larvae and herbivorous-scavenger adults (Labandeira, 1997). Combining their morphological and 

behavioral characteristics allows the use of Functional Feeding Groups (FFG) to classify 

macroinvertebrates. This, in turn, helps to analyze changes in the ecological functioning of their 

communities (Cummins et al., 2005), allowing researchers to understand better the food web 

structure (Figure 9 (b)) (Snoeks et al., 2021). 

 

Figure 9. (a) Pictures from anurans and macroinvertebrates species associated with rock pools on inselbergs 

in the Neotropics. Top left, a picture of an adult of Leptodactylus lithonaetes Heyer, 1995, taken by Vicky 

Flechas (Barrientos et al., 2018); top right picture, a larva from the odonate Pantala flavescens Fabricius, 

1798; bottom image a larva of L. lithonaetes with an Acari and the approximate scale. Pictures taken by 

Aristizábal-Botero at Bojonawi Nature Reserve, 2015. (b) A representative consensus food web from rock 

pools in Comoé National Park, Ivory Coast, based on functional feeding groups according to Cummins et al. 

(2005). Arrows indicate consumption, or in the case of organic matter, fragmentation into smaller fragments. 

Orange areas represent detritus as the base of the food web. Green areas represent primary production by 

phytoplankton (light green) or periphyton (dark green) as the base of the food web. Yellow areas represent 

bacteria and protozoans feeding on fine organic matter. Blue areas represent filter feeders. Figure and 

description were taken from Figure 5, Snoeks et al. (2021). 
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Ecological succession 
Studies in semi-arid regions have shown that the initial communities of rock pools early after 

inundation strongly differ from communities found later in the season in the same pools. For 

example, Jocqué and coworkers (2006) in Botswana and Vanschoenwinkel and coworkers (2010b) in 

South Africa confirmed a successional pattern with two phases in the deeper pools that remained 

filled over the entire wet season. While the passively dispersed inhabitants of rock pools can be quite 

specific to this habitat (e.g., fairy shrimp, ostracods), rock pools are also often used by pioneer and 

generalist species of aquatic insects that colonize from more permanent freshwater aquatic habitats 

nearby (e.g., water beetles and water bugs) (Snoeks et al., 2021).  

To explain the success of these visitors, Williams (1996) argued that selection had favored 

generalist lifestyles, including opportunistic feeding and cannibalism and plastic life histories. 

Johansson and Suhling (2004) found that two temporary pond odonates (Pantala flavescens and 

Sympetrum fonscolombii Selys, 1840) expressed significantly greater activity, capture rate, and 

growth rate than two species from permanent waters (Crocothemis erythraea Brullé, 1832 and 

Trithemis kirbyi Selys, 1891) in a semi desertic area in Namibia. In addition, the authors reported that 

individuals reared in permanent habitats with constant food sources grew more slowly and extended 

their aquatic period as naiads. However, how diverse sets of aquatic predators manage to coexist in 

unpredictable environments such as ephemeral rock pools is not well understood. In this context, 

tropical aquatic systems are an interesting test case because they are examples of ecosystems where 

several aquatic invertebrate predators, such as dragonflies and damselflies, compete for the same 

resources and may differentiate along different niche axes.   

Survival strategies  
Freshwater rock pools have been proposed as a model system in ecological and evolutionary research 

(e.g., in Srivastava et al., 2004; Brendock et al., 2010; Schiesari et al., 2018) because, for instance, a 

positive relationship between diversity and habitat stability has been shown (Srivastava et al., 2004). 

Since rock pools are not connected to groundwater due to their impermeable substrate, they entirely 

depend on rain or surface water input for inundation. The balance between precipitation and 

evapotranspiration will determine the resulting inundation pattern. This hydroregime is an important 

predictor of the species composition of resident communities (Vanschoenwinkel et al., 2009). Longer 

hydroperiods facilitate the establishment and successful reproduction of organisms with longer 

aquatic life cycles (Schneider and Frost, 1996). Still, particularly for organisms with dormant 

propagule banks, such as most plants and crustaceans, the history of different successive 

hydroperiods experienced in the past (the hydroregime) will determine whether the long-term 

population growth rates can be positive to facilitate population persistence (Pinceel et al. 2018). An 

individual hydroperiod might not be long enough to allow for reproduction for certain rock-pool 

species, but if there is a reserve of propagules in the sediment produced during suitable growing 

periods in the past, the population will persist (Brendonck and Riddoch, 2000; Brendonck and De 

Meester, 2003).  

Studies carried out since 1960 have provided insights into different survival strategies, for 

example, in tropical rain pools from Africa (Hinton, 1960; McLachlan and Cantrell, 1980; 

Brendonck, 1996; Brendonck et al., 2000; McLachlan and Ladle, 2001; Cornette et al., 2022), or from 
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temporary rock pools from Finland (Altermatt and Ebert, 2008, 2010; Altermatt et al., 2009). 

Organisms must cope with harsh conditions and grow rapidly before the water dries out. They need 

either a resistant life stage to survive the dry period in situ or a mobile life stage that can rapidly 

recolonize (Skeffington et al., 2006 in Porst et al., 2012; Tuytens et al., 2015). According to Wiggins 

and coworkers (1980), short hydroperiods result in a selective filter that requires inhabitants to resist 

drought in situ or migrate and recolonize habitats. This can explain why macroinvertebrate 

communities from temporary pools in South Africa and Botswana are mainly specialist organisms 

with high degrees of endemicity, exceptionally well adapted to withstand periods of drought through 

physiological strategies such as metabolic latency or reproductive strategies such as the production 

of resting eggs (Brendonck and Riddoch, 2000; Vanschoenwinkel et al., 2010b; Pinceel et al., 2021). 

The larger the local variation in rock pool morphologies, the larger the range of life-history strategies 

that might be encountered. Nevertheless, thus far, most work has been focused on rock-pool systems 

in semi-arid regions where variation hydrology is likely more limited. We expect that tropical rock-

pool clusters will have more semi-permanent pools that can provide a stable habitat for organisms 

that would not be able to survive in more short-lived rock pools. Yet, this remains to be investigated.  

Knowledge gaps 
A major limitation of our current understanding of rock-pool communities on inselbergs is that the 

small details from the landscape matrix of microhabitats on an inselberg are very difficult to map. At 

the summit of inselbergs are various patches of vegetation, ridges, depressions, eroded channels, 

and pools of various depths. These have not received much attention in previous studies, while they 

are likely important for the ecological dynamics of the ecosystem. For instance, ridges and channels 

can result in a dendritic network that may connect pools during and after heavy rains, and this 

connectivity might affect biodiversity and species composition. But this has not been properly 

quantified in the past (Vanschoenwinkel et al., 2013). In addition, it is not well-known which parts of 

an inselberg can hold photosynthetically active microorganisms. Vascular plants could be the 

dominant photosynthetic organisms, but they might also be the lichens and algae encrusted on the 

bare rock (Büdel et al., 2000).  There is a need for detailed mapping, and innovative technologies can 

make this possible. In the past decade, unoccupied aerial vehicles (UAV) or drones have emerged as 

powerful tools to reconstruct complex three-dimensional (3D) models of ecosystems with several 

spatial microhabitats that are difficult to characterize using ground-based methods. 

Another knowledge gap is related to the persistence of organisms in this challenging 

environment with high levels of uncertainty related to the onset of pond drying. For instance, 

crustaceans that survive in rock pools using dormant egg banks have been shown to use delayed 

incomplete hatching of dormant eggs in the sediment to prevent going extinct when inundations are 

too short (Pinceel et al., 2021). Actively dispersed organisms such as dragonflies and damselflies are 

predators that use rock pools for foraging and reproduction. Sometimes, several species can be found 

in the same rock-pool cluster. However, we do not understand how they cope with premature pond 

drying and how they coexist regionally. Phenotypic plasticity through developmental acceleration is 

a suitable strategy for odonates to survive in temporary ponds (De Block et al., 2008). Nonetheless, 

we do not know whether the same strategies are used in rock-pool systems and whether such 

strategies are more prevalent in species found in the most ephemeral systems. In the most short-



GENERAL INTRODUCCION 

14 

lived systems, species might develop as fast as possible, while in deeper semi-permanent pools, they 

might grow more slowly to maximize growth before metamorphosis. In pools with variable 

hydroperiods, there might be strong phenotypic plasticity with growth rates adjusted depending on 

the available time. Yet, we do not know whether this occurs and which environmental cues might be 

used to detect impending pond drying.   

Study system 
In the study area of this project (Figure 11 (a)), The Orinoco River is the natural border between 

Colombia and Venezuela. It flows through the Guiana Shield craton, an eco-region that Conservation 

International, the Center for Applied Biodiversity Science (CABS), the International Union for 

Conservation of Nature (IUCN), the National Committee of the Netherlands, and the United Nations 

Development Program (UNDP) designed as an area with ecological characteristics “of great interest 

to the world” at the Conservation priority setting workshop in 2002. The studied section of the 

Colombian Guiana Shield is classified as a tropical wet-dry climate (Aw) in the Köppen-Geiger system 

(Beck et al., 2018). There, inselbergs are scattered formations of plutonic rock consisting of Parguaza 

granite from the Precambrian era (Bonilla-Pérez et al., 2013). The area belongs to the Ventuari-

Tapajós geochronological province, a deep igneous complex formed around 1,950 to 1,800 million 

years ago. Superficial deposits are mainly sandstones and claystone rich in iron, dated from the 

Paleogene to Neogene, about 60 to 28 million years ago (Díaz-Merlano et al., 2015).  

Tropical savannas, large and smaller rivers, riparian forests, and freshwater lagoons can 

surround inselbergs. The studied inselbergs are located on the eastern edge of the Vichada 

Department (Colombia). One inselberg constitutes the foundations of Puerto Carreño, the capital of 

Vichada. It measures approximately 10 km2, and most of its flat surface lies underneath the 

townhouses and small buildings. According to the terminology from Bremer and Sander (2000), the 

region has a combination of Bornhardts and shield-shaped inselbergs. The shields are lower than the 

Bornhardts, and both can have a flat plateau on their summits, where rock pools are often found. 

From Puerto Carreño (a city built on inselbergs), we selected two peaks with little or no urbanization, 

aiming to capture distinct morphologies and environmental elements around them: Cerro el Bita and 

Cerro de la Bandera. The former is on a riverbank where the Bita River flows into the Orinoco River. 

On its surface, we could count more than one hundred temporary and semi-permanent rock pools 

(Figure 11 (b)). The latter, whose name comes from the Colombian flags placed on its top to signal 

the international border, does not hold more than a few tens of temporary rock pools. The weather 

station is located on the higher peak of La Bandera. Due to their proximity, from here onwards in this 

thesis, rock pools located at Cerro El  Bita and La Bandera will be labeled as the locality of Puerto 

Carreño. 

Departing from Puerto Carreño, after 9 km of navigation along the Orinoco River heading 

southwest, we found the Bojonawi Nature Reserve. Its name means otter in the Sikuani indigenous 

language. Inside its 46.8 km2, many inselbergs are nearly undisturbed by human activities. We 

selected two inselbergs from them, aiming again to capture distinct morphologies and environmental 

elements around them. One was a shield-shaped inselberg called the Karikari rock after the local 

name of the bird species Caracara plancus cheriway Miller 1777. Only tens of temporary and semi-

permanent rock pools were found on its surface. The other inselberg was a higher Bornhardt called 
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Cerro Morrocoy (hereafter Morrocoy), named after the common name of the tortoises from the 

genus Chelonoidis. It has more than one hundred temporary and semi-permanent rock pools on its 

surface (Figure 11 (c)). 

Among the inselbergs from the study area selected for this Ph.D. project, a wide variety of 

rock pools are continuously filled with rainwater during the rainy season between April and 

November. Such a diversity of rock pools that can become distinct microhabitats has not yet been 

recorded in other inselbergs in Colombia. Hence, it was expected that they would house an equally 

wide diversity of microorganisms, plants, and animals. Their life cycles seem to be regulated by the 

unimodal seasonal rainfall pattern, with rains concentrated during the part of the year with the 

lowest average temperatures (Figure 10) and the lowest number of daily hours of sunshine (Climate-

Data.org, 2022). The Orinoco River and El Peñuelo lagoon contain a mixture of white (rich in clays) 

and tea-colored (rich in tannic acids) waters (Lasso et al., 2020).  

Two fluvial rock pools (i.e., rock pools that make a temporary connection to the flooding river) 

were selected at Karikari (pools K6 and K7 from Chapter 2) and two at Puerto Carreño (pools P4 and 

P5 from Chapter 2). They are under the water during most of the rainy season. Exposed fluvial-rock 

pools and endorheic (i.e., rain-filled) ones typically experience seasonal droughts. The study sites 

consist of a combination of pools with small (< 1 m²) and large (> 50 m²) surface areas, with shallow 

(< 5 cm) and deep basins with water levels that can exceed 1 m when the basins are maximally filled. 

Therefore, these inselbergs house a highly heterogeneous set of freshwater habitats. In this project, 

rock pools with a surface-volume ratio > 5 and maximum water levels < 0.3 m were defined simply 

as temporary rock pools. This classification includes seasonal and ephemeral subcategories from 

Figure 6. Meanwhile, pools with a surface-volume ratio < 5 and maximum water levels > 0.3 m were 

considered semi-permanent. This classification was verified during field visits in 2016, 2017, and 

2019. It was found that those pools we grouped into the semi-permanent class were full during all 

visits, except after an extremely dry season at the end of 2016. We acknowledge that this threshold 

may seem somewhat arbitrary. We could have picked 0.25 or 0.4 m as depth thresholds, which would 

not have greatly affected our broader conclusions.  However, depth distributions are rather bimodal 

in the field, supporting the categorization. Overview tables with the rock pools sampled on each 

inselberg are provided in Chapter one and Appendix from Chapter two and three. They indicate 

coordinates and relevant variables for each approach. 
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Figure 10. (a) Unimodal rainfall (mm) pattern and monthly average temperature (°C) in the study region at 

Puerto Carreño. Average values comprise 30 years of local measurements (1987-2017). Data were provided 

by The Institute of Hydrology, Meteorology, and Environmental Studies of Colombia (IDEAM). 
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Figure 11. (a) Miniature: geographical location and borders of the Guiana Shield modified from the map 

‘Biological Diversity of the Guiana Shield’ from Tom Hollowell, Smithsonian NMNH. The red circle indicates 

the study area outlined in the satellite image (Google Earth Pro, 2021). Studied localities are labeled and 

marked with black polygons. The yellow line is the border between Colombia and Venezuela. The green 

polygon shows the boundaries of the Bojonawi Nature Reserve. (b) Section of the ortomosaic of Bita – 

Puerto Carreño made using UAV imagery from March 2017 and visualized using Google Earth Pro, 2021. The 

nomenclature of rock pools corresponds to Chapter 2. (c) Aerial picture from an integrated drainage system 

of rock pools on Morrocoy. The nomenclature of rock pools corresponds to Chapter 3. The picture was taken 

in March 2017 by David Páez-Pérez. 
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Objectives 
The main three goals of this Ph.D. were first (1) to provide an initial characterization of the habitat 

structure. Second (2) to survey the aquatic fauna of freshwater rock pools on inselbergs from the 

tropical savannas of the Colombian Orinoco basin. Third (3) to evaluate to which extent life-history 

plasticity can help explain the persistence of organisms in these habitats (Figure 12).  

The three goals of the project are tackled in three complementary chapters in the same order. 

In the first chapter, we used remote sensing via an unoccupied aerial vehicle (UAV) to map tropical 

inselbergs. These data allowed us to reconstruct microhabitat structure, the network connectivity of 

rock pools, and proxies of photosynthetic activity; useful variables to explain the diversity of 

organisms that can survive there (Vanschoenwinkel et al., 2009; Heino et al., 2017). In the second 

chapter, we contrasted the aquatic biodiversity of macroinvertebrates in early and late rainy season 

conditions. This chapter presents the first taxonomic and functional diversity survey of the 

macroinvertebrates of a neotropical rock pool habitat*. Finally, in the third chapter, we 

experimentally tested to what extent elevated water dissolved salts (measured using water 

conductivity) or reductions in water level can be used as cues for developmental acceleration in a 

neotropical Odonata assemblage from these rock pools. For this, we set up a large-scale common 

garden experiment in a field laboratory.  

 

* The taxonomic survey and some preliminary analyses were published in 2020 in two book chapters 

from: VIII. Biodiversidad de la Reserva Natural Bojonawi, Vichada, Colombia: río Orinoco y planicie 

de inundación. It is part of a book series on neotropical fauna published by the Alexander von 

Humboldt Research institute in Colombia (see Appendix II for the complete references). The aim of 

getting this data published in Spanish in a book for a broader audience was to inform conservation 

planning in the region. 
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Figure 12. The three primary goals of this Ph.D. are here illustrated: (Chapter 1) to provide a first 

characterization of the habitat, (Chapter 2) to survey the aquatic fauna of freshwater rock pools on 

inselbergs from the tropical savannas of the Colombian Orinoco basin, and (Chapter 3) to test which extent 

life-history plasticity can help explain the persistence of substantial diversity of organisms in these habitats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

El Bita Inselberg – Puerto Carreño. The Bita River flows into the Orinoco River. 2016.
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Aerial view from a section of Karikari. 2017. 

Karikari view from the Orinoco River.  Caracara plancus cheriway flying. 2016.
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CHAPTER 1 

Mapping microhabitat structure and connectivity on a tropical inselberg using UAV 

remote sensing. 

Modified from Progress in Physical Geography: Earth and Environment 45(3): 427–445, 2020 

https://doi.org/10.1177/0309133320964327 

Ángela Aristizábal-Botero, David Páez-Pérez, Emilio Realpe, and Bram Vanschoenwinkel. 

ABSTRACT  

In the past decade, unoccupied aerial vehicles (UAVs or drones) have emerged as powerful tools for 

ecologists, and the quality and diversity of information they can reconstruct is increasing. Rocky 

outcrops or inselbergs are complex three-dimensional (3D) ecosystems with several spatial 

microhabitats that are difficult to characterize using ground-based methods. UAV-mounted cameras 

and photogrammetric software can obtain 3D models of whole inselbergs with a spatial resolution of 

up to 4 cm and small areas with a spatial resolution of up to 8 mm. The shape and volume of eroded 

depressions and channels can be reconstructed. This allows simulation of the flow of rainwater that 

creates local differences in hydrological conditions and connectivity among microhabitats. We 

mapped proxies of photosynthetic activity by capturing the near-infrared (NIR) light spectrum. This 

revealed that the microphytic crusts of tropical inselbergs could have higher values of potential 

photosynthetic activity than the vegetation on the rock. Overall, we show that in systems where 

significant ecological gradients depend on the 3D structure of the landscape, drone imaging can help 

reconstruct spatial variation in microhabitat structure, including proxies for habitat quality and 

connectivity. 

RESUMEN 
En la última década los vehículos aéreos no tripulados (UAV o drones) se han convertido en 

herramientas poderosas para los ecólogos, gracias a que la calidad y diversidad de la información que 

pueden reconstruir está aumentando. Los afloramientos rocosos o inselbergs son ecosistemas 

tridimensionales (3D) complejos, con diversos microhábitats que son difíciles de caracterizar 

utilizando métodos terrestres. Alternativamente mostramos que se pueden utilizar cámaras 

montadas en UAV y programas para el análisis fotogramétrico que permitieron obtener modelos 3D 

de inselbergs completos con una resolución espacial de hasta 4 cm y de hasta 8 mm en áreas 

pequeñas. Además, reconstruimos la forma y el volumen de las depresiones y canales erosionados. 

Esto permitió simular el flujo de agua de lluvia que crea diferencias locales en las condiciones 

hidrológicas y la conectividad entre microhábitats. Al capturar el espectro de luz del infrarrojo 

cercano (NIR), mapeamos los indicadores sustitutivos de la actividad fotosintética. Esto reveló que 

las incrustaciones microfíticas de los inselbergs tropicales pueden tener valores más altos de 

actividad fotosintética potencial que la vegetación que habita sobre la roca. En general, mostramos 

que en sistemas donde los principales gradientes ecológicos dependen de la estructura 3D del 

paisaje, las imágenes tomadas por drones pueden ayudar a reconstruir la variación espacial en la 
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estructura de los microhábitats, incluyendo indicadores sustitutivos de la calidad del hábitat y la 

conectividad. 

INTRODUCTION 
In 1849, Alexander von Humboldt wrote about the granite outcrops on the banks of the Orinoco River 

during one of his travels through South America. He was fascinated by the structure and the striking 

black color of the rocks, which he misinterpreted as manganese oxides (Rascher et al., 2003). 

Inselbergs are found in all biomes worldwide. They are resistant rocks such as granite or gneiss that 

have weathered slower than the surrounding landscape. They are mosaics of mosses, lichens, crusts 

of algae, cyanobacteria, and mat-forming plants that grow directly on the rock (Porembski and 

Barthlott, 2000b). 

Large portions of rocky outcrops are dry environments with xerophytic plants. At the same 

time, other parts of the same rock where intercepted rainfall accumulates in eroded depressions can 

form very moist environments with specific vegetation and fauna (De Paula et al., 2016). During the 

rainy season, these eroded basins can hold standing water (Withers, 2000; Buschke et al., 2013) and 

house a wide diversity of aquatic animals and macrophytes (Jocqué et al., 2010). Due to differences 

in shape and catchment, some pools may hold water almost year-round, while others can hold water 

for just a few days without rain (Vanschoenwinkel et al., 2009). Besides depressions, the eroded 

channels in the rock also affect the spatial distribution of biodiversity, sometimes giving rise to seep 

or ephemeral flush vegetation with lichens, mosses, and carnivorous plants that grow where streams 

of water trickle down the slope (Porembski and Barthlott, 1996). Overall, the micro-topography of 

inselbergs results in a wide range of environmental conditions that can be larger than those found in 

the surrounding landscape matrix (Main, 2000). However, quantifying these micro-geographic 

features is not straightforward. Researchers have relied on rough approximations to reconstruct the 

shape of pools, assuming simple geometries such as cylinders or half ellipsoids (Altermatt and Ebert, 

2010; Tuytens et al., 2014). Although simplification is often appropriate, the shape of pools that 

determine aquatic habitats hydrology and affect species distributions and diversity patterns 

(Vanschoenwinkel et al., 2009, 2013) can often be quite irregular. 

The three-dimensional (3D) structure of the rock also regulates the flow of intercepted 

rainwater across the inselberg, so eroded channels on inselbergs act as corridors between eroded 

basins that can contain vegetation patches or pools, facilitating dispersal (Castillo-Escrivà, 2017; 

Heino, 2017; Vanschoenwinkel et al., 2008). This exchange can increase or decrease local diversity in 

rock pools depending on whether incoming organisms negatively affect resident species 

(Vanschoenwinkel et al., 2013). Besides, flowing water may also negatively impact populations by 

eroding local reserves of plant seeds and dormant propagules of invertebrate animals, removing 

them from the inselberg (Tuytens et al., 2014).  Based on the growth patterns of microphytic 

communities (lichens, algae, and cyanobacteria) in such channels, it is often possible to infer the 

presence of hydrological connections (Vanschoenwinkel et al., 2008). However, on inselbergs with 

small-scale topographic differences, it is challenging to assess the shape of the rock. Also, to assess 

the shape, position, and catchments of the individual basins, unless investigators implement ground-

based survey techniques using theodolites or total stations.
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 Nevertheless, these procedures are costly and labor-intensive (Kindermann, 2016), so 

creating a high-definition photogrammetric mosaic and 3D models of an inselberg would require 

weeks of fieldwork. As a result, there is a need for time and cost-effective methods to map the 

inselberg structure. The spatial resolution of aerial pictures and satellite images typically does not 

allow for detecting landscape elements smaller than 30 cm. One possible solution is to use sensors 

mounted on UAVs in conjunction with photogrammetry, creating 3D surface models in almost any 

desirable spectral range with high spatial resolution and accuracy (Colomina and Molina, 2014). 

Besides, it is also possible to explore the near-infrared NIR spectrum to map the spatial distribution 

of potential photosynthetic activity (Strong et al., 2017). Moreover, UAV-based reconstructions of 

the physical habitat structure of the rock could provide essential information about the abundance 

and quality of different microhabitats. Still, the feasibility of this approach remains to be tested. Given 

the high levels of endemism found in inselberg plants and animals (Jocqué et al., 2010; Porembski et 

al., 1998) and because their populations strongly rely on microtopographic features that form diverse 

micro-habitats, there is a need to quantify microhabitat structure accurately. 

The main goal of this chapter was to demonstrate that the imagery generated using an off-

the-shelf drone combined with a custom data collection and processing pipeline can lead to a high-

spatial-resolution quantification of the micro-habitat structure and connectivity of a complex 

ecosystem. We use this method to test two important unanswered questions for this ecosystem. 

From earlier work, it was known that rock pools could interact with neighbors via temporary 

overflows (Hulsmans et al., 2007). However, to what extent this flow might connect entire clusters 

of pools is unknown because the catchments and associated outlets (i.e., pour points) cannot be 

determined without high-spatial-resolution digital terrain models. We hypothesize that water flow 

on inselbergs between pools may be associated with nested catchments and proper dendritic 

networks. Second, it is known that many different lichens and cyanobacteria characterize the surface 

of inselberg rocks. However, it is unknown which parts of the inselbergs are photosynthetically active. 

Here we test the hypothesis that in the dry season, when temperatures are high, most active 

chlorophyll will be present in the black cyanobacterial crust on the inselberg and not in other 

microhabitats such as dry pool beds, gullies, or patches of terrestrial vegetation. 

We investigated how a relatively simple UAV can help reconstruct geographic variation in the 

microhabitat structure of a neotropical inselberg. We developed a custom methodology (including 

survey techniques on the field and data processing steps) to create a detailed 3D model of the 

inselberg topography using the images from a simple RGB (red, green, and blue) onboard camera. In 

addition to the overall 3D model, we quantified the shape and size of microhabitats and 

reconstructed their hydrological connectivity. Finally, we used a camera with red (660 nm) and near-

infrared (850 nm) light sensors (NIR+R) to measure the spatial distribution of potential 

photosynthetic activity in different microhabitats on the inselberg. 

METHODS 

Study area 

For this chapter, we selected one shield inselberg (Main, 2000), known as Karikari (6.0946° N, 

67.4857° W), located in the Bojonawi Natural Reserve (Figure 1.1). Karikari is approximately twenty-

two hectares and reaches a maximum altitude of 67 m.a.s.l. For the habitat reconstructions in this 
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chapter, we focused on a representative section of the rock of 1.7 hectares (pink polygon in Figure 

1.1) and five eroded depressions that capture the range of different shapes. 

Data collection 

UAVs were initially developed for military use; however, different types have been tested as tools for 

scientific purposes in recent decades. When appropriate sensors are mounted on UAVs, they can 

provide high-spatial-resolution imagery, which is excellent for quantifying spatial habitat 

heterogeneity. Currently, UAVs are applied in diverse fields, including crop science, precision 

agriculture, wildlife research, forestry, aerial photography and videography, mapping and surveying, 

victims´ detection and medical assessment, asset inspection, payload carrying, carbon loss estimates, 

and land management (Anderson et al., 2019; Baena et al., 2017; Basso and de Freitas, 2020; Boon 

et al., 2016; Huang et al., 2020; Scholefield et al., 2019; Tang and Shao, 2015). UAVs can be classified 

based on size, flight endurance (Watts et al., 2012), and aerodynamic features (Nex and Remondino, 

2014). Multi-rotors, the most widely used category, take off and land vertically, so they are ideal for 

surveying small areas with obstacles or irregular terrain. 

In March 2017, we used a multi-rotor DJI Phantom 4 (DJI, Shenzhen, China) with an onboard 

GPS receiver and automatic pilot. An Android operating system tablet was connected to the UAV’s 

remote control. We used the Pix4D Capture application (Pix4D S.A., Lausanne, Switzerland) on the 

tablet to monitor the drone status and trajectory and to create and upload the flight plan. Two 

sensors were used onboard: an RGB camera and a NIR+R camera. The RGB camera (DJI FC330) is an 

integral part of the UAV and is mounted on a gimbal for image stabilization. All images taken with 

this camera are geo-tagged, thanks to the onboard GPS. The infrared sensor we used is a MAPIR 

Survey 2 - NDVI Red+NIR (Peau Productions Inc., San Diego, CA, USA) sensitive to the near-infrared 

spectrum within the interval (810-890 nm, peak at 850 nm) and red range (630-690 nm, peak at 660 

nm). The NIR+R camera pointed towards the nadir beneath the UAV’s frame with a mount strapped 

to the landing gear. 
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Figure 1.1. The geographic location of Karikari rock and orthomosaic generated for the complete Karikari 

rock. The pink outline shows our study area with the five pools inside. The blue dots represent the pour 

points (outlets) of each pool. 

The main guiding principle for extracting 3D features from images using photogrammetry is 

to ensure that each point or zone of interest is included in overlapping pictures with different 

perspectives while maintaining a constant distance from the object of interest. The UAV can 

accomplish this by moving over its target area and maintaining enough overlap and side lap between 

images. We performed two procedures for collecting images. The first procedure aimed to capture 

the entire inselberg (Dataset 1). For this, we programmed the UAV to fly over the rock at a constant 

height of 40 m above ground level following a grid-like trajectory (Figure 1.2 (a)), which is helpful for 

covering large areas while taking RGB images at a 10° off-nadir angle, which improves visibility of 

steep surfaces (Ajayi et al., 2017; Rossi et al., 2017), resulting in 80 % side overlap and 72 % front 

overlap. We tested after setting the flight speed to ensure the images were focused.  

Meanwhile, the NIR+R camera was set to acquire images every 3 seconds. The second 

procedure aimed to capture a more detailed model of five pools (Dataset 2 to 6). For each of these 

pools, we programmed two circular paths orbiting at a height between 5 and 24 m and with radii 

from 5 to 31 m, with the target pool at the center and the camera pointing towards it at off-nadir 

angles between 20° and 48° (Figure 1.2 (b)). A circular path was chosen because it is the most efficient 

way of fulfilling the guiding principle mentioned above when the object of interest is small and has 

steep surfaces, as is the case for deep and narrow pools. The off-nadir angles were selected to point 
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the camera to the pool at the center. Radius, and therefore the number of pictures evenly distributed 

on each path, was proportional to the size of each pool. An average of 103 photographs were 

captured for each pool. Details of the datasets of collected images taken on specific pools and, 

overall, Karikari with RGB and NIR+R sensors are available in Table 1.1. 

A recommended practice for capturing images for photogrammetry is the distributed 

placement of discernible objects or markers in the scene, such as bright and sharp corners or spots. 

These receive names such as Ground Control Points (GCPs) or tie points, which help improve the 

quality of the resulting model. For Datasets 2 to 6, collected from individual pools, we used two types 

of markers to establish discernible features: target boards and a 3D axis frame. 

 

Figure 1.2. Implemented techniques for flight plans: (a) Grid-based capturing method for large areas (b) 

Orbital capturing method for smaller areas such as individual rock pools. Each blue square represents a 

camera capture with the incidence angle indicated by its slope and position. 

TABLE 1.1. Data sets of collected data 

Dataset ID Captured elements Coordinates 
Capture 
method 

Number of 
flights 

Number of 
RGB photos 

Number of 
NIR photos 

1 Entire Karikari rock - Grid 5 1371 753 

2 Pool P1 6.095 N -67.485 W  Orbital 1 115 - 

3 Pool P2 6.095 N -67.486 W  Orbital 1 81 - 

4 Pool P3 6.094 N -67.486 W  Orbital 1 91 - 

5 Pool P4 6.094 N -67.486 W  Orbital 1 107 - 

6 Pools P5A and P5B 6.094 N -67.486 W Orbital 1 123 - 

 

3D mapping of topography using RGB imagery 

Transforming images into a 3D model requires photogrammetry–a technique that allows obtaining 

geometric information about an object from images–. It uses structure from motion (SfM) algorithms 

to reconstruct 3D surfaces based on (1) multiple images from different viewpoints, (2) intrinsic 

camera parameters (focal length, sensor size, principal point, and lens distortion parameters), and 
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(3) orientation and location from which the camera captured the photographs and/or location of 

discernible features in the scene that are manually marked on the photographs. SfM algorithms work 

by finding common feature points in the images and running optimization routines capable of 

calculating accurate positions of the cameras in space and, thus, of the features visible in the images 

(Anderson et al., 2019; Dandois and Ellis, 2010). Furthermore, images capturing light from diverse 

spectral bands (infrared, visible, ultraviolet, etc.) can be used. When discernible features in the 

images are manually marked, they are called manual tie points and help the SfM algorithm produce 

better results. We used Agisoft Photoscan Professional Edition 1.4.0 (Agisoft LLC11, St. Petersburg, 

Russia) for all photogrammetry processes. Spatial and spectral calibrations of the camera were 

performed to obtain reliable photogrammetric models. We employed the camera optimization 

function in Photoscan to calculate the intrinsic geometric parameters associated with the tangential 

and radial distortion of the images due to the camera lens and the MAPIR Camera Control (MCC) 

software utility to correct the NIR images as much as possible with the hard-coded values supplied 

by MAPIR (Calibrating Images in MAPIR Camera Control Application Guide, Peau Productions Inc., 

San Diego, CA, USA). 

Complete Karikari: After loading the RGB images from the grid-like trajectory flights on the whole 

inselberg using Photoscan, all the photogrammetric processing was performed to obtain an 

orthomosaic (Figure 1.2 (a)) and a dense point cloud, as is shown in the flow chart (Figure 1.3). An 

orthomosaic is a georeferenced image obtained from a collection of smaller images where the 

geometric distortion has been corrected and orthorectified. It can be used to measure accurate 

horizontal distances. Since we did not use GCPs on this site, only manual tie points were placed on 

the model to ensure a good alignment, and the model orientation, position, and scaling were derived 

from the coordinates of all the geotagged images. Moreover, the intrinsic camera parameters 

obtained from the calibration were imposed on the photogrammetric model of the inselberg to avoid 

distortion in the surface reconstruction (Griffiths and Burningham, 2019). We processed this model 

with and without the intrinsic parameters constraint to measure their impact in avoiding model 

deformations caused by the algorithm trying to optimize for camera alignment. The original point 

cloud was classified (Terrain and Non-terrain classes) and rasterized using Global Mapper 19 (Blue 

Marble Geographics, Hallowell, U.S.A.) to create a Digital Terrain Model (DTM). DTMs are like Digital 

Surface Models, but they only contain information from the earth’s surface, removing any non-

terrain elements captured by images (e.g., vegetation, water, etc.). From this DTM, we calculated the 

drainage network of the whole rock. Also, we located the pour points (the point on the surface at 

which water flows out of a pool) of all pools on the DTM to obtain the drainage basin polygons for 

each pool. 

Individual pools: After loading the RGB images from each orbital photo dataset (Figure 1.2 (b)) in 

Photoscan, and running an initial low-quality alignment step, tie points were placed manually on the 

target boards and the four ends of the 3D frame, serving as GCPs necessary to set the orientation of 

the model. Each end of the 3D frame was marked in at least 32 images, evenly distributed around 

the pool. This number was empirically chosen for an optimal photogrammetric adjustment. However, 

the additional benefit of marking more than 15 evenly distributed images per tie point often 
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diminishes quickly. Then, we performed a final photo alignment, obtaining a dense point cloud and 

a detailed orthomosaic, as shown in the flow chart (Figure 1.4). To get rid of non-terrain elements 

(such as vegetation and noise), we classified the point cloud into terrain and non-terrain classes using 

automatic and manual editing tools in Global Mapper 19. For the point clouds of pools P2, P5A, and 

P5B, removing zones with water or dense vegetation created empty regions, especially in concave 

areas where a simple linear interpolation would not correctly represent its shape. To approximate 

the missing bottom surface of those pools, we used AutoCAD Civil 3D (2018, Autodesk Inc.) to draw 

consecutive cross-section profiles following the general pattern of the basin and, in conjunction with 

the terrain cloud point, generate a complete DTM for the pool. 

 
Figure 1.3. Flow chart of the methodological framework and data processing pipeline of Grid-like RGB photo 

dataset to obtain the orthomosaic and the drainage network for the whole inselberg, as well as the drainage 

basin polygon for each analyzed pool. 

Modeling the shape and volume of pools 

Based on each pool’s DTM, we wanted to calculate a relationship between water depth, surface area, 

and volume storage for each pool. With this aim, we used the Fill tool from ArcMap to obtain the 

pool’s outline at total capacity, the pool’s maximum depth at full capacity, and the DTM clipped by 

the pool’s outline at full capacity. Finally, the Storage Capacity extension for ArcMap was employed 

to calculate the Depth-Area-Volume curve. Based on modeled pool shapes, we classified our pools 

according to Campbell (1997), Timms (2013), Aguilera et al. (2014), and Timms and Rankin (2015). 

To analyze the shape and volume of pool P5 (dataset ID 6), we decided to subdivide it into 

P5A and P5B because they have a soil bank with two big trees in the middle. These two pools connect 
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after heavy rains, and P5A and P5B differ in the amount of water they need to overflow, so P5B 

(downstream from P5A) overflows earlier than P5A. However, ecologically speaking, P5 (dataset ID 

6) is just one ecosystem because organisms can occupy and interact in the whole pool when it is full 

of water. 

 
Figure 1.4. Flow chart of the methodological framework and data processing pipeline of Orbital RGB photo 

datasets to obtain the detailed orthomosaic, digital terrain model, and Depth-Area-Volume curves for each 

analyzed pool. 

Reconstructing catchments and hydrological connectivity of aquatic habitats 

Based on the DTM from Dataset ID 1, we reconstructed the hydrological connectivity of the whole 

rock surface by identifying the drainage network on the rock that can link up rock pools during rains 

and mediate dispersal. We used the watershed tool in Global Mapper 19 to generate the drainage 

networks. This tool fills depressions in the terrain data by applying the D-8 algorithm (Jenson and 

Domingue, 1988). It estimates the flow direction and accumulation at each raster cell for calculating 

the drainage network (Tarboton et al., 1991). The value of each cell in the flow accumulation raster 

is a proxy for the peak volume flow rate relative to other cells during a rain event when all rain 

becomes runoff without any interception, evapotranspiration, or loss to groundwater (ArcGIS 10.6 

documentation). This watershed tool was applied to each pool by choosing its pour point and letting 

the software calculate its corresponding catchment area and stream network draining. To visualize 

the general drainage network for Karikari rock in a way that matched the spatial resolution, only cells 

with accumulated flow from an area greater than 9 m2 were shown as part of a stream. 
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Reconstructing spatial variation in potential photosynthetic activity 

Using NIR+R cameras via NDVI (Normalized Difference Vegetation Index) analysis, Equation 1.1 

(Rouse et al., 1974), it is possible to detect proxies of photosynthetic activity, monitor eutrophication, 

and estimate the spatial extent and biomass of different aquatic algae species in freshwater and 

marine ecosystems (Pettorelli et al., 2011). It assumes that healthy photosynthetic cells contain 

active chlorophyll, which absorbs light in the visible range and reflects in the NIR range. Hence, higher 

levels of NDVI indicate the presence of healthy photosynthetic pigments in plants and microphytic 

communities (Gamon et al., 1995; Malahlela et al., 2018), and NDVI values can also increase 

concerning moisture conditions (Karnieli et al., 1999). To compare differences in potential 

photosynthetic activity between different microhabitat types (Rock, Dry pools, Grass, and Evergreen 

trees), we randomly selected 20 replicates in 20 x 20 cm2 areas within each habitat type present at 

Karikari Rock. Then we used Kruskal Wallis tests and associated pairwise Wilcoxon rank-sum tests, 

performed by R Development Core Team (2008), to test for differences in NDVI scores between 

different microhabitat types. 

NDVI = (NIR − R) / (NIR + R) 

Equation 1.1. NDVI: Normalized Difference Vegetation Index. NIR: Near-Infrared reflectance band (850 nm). 

R: Red reflectance band (660 nm) 

RESULTS 

3D mapping of the complete inselberg using RGB imagery 

We found that the unconstrained model resulted in an erroneous convex surface. However, the 

imposition of the parameter’s constraint resolved the issue and produced a good representation of 

the terrain while preserving a small re-projection error of 0.648 pixels.  

The primary data outputs of the photogrammetric processes are summarized in Table 1.2. 

Karikari rock (Dataset 1) was reconstructed with a point cloud density of up to 990 points/m², which 

resulted in a digital raster model with a spatial resolution of up to 3.9 cm/pixel (Figure 1.5) and an 

orthomosaic with a spatial resolution of up to 1.9 cm/pixel (Figure 1.1). This digital model results 

from the interpolation and rasterization of the dense 3D point cloud and includes vegetation. The 

products generated for each dataset are exportable and easily viewed by amateur users in Google 

Earth and similar programs. Small erosion channels, colored water flow signs, and coverage (dry 

vegetation, green vegetation, black rock crust) are visible and delimited in the orbital-based and grid-

based UAV datasets. 
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 Table 1.2. Overview of the spatial resolution of data outputs (using UAV 

photogrammetry) for the entire inselberg Karikari rock (Dataset 1) and five individual 

eroded rock pool basins (Dataset 2-6). 

Dataset ID 
Points 

(Million) 

Cloud density 

(Points/m²) 

Digital Model 

pixel size (mm) 

Orthomosaic 

pixel size (mm) 

1 209.5 990 38.6 19.3 

2 16.7 29394 7.1 3.5 

3 12.0 59105 5.3 2.6 

4 12.6 25176 7.8 3.9 

5 8.7 19868 8.5 4.3 

6 9.6 19238 9.4 4.7 

 

Modeling the shape and volume of individual pools 

Using UAV survey imagery, we reconstructed the models of individual pools with an average point 

cloud density of 3 points/cm² resulting in DTMs with an average spatial resolution of 7.6 mm/pixel 

and orthomosaics with an average spatial resolution of 3.8 mm/pixel (Table 1.3).  

 

Table 1.3. Attributes of reconstructed rock pool basins. The maximum depth, area, and volume were 

obtained using the RGB orthomosaic and DTMs of each pool. The catchment area was calculated using 

a flow accumulation operation from the DTM data. 

Pool 
Maximum 

depth (cm) 

Maximum 

Area (m2) 

Maximum 

volume (L) 

Catchment 

area (m3) 

Type of curves 

(Area-Volume) 

P1 2.99 2.42 50.44 11.30 Concave-Convex 

P2 13.24 3.16 220.84 41.52 Concave-Convex 

P3 8.32 22.36 1053.96 132.74 Concave-Convex 

P4 15.88 51.98 2778.43 6016 Convex-Convex 

P5A 30.70 7.08 690.97 10591 Convex-Convex 

P5B 7.81 3.89 109.71 10591 Convex-Convex 
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Figure 1.5. Reconstructed digital elevation model (DEM) for the complete Karikari rock. The black polygon 

shows our study area with the five pools inside. The blue dots represent the pour points (outlets) of each 

pool. The altitude varies between 37 – 67 m.a.s.l. 

3D reconstructions of the pools revealed two typical shapes according to Campbell (1997), 

Timms (2013), Aguilera et al. (2014), and Timms and Rankin (2015): bucket-shaped pools, also called 

“pan gnamma” (Figure 1.6 (a) to (c)) and deeper pools with rounded bottoms, called “pit gnamma” 

(Figure 1.6 (d), (e), and (f)). It was possible to calculate the relationship between water depth, surface 

area, and volume for each pool (Figure 1.6 (m) to (r)). Two functions represent these Depth-Area-

Volume curves: the blue line shows the area of the surface of the water for a given water depth in 

the pool (as one would see when the pool is being filled as it rains). It is calculated based on the 

summed area of all DTM pixels whose height is below a given water level. The red line shows the 

volume contained in the pool for a given water depth. The shape of both curves depends on the 

specific morphology of each pool. 

Calculated curves revealed two tendencies: the first one shows a concave function for surface 

area vs. depth and a convex function for volume vs. depth. This tendency is found in bucket-shaped 

pools (P1, P2, and P3). It implies that the initial slope at the bottom of the pool is very weak because 

they have flat bottoms. Therefore, the area will initially increase rapidly, and afterward, when the 

water reaches the steep pool sides, the surface area of the pool no longer changes much. As it is 

possible to corroborate with the cross-section profiles (Figure 1.6 (g) to (i)), these pools can be 

classified as typical pan gnamma, as those modeled by Vanschoenwareinkel and coworkers in 2009. 

The second tendency was for pools with convex functions for both the surface area vs. depth and 

volume vs. depth. This tendency was found in P4 and P5 (Figure 1.6 (d) to (f)). Besides, if we look at 

the cross-section profile for these pools (Figure 1.6 (j) to (l)), it is shown that they have a more gradual 
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change in the slope of their sides. Their shapes resemble a half ellipsoid, which is congruent with a 

shallow pit gnamma morphology (Aguilera et al., 2014). However, P4 and P5B have a peculiar depth 

profile that is asymmetric, with different slopes on both sides of the pool. Such a pool-type 

morphology can also be called an armchair hollow or armchair gnamma (Timms, 2013; Timms and 

Rankin, 2015). 

Reconstructing catchments and hydrological connectivity of aquatic habitats 

The calculated drainage network (Figure 1.7) was coherent with the eroded channels and colored 

signs of water flow seen on the rock in the orthomosaic. This match constitutes a good rule of thumb 

for checking the coherence of the generated elevation models (Figure 1.5). Also, a graphical model 

of a nested set of catchments of different pools was generated. Catchment sizes for the studied pools 

varied between a minimum area of 11.30 m² for P1 and a maximum of 10,591 m² for P5 (Table 1.3). 

The watershed model showed that four out of five selected pools are part of the same watershed. 

Moreover, these four pools are situated sequentially along the same drainage system. Two 

micro-basins, P2 and P3, are nested in the catchment of P4, which in turn is part of the catchment of 

P5. P5 is the outflow (pour point) of the entire drainage system. As such, overflowing water can pass 

from one pool to another before flowing from the rock to the surrounding ecosystems. The drainage 

basin of P1, however, was isolated from other pools. A similar drainage network (at the same level 

of detail determined by the threshold drainage area of 9 m²) would be achieved if a 50 cm/pixel 

satellite elevation dataset were used. However, the corresponding 30 cm/pixel satellite imagery 

would be insufficient to discern eroded channels and small features (like many rock pools), which is 

crucial for checking the coherence of such calculated drainage networks. 

Reconstructing spatial variation in potential photosynthetic activity 

Figure 1.8 captures the potential photosynthetic activity derived from NIR + R images via NDVI 

analysis representing the whole inselberg. The analysis revealed an absence of detectable 

photosynthetic pigments in almost all vegetation patches on the inselberg, except for small grass 

areas and a few remaining green leaves in dry trees. The upper margin of Figures 1.8a and b shows a 

section of evergreen trees in the adjoining riparian forest with higher NDVI scores. However, even 

though the study took place in the dry season, we found NDVI levels corresponding with green 

pigments and potential photosynthetic activity in microphytic communities crusted in the bare 

granite rock (areas that appear darker grey in the RGB panel and darker green in the NDVI panel from 

Figure 1.8).  
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Figure 1.6. 3D reconstructions of 6 rock pool basins (a-f correspond to P1, P2, P3, P4, P5A, and P5B, respectively). The 

latter two basins (e and f) are sub-basins of the same pool (P5), and the arrows point to the analyzed sub-basin, 5a, and 

5b. In the color ramp for the rock topography, green and red colors represent, respectively, minimum, and maximum 

height, while yellow represents intermediate height values. The blue area represents the maximum area of water when 

the pool is full. Middle panels (g-l) show a cross-section profile for each modeled pool (P1 to P5 matching the left 

panels). Cross-section profile diagrams represent the shape of the rock even beyond the maximum water level possible 

for each pool. Height is measured with respect to the origin of the 3d axis frame. The rightmost panels (m-r) show the 

relationships between the water surface area (blue line), the water volume (red line), and the water depth in the pool 

(i.e., water level). The blue line indicates the maximum water level that is possible before overflowing. Combining these 

data allows us to distinguish different pool types based on whether these relationships are concave or convex. The first 

three pools have a concave area-depth relationship and a convex volume-depth relationship, while, for the last three 

pools, both relationships are convex. 
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Figure 1.7. Watershed model of the catchments of five pools (P1: pink; P2: green; P3 orange; P4: yellow, and 

P5: white) and the eroded channels through which most water would flow (blue lines), based on the digital 

elevation model. Four of the five studied pools are part of the same stream network, so they are 

hydrologically connected with water overflowing from P2 and ending up in P5 before flowing from the 

outcrop. P1, in turn, is part of an isolated drainage system. Red lines highlight the drainage path from pools. 
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Figure 1.8. Micro geographic variation in potential photosynthetic activity (NDVI) on a section of Karikari 

rock characterized by many different microhabitats. Red: No active chlorophyll; Yellow: intermediate values 

of chlorophyll activity; Green: High levels of active chlorophyll. (a) an aerial picture with pools three (P3), 

four (P4), and five (P5A) from the RGB orthomosaic, and (b) the same area surveyed in the NIR+R spectrum. 

Close-ups of eroded channels that were wet or dry during the survey. 

Kruskal-Wallis tests revealed significant differences in the NDVI values from four micro-

habitats: Rock, Dry Pools, Grass, and Trees p < 0.0001 (Figure 1.9). The Wilcoxon pairwise test showed 

that dry pools and grass had similar values, while rock with crusted microphytic communities and 

evergreen trees had significantly higher NDVI values. Also, we detected high NDVI scores associated 

with crusted microorganisms inhabiting wet channels. The dry channels had dry and inactive 

biological soil crusts observed in the field. Dry rock pools had lower NDVI scores than wet channels 

and crusted microphytic communities in the rock. 
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Figure 1.9. Sampled points were randomly 

selected to complete 20 replicates in 20 x 20 

cm2  within each habitat type class present in 

Figure 1.8. Bars indicate the standard 

deviation. Kruskal-Wallis and pairwise 

Wilcoxon tests revealed significant 

differences in the NDVI values from the four 

main micro-habitats: Dry Pools and Grass 

together vs. Rock and Trees (p < 0.001). 

 

 

 

 

DISCUSSION 
The developed methodology allowed us to test two crucial hypotheses about this ecosystem: that 

habitat patches occur in dendritic hydrologically connected networks with nested catchments and 

that the photosynthetic activity of micro-vegetation crusted in the bare rock can be higher than that 

of other vegetation associated with the stone. The study serves as a proof of principle, illustrating 

that a wealth of important habitat information relevant to the study of ecological and evolutionary 

dynamics in this ecosystem can be surveyed in a time and cost-effective way with a minimal impact 

on the ecosystem. Besides, we demonstrated the ability to create complete high-definition 

photogrammetric 3D maps of inselbergs and reconstruct the eroded channels that transport water 

and depressions that can store water. Such information is nearly impossible to map and quantify 

using only ground-based techniques or satellite data. Our results showed that water flow on 

inselbergs between pools is associated with nested catchments and proper dendritic networks. 

Several studies have shown that hydrochoric dispersal mediated by eroded channels that connect 

rock pools can affect the genetic structure of populations (Hulsmans et al., 2007) and the composition 

of communities (Vanschoenwinkel et al., 2008). Yet, these studies considered the simple case of 

neighboring pools linking up by simple connections on a relatively flat rock (Tuytens et al., 2014). The 

current study allowed us to define nested networks of catchments, which is a prerequisite to 

accurately modeling the volumes of water, not just those transported among pools but also those 

that end up in vegetation patches. The reconstructed drainage systems in this paper will help define 

moisture-based microhabitats depending on how abundantly and frequently each area of the 

inselberg receives flowing water, which could, in turn, explain the spatial distribution of different 

organisms. 

3D reconstructions of pool basins generated in this study can be used to build more accurate 

hydrological models that can predict flooding cycles and reconstruct long-term variations in the 
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hydrological disturbance in this system. However, current models use buckets or half-ellipsoids to 

approximate rock pool morphometry. We propose using such approximations combined with 

photogrammetric techniques to characterize pool types. This will allow not only quantifying the size 

of catchments but also calculating the area-depth–volume functions and the drainage basin area of 

each pool. Both analyses can lead to more accurate predictions of inundation patterns, which can be 

used to estimate the extinction risk of populations in these habitats (Pinceel et al., 2017). Since 

hydrology determines the selection regime in temporary ponds, more accurate models combined 

with time-series data will help us to explain ecological and evolutionary dynamics. For instance, the 

hydrological disturbance regime was an important driver of diversity patterns in rock pools, both 

within clusters of pools (Vanschoenwinkel et al., 2013) and across climate gradients (Brendonck et 

al., 2015). Rockpool hydrology was also linked to evolutionary bet-hedging strategies, with 

populations experiencing harsher conditions with short inundations showing adaptive life-history 

traits that help to cope with these conditions (Pinceel et al., 2017). 

There is usually little vegetation on inselbergs that can interfere with creating general terrain 

models. Some emerging aquatic plants, for instance, could be easily removed after the 

photogrammetric process, as shown in this study. However, we acknowledge that generating a DTM 

is challenging when vegetation is dense, especially for achieving a correct assessment of the shape 

of the pool basins. If basins are filled with dense vegetation or if the water level is too high, the shape 

of the basin can only be estimated using tie points from the visible edges of the basin. 

For sites with more dense vegetation, it is recommended to use either ground-based survey 

techniques for small areas or multi-return Light Detection and Ranging (LiDAR) for larger areas. The 

light pulses generated by the LiDAR can still penetrate between branches and leaves. Nonetheless, 

LiDAR equipment is much more expensive and would require more expensive, heavier drones to 

operate (Dandois and Ellis, 2010). See the online Supplemental Material (Aristizábal-Botero et al., 

2020) and general discussion for further analysis of the advantages and disadvantages of this 

methodology (complete reference is in Appendix I). 

We have shown that it is possible to reconstruct fine-scale variation in potential 

photosynthetic activity by adding a simple multispectral camera to an affordable off-the-shelf UAV. 

To our knowledge, this is the first study that quantitatively confirms the idea that the black biological 

soil crust on tropical inselbergs is photosynthetically active (Büdel et al., 2000). Moreover, at the very 

least, in the dry season during which this survey took place, microphytic communities were 

photosynthetically active. At the same time, pools revealed very low signals of photosynthetic 

activity, although some had a wet crust at the bottom (P3) or at least a few centimeters of water (P5). 

The lowest reflectance levels were detected on the river water and dry vegetation. Also, we saw that 

these communities growing epi- and endo-ethically on the bare rock of inselbergs have different 

degrees of association with humidity on the rock surface and in the drainage channels. To validate 

our NDVI results, it is still important to perform additional ground-truthing and to identify and 

quantify the algae communities present. Even though satellite sensors are the most common source 

for collecting NDVI information, using UAVs for this purpose is particularly relevant for fine-scale 

analysis in ecosystems like inselbergs, where fluxes of energy, carbon, and nutrients are still poorly 

understood. Given the affordable and repeatable nature of UAVs, their surveys facilitate assessing 
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rapid temporal changes in habitats and potentially for seasonal changes to be recorded and 

monitored. We anticipate that UAVs will become a standard tool used by biologists for targeted fine-

scale biomonitoring. 

Taken together, our findings demonstrate the potential of UAVs to monitor ecological habitat 

conditions in ecosystems that show the strong small-scale geographical variation that would be 

impossible to map using ground-level methods or satellite imagery currently available. Therefore, we 

are confident that the developed methodological framework and data processing pipeline are 

general and can support high-spatial-resolution spatial and temporal ecological monitoring studies 

in other ecosystems. Besides, the confirmed idea that inselberg microhabitats such as rock pools 

which are classical models in ecology and evolutionary biology (Brendonck et al., 2010), can be 

connected via complex dendritic networks, challenges ecologists to revisit the processes that are 

responsible for the persistence of biodiversity in this ecosystem. 
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A temporary endorheic rock pool on the edge of El Peñuelo Lagoon at the Bojonawi Natural 

Reserve. Picture: David Páez-Pérez. 
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CHAPTER 2 

How do the aquatic macroinvertebrates of tropical inselberg habitats change 

between the early and late rainy seasons? 

Modified from the book chapter: 

 Reconstruyendo procesos ecológicos en hábitats aislados con macroinvertebrados acuáticos de los 

inselbergs del Escudo Guayanés Colombiano. pp. 371 – 387.  

In Lasso C. A., Trujillo F. and Morales-Betancourt M. A. (Eds.). 

Ángela Aristizábal-Botero, Vega Evelyn, Emilio Realpe, Snoeks Joren, and Bram Vanschoenwinkel. 

ABSTRACT 
Although the fauna of temporary rock pool systems on rocky outcrops has been documented in many 

regions worldwide, little is known about similar systems in the neotropics. Here, we provide a first 

account of the macroinvertebrate biodiversity of rock pool habitats on three granitic outcrops 

(inselbergs) in the neotropical savanna from East Colombia. During surveys, 115 morphospecies were 

detected: 84 at the beginning and 74 during the late rainy season. This represents the highest aquatic 

biodiversity of macroinvertebrates reported in freshwater rock pools worldwide. Overall, the studied 

freshwater fauna was strongly differentiated between the two considered temporal snapshots. Sets 

of fast-colonizing and rapidly-growing pioneer species like water scavenger beetles from the family 

Hydrophilidae and Libellulidae dragonflies were identified as early-season indicator species. Later in 

the rainy season, predators almost doubled their relative abundance (19 % to 37 %) and increased 

their contribution to community diversity from 40 % to 50 %. Late-season indicator taxa were 

ostracods from the genus Cypretta, four predatory Dytiscidae beetles, the notonectid Buenoa and 

the veliid Microvelia. In the late rainy season, the water variables: total dissolved solids, dissolved 

oxygen, conductivity, and salinity, were lower. The water temperature and pH did not change 

significantly between the seasons. Inselbergs in this region have a wide environmental range of pools, 

including shallow ephemeral pools and very deep semi-permanent systems with and without 

vegetation. This high local spatial-environmental heterogeneity, summed with longer hydroperiods 

promoted by the tropical climate from the area, might facilitate the establishment of the biodiversity 

here accounted for. 

RESUMEN 
Aunque la fauna de los sistemas de charcas temporales en afloramientos rocosos ha sido 

documentada en muchas regiones del mundo, poco se sabe de sistemas similares en el neotrópico. 

En este trabajo se presenta una primera descripción de la biodiversidad de macroinvertebrados que 

habitan en charcos sobre en tres afloramientos graníticos (inselbergs) de la sabana neotropical del 

este de Colombia. Durante los muestreos se detectaron 115 morfoespecies: 84 al inicio y 74 durante 

la estación lluviosa tardía. Esto representa la mayor biodiversidad acuática de macroinvertebrados 

reportada en charcos de agua dulce sobre inselbergs a nivel mundial. En conjunto, la fauna de agua 

dulce estudiada se diferenció fuertemente entre las dos capturas temporales consideradas. Se 

identificaron especies pioneras de rápida colonización y crecimiento tales como los escarabajos 
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carroñeros acuáticos de la familia Hydrophilidae y las libélulas de la familia Libellulidae como especies 

indicadoras de principios de la estación. Más avanzada la estación lluviosa, los depredadores casi 

duplicaron su abundancia relativa (del 19 % al 37 %) y aumentaron su contribución a la diversidad de 

la comunidad del 40 % al 50 %. Los taxones más representativos de finales de la estación fueron los 

ostrácodos del género Cypretta, cuatro escarabajos depredadores de la familia Dytiscidae, Buenoa 

(familia Notonectidae) y Microvelia (familia Veliidae). En la estación lluviosa tardía, las variables del 

agua: sólidos disueltos totales, oxígeno disuelto, conductividad y salinidad, fueron más bajas. La 

temperatura del agua y el pH no cambiaron significativamente entre las estaciones. Los inselbergs de 

esta región presentan una amplia gama ambiental de charcas, incluyendo charcas efímeras poco 

profundas y sistemas semipermanentes muy profundos, ambos con y sin vegetación. Esta elevada 

heterogeneidad espacio-ambiental local, sumada a hidroperíodos más largos promovidos por el 

clima tropical de la zona, podrían ser agentes facilitadores del establecimiento de la biodiversidad 

aquí contabilizada. 

INTRODUCTION 
Aquatic macroinvertebrates (> 1 mm) are a diverse component of freshwater systems worldwide. 

They fulfill ecologically important functions in rivers and lakes and can reach high diversity with good 

water quality. Since they are used as ecological indicators, they are well-studied in rivers and lakes in 

most parts of the world (Chang et al., 2014). Nonetheless, much less is known about 

macroinvertebrate communities in less conspicuous aquatic habitats such as small pond ecosystems. 

Moreover, significant sampling gaps still exist in many parts of the world, notably in the tropics 

(Jocqué et al., 2006). A peculiar freshwater habitat is formed by temporary rock pools found in eroded 

depressions on rocky outcrops. After rains, they can periodically hold water that allows for the 

development of aquatic communities (Brendonck et al., 2010). The morphometry of the pools, the 

size of the catchment, evapotranspiration rates, and rainfall distribution determine how long rock 

pools can hold water (Vanschoenwinkel et al., 2009).  

The lengths of the resulting hydroperiods determine whether different organisms manage to 

reproduce successfully in these habitats (Schneider and Frost, 1996; Tuytens et al., 2014). Deep pools 

tend to have longer average hydroperiods (Vanschoenwinkel et al., 2009) and are better at capturing 

sediment (Buschke et al., 2013). Maximum rock pool depth, hydroperiod, and the number of annual 

inundation events were identified as the most important environmental drivers of the composition 

of plant communities (Cross et al., 2015). In turn, this vegetation provides microhabitats that are 

preferred by a broad set of different invertebrates (Choi et al., 2014). This reasoning illustrates how 

the morphometry of a basin combined with local climatological conditions can be directly and 

indirectly linked to macroinvertebrate communities.  

The biodiversity of freshwater rock pools has been mainly studied in temperate regions and 

semi-arid parts of the world (Jocqué et al., 2006 and 2010; Vanschoenwinkel et al., 2007; Brendonck 

et al., 2016; Timms, 2012, 2017; Lanfranco and Briffa, 2019). New information from Ivory Coast has 

shown that 
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rock pool biodiversity in the tropics can be much higher than on higher latitudes (Snoeks et al., 2021). 

Nevertheless, more information from the subtropics and tropics is needed to confirm a general 

latitudinal diversity gradient in this ecosystem.  

To the best of our knowledge, there are no studies of the macroinvertebrate communities of 

freshwater rock pools in the Neotropics, except for Therriault (2002), who described temporal 

patterns of invertebrate diversity from coastal freshwater and brackish water rock pools in Jamaica, 

as well as some scattered taxonomical records included in regional reviews of specific groups of 

organisms such as dragonflies (Bota-Sierra et al., 2015). 

Earlier work in semi-arid regions has shown that communities that develop initially after 

inundation may strongly differ from communities found later in the season in the same pools. For 

example, Jocqué and coworkers (2006) studied rock pools in Botswana for one month. They 

documented that communities changed gradually and that two successional stages could be 

distinguished in some pools. In a later study by Vanschoenwinkel and coworkers (2010b), in rock 

pools in South Africa, pools were monitored over eight months. Here, a clear successional pattern 

with two phases was confirmed in the deeper pools that remained filled over the entire period. Initial 

communities were dominated by large branchiopod crustaceans and predatory flatworms 

(Turbellaria) that hatched from the resting egg bank. Later a wide range of aquatic insects, including 

important predators, colonized. The predation-sensitive large branchiopods were replaced during 

succession by smaller, more predation-tolerant filter feeders such as small water fleas. It is still 

unknown to what extent similar successional patterns might be observed in the tropics, where the 

rainfall distributions are more evenly spread out over the year than in the semi-arid regions studied 

by Jocqué and Vanschoenwinkel. Longer rainy seasons might result in longer hydroperiods, allowing 

for establishing a broader range of organisms and more opportunities for ecological succession. 

Alternatively, when rainfall is plentiful, pools may not regularly dry out. This might make the habitat 

less suitable for opportunistic early successional species that benefit from pool conditions early after 

the onset of inundations. However, rock pool sites typically include a wide range of pool types, 

including very shallow pools expected to dry out frequently, even under a tropical climate.  

Rockpools can be found on flat slabs of bedrock and plateaus from dome-shaped rocks that 

protrude from the surrounding landscape matrix. Such resistant rocky outcrops eroded more slowly 

than the surrounding landscape and are referred to as inselbergs from the fusion of the German 

words island-mountain, a term coined by Bornhardt in 1900 (Porembski and Barthlott, 2000a). Such 

habitats certainly exist in the Neotropics. Examples include the famous sandstone tepuis in Venezuela 

(Kok et al., 2012), Río de Janeiro and similar mountains elsewhere in Brazil (De Paula et al., 2020). 

Another famous neotropical inselberg is the Savane Roche Virginie in French Guyana (Scammacca et 

al., 2022), but this site lacks developed rock pools.  

This study focuses on a well-known inselberg location in the Neotropics along the western 

bank of the Orinoco River in Colombia. This region is characterized by a dry season, which ensures 

that smaller aquatic habitats are prone to desiccation at least once per year. Alexander von Humboldt 

reported these inselbergs and their peculiar black color in 1849. Recently, the structure of the rock 

pool networks on these inselbergs has been documented using drone imagery (Aristizábal-Botero et 

al., 2020). However, thus far, no surveys have been undertaken to document the biota and 
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environmental conditions in these pools. Our main goal is to provide a first characterization of the 

aquatic macroinvertebrates and water variables of freshwater rock pools on inselbergs, comparing 

communities and environmental variables from the beginning and later during the rainy season. To 

help fill the sampling gap of temporary freshwater rock pool biodiversity in the Neotropics, we 

sampled thirty (30) rockpools from three (3) tropical inselbergs along the Orinoco River in the 

Bojonawi Natural Reserve and the vicinity of the town of Puerto Carreño. The taxonomic and 

functional composition of macroinvertebrate communities encountered was contrasted, and 

indicator species analysis was used to identify species linked to early and late successional stages, 

respectively. 

We hypothesized that (1) the physical and chemical variables of the water would differ 

between the early and late rainy seasons. Dilution of the water may reduce salinity and water 

conductivity. The buildup of algal biomass might also increase turbidity in some pools. Secondly (2), 

we expected to find substantial differences between the species from the two studied temporal 

snapshots. We anticipated finding sets of fast-colonizing and rapidly growing pioneer species early in 

the rainy season and sets of more robust, slower-growing, and predation-tolerant species later in the 

rainy season. In some pools, the development of aquatic vegetation might favor the establishment 

of vegetation-associated biota later in the rainy season. Third, (3) more predators are expected later 

during the rainy season since certain prey populations may need time to build up.  

METHODS 

Study area  

Three granite inselbergs were selected along the Colombian edge of the Orinoco River in the Vichada 

department, aiming to capture distinct morphologies and environmental elements around them 

(Figure 2.1 (a)). The northern part of Vichada is classified as a tropical wet-dry climate (Aw) in the 

Köppen- Geiger system (Beck et al., 2018) with an average annual precipitation of 2,342 mm and 

warm temperatures year-round ranging between 31 °C (87 °F) and 36 °C (97 °F) (Climate-Data.org, 

2022). The region has a tropical savanna climate with a monomodal hydro-regime showing clear dry 

and wet seasons. Most rainfall is restricted to the period between April and November (Figure 2.2). 

The Orinoco River undergoes annual flooding, and its floodplains exhibit a clear seasonal cycle. Their 

surface area can increase 13 – 25 times during the peak of the rainy season (Frappart et al., 2014). 

One of the selected outcrops is in the vicinity of Puerto Carreño, the capital of Vichada. It is a 

Bornhardt-type inselberg with two summits called Bandera and Bita (Figure 2.1 (b) and (c), 

respectively). The other two outcrops are located inside the Bojonawi Natural Reserve. One is a 

shield-type inselberg, known as Karikari (Figure 2.1 (e))., while the other is also a Bornhardt-type 

inselberg called Morrocoy (Figure 2.1 (d)). The inselbergs from Puerto Carreño (P) and Morrocoy (M) 

reach approximately 120 m.a.s.l. In comparison, Karikari (K) reaches a maximum elevation of 67 

m.a.s.l. (Aristizábal-Botero et al., 2020). 

Selection of rock pools  

Ten pools were chosen during the rainy season in September 2016 at Morrocoy (M1 to M10) and 

nine at Karikari (K1 to K9) (Figure 2.1, Table 2.1, and Table A2.1). Unfortunately, only three rock pools 

were found and thus sampled at Puerto Carreño in this period (P1 to P3). Since the second peak of 
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this inselberg (Bita) is in a military district, a special permit was requested in 2016 to access rock pools 

on its summit in 2017. During this second field trip, P4 to P11 were sampled at Puerto Carreño (P1 to 

P3 were still dry); K2 and K5 were found with water and thus sampled at Karikari; M3 to M5, M7, and 

M8 were also resampled at Morrocoy. 

 Rock pool selection was based on the morphometry and vegetation cover of the basins (i. e. 

the percentage of the water surface that plants covered). Care was taken to include a wide range of 

pools with different shapes, structures, sizes, and canopy plant cover to include local variation in 

abiotic conditions, microhabitat conditions provided by plants, and hydrology (Wellborn et al., 1996; 

Bayly, 1997). Surface area and vegetation cover were calculated for each pool basin in Google Earth 

Pro v7.3.6.9326 (64-bit), using polygons generated on the 4 cm/pixel orthomosaics obtained using 

UAV data (Aristizábal-Botero et al., 2020). Vegetation cover was considered as a percentage for each 

pool. Maximum depth was measured both in the field and using the 3D models. In the field, we used 

a wood metric folding ruler on three different positions along the x- and y-axis of the pools. Volume 

was calculated by simplifying the shape of rock pools as half ellipsoids when a detailed 3D model was 

impossible to reconstruct (e.g., if the pool had water when the aerial pictures were taken, preventing 

the accurate reconstruction of the rock pool bottom surface). The surface-to-volume ratio was 

considered a proxy for the ability of a pool to facilitate long hydroperiods. Precipitation data from 

the site was requested from The Institute of Hydrology, Meteorology, and Environmental Studies of 

Colombia (IDEAM) to reconstruct the rainfall pattern in the study area (Figure 2.2). The 

hydrometeorological station is located on top of Bandera peak at Puerto Carreño. Precipitation data 

comprise 30 years of local measurements (1987-2017). 
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Figure 2.1. (a) Map of the study area at Vichada, Colombia, on the banks of the Orinoco River. Names of 

sampled inselbergs are labeled. The light green polygon shows the borders of Bojonawi Natural Reserve 

(NR). Dark green areas show riparian vegetation, yellowish to brown colors are tropical savannas, and dark 

grey are granite inselbergs. Sampled rock pools on (b) the Bandera peak from the Inselberg at Puerto 

Carreño. Background image from Google Earth Pro 2022 Airbus. (c) The Bita peak from the Inselberg at 

Puerto Carreño. (d) Morrocoy, (e) Karikari. The background image from (c) to (e) are sections from high-

resolution (4 cm/pixel) orthomosaics reconstructed according to the methodology presented in Aristizabal-

Botero et al. (2020). 
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Figure 2.2. Unimodal rainfall pattern in 

the sampled area at Puerto Carreño. 

Average values comprise 30 years of 

local measurements (1987-2017). 

Precipitation data were provided by 

The Institute of Hydrology, 

Meteorology, and Environmental 

Studies of Colombia (IDEAM). 

Table 2.1. Location of inselbergs and the number of sampled pools from the late rainy season 
(September 2016) and the early rainy season (April 2017). Pool marked with asterisks were sampled in 
both seasons. 

Location 
name 

Coordinates Inselberg description 

Sampled pools 

Late 
Season 

(2016) 

Early 
Season 

(2017) 

Karikari  
6,093419° 

-67,487261° 

 Shield-type inselberg on the edge 
of the Orinoco River and El 
Peñuelo Lagoon inside the 
Bojonawi nature reserve, 

surrounded by floodplain forests. 

K1 – K9 K2 and K5* 

Morrocoy 
6,026867° 

-67,52431° 

Bornhardt inselberg in Bojonawi 
nature reserve flanked by gallery 

forest and tropical savannah, 
more than one kilometer from 

the nearest freshwater 
ecosystem. 

M1 – M10 
M3 - M5, 
M7, and 

M8* 

Puerto 
Carreño 

  6.178739°  -
67.47999° 

Bornhardt inselberg with two 
peaks, Bita and Bandera. Both are 
at the edge of the Orinoco River, 

surrounded by neighborhoods 
and a military district.  

P1 – P3 P4 – P11 

 

Physical and chemical properties of water 

Dissolved oxygen concentration (DO, mg/l), total dissolved solids (TDS; ppm), pH, salinity (PSU), 

conductivity (µS/cm), and temperature (°C) were measured in situ using a Thermo Scientific Orion 

Star A329 multi-parameter probe. Before taking the biological samples, two measurements from the 

environmental variables were taken successively in the same pool and later averaged for each 

sampling period. Two different depths were selected for the measurements, covering the shallow 

and deep zones.  
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In addition, three data loggers (two UA-002-64 HOBO for temperature and light and one UA-

001-64 HOBO for temperature) were placed, entirely covered by water, in three rock pools from 

Karikari. Temperature (°C) and incident sunlight (Lux) were measured from September 17 to 25, 2016. 

Two composite water samples were taken in 2016 from two shallow pools at Karikari (the 

25th of September) and two similar ones at Puerto Carreño (the 26th of September). One pool on 

each inselberg had vegetation (Figure 2.3), while the second had no vegetation cover. The water 

sampled from the two pools from each inselberg was mixed to create a composite sample of each 

rock. Each sample was analyzed for: total nitrogen, total phosphorus, total organic carbon, nitrates, 

organic carbon, biological dissolved oxygen, phosphates, chlorides, sulfates, turbidity, alkalinity, 

sodium, potassium, magnesium, calcium, iron, mercury, arsenic, and chlorophyll-a at the Chemilab 

S.A.S. laboratory in Bogotá. The samples were transported in an ice cooler box (APHA, 2012). Water 

characteristics assessed here were compared with water chemistry data from freshwater rock pools 

in other parts of the world, summarized in Jocqué et al. (2010), Snoeks et al. (2021), and Kulkarni et 

al. (2022).  

 

 

 

 

 

 

 

 

 

Figure 2.3. Pictures from two of the rock pools in (a) Karikari (K4) and (b) Puerto Carreño (P2) that were 

selected for macroinvertebrate surveys and taking composite samples to analyze their water compounds. 

Pictures were taken in the late-rainy season in September 2016.  

Macroinvertebrate sampling and identification  

Two sampling expeditions were organized under the general permit from the Universidad de Los 

Andes, following Colombian law for collecting biological samples regulated by the National Authority 

for Environmental Licensing (Autoridad Nacional de Licencias Ambientales - ANLA). The first sampling 

period occurred during the rainy season from September 17 to 25, 2016. At that moment, the deeper 

rock pools had held water for at least five months due to consecutive rains since the end of March 

(IDEAM). Twenty-two rock pools were sampled on the three inselbergs (Table 2.1), including pools 

with maximum water levels from 2 cm to approximately 100 cm. Shallow rock pools might have dried 

out and inundated several times since the beginning of the rains. Hence, we are unsure what their 

hydroperiods would have been. Nonetheless, regardless of their morphometry, all pools dried out 

for two months (January and February) during the dry season.  
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The second sampling period was from April 1 to 9, 2017. A rather extreme drought preceded 

this. There was no significant rain between December 1, 2016, and March 13, 2017 (IDEAM), with 

low-intensity rains from March 22 onwards (Aristizábal-Botero, personal observation). Consequently, 

only five pools at Morrocoy and two from Karikari could be sampled again (resampled). The other 

pools were dry, probably due to the rapid evaporation of the limited water accumulated in the pool 

basins. The three rock pools sampled in 2016 on Puerto Carreño were also dry. However, during the 

last days of the sampling period, several rock pools were found inundated in other localities at Puerto 

Carreño, so eight rock pools were sampled there in 2017. Once again, the rock pool selection criteria 

aimed to cover the wide range of sizes and shapes of rock pools found on all inselbergs.  

We used hand nets with a 20 x 10 cm2 frame and a one mm² mesh size to take all samples. 

Net sweeps were taken along linear transects in the pelagic, along the inner edges of the pools, and 

in between vegetation. The length and number of transects taken were proportional to the pool area 

(Table A2.1), ensuring that each part of the pool was traversed once. However, when rock pools 

exceeded 40 m2, only about 40 m2 were sampled. Care was taken to guarantee the same sample 

effort during both sampling expeditions. Collected macroinvertebrates were preserved in 70 % 

ethanol for morphological identification.  

Preserved macroinvertebrates were identified using a dissecting microscope to the lowest 

possible taxonomic level at the Laboratory of Aquatic Zoology and Ecology (LAZOEA) from Los Andes 

University, the private laboratory of Juan Carlos Quijano, and the laboratory of the KUMANGUI 

research group from the District University of Colombia. Genus or species-level identification was 

based on Hamada et al. (2018), Ramírez (2010), and Pérez-Roldán (2003). 

Data analysis  

RStudio 2021.09.1+372 "Ghost Orchid" (R Core Team, 2021) was used for data analysis. Used 

packages and functions are presented as (package:function).  

To evaluate the representativeness of the samples and to approximate the accumulated 

macroinvertebrate richness, we constructed species accumulation curves (SACs) (vegan:specaccum) 

for each inselberg separately. Also, as an estimation of gamma richness from the complete system, 

an overall SAC based on all individual rock pool samples was made. SACs were performed by 

randomly adding pool communities based on 10,000 permutations. The estimation of the standard 

deviation was conditional on the empirical dataset. The number of unsampled species was estimated, 

and standard error calculation was done through a first-order Jackknife. To complement the SACs 

analysis, the Chao 1 estimator (Chao et al., 2009) was determined for each sampled inselberg. It 

projects the asymptotic richness based on the abundance of rare species (iNEXT:ChaoRichness). 

Taxon richness (S) and the index of relative evenness derived from the Shannon index (J) (Pielou, 

1966) were estimated for each pool from the two temporal snapshots.  

Comparing two temporal snapshots  

Differences in macroinvertebrate alpha diversity (S), evenness (J), and environmental variables 

measured in situ were tested between the early and late-rainy season samplings, as well as between 

sampled inselbergs. Two-way ANOVA (stats:aov) models were used to include both predictors 

(season and inselberg) together, and Tukey's post-hoc tests (multcomp:glht) were run to compare 
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inselbergs. The non-parametric Aligned Rank Transformation (ARToolc:art), subsequent ART ANOVA 

(ARTool:ANOVA), and post-hoc comparisons between inselbergs (dunn.test:dunn.test) were used 

when the data was not normally distributed and when the homogeneity of variances assumption was 

not met. Differences in environmental variables between the two sampled seasons are represented 

in two complementary ways. (1) By using line graphs with means and standard error (ggpubr:ggline) 

for each variable, and (2) taken all together by using a principal component analysis, PCA 

(stats:prcomp). Departures from normality were assessed using the Shapiro-Wilk test (stats: 

shapiro.test). The homogeneity of group variances was tested using the parametric F-test 

(stats:var.test) or the non-parametric Fligner-Killeen’s test (stats: fligner.test). 

To test differences in community composition between the two temporal snapshots and 

between the inselbergs, permutational multivariate analyses of variance (PERMANOVA; 10,000 

permutations) were performed (vegan:adonis). The analyses were based on an abundance matrix. 

The Bray–Curtis dissimilarity index was selected as a standard metric that captures both similarities 

in terms of composition and abundance. The PERMANOVA results for community composition were 

visualized using principal coordinate analysis (PCoAs) biplots. PERMANOVA was also used to compare 

the environmental variables taken together. With this aim, the environmental variables were 

standardized, and Euclidean distances were used to test how abiotic niche conditions differ in the 

early and late seasons and between inselbergs. A multivariate homogeneity of variance test 

(Anderson, 2006) was also done (vegan:betadisper) to test for differences in the variation (in terms 

of multivariate dispersion) in the macroinvertebrate communities in both seasons. This variance can 

be interpreted as a measurement of beta diversity.  

An indicator species analysis (Dufrêne and Legendre, 1997), using the ‘IndVal’ test statistic, 

was conducted to test to which extent specific macroinvertebrates are linked to early or late rainy 

season (indicspecies:multipatt). This analysis provides specificity and fidelity values. The former (A) 

defines how restricted the taxon is to a specific season. A value of 1 means it was only found in this 

season. The fidelity value (B) establishes the probability of finding a taxon in a certain season.  

Changes in the functional composition of macro-invertebrate communities 

Assessing the feeding behavior of macroinvertebrates provides valuable insights into the food web 

structure of the ecosystem. In aquatic macroinvertebrates, it is defined as how an organism gathers 

food (functional feeding groups) and uses two basic criteria: particle size range and food source 

(Merritt et al., 1992). Based on Merritt and Cummins (2006), Baptista et al. (2006), Galizzi et al. 

(2012), and Thorp and Rogers (2015), the following six functional feeding groups (FFG) were 

recognized for rock pool macroinvertebrates: shredders, filtering-collectors, gathering-collectors, 

scrapers, piercing-sucking herbivores, and predators.  

Shredders (e.g., travertine beetles from the genus Lutrochus) consume pieces of living or dead 

plants by cutting, mining, or chewing them. They use coarse particulate organic matter (CPOM) and 

produce fine particulate organic matter (FPOM). Filtering collectors (e.g., Culex mosquito larvae) 

remove FPOM and microorganisms suspended in the water column or floating on the water surface 

(Skiff and Yee, 2014; Merritt et al., 1992; Clements, 1999). Gathering collectors (e.g., Nematoda and 

the earthworms from the class Clitellata) also take FPOM. Still, they feed by actively ingesting it when 
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it is deposited as sediment or loosely connected to rocks, vegetation, and other submerged surfaces. 

Scrapers consume the microbiota tightly attached to leaves, stems, and rocks (e.g., the snail-shell 

Caddisflies from the genus Helicopsyche). Piercing-sucking herbivores (e.g., family Lygaeidae 

commonly referred to as seed bugs) perforate vascular plants or individual algal cells to consume 

their cellular fluids (Labandeira, 1997; Ding et al., 2015). Finally, predators (e.g., dragonflies from the 

order Odonata or giant water bugs Belostoma from the Hemiptera) are defined by hunting and 

consuming other animals (Saulino, and Trivinho-Strixino, 2017; Ramírez and Gutierrez-Fonseca, 2014; 

Cummins et al., 2005; Bouchard, 2004; Keiper et al., 2002; Clements, 1999; Merritt et al., 1992). 

When a species was reported to belong to more than one functional group, e.g., the scavenger water 

beetles Berosus from the family Hydrophilidae, we accounted for them in each FFG: in this case: 

shredders, gathering-collectors, piercing-sucking herbivores as adults, and predators during their 

larval stage (Thorp and Rogers, 2015).  

Once more, we used the Bray–Curtis index in a multivariate PERMANOVA based on an 

abundance matrix to test for significant changes in the functional composition of macroinvertebrates 

between the two seasonal snapshots and sampled inselbergs. The Bonferroni procedure was applied 

to correct all pairwise comparisons for multiple testing. A multivariate homogeneity of variance test 

(Anderson, 2006) was also done (vegan:betadisper) to test to what extent multivariate dispersion 

from the functional composition differed between seasons. 

Supplementary analyses 

The above analyses rely on the implicit assumption that the samples taken during different seasons 

are independent. Yet, this was not always the case. Some pools were sampled during both seasons, 

while others could only be sampled during one of both. To confirm that the main patterns reported 

in this paper are robust and not influenced by the fact that we had a mixture of paired and unpaired 

observations in our models, we repeated all analyses on the smaller subset of our dataset that 

included only the seven pools for which we had paired observations during both seasons (five on 

Morrocoy and two on Karikari, Table 2.1). 

Instead of ANOVA, we performed repeated measures ANOVA (rmANOVA) (rstatix: 

anova_test) or Aligned Ranks Transformation rmANOVA (ART rmANOVA) (ARToolc:art), in case 

assumptions of parametric rmANOVA were violated. In the PERMANOVAs, we restricted the 

permutation scheme to ‘strata’ (with pool ID specified as stratum) to better correct for the fact that 

measurements were taken repeatedly in the same pools.   

RESULTS  
Comparing two temporal snapshots  

Physical and Chemical Properties of Rock pools Water 

An overview of the environmental variables measured and calculated can be found in Table A2.6. In 

the late rainy season TDS, DO, conductivity and salinity were lower (Figure 2.4 and Table A2.2). 

Among the inselbergs, Puerto Carreño had higher conductivity and salinity values than Morrocoy 

(Figure A2.2 and Table A2.3 from Appendix II). 
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Figure 2.4. Differences in environmental variables measured in situ between early and late-rainy season 

snapshots. (a) Total dissolved solids (TDS ppm) (b) Temperature (°C) (c) Dissolved oxygen concentration (DO 

mg/l) (d) pH (e) Conductivity (µS/cm) (f) Salinity (PSU).  Means (± SE) are provided with results of unpaired t-

tests or the non-parametric equivalent unpaired Mann-Whitney-Wilcoxon tests. Significance codes are: 

'***' p < 0.001 '*' p < 0.05. All test statistics are provided in Table A2.2. 

Water temperatures were significantly lower at Puerto Carreño than at Karikari (Table A2.3 

and Figure A2.2 from Appendix II) but did not differ between seasons (Figure 2.4 (b)). We recorded a 

range between 27.5 to 38.7°C with the manual probe. Still, data loggers measured wider intervals. 

The lowest temperature recorded was 25.22°C (Lux = 0, at 3:15 am on September 25, 2016), while 

the highest was 56.05°C (Lux = 209,423, at 12:20 pm on September 22, 2016) in a shallow pool on 

Karikari (K3). Values obtained for water compounds from the two composite samples are shown in 

Table A2.4 from Appendix II. The PCA showed that habitat conditions from rock pools differed in their 

conductivity, TDS, and salinity between the two sampled seasons, as shown in Figure A2.5 from 

Appendix II, and differences between seasons are confirmed by the PERMANOVA (Table 2.2). 
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Changes in macroinvertebrate taxonomical and functional composition 

An overview of the recorded taxa can be found in Table A2.7 from Appendix II. A SAC from all rock 

pool samples (early and late season) for all inselbergs together is available in Figure A2.6 from 

Annexes II. After combining data from both periods, the total morphospecies richness (S) was 115. 

However, according to the SAC based on all samplings, 147 taxa are likely to be present cumulatively 

on the studied inselbergs (expected gamma diversity). The SACs based on each inselberg (Figure 2.5) 

indicated that gamma diversity would increase with more sampling by 12, 44, and 6 taxa at Karikari, 

Morrocoy, and Puerto Carreño, respectively. The obtained Chao 1 estimator had a value of 61.3 (± 

13.2) for Karikari; 129.1 (± 28.3) for Morrocoy, and 44 (± 7.3) for Puerto Carreño. The 

macroinvertebrate inventories revealed S = 84 morphospecies in the early and S = 74 in the late rainy 

season. 

 
Figure 2.5. Species accumulation curves (SACs) were performed by randomly adding sites based on ten 

thousand permutations. The estimation of standard deviation was conditional on the empirical dataset. 

Unobserved species were estimated, and its standard error calculation was done through a first-order 

Jackknife. 

A complete view of richness and evenness accounted for each pool can be found in Table A2.6 

from Appendix II. No significant differences in alpha diversity of rock pools were detected by the 

ANOVA model between seasons (16.5 ± 11.5 for early and 13.2 ± 6.5 for the late rainy season, Figure 

2.6 (a)), nor between the three sampled inselbergs in both seasons. However, the post-hoc test 

indicated a tendency where the average alpha richness found in the rock pools from Morrocoy (18.9 

± 11.2) was near twice the average richness accounted for at Puerto Carreño (10.2 ± 4.7) (Figure A2.1 

from Appendix II). In contrast, the relative evenness (J) was significantly lower in the early than in the 

late-rainy season (Figure 2.6 (c)). No differences were found in J between the inselbergs (Table 2.2). 

Both species composition and functional community composition differed between the early 

and late season samples (Table 2.2 and Figure 2.6 (b) and (d)). There was no difference in the variance 

(a measurement from beta diversity) within early and late season communities (F = 0.14; P = 0.71) 
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nor between the variance in inselberg communities (F = 0.57; P = 0.57). Species and functional 

community composition differed significantly between inselbergs (Table 2.2 and Figure A2.1 from 

Annexes II).  

Results from the corroborative models using only the seven pools sampled in the two seasons 

are summarized in Table A2.5 and visualized in Figures A2.3 and A2.4 from Annexes II. The overall 

statistical results shown in Table 2.2 using all sampled rock pools were highly conserved illustrating 

that the patterns we see in the larger dataset still hold when explored in a smaller but statistically 

cleaner sub-dataset. 

Table 2.2. Results of two-way ANOVA, Aligned Ranks Transformation ANOVA models, post-hoc 
test comparisons, and PERMANOVA, to evaluate the impact of the seasonal period and sampled 
inselberg on the taxonomic and functional composition of the macroinvertebrate communities, 
as well as on the environmental conditions. Significant results are highlighted in bold. There 
were no significant Inselberg x Season interactions. 

Morphospecies richness (S) F p-value 

Season  2.46 0.10 

Inselberg  0.65 0.43 

Evenness(J)   

Season  7.66 <0.01 

Inselberg  0.65 0.53 

Community composition F Pr(>F) 

Season  4.00 <0.001 

Inselberg  2.00 <0.001 

Functional community composition   

Season  7.87 <0.001 

Inselberg  2.67 <0.01 

Environmental conditions   

Season  6.43 <0.01 

Inselberg  1.52 0.19 
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Figure 2.6. (a) Differences in taxon richness (S) calculated in the early and late rainy season. Means (± SD) are 

provided. (b) Principal coordinate analysis ordination plot illustrating differences in the macroinvertebrate 

communities between the two seasons, captured by the Bray–Curtis dissimilarity index. (c) Differences in the 

relative evenness (J) calculated in the early and the late rainy season. Means (± SD) are represented. (d) The 

principal coordinate analysis ordination plot shows differences in the abundance of functional feeding 

groups between the two seasons, captured by the Bray–Curtis dissimilarity index. Significance codes are: 

'***' p < 0.001 '**' p < 0.01. In (a) (b) and (d) ellipses cover 95 % of the data. 

Early season indicator taxa were two morphospecies from the family Chironomidae, four 

libellulids: Anatya gutatta, Micrathyria sp., Sympetrum sp., and Erythemis sp.; four hydrophilids 

(three Berosus sp. and one Anacaena sp.); one Stenus sp. (family Staphylinidae), and the clam-

shrimps Metalimnadia sp. (Branchiopoda). Late-season indicator taxa were ostracods from the 

Cypretta sp., four Dytiscidae water beetles (three Hemibidessus sp. and one Pachydrus sp.), one 

hydrophilid (Enochrus sp.), the notonectid Buenoa sp. and the veliid Microvelia sp. (Table A2.7 and 

A2.8).  
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All FFGs were one order of magnitude more 

abundant early than later in the rainy season, 

except for predators that overpassed the 

order of thousands in both seasons. 

Gathering collectors, followed by predators 

and filtering collectors, were the most 

abundant groups early in the rainy season. 

Predators were the most abundant group 

late in the rainy season. Piercing-sucking 

herbivores were 50 times less abundant later 

in the season (Figure 2.7).  

 

 

 

Figure 2.7. Absolute abundances of FFGs between early and late rainy seasons. Piercing-sucking Hb is 

Piercing-sucking herbivorous. 

 

Predators almost doubled their relative contribution to the relative abundance in the late-

rainy season. Meanwhile, the contribution of shredders was three times lower, and of piercing-

sucking herbivores was six times lower (Figure 2.8 inner ring). Overall, there was a more diverse set 

of predators and gathering collectors late in the season. At the same time, the diversity (richness) of 

the rest of the groups remained almost constant (Figure 2.8 outer ring).  

 

 
Figure 2.8. Relative contributions of functional groups to total richness (outer ring) and relative abundance 

(inner ring) during (a) the early rainy season (2017) and (b) the late rainy season (2016). 
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DISCUSSION 
We contrasted the aquatic macroinvertebrates in a set of tropical rock pool systems in the beginning 

and more toward the end of the rainy season. Overall, we found that communities were 

differentiated. Also, compared to similar rock pool systems elsewhere in the world (Snoeks et al., 

2021; Bayly, 1997; Jocque et al., 2006 and 2007; Vanschoenwinkel et al., 2007) the studied system is 

highly diverse and particularly rich in predatory insects like odonates and predatory diving beetles. 

According to the ‘latitudinal diversity gradient’ pattern (Hillebrand, 2004), the tropical conditions 

(Castillo-Escrivà et al., 2017), summed with the high local environmental heterogeneity, likely explain 

this diversity (Timms, 2017). 

Physical and Chemical Properties of Rock pools Water 

Results provided support for our first hypothesis. Early in the inundation phase of rock pools in 2017, 

when many pools were still not maximally filled, the water was characterized by higher salinity, TDS, 

and conductivity than in the late rainy season of 2016 (Figure 2.4 and A2.2). In contrast, lower oxygen 

levels were measured during the early season sampling. These seasonal changes in the water 

environment are probably due to the microbial decomposition of the organic matter accumulated in 

the pool basin after the last wet season (Hargrave, 1972). However, microbial activity has not yet 

been tested for the system, and it is still necessary to confirm if the quick buildup of algal biomass is 

also increasing turbidity early in the rainy season. 

A trend of elevated salinity and conductivity in rock pools at Puerto Carreño inselberg 

compared to the two placed inside a conservation area (Figure A2.2) might reflect the impact of 

human activities. We sampled the same physicochemical variable in two pools found next to human 

settlements. We noticed they had plastic bags and other waste in their water. Then, we compared 

their physicochemical parameters with those previously sampled at Puerto Carreño. They exhibited 

extremely elevated conductivities (between 188 and 239 µS/cm), TDS (between 96.28 and 117.3 

ppm), and salinity (between 0.147 and 0.167 PSU). Therefore, we decided not to include them in the 

community analysis. However, in future approaches, it would be interesting to sample more polluted 

rock pools and compare their fauna communities with non-polluted ones. Possible sources of ions 

that raise conductivity, TDS, and salinity could be related to pollution (Pinder et al., 2000), in this 

case, from local activities like stone mining and poor management of domestic and building waste.  

The conductivity range measured contains the values reported from other freshwater rock 

pools by Hamer and Martens (1998) in South Africa, Chan et al. (2005) in Utah, USA (Jocqué et al., 

2010), Snoeks et al. (2021) in Ivory Coast, and Kulkarni et al. (2022) in rock pools from basaltic 

outcrops on the west coast of India. DO levels only coincide with the average measurements reported 

by Kulkarni et al. (2022). Minimum and maximum values of pH were similar to the values reported 

by Bayly (1997) in Western Australia and Brendonck et al. (2000) in Botswana. The maximum water 

temperature accounted for during the late-rainy season (2016) is the highest in rock pools thus far 

recorded (56.05 °C). However, higher temperatures should be possible in arid regions where rainfall 

falls in the hottest part of the year and even in the here-studied rock pools during the dry season. 

Still, 40 °C is the highest water temperature worldwide recorded (Brendonck et al., 2000 in 

Botswana).  
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The presence of coliform bacteria, which are exclusive of fecal origin from warm-blooded 

animals (Jørgensen et al., 2005), in water from the rock pools at Puerto Carreño and Karikari, may 

reflect indirect input of dung from humans and other animals. At Puerto Carreño, dogs and chickens 

might be the main source of it. De Frenne and coworkers (2022) already measured significant nutrient 

fertilization by dogs in peri‐urban ecosystems. Meanwhile, according to fauna reported by Lasso et 

al. (2020), at Karikari, wildlife likely to visit rock pools includes the New World cottontail rabbit 

Sylvilagus floridanus Allen, 1890, the crab-eating fox Cerdocyon thous Linnaeus, 1766, and many birds 

like the crested Karikari Caracara plancus cheriway. How important rock pools are for terrestrial 

vertebrates in this tropical region remains to be investigated. In semi-arid regions such as the inland 

of Western Australia, rock pools (locally known as gnammas) can be the only source of fresh water 

and are therefore important for local populations of vertebrates such as birds and kangaroos (Timms, 

2012, 2017).  

Changes in macroinvertebrate taxonomical and functional composition 

The results also supported the second and third hypotheses. As expected, sets of fast-colonizing and 

rapidly growing pioneer species like algivorous and detritivores beetles from the family Hydrophilidae 

(Fairchild et al., 2000), and dragonflies from the family Libellulidae (Corbet, 1999) were found as 

indicator species from the early rainy season. Also, the clam shrimps Metalimnadia sp., which are 

rock pool specialists and permanent residents (Rogers et al., 2020), and some springtails from the 

family Dicyrtomidae were typical for the early stages of the season. Predator composition changed 

seasonally. While prey species decreased in abundance, predators became more diverse later in the 

rainy season. The indicator species analyses identified five beetles and two hemipteran predators as 

indicators for the late rainy season, as well as the copepod Cypretta sp. It is possible that these 

predators are slower colonizers, while at least some are known to benefit from the establishment of 

aquatic vegetation, typically more developed later in the season (Gibbons et al., 2002; Purse and 

Thompson, 2009). Meanwhile, the ostracod Cypretta sp. is a gathering collector that is quite well 

protected against predation due to the presence of thick and rigid valves, which allow it to persist 

under high predation pressure. In this sense, the current study also confirms the mechanisms 

hypothesized by Vanschoenwinkel et al. (2010b) that more predation-tolerant taxa replace 

predation-sensitive taxa during succession in rock pools. 

Compared to other rock pool systems worldwide, it is notable that fairy shrimp (Crustacea, 

Anostraca), a common and often dominant inhabitant of rock pool systems worldwide, was absent 

while the closely related clam shrimp was present. We believe this is because this rock pool system 

has many predators, unlike others at higher latitudes. Therefore, the predation-sensitive fairy shrimp 

(which lacks a protective carapace) is probably replaced by the more predation-resistant clam shrimp 

(Crustacea, Laevicaudata) as the dominant filter feeder that dominates the early successional stages 

in these rock pools. In the only other tropical rock pool studies at Jamaica and Ivory Coast, no fairy 

or clam shrimp were detected in the water column. However, the pools from Ivory Coast contained 

resting eggs that can be confidently attributed to either one of the two groups (Snoeks et al., 2021).  
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Approaches to the trophic state of the freshwater environment  

In our attempt to determine the trophic state of the freshwater environment from the rock pools, 

we only had information from two shallow pools per inselberg. The ranges of Chlorophyll-a for 

tropical and subtropical reservoirs found by Cunha et al. (2013) positioned the pools from Karikari as 

ultraoligotrophic (≤ 2.0 µg/L), while the more urbanized Puerto Carreño was mesotrophic 

(4.0 – 10.0 µg/L). Interestingly, total phosphorus levels measured in both inselbergs were high 

enough to suggest that the systems are hypereutrophic since they are one order of magnitude higher 

than the annual geometric mean measured by the same authors (≥ 77.7 µg/L). Such incongruence 

can be partly derived from the chemical weathering of the rare minerals Monazite and Apatite from 

the special parguaza-granite from the bedrock (Bonilla-Pérez et al., 2013). According to Schlesinger 

and Bernhardt (2020), the obtained TN:TP ratio (0.4) suggests high nutrient inputs. TN:TP ratio < 10 

described nutrient-rich lentic ecosystems, often shallow, with warm and highly productive waters. 

Additionally, the nitrates to ammonium ratio (NO3: NH3-N) is < 5 in both inselbergs (4.69 at Karikari 

and 3.13 at Puerto Carreño). These ratios have been suggested to indicate an abundance of 

cyanobacteria (Harris et al., 2016).  

More work is needed, and the limited number of samples here is insufficient to understand 

nutrient limitations and fluxes in rock pools. The observation of high P relative to N deserves further 

scrutiny. Cyanobacteria are a typical N source in these ecosystems, yet P is less easily explained. Most 

likely, the excrement of vertebrates such as birds and mammals will be an important source. Unlike 

N (e.g., which can be transformed to N2 gas by microorganisms), P is less easily mobilized and might 

accumulate in the sediment of rock pools. These vertebrates need not defecate or urinate in rock 

pools to eutrophic them. Fecal pellets might be blown in, and feces and urine might be washed in 

rock pools during rain.  

Limitations and perspectives on rock-pool community dynamics 

Seasonal changes in rock pool communities are likely to be dominantly linked to microhabitat 

conditions during the rainy season. Initially, the primary food source is organic material deposited on 

the bottom of rock pools that is partly suspended upon filling. Some organisms hatch from resting 

eggs or other cryptobiotic life stages to exploit these resources early on, providing prey for the 

predators that specialize in exploiting them (Jocqué et al., 2006; Vanschoenwinkel et al., 2010b). 

Later during inundations towards the end of the rainy season, the growth of aquatic macrophytes 

creates conditions favored by certain taxa. For instance, the damselfly Telebasis simulata Tennessen 

2002 is strongly linked to vegetation (Gibbons et al., 2002; Purse and Thompson, 2009). A weakness 

that currently prevents us from reconstructing the entire food web is that the primary producers 

have not been quantified (i.e., plants, algae, and cyanobacteria) and that we lack quantitative 

information on microinvertebrates (< 1 mm). Some macroinvertebrates were found in our samples 

and considered (e.g., Cypretta sp.) even though they are smaller than one mm. Although they can 

pass through the mesh, many will have been stuck to the netting and therefore ended up in our 

samples. Hence, although the design was not suitable for quantifying their abundances, at least the 

presence of some of the most common micro-invertebrates could still be confirmed in this study. 

Also, it is important to note that we lack the temporal resolution to understand the exact phenology 

of different taxa during inundations. The availability of only two snapshots, with one following an 
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exceptionally dry season, also ensures that seasonal differences in other years might be less 

pronounced than those reported here.  

Insights into the richness of rock pool communities 

After two samplings of macroinvertebrates from 30 rock pools spread over three inselbergs, the 

accounted gamma diversity reached 115 morphospecies, and the total estimated asymptotic 

diversity ascended to 147. Both values exceeded the 105 taxa recorded from 27 rock pools sampled 

on a single inselberg in Ivory Coast (Snoeks et al., 2021). The studied system and the one analyzed by 

Snoeks et al. (2021) have the higher gamma values estimated to date. Also, they are the only 

macroinvertebrate surveys on rock pools in Tropical inselbergs. Our accounted gamma diversity also 

surpassed the 88 species reported from 36 rock pools spread over 17 granite outcrops in Western 

Australia (Bayly, 1997). Here accounted for morphospecies almost double the 59 species found in 20 

rock pools in Utah, USA (Baron et al., 1998), and the 66 species from a more recent survey of 92 pools 

on two outcrops in Western Australia (Jocqué et al., 2007). Below were also the gamma values 

reported from 36 rock pools on a single outcrop in South Africa, 39 morphospecies (Vanschoenwinkel 

et al., 2007), and the 26 morphospecies accounted for 27 rock pools, spread over three inselbergs in 

Botswana (Jocqué et al., 2006). All cited surveys included microplankton, which was not 

quantitatively considered in our study. Moreover, there were differences in sampling strategy, 

probably ours being more exhaustive. Nonetheless, this overview does suggest that the Neotropical 

rock pools on the Guiana shield contain the largest aquatic biodiversity of invertebrates thus far 

discovered in freshwater rock pools.  

Most of this diversity is present in terms of aquatic insects like beetles and odonates. The 

higher diversity is likely to be caused by several underlying processes. Certainly, the tropical climate 

leads to a relatively long rainy season which could promote hydroperiods much longer than other 

hydroperiods, favoring temporal niche segregation (Florencio et al., 2013). In addition, higher 

primary productivity in the tropics might promote higher biomass and facilitate the persistence of 

broader trophic levels with more species and predators (Brown, 2014). We also cannot exclude that 

the proximity of the Orinoco River and other wetlands nearby might be a source of species that at 

least occasionally visit rock pools, promoting biodiversity (i.e., species pool effect) (Silveira et al., 

2016). A unique aspect of the system is that the rock pools tend to be exceptionally large compared 

to other known sites worldwide. With surface areas > 40 m² and depths > 1 m, some of the largest 

pools in this study dwarf the largest pools found on other inselbergs worldwide. Only Lanfranco et 

al., 2020 reported rock pools that may exceed 3 m in diameter and 1 m in depth. Large-scale analyses 

across rock pool metacommunities will be needed to explore the likelihood of different speculative 

mechanisms. Two rock pools from Morrocoy were exceptionally rich (M3 S = 40 and M8 S = 46 in the 

early rainy season) and functionally divergent from other pools during the late rainy season, with the 

highest abundances of predators. Both had low surface-to-volume ratios and were situated in 

dendritic networks (i.e., pools that temporarily connect through flowing water networks during 

heavy rains). Diversity may be directly promoted in these pools by longer hydroperiods and species 

influx from pools upstream in these networks. A broader sampling of larger pools in these networks 

could confirm the importance of rock-pool habitat size (e.g., Timms, 2017) and connectivity. 
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Finally, in the past, temporary ponds were sometimes cited as predator-free spaces (Kerfoot 

and Lynch, 1987) for many invertebrates since they typically lack fish. Yet, this statement has been 

softened and debunked to some extent as more studies show that temporary ponds can have diverse 

predator assemblages in terms of insect predators. Besides, turbellarian flatworms can sometimes 

reach extreme densities early during inundations resulting in significant predation pressure early on 

(Brendonck et al., 2002). While it is certainly true that relatively short-lived and simple rock pool 

systems in temperate, colder, and semi-arid regions often have modest populations of predators and 

a rather low predator diversity. This study, in combination with data from Ivory Coast (Snoeks et al., 

2021) has shown that tropical temporary rock pools can be home to very diverse assemblages of 

predatory taxa. A broader analysis of rock pool systems along important biogeographical gradients 

such as latitude will be an important next step to gain more insight into the underlying drivers of 

diversity and functional community composition in this ecosystem. 
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APPENDIX II: Supplementary material of Chapter 2  

Publications from Chapter 2 

Aristizábal-Botero, Á., Paez-Perez, D., and Realpe, E. (2020). Chapter 12: Reconstruyendo procesos 
ecológicos en hábitats aislados con macroinvertebrados acuáticos de los inselbergs del Escudo 
Guayanés colombiano. pp. 371 – 387. In C. A., Lasso, Trujillo F., and Morales-Betancourt M. A. (Eds.). 
VIII. Biodiversidad de la Reserva Natural Bojonawi, Vichada, Colombia: río Orinoco y planicie de 
inundación. Serie Editorial Fauna Silvestre Neotropical. Alexander von Humboldt Biological 
Resources Research Institute. Bogotá, Colombia. DOI: 10.21068/A2021FSNVIII04 
 
Lasso, C. A., Morales-Betancourt M. A., Bernal-Sierra S., Acevedo-Alonso A., Granados-Martínez C., 
López-Delgado E., Aristizábal-Botero Á., Arias-Mañosca M., Campos M. R., Castañeda B. and Marín 
B. (2020). Chapter 4: Macroinvertebrados acuáticos de la Reserva Natural Bojonawi (Escudo 
Guayanés), río Orinoco y planicie inundable, Vichada, Colombia. pp. 129-167. In: In C. A., Lasso, 
Trujillo F., and Morales-Betancourt M. A. (Eds.). VIII. Biodiversidad de la Reserva Natural Bojonawi, 
Vichada, Colombia: río Orinoco y planicie de inundación. Serie Editorial Fauna Silvestre Neotropical. 
Alexander von Humboldt Biological Resources Research Institute. Bogotá, Colombia. DOI: 
10.21068/A2021FSNVIII04 

 

 

Figure A2.1 (a) Differences in the alpha richness (S) calculated for rock pools from the three sampled 

inselbergs. Means (± SD) are represented. Distinct letters represent statistically significant differences (post-

hoc test: chi-squared = 6.74, p-value = 0.03) (b) Principal coordinate analysis ordination plot showing 

differences in the macroinvertebrate assemblages between the three inselbergs, captured by PERMANOVA 

with Bray–Curtis dissimilarity index. Significance code is: '***' p < 0.001. 

 

M8  

M3 

 (a) (b) *** 

http://repository.humboldt.org.co/handle/20.500.11761/35764
http://repository.humboldt.org.co/handle/20.500.11761/35764
http://repository.humboldt.org.co/handle/20.500.11761/35764
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Figure A2.2. Bar graphs showing differences in environmental variables measured in situ between the three 

sampled inselbergs. (a) Total dissolved solids (TDS ppm) (b) Temperature (°C) (c) Dissolved oxygen 

concentration (DO mg/l) (d) pH (e) Conductivity (µS/cm) (f) Salinity (PSU). Means (± SD) are represented. 

Significance codes are: '**' p < 0.01 '*' p < 0.025 '°' p < 0.05. 
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Table A2.1. For each sampled rock pool, the name, the coordinates in decimal degrees, and the pool 
type based on its permanence. T = temporary pool (maximum depth ≤ 0.3 m and S/V > 5) and SP = 
semipermanent (maximum depth > 0.3 m and S/V < 5). The sampled area in m2, and the vegetation 
cover in percentage. Rock pool names with a ‘K’ are from Karikari Rock, ‘M’ from Cerro Morrocoy, 
and ‘P’ from Puerto Carreño. Sampled area is the same as the rock pool area when it was < 40 m2. 
When the rock pool area exceeded this size, the sample area was set to 40 m2. The vegetation cover 
was calculated as the percentage of the sampled area that was covered by the canopy of plants. 

Name Latitude Longitude Pool type Sampled area Vegetation cover 

K1 6.094879 -67.485296 T 2.43 0 

K2 6.094715 -67.485674 T 3.16 77 

K3 6.094434 -67.485793 T 22.36 13 

K4 6.094180 -67.486106 T 17.6 18 

K5 6.094046 -67.485995 SP 10.97 100 

K6 6.092926 -67.489925 T 40 85 

K7 6.093420 -67.487692 T 40 97 

K8 6.092677 -67.489494 T 3.18 0 

K9 6.095181 -67.485838 T 35.9 57 

M1 6.025435 -67.522284 T 10.1 66 

M2 6.025680 -67.522495 T 17.6 49 

M3 6.027601 -67.523679 SP 27.6 76 

M4 6.026354 -67.526114 T 19 24 

M5 6.026388 -67.525836 SP 14 78 

M6 6.026182 -67.525805 T 10.8 78 

M7 6.026115 -67.525772 T 9 1 

M8 6.025681 -67.524992 SP 23 57 

M9 6.025017 -67.522946 T 5.62 0 

M10 6.025016 -67.522911 T 0.78 0 

P1 6.180207 -67.480478 T 1.67 0 

P2 6.179465 -67.482178 T 9.49 0 

P3 6.179456 -67.482225 T 14.2 6 

P4 6.177276 -67.478904 T 1.41 0 

P5 6.177684 -67.478117 T 3.25 0 

P6 6.170221 -67.503456 T 9.45 36 

P7 6.170207 -67.503421 T 2 45 

P8 6.170073 -67.502905 SP 11.6 0 

P9 6.170021 -67.501177 T 1.28 0 

P10 6.170182 -67.501044 T 16.6 43 

P11 6.170929 -67.499209 T 2.28 13 
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Table A2.2. Minimum (MIN), maximum (MAX), average and standard deviation (SD) of the environmental 
variables in rock pools measured in situ in the early and late-rainy season. Obtained values with statistically 
significant differences between both seasons after ANOVA are marked in bold. Figure 2.4.  

  pH 
TDS 

(ppm) 
Conductivity 

(µS/cm) 
Salinity 
(PSU) 

DO 
(mg/l) 

Water Temp 
(°C) 

2016 (Late) 

MIN 4.85 1.07 1.16 0.06 2.92 27.50 
MAX 7.17 10.63 20.66 0.07 10.11 38.65 
AVERAGE 5.87 2.76 4.62 0.06 7.54 32.48 
SD 0.58 1.95 3.97 0.00 1.56 3.19 

2017 (Early) 

MIN 4.50 0.07 8.75 0.07 3.45 28.85 
MAX 6.91 19.87 80.22 0.09 9.82 38.20 
AVERAGE 5.67 8.95 24.32 0.07 6.51 32.78 
SD 0.54 5.37 17.53 0.01 1.67 2.76 

TOTAL 
AVERAGE 5.77 5.86 14.47 0.07 7.02 32.63 
SD 0.56 3.66 10.75 0.01 1.62 2.97 

 F 0.57 14.48 54.98 3.40 5.45 3.29 
 p-value 0.45 <0.001 <0.001 <0.001 0.03 0.08 

 

Table A2.3. Minimum (MIN), maximum (MAX), average and standard deviation (SD) of the environmental 
variables measured in situ in sampled inselbergs. Obtained values with statistically significant differences after 
ANOVA post-hoc comparisons between inselbergs are marked in bold. Figure A2.2 from Annexes II. 

  pH 
TDS 

(ppm) 
Conductivity 

(µS/cm) 
Salinity 
(PSU) 

DO 
(mg/l) 

Water 
Temperature 

(°C) 

Morrocoy 

MIN 4.85 1.33 1.69 0.06 5.12 29.80 

MAX 6.70 11.02 21.47 0.07 8.66 38.20 

AVERAGE 5.83 3.91 6.91 0.06 7.46 32.92 

SD 0.46 3.10 6.27 0.00 0.94 2.32 

Karikari 

MIN 4.94 1.07 1.16 0.06 3.45 29.88 

MAX 7.17 13.68 26.90 0.07 10.11 38.65 

AVERAGE 5.84 4.86 8.90 0.07 7.02 34.01 

SD 0.63 4.23 8.63 0.00 2.20 3.33 

Puerto 
Carreño 

MIN 4.50 0.07 2.81 0.06 2.92 27.50 

MAX 6.91 19.87 80.22 0.09 9.82 35.90 

AVERAGE 5.68 7.54 24.07 0.07 6.75 30.77 

SD 0.67 6.52 21.71 0.01 1.89 2.72 

 F 0.26 3.92 11.29 14.26 0.15 4.20 

 p-value 0.77 0.03 <0.001 <0.001 0.87 0.02 
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Table A2.4. Water compounds measured in two composite samples (a mixture of water from 
two shallow pools per inselberg) taken on September 2016 at Karikari (K1 and K4) and Puerto 
Carreño (P2 and P3). 

Measured parameter Units Karikari 
Puerto 

Carreño 

CaCO3 mg /L 15.9 14.6 

Organic Carbon mg/L 13.2 14.5 

Chlorophyll-a µg/L 0.51 5.69 

Coliforms MPN/100 ml 134 204 

Biochemical Oxygen Demand (O2) mg/L 10.2 11.2 

Total phosphorus (P) µg/L 380 300 

Dissolved Reactive Phosphorus (o-P) mg/L <0.210 <0.210 

Iron (Fe) mg/L 1.67 1.33 

Magnesium (Mg) mg/L 0.20 0.32 

Nitrates (NO3) mg/L 0.61 0.47 

Ammonium (NH3-N) mg/L 0.13 0.15 

Potassium (K) mg/L 0.28 0.63 

Sodium (Na) mg/L 0.7 0.5 

Sulfates (SO4) mg/L 12.7 <5.00 

Turbidity NTU 62.6 167 

 

Table A2.5 Results of repeated measurements two-way ANOVA, Aligned Ranks Transformation 
ANOVA, and PERMANOVA (using pools as strata) to evaluate the impact of the seasonal period and 
sampled inselberg on the taxonomic and functional composition of the macroinvertebrate 
communities as well as on the environmental conditions using data from the seven pools sampled 
in both seasons. Significant results are highlighted in bold. There were no significant Inselberg x 
Season interactions. 

Morphospecies richness (S) F p-value 

Season  1.27 0.28 

Inselberg  3.43 0.09 

Evenness(J)     

Season  6.9 <0.05 

Inselberg  <0.01 0.95 

Community composition F Pr(>F) 

Season  2.84 <0.05 

Inselberg  1.7 <0.05 

Functional community 
composition 

    

Season  5.87 <0.05 

Inselberg  2.51 <0.05 

Environmental conditions     

Season  1.51 <0.05 

Inselberg  1.1 <0.05 
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Table A2.6. An overview of the environmental variables and biotic indexes recorded and calculated. Rock pool names with a ‘K’ 
are from Karikari Rock, ‘M’ from Cerro Morrocoy, and ‘P’ from Puerto Carreño. Volume is the calculated sampled volume. 

Season 
Pool 

ID 
Richness 

(S) 
Pielou 

(J) 
pH 

TDS 
(ppm) 

Cond 
(μS/cm) 

Sal 
(PSU) 

DO 
(mg/l) 

Temp 
(°C) 

VC 
(%) 

S/V 
Prof_Max 

(m) 
Volume 

(m3) 

2016(Late) P1 3 0.27 5.13 4.38 7.92 0.06 2.92 28 73.7 42.86 0.04 0.039 

2016(Late) P2 9 0.84 5.9 3.25 5.62 0.06 7.86 28.7 66.7 35.71 0.04 0.266 

2016(Late) P3 9 0.83 6.59 1.88 2.81 0.06 7.78 27.5 6.2 40.54 0.04 0.35 

2016(Late) M1 23 0.79 5.76 1.61 2.27 0.06 7.72 30.8 66.1 30.61 0.05 0.33 

2016(Late) M10 3 0.65 5.79 1.33 1.69 0.06 7.72 30.3 0 33.33 0.05 0.023 

2016(Late) M2 12 0.75 5.61 1.65 2.35 0.06 7.61 33.15 49.5 23.81 0.06 0.739 

2016(Late) M3 19 0.61 6.7 1.82 2.7 0.06 8.28 31.85 76.4 4.62 0.33 5.98 

2016(Late) M4 22 0.82 6.07 1.96 2.98 0.06 7.92 34.55 23.6 33.33 0.05 0.57 

2016(Late) M5 20 0.58 5.19 2.72 4.54 0.06 7.11 31.65 77.9 4.14 0.36 3379 

2016(Late) M6 20 0.50 6.15 1.33 1.69 0.06 8.04 33 77.8 30 0.05 0.36 

2016(Late) M7 11 0.76 6.09 2.53 4.14 0.06 7.63 32 1.2 30 0.05 0.3 

2016(Late) M8 12 0.64 5.92 2.29 3.66 0.06 7.87 30.25 56.5 1.5 1 15333 

2016(Late) M9 14 0.72 4.85 3.39 5.9 0.06 8.44 29.8 83.1 28.3 0.05 0.199 

2016(Late) K1 4 0.39 5.63 2.29 3.65 0.07 7.1 38.45 0 51.72 0.03 0.047 

2016(Late) K2 8 0.80 4.94 3.57 6.26 0.07 10.11 32.65 77 25 0.06 0.172 

2016(Late) K3 21 0.75 5.81 2.56 4.21 0.07 7.74 37.35 13 30 0.05 0.783 

2016(Late) K4 9 0.91 7.17 2.05 3.16 0.07 9.34 37.05 18.1 33.33 0.05 0.528 

2016(Late) K5 9 0.95 5.59 2 3.05 0.06 8.03 32.58 85.7 4.84 0.31 2.27 

2016(Late) K6 19 0.89 5.38 3.13 5.36 0.06 6.8 30.8 80.1 7.5 0.28 5.33 

2016(Late) K7 22 0.82 5.88 10.63 20.66 0.07 3.54 30.9 79 6 0.25 6.67 

2016(Late) K8 9 0.94 6.41 1.07 1.16 0.07 8.33 34.6 37.2 75 0.02 0.042 

2016(Late) K9 13 0.80 6.52 3.32 5.75 0.07 7.9 38.65 57.4 75 0.02 0.479 

2017(Early) P4 9 0.48 5.51 0.07 24.89 0.07 4.49 30.5 0 53.57 0.03 0.172 

2017(Early) P5 8 0.73 5.21 0.09 80.22 0.09 6.51 30.75 1.2 32.26 0.05 0.14 

2017(Early) P6 20 0.25 5.52 15.24 29.92 0.07 6.12 30.9 36.3 8.11 0.19 1166 

2017(Early) P7 13 0.84 5.54 13.93 27.4 0.07 6.37 30 45 7.5 0.2 0.267 

2017(Early) P8 14 0.73 4.5 19.87 39.52 0.08 6.57 28.85 0 2.52 0.6 4601 

2017(Early) P9 6 0.42 5.91 8.65 16.64 0.07 8.52 35.05 0 75 0.02 0.017 

 
 



How do the aquatic macroinvertebrates of tropical inselberg habitats change between the early and late rainy seasons? 

68 

Table A2.6. An overview of the environmental variables and biotic indexes recorded and calculated. Rock pool names with a ‘K’ 
are from Karikari Rock, ‘M’ from Cerro Morrocoy, and ‘P’ from Puerto Carreño. Volume is the calculated sampled volume. 

Season 
Pool 

ID 
Richness 

(S) 
Pielou 

(J) 
pH 

TDS 
(ppm) 

Cond 
(μS/cm) 

Sal 
(PSU) 

DO 
(mg/l) 

Temp 
(°C) 

VC 
(%) 

S/V 
Prof_Max 

(m) 
Volume 

(m3) 

2017(Early) P10 7 0.53 5.78 7.41 14.11 0.07 7.32 35.9 46.1 21.43 0.07 0.775 

2017(Early) P11 14 0.74 6.91 8.21 15.73 0.07 9.82 32.3 13.4 6.82 0.22 0.334 

2017(Early) M3 40 0.81 6.27 7.47 13.6 0.07 6.45 38.2 76.4 4.62 0.33 5.98 

2017(Early) M4 13 0.53 5.61 9.42 18.2 0.07 7.16 35.35 23.6 33.33 0.05 0.57 

2017(Early) M5 17 0.42 5.48 4.79 8.75 0.07 8.66 35.2 77.9 4.14 0.36 3.38 

2017(Early) M7 11 0.37 6.27 11.02 21.47 0.07 6.13 34.15 1.2 30 0.05 0.3 

2017(Early) M8 46 0.62 5.69 5.26 9.71 0.07 5.12 33.5 56.5 1.5 1 15.33 

2017(Early) K2 14 0.53 5.38 13.68 26.9 0.07 3.45 31.2 77 25 0.06 0.172 

2017(Early) K5 16 0.07 5.52 9.17 17.69 0.07 4.9 29.88 85.7 7.5 0.2 5.13 
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Figure A2.3 Bar graphs showing differences in environmental variables measured in situ in the same seven 

pools between the two seasons. (a) Total dissolved solids (TDS ppm) (b) Temperature (°C) (c) Dissolved 

oxygen concentration (DO mg/l) (d) pH (e) Conductivity (µS/cm) (f) Salinity (PSU).  Means (± SD) are 

represented.  

Significance codes are: '***' p < 0.001 '**' p < 0.01 '*' p < 0.05. 
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Figure A2.4 Corroborative paired analysis using the seven pools sampled in the two seasons. Principal 

coordinate analysis ordination plot captured by the Bray–Curtis dissimilarity index illustrating differences (a) 

in the macroinvertebrate communities between the two seasons, and (b) between the two sampled 

inselbergs. (c) The abundance of functional feeding groups between the two seasons, and (d) between the 

two sampled inselbergs. The significance code is '*' p < 0.05 (inferior-left corner). Ellipses cover 95 % of the 

data. 

Figure A2.5. Principal component analysis 

biplot showing variation in environmental 

variables among and within the two seasons 

studied: pH; DO (dissolved oxygen, mg/l); 

temperature (°C); total dissolved solids (TDS, 

ppm); salinity (PSU); surface to volume ratio; 

vegetation (percentage of pool habitat 

covered by vegetation); and conductivity (μS 

cm-1). Ellipses cover 95 % of the data. 

Significance code is: '**' p < 0.01. 
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Table A2.7. Identified morphospecies with their incidence marked by inselberg, season, dispersal mode, and FFG. The number of food sources corresponds to 

the sum of the number of FFG whose morphospecies belong to. Taxonomic groups in bold and marks in bold and underlined show that, according to the 

indicator species analysis, the taxon is characteristic from the late (2016) or the early-rainy season (2017). 
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Table A2.7. Identified morphospecies with their incidence marked by inselberg, season, dispersal mode, and FFG. The number of food sources corresponds to 

the sum of the number of FFG whose morphospecies belong to. Taxonomic groups in bold and marks in bold and underlined show that, according to the 

indicator species analysis, the taxon is characteristic from the late (2016) or the early-rainy season (2017). 
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Table A2.7. Identified morphospecies with their incidence marked by inselberg, season, dispersal mode, and FFG. The number of food sources corresponds to 

the sum of the number of FFG whose morphospecies belong to. Taxonomic groups in bold and marks in bold and underlined show that, according to the 

indicator species analysis, the taxon is characteristic from the late (2016) or the early-rainy season (2017). 
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Table A2.8 Specificity (A-value) and fidelity (B-value) values from Indicator species analysis. 
The former defines how restricted the taxon is to a specific season. A value of 1 means it was 
only found in this season. The fidelity value (B) establishes the probability of finding a taxon in 
a season. A value of 1 means it was present in 100 % of the sampled rock pools during the 
given season, and the lower the value, the less prevalent it was in the pools during the season. 

Late-rainy season (2016) A-value       B-value    Stat  p-value   

Buenoa sp1 0.9552 0.5909 0.751 0.02 

Dytiscidae sp2 1 0.5455 0.739 <0.01 

Enochrus sp1 0.9765 0.5455 0.73 <0.01 

Microvelia sp1 0.8631 0.5909 0.714 0.01 

Dytiscidae sp1 1 0.5000 0.707 <0.01 

Hemibidessus sp1 1 0.4545 0.674 <0.01 

Cypretta sp1 1 0.3182 0.564 0.03 

Pachydrus sp1 1 0.3182 0.564 0.02 

Early-rainy season (2017)     

Berosus sp2 0.9966 0.8667 0.929 <0.001 

Chironomus sp2 0.876 0.8667 0.871 0.01 

Berosus sp4 0.9978 0.6667 0.816 <0.001 

Metalimnadia sp 0.9352 0.6000 0.749 0.03 

Anacaena sp1 1 0.5333 0.73 <0.001 

Dicyrtomidae sp1 1 0.4667 0.683 <0.001 

Erythemis sp1 1 0.4000 0.632 <0.01 

Berosus sp5 1 0.3333 0.577 <0.01 

Micrathyria sp1 1 0.3333 0.577 <0.01 

Anatya sp1 0.9778 0.3333 0.571 0.01 

Chironomidae sp1 1 0.2667 0.516 0.02 

Stenus sp1 1 0.2667 0.516 0.02 

Sympetrum sp1 1 0.2667 0.516 0.02 

 

 

Figure A2.6. Species accumulation curves (SACs) 

based on all rock pool samples (early and late 

season) for all inselbergs together, performed by 

randomly adding sites based on ten thousand 

permutations. Unobserved species were 

estimated, and its standard error calculation was 

done through a first-order Jackknife. 
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Aerial pictures from the three pools revealed stronger differences in their taxonomic and 

functional composition. M8, M3 and M5. March 28, 2017

1 m 

2 m 1 m 
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CHAPTER 3 

Dissolved salts and water level modulate developmental plasticity and explain 

distribution patterns in a diverse neotropical Odonata assemblage. 

Modified from the paper submitted to Freshwater Biology 

Ángela Aristizábal-Botero, Snoeks Joren, Emilio Realpe, and Bram Vanschoenwinkel. 

ABSTRACT 
Developmental plasticity can help organisms to survive in temporally variable environments. At the 

same time, heterogeneous environments can allow the coexistence of species with differences in 

their life-history traits. Our main goal was to evaluate to which extent life-history plasticity can help 

to explain the coexistence of a diverse assemblage of odonates in a peculiar tropical freshwater 

habitat characterized by substantial variation in pond permanence. Some dragonflies and damselflies 

(Odonata) can accelerate their development to leave the water before their temporary rock pool 

habitat dries. However, how they sense habitat drying is poorly understood. Here, we experimentally 

tested to what extent elevated concentrations of salts in water or reductions in water level can be 

used as cues for developmental acceleration in a neotropical Odonata assemblage from granite rock 

pools. Libellulidae dragonflies were found along the pond permanence gradient and accelerated their 

growth in response to elevated dissolved salts (measured as conductivity). Anax amazili Burmeister, 

1839 (Aeshnidae) was also found in all environments and did the same in response to lower water 

levels. On the contrary, larvae of the damselfly Telebasis simulata (Coenagrionidae) were restricted 

to deeper long-lived pools and did not respond to the tested cues. The work illustrates how 

differentiation in life-history strategies can contribute to niche differentiation in this diverse predator 

assemblage and how developmental plasticity triggered by different cues can help them avoid 

mortality and exploit short-lived habitats. The global acceleration of freshwater salinization due to 

human activities might disrupt the delicate links between low levels of dissolved salts and life-history 

responses and represent a significant threat to these ecosystems and their biodiversity.    

RESUMEN 
La plasticidad en el desarrollo puede ayudar a los organismos a sobrevivir en entornos 

temporalmente variables. Al mismo tiempo, los ambientes heterogéneos pueden permitir la 

coexistencia de especies con diferencias en sus historias de vida. Nuestro objetivo principal fue 

probar hasta qué punto la plasticidad de las historias de vida puede ayudar a explicar la coexistencia 

de un conjunto diverso de odonatos en un ambiente peculiar de agua dulce tropical caracterizado 

por una variación sustancial en la permanencia de los hábitats. Algunas libélulas y caballitos del diablo 

(Odonata) pueden acelerar su desarrollo para salir del agua antes de que se seque su hábitat en los 

charcos temporales sobre las rocas. Sin embargo, la forma en que perciben la desecación del hábitat 

es aún poco conocida. Aquí, probamos experimentalmente hasta qué punto las concentraciones 

elevadas de sales en el agua o las reducciones en el nivel del agua pueden usarse como señales para 

acelerar el desarrollo en un ensamblaje neotropical de Odonatos que habitan charcos sobre rocas de 
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granito. Se encontraron libélulas de la familia Libellulidae a lo largo del gradiente de permanencia del 

estanque, quienes aceleraron su crecimiento en respuesta a la conductividad elevada. Anax amazili 

Burmeister, 1839 (Aeshnidae) también se encontró en todos los ambientes e hizo lo mismo en 

respuesta a niveles de agua más bajos. Por el contrario, las larvas del caballito del diablo Telebasis 

simulata (Coenagrionidae) estaban restringidas a estanques más profundos de larga vida y no 

respondieron a las señales probadas. El trabajo ilustra cómo la diferenciación en las estrategias de 

historia de vida puede contribuir a la diferenciación de nichos en este conjunto diverso de 

depredadores y cómo la plasticidad del desarrollo provocada por diferentes señales puede ayudarlos 

a evitar la mortalidad y explotar hábitats de vida corta. La aceleración global de la salinización del 

agua dulce debido a las actividades humanas podría interrumpir los delicados vínculos entre los bajos 

niveles de sales disueltas y las respuestas del ciclo de vida y representar una amenaza importante 

para estos ecosistemas y su biodiversidad. 

INTRODUCTION 
Temporary aquatic habitats that periodically dry out provide both opportunities and risks as breeding 

habitats for animals (Williams, 2006; Pinceel et al., 2021). For instance, many dragonflies and 

damselflies (Odonata) breed in temporary aquatic habitats where the larvae (also known as naiads) 

can benefit from abundant invertebrate prey and a general lack of fish as apex predators (Stoks and 

McPeek, 2003; Carchini et al., 2007). Although the late instar larvae of some species can be strong 

enough to crawl overland to nearby pools (Piersanti et al., 2007), odonate larvae will typically die if 

the habitat dries out before they can complete their metamorphosis. Most temporary habitat 

organisms have developed life-history strategies that minimize their risk of dying from desiccation. 

For instance, crustaceans, rotifers, and turbellarians produce drought-resistant life stages to survive 

pool drying (Brendonck, 1996). Meanwhile, some dragonflies have larvae that can survive for weeks 

in wet mud (Martin and Gentry, 1974; Corbet, 1999).  

Developmental acceleration is a common strategy to deal with impending desiccation in pools 

with short hydroperiods (i.e., the duration of inundation). This has been observed in tadpoles (Denver 

et al., 1998; Gomez-Mestre et al., 2013) and certain odonates (De Block et al., 2008). In temperate 

climates, the larval period of some odonates exceeds one year, but many odonates that breed in 

temporary freshwater environments have larvae that can grow and mature in a few months (Suhling 

et al., 2004; Schiel and Buchwald, 2015). In general, members of the family Libellulidae tend to 

develop more rapidly than Aeshnidae, with fewer instars and faster growth (Corbet, 2002). Several 

studies have shown that the development rate can be modulated by environmental factors such as 

photoperiod (Norling 1984, 2018; De Block and Stoks, 2004; De Block et al. 2008; Śniegula and 

Johansson, 2010; Śniegula et al., 2014); temperature (Pickup and Thompson 1984; Krishnaraj and 

Pritchard 1995; De Block and Stoks 2003; Suhling et al., 2015); food availability (Fischer 1972; Pickup 

and Thompson 1984; Johansson et al. 2001), and larval density (De Block and Stoks, 2004, 2005).
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 Some of the mentioned factors directly impact growth, and the resulting phenotypic plasticity 

is, therefore, not necessarily adaptive (Hildebrandt et al., 2018). For instance, temperature directly 

affects the metabolism of ectotherms, reducing development time in the process. However, a life-

history response to a specific environmental cue could have evolved in other cases. For instance, in 

cold and temperate regions, reductions in growth rates in response to shorter photoperiods may be 

adaptive as this can prevent maturation and metamorphosis in winter when there is little food for 

emerging adults (Corbet, 1956).  

Higher evaporation rates and limited precipitation in warmer and dryer areas can ensure that 

pond habitats dry out seasonally or multiple times per year (Williams, 2006). Pond drying represents 

a risk of demographic failure for organisms that survive in these habitats, including odonates 

(Brendonck et al., 2015). When pond water evaporates, this coincides with reductions in water level 

and a slight increase in the concentration of dissolved ions, which can be measured by conductivity. 

In rain-fed rock pools, the low conductivity measured immediately after heavy rains was a cue for 

hatching in resting eggs of the fairy shrimp Branchipodopsis wolfi Daday 1910 (Vanschoenwinkel et 

al., 2010a). However, it is unknown to what extent the elevated dissolved salts at the end of 

inundations when water levels are low can be a cue for developmental acceleration in other 

freshwater invertebrates that undergo metamorphosis, such as odonates. It is known that certain 

aquatic crustaceans and insects can directly sense the water level by detecting minimal changes in 

hydrostatic pressure (Macdonald, 1997). Hence, the water level in the ponds may be used as an 

additional cue for impending pond drying, but this remains to be tested.  

To assess which of these variables is perceived by animals and used as a cue for 

developmental acceleration, exposing animals to different combinations of water level and dissolved 

salts (measured as conductivity) in an experimental setting is required. Thus far, studies on 

developmental plasticity in odonates have focused on single species (De Block and Stoks, 2003). 

However, assessing life-history plasticity in a complete Odonata assemblage would be valuable to 

understand better to which extent odonates that coexist in the same area differ in life-history 

strategies to cope with pond drying.  

To study how dragonflies and damselflies respond to cues of impending pond drying, we 

studied an Odonata assemblage from a peculiar tropical freshwater habitat characterized by 

substantial variation in pond permanence. The study system consists of temporary rain-fed rock pool 

habitats on granite outcrops along the Orinoco River in Colombia. Eroded basins in the granite 

bedrock of these outcrops can transform into rock pools after rains. These pools can be small (< 1 

m²) and shallow (< 5 cm), but some are large (> 100 m²) with water levels that exceed 1 m when the 

basins are maximally filled. Therefore, a granite outcrop can house a highly heterogeneous set of 

freshwater habitats can be inhabited by a large diversity of invertebrates with different ecological 

requirements. Community analyses of tropical rock pools are rare (but see Jocqué et al., 2010; Snoeks 

et al., 2021). Hydroperiod (i.e., the duration of flooding) is likely to be an essential underlying factor 

since it can restrict the survival of taxa based on the minimal time required to complete the aquatic 

phase of their life cycle (Schneider and Frost, 1996; Brendonck et al., 2015). Basin depth and surface 

area to volume ratio are decent indicators for the typical hydroperiod of different rock pools 
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(Vanschoenwinkel et al., 2009), while factors such as shade, catchment size, and overflows to other 

pools are less critical for hydroperiod (Tuytens et al., 2014).  

Our main goal is to evaluate to which extent life-history plasticity can help explain the 

persistence of odonates in these habitats. For this, we performed field surveys of different rock pools 

to explore how the Odonate assemblage differs between different rock pool types. We hypothesized 

(H1) that members of the family Libellulidae, known for their short development time and generalist 

ecology (Corbet, 2002), would exploit all types of rock pools. In turn, we expected that Aeshnidae, 

which tend to have longer development times, and Coenagrionidae, which have more specific needs 

for their larval development, such as aquatic vegetation (Guillermo-Ferreira and Del-Claro, 2011), 

might be more restricted to semi-permanent pools with deeper basins that have longer hydroperiods 

and aquatic vegetation. Afterward, we experimented with testing for a potential underlying 

mechanism that can help explain why some odonates can successfully reproduce even when 

hydroperiods are short. Here, we exposed early instar larvae from three different odonate families 

to different water levels and salinities (measured as water conductivity) to verify to what extent these 

two potential cues from pond drying can stimulate developmental acceleration via phenotypic 

plasticity. We hypothesized that (H2) generalist taxa that inhabit shallow and deeper semi-

permanent pools would have higher life-history plasticity than specialist taxa restricted to certain 

pool types. These specialist taxa might have a less plastic life history appropriate for the kind of rock 

pool they inhabit. Finally, we hypothesized (H3) that conductivity (as a measure of the concentration 

of dissolved ions) would be a reliable cue for the risk of pool drying and that this would be particularly 

useful for taxa that live in shallower pools with variable hydroperiods and less relevant for taxa from 

deep semi-permanent pools that typically hold water long enough to allow most odonates to 

complete their life cycle.  

METHODS 

Study site and selection of pools  

The studied rock pools are located on the summit of two rocky outcrops (also known as inselbergs): 

ten from Karikari and twelve from Morrocoy. Both are separated by 8 km (Figure 3.1 and Table A3.1 

from Appendix III). Karikari is a shield-type inselberg surrounded by a floodplain forest between the 

Orinoco riverbank and the Peñuelo lagoon. Morrocoy is a Bornhardt inselberg more than one 

kilometer separated from the nearest freshwater ecosystem. Gallery forests and savannah flank it.  

In 2016 pools were chosen at each site to cover local variation in rock pool conditions in terms 

of depth, size, and vegetation complexity. In addition, to reconstruct the rainfall pattern from the 

area, climate data from the site were requested from the Institute of Hydrology, Meteorology, and 

Environmental Studies of Colombia (IDEAM). The hydrometeorological station is located on the 

summit of a Bornhardt outcrop at Puerto Carreño (Vichada), 9.6 km from Karikari and 17.4 km from 

Morrocoy. 
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Figure 3.1. (a) Map showing inselberg locations within Colombia and along the Orinoco River (inset). High-

resolution (4 cm/pixel) orthomosaic reconstructed from (b) Cerro Morrocoy and (c) Karikari rock. 

 

We initially classified sampled pools into two categories based on basin depth (Jocqué et al., 

2006) and surface area to volume ratio (Marcus and Weeks, 1997) as indirect estimators for 

hydroperiod. Rock pools with a surface-volume ratio < 5 and max water levels > 30 cm were 

considered semi-permanent (SP) pools. Pools with a surface-volume ratio > 5 and max water levels < 

30 cm were considered temporary (T) (Figure A3.1 and Table A3.1 from Appendix III). Volume was 

calculated by simplifying the shape of rock pools as half ellipsoids. Whether pools tend to be short-

lived or hold water almost year-long is strongly dependent on the depth of the basin in which water 

can accumulate. This categorization was validated in the field in 2016, 2017, and 2019. T pools 

typically contain water for less than four weeks without rain. SP pools had been observed to contain 

water for at least four weeks and typically several months without additional precipitation input. 

Depth differences between T and SP pools were tested using an unpaired t-test plotted to illustrate 

the bimodal basin depth distribution of the studied pools supporting this categorical predictor 

variable. 

Field survey  

Two field surveys were undertaken to document Odonata distributions in these 22 rock pools during 

the beginning and the second half of the rainy season. The first sampling period occurred during the 

rainy season from September 17 to 25, 2016 (Table A3.3 from Appendix III). At that time, all rock 

pools were filled, and the deepest pools probably had water for at least five months due to 

consecutive rains since the end of March, according to IDEAM. The second sampling period was from 

April 1 to 9, 2017 (Table A3.4 from Appendix III). At the time of sampling, only five pools from Cerro 

Morrocoy (two T and three SP) and two from Karikari rock (one T and one SP) already had water for 
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about three weeks. The other pools were still dry. High-resolution UAV imagery was used to measure 

the area of each rock pool (Lasso et al., 2020).   

We used hand nets with a 20 x 10 cm2 frame and a one mm² mesh size to take samples. Net 

sweeps were taken along linear transects in the pelagic and along the inner edges, and in between 

vegetation of the pools, where most odonates reside. The length and number of transects taken were 

proportional to the pool area, ensuring that each part of the pool was traversed once. However, 

when rock pools exceeded 40 m2, only 40 m2 were sampled. Collected odonate larvae and other 

invertebrates were preserved in 70 % ethanol for morphological identification. Odonata adults found 

in the vicinity of the sampled pools were also collected using butterfly nets and were preserved in 

dry envelopes. 

The following physicochemical variables were measured in situ: dissolved oxygen 

concentration (DO, mg/l), total dissolved solids (TDS; ppm), pH, salinity (PSU), conductivity (µS/cm), 

and temperature (°C) using a Thermo Scientific Orion Star A329 multi-parameter probe. Two 

measurements were taken simultaneously in the same pool and averaged during each sampling 

moment. Also, a composite sample was taken in 2016 (i.e., a mix of water collected from two sampled 

pools of Karikari: K1 and K4) to be analyzed at the Chemilab S.A.S. laboratory in Bogotá to determine 

the concentrations of total nitrogen, total phosphorus, total organic carbon, nitrates, organic carbon, 

biological oxygen demand, soluble phosphates, sulfates, turbidity, alkalinity, sodium, potassium, 

magnesium, calcium, iron, mercury, and chlorophyll a (Table A3.2 from Appendix III). Samples were 

transported in an ice cooler box to the laboratory to slow down the metabolism of microorganisms 

in the water before analysis (APHA, 2012).  

Life-history experiment  

Odonate larvae (mainly instar 1 or 2) were collected from April 18 to 20, 2019, from six rock pools at 

KariKari rock and six at Cerro Morrocoy (Tables A3.5 and A3.6 from Appendix III) using the same 

sampling method used earlier. In these early instar stages, species-level identification is impossible; 

hence, larvae were divided into families. Fifty Libellulidae and thirty Aeshnidae larvae were 

transported from the rock pool sites to a field laboratory. Individuals were stored individually in 50 

ml Falcon® tubes to avoid cannibalism. Coenagrionid larvae were placed in plastic recipients in groups 

of approximately five individuals. After unsuccessful transportation attempts, we found that 

Coenagrionidae larvae needed the aquatic roots of floating plants from the rock pools to withstand 

transportation.  Morphospecies-level identification was carried out when the larvae were already in 

the experiment using Ramírez (2010) and Neiss et al. (2018). Species were also confirmed based on 

larvae that underwent metamorphosis during or after the experiment. Species-level identification 

from the experimental individuals was possible for Anax amazili; Telebasis simulata; Pantala 

flavecens; Orthemis discolor Burmeister, 1839; Tramea darwini Kirby, 1889 and Miathyria marcella 

Selys, 1857 (Figure 3.2). However, some Odonata larvae could not be identified at the species level. 

The remaining Libellulidae from the experiment were identified as the morphospecies Erythrodiplax 

spp., likely representing more than one species cf. E. umbrata Linnaeus, 1758; E. longitudinalis Ris, 

1919; E. venusta Kirby, 1897 and E. paraguayensis Förster, 1904 (Table A3.5 from Appendix III). 

Collected larvae were acclimatized to laboratory conditions by transferring them to 

polypropylene translucid jars filled with 600 ml of rock pool water for a minimum period of 24 h. 
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When larvae reached 1 cm total length, this water was replaced by a culture medium: a solution of 

rainwater with 0.004 g/L KCl, 0.096 g/L NaHCO3, 0.06 g/L CaSO4.2H2O, and 0.06 g/L MgSO4, mimicking 

the composition of rock pool water (Bonilla-Pérez et al. 2013; and results from the composite sample, 

Table A3.2 from Appendix III). We implemented a factorial design with two water level treatments: 

5 cm and 10 cm (300 ml and 600 ml, respectively); combined with five conductivity treatments 

selected to cover the range of conductivities observed in the pools (from 1.2 to 239.1 µS/cm Figure 

A3.2 from Appendix III): T1: 5 µS/cm (± 5 µS/cm), T2: 25 µS/cm (± 5 µS/cm), T3: 65 µS/cm (± 15 

µS/cm), T4: 110 µS/cm (± 15 µS/cm), and T5: 220 µS/cm (± 20 µS/cm). However, conductivities within 

treatments did fluctuate somewhat during the experiment (SD provided), which can be attributed to 

feces and other metabolites released by the larvae. Due to this variability, we decided to use 

conductivity as a continuous variable rather than a categorical variable in our analyses. Conductivity 

values for each replicate were obtained by averaging the daily conductivities measured in each 

experimental jar throughout the experiment. 

Treatments were randomly assigned to experimental jars. At the start of the experiment, we 

set up 10 Coenagrionidae, 30 Aeshnidae, and 50 Libellulidae (Table A3.6), distributed evenly among 

all treatments. Differences in replication between families are due to the availability of larvae in the 

field. In addition, more Libellulidae were included since we presumed that these would consist of 

more separate taxa than the other families.  The common garden experiment was set up in a field 

laboratory at the Savana station inside Bojonawi Reserve. All experimental jars were placed on a table 

in a testing room. We covered jars with a mosquito net at night to avoid oviposition by mosquitoes 

or larvae leaving the jar. The position of the jars was randomly changed every day to prevent any bias 

due to spatial position. All larvae were reared under the same conditions: natural room temperature 

between 26-31 °C, relative humidity from 72 to 90.7 %, and a 14-h:10-h light:dark regime. The 

experiment took place from April 18 until June 30, 2019. The larvae were fed ad libitum with small 

Palaemonidae shrimps, Buenoa sp. (Notonectidae), and Micronecta sp. (Corixidae) caught in nearby 

rain-fed and river-connected rock pools at Karikari that receive water from the Orinoco River. To keep 

up with the growing Odonata larvae, prey size was also increased during the experiment. 

The environment in each jar was enriched by providing 5 cm² of green leaves from 

Plumeria inodora Jacq., 1760 (Apocynaceae) (Giraldo-Cañas, 2008) found in the sampled rock pools. 

Also, one 15 cm wood stick was added to all jars as a hold-fast to enable them to leave the water for 

metamorphosis (Tavares et al., 2018). The experimental jars were cleaned daily using tweezers and 

pipetting to remove decaying material, such as unconsumed prey or feces. The rearing medium, 

wood sticks, and plant material were changed every three days. Conductivity and oxygen were 

measured daily using a Thermo Scientific Orion Star A329 multi-parameter probe. If conductivity 

diverged from the intended treatment condition, it was adjusted by adding the rearing medium or 

replacing it with rainwater to increase or decrease the concentration of dissolved salts, respectively. 
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Figure 3.2. Species used in the experiment. (a) Telebasis simulata teneral (i.e., recently emerged adult) (b) T. 

simulata (late larval stage) (c) Tramea darwini (late larval stage) (d) Erythrodiplax sp. (late larval stage) (e) 

Orthemis discolor (late larval stage) (f) Pantala flavecens (late larval stage) (g) Miathyria marcella (late larval 

stage) (h) Anax amazili (intermediate larval stage). Pictures b, c and e were taken in 2017 at the laboratory of 

Rodolfo Novelo at INECOL in Xalapa – México. The other pictures were taken by Vargas-Merchán (a) and 

Quijano-Tristancho (d, f and g) at Los Andes University in Bogotá – Colombia. Aristizábal-Botero collected all 

individuals in 2016. 

Data analysis 

All data analyses were carried out in R (version 3.5.1) using specified packages and functions, 

hereafter (package:function). 

Variation in rock pools Odonata assemblages  

To test for differences in the structure of Odonata assemblages between temporary and semi-

permanent ponds, we used abundances of genera in rock pools on two different outcrops (Karikari 
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and Morocoy) in two different seasons (early rainy season in 2017 and 2019; and late rainy season in 

2016). A permutational multivariate analysis of variance PERMANOVA (Anderson, 2001) was 

performed based on the Bray-Curtis dissimilarity index and 10,000 permutations (vegan:adonis). 

Abundances were first standardized using the Hellinger transformation. It converts species 

abundances from absolute to relative values by dividing each value from the matrix by its row sum 

and taking the square root of the quotient. The PERMANOVA model included both outcrop and 

permanence as categorical predictor variables. To control for the effect that observations were taken 

in the same pools at different moments and to prevent pseudoreplication, the sampling season 

(categorical variable, three levels) was included in the model via the strata command to constrain 

permutations within the same sample period. A multivariate homogeneity of variance test 

(Anderson, 2006) was performed (vegan:betadisper) to test to what extent variation among Odonata 

assemblages (multivariate dispersion) was different in temporary and semi-permanent pools. 

To visualize the relative abundances of taxa in different pools, bubble plots were made 

(bipartite:visweb) with the bubble size corresponding to the relative abundances and max depth of 

the pool basin as a simple proxy for pool permanence. The PERMANOVA results were visualized using 

two principal coordinate analysis (PCoAs) biplots.  

An indicator species analysis (Dufrêne and Legendre, 1997), using the ‘IndVal’ test statistic, 

was conducted to test to which extent specific odonates are linked to temporary or semi-permanent 

pools (indicspecies:multipatt). This analysis provides specificity and fidelity values. The former 

defines how restricted the taxon is to a specific pool type. A value of 1 means it was only found in 

this pool type. The fidelity value establishes the probability of finding a taxon in a pool. A value of 1 

means it was present in 100 % of these rock pools, and the lower the value, the less prevalent it was 

in this pool type. 

Life-history responses to rock pool drying cues 

To measure growth, collected Odonata larvae were photographed every five days to the nearest 

millimeter (± 0.5 mm) by placing them on a calibrated plastic sheet. The imagery was analyzed using 

Image J software (Schneider et al., 2012), and measurements were used to fit von Bertalanffy, growth 

models:     

E[L|t] = L∞ (1 – e −K(t−t0)) 

(Von Bertalanffy, 1957. Modified by Beverton and Holt, 1957) 

Where E[L|t] is the expected or average length at a time t, L∞ is the asymptotic average 

length (i.e., the maximum predicted length). K is the body growth rate coefficient (units are days−1, 

so it measures the exponential rate of approach to the asymptotic size). t0 is a modeling artifact 

representing the theoretical time when the average length was zero (Ogle et al., 2021).  

Von Bertalanffy growth model (VBGM) is a non-linear model that describes growth 

empirically. A two-step process was followed to derive K and L∞ as proxies for larval development 

(Padmanabha et al., 2020). First, body length (mm) and age in days in a polynomial regression 

(FSA:vbStarts) were used to generate reasonable starting values (L∞, K, and t0). These initial 

parameters were used as starting values to fit the data to the VBGM (nlstools:nls, Baty et al., 2015). 

Model adequacy was verified by visually assessing the fit, plotting model residuals, and contrasting 
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the AIC of the model with the AIC from a linear model of somatic growth (dplyr:lm). Fitting the model 

was impossible for some individuals in our dataset due to premature mortality. These individuals 

were therefore removed from subsequent analyses.  

Statistical models were constructed to predict the two Von Bertalanffy growth parameters, K 

and L∞, based on a set of predictor variables: conductivity (continuous), water level (two categories; 

low 5 cm vs. high 10 cm), and pool type (two categories; temporary vs. semi-permanent). K was log-

transformed to improve model assumptions. A single species represented Aeshnidae and 

Coenagrionidae families, yet several taxa represented the Libellulidae family. To analyze to what 

extent Libellulidae, as a family, responded to the predictor variables, a linear mixed model (LMM, 

lme4:lmer) was constructed with ‘morphospecies’ as a random factor. This approach considers the 

statistical replication offered by individuals of species that were not very abundant while correcting 

for the fact that they are taxonomically different. Permutational ANOVA using the Freedman Lane 

method (permuco:lmperm) was used to predict K and L∞ for Anax amazily, Telebasis simulata, and 

Libellulidae. In each model, one-way interactions were explored and removed when non-significant. 

Non-significant main effects were only removed from models when they were not part of a significant 

interaction. Model selection was performed manually via backward selection based on variable 

significance. Still, the robustness of the final models was verified by running an automated model-

building algorithm that considered Akaike’s information criterion (MASS: stepAIC).  

RESULTS 

Variation in rock pools Odonata assemblages  

Our field surveys found odonates in 19 of the twenty-two sampled rock pools. These included 16 

morphospecies, including eleven confirmed species (Figure 3.3 (a)). Odonata assemblage structure 

was significantly different between the temporary and semi-permanent pools (adonis, F = 5.24, 

P < 0.001) (Figure 3.3 (b)).  
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Figure 3.3. (a) The abundances of different odonate taxa found in different types of rock pools. T: temporary 

or SP: semi-permanent. Three families were found: (C) Coenagrionidae, (L) Libellulidae, and (A) Aesnidae. 

Significant indicator taxa for T or SP pools are highlighted in bold. Circle size represents relative abundances. 

(b) a PCoA-biplot based on abundance data, showing variation in Odonata assemblages (at morphospecies 

level) in T and SP pools. Significance refers to the results of a PERMANOVA: '***' p < 0.001. (c) Differences in 

the maximum depth of the pool basin of T and SP pools, respectively. Means (± SE) are provided with results 

of an unpaired t-test: '***' p < 0.001 '**' p < 0.01. 

 

A significant interaction term indicated that the observed differentiation in odonate 

assemblages between temporary and semi-permanent pools depended on the considered outcrop 

(adonis, F = 1.84, P = 0.03). However, Odonata assemblages were not more variable in temporary 

than in semi-permanent pools (betadisper, F = 0.01, P = 0.92) and there were no differences in 

multivariate dispersion between the two outcrops (betadisper, F = 1.18, P = 0.29). The indicator 

species analysis showed that Telebasis simulata was completely restricted to semi-permanent pools 

(A-value = 1, B-value = 0.55, p-value < 0.01). Tramea darwini (A-value = 0.89, B-value = 0.64, p-

value < 0.01); Pantala flavescens (A - value = 0.87, B - value = 0.45, p-value = 0.03), and Micrathyria 

sp. (A – value = 1, B - value = 0.27, p-value = 0.03) were typical for these long-lived pools. In contrast, 

Erythrodiplax spp. (A - value = 1, B - value = 0.57, p-value < 0.01) was completely restricted to 

temporary pools (Figure 3.3). 
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Life-history responses to rock pool drying cues 

Our life-history experiment showed that higher conductivities (i. e., higher dissolved salt levels) were 

associated with higher growth rates in Libellulidae (Figure 3.4 (a)) but not in the other families 

(Coenagrionidae and Aeshnidae). All models, test statistics, and p-values are provided in Table 3.1. 

Growth rates in libellulids were two times higher (+ 100.9 %) under the highest (220 µS/cm, ± 20 

µS/cm) compared to the lowest (5 µS/cm, ± 5 µS/cm) experimental treatments. When considering 

each morphospecies, this relationship was significant for Orthemis discolor (+ 185.5 %) (Figures 3.4 

(b) and A3.5 from Appendix III), and there was a clear trend for Erythrodiplax spp. (+ 89.3 %), and 

Pantala flavescens (+ 41.9 %) (Figure 3.4 (b)). 

 

Table 3.1. Results of the statistical models: Linear Mixed Models (LMM) and Permutational ANOVA, to 

evaluate the impact of the predictor variables: conductivity, water level, and source pool type on 

experimentally determined odonate life-history traits: larval growth (K) or its natural logarithm 

transformation, and maximum predicted larval length (L∞). Significant results are highlighted in bold. 

 GROWTH RATE (K) MAXIMUM LENGTH (L∞) 

LMM Chi² t Pr(>|t|) Chi² t Pr(>|t|) 

Libellulidae (n=23)       

Conductivity 14.25 3.78 <0.001 14.12 -3.76 0.002 

Water Level 3.72 1.93 0.07 1.07 -1.03 0.32 

Pool Type 0.01 -0.1 0.92 0.15 0.39 0.7 

Permutational ANOVA 
Adjusted 

R2 
t 

Resampled 

Pr(>|t|) 

Adjusted 

R2 
t 

Resampled 

Pr(>|t|) 

Orthemis discolor (n=7)       

Conductivity 0.74 3.8 0.02 0.77 -4.65 0.02 

Erythrodiplax spp. (n=6)       

Conductivity 
0.18 

1.57 0.24 
0.90 

-6.3 0.01 

Water Level 1.34 0.23 -4.63 0.02 

Tramea darwini (n=5)       

Water Level 0.05 1.1 0.4 0.42 1.98 0.16 

Pantala flavescens (n=4)       

Conductivity 0.32 1.55 0.21 0.25 -1.42 0.33 

Telebasis simulata (n=5)       

Conductivity 0.18 -1.37 0.28 0.26 1.55 0.22 

Anax amazili (n=19)       

Conductivity 

0.34 

-1.78 0.11 

0.22 

-0.97 0.35 

Water Level -3.25 0.01 - - 

Pool Type -1.15 0.3 -1.87 0.08 

Conductivity: Water Level 2.8 0.02 - - - 

Water Level: Pool Type 2.31 0.04 - - - 
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Water level significantly affected the growth rate of the aeshnid Anax amazili, with a 20.5 % 

higher growth rate in shallow water (5 cm) compared to a 10 cm water level (Figure 3.4 (c)). In none 

of the models a significant effect was found from the permanence of the source pools from which 

the early instar larvae were originally collected (Figure 3.4 (d)). However, a significant ‘water level x 

pool type’ interaction revealed that the increase in growth rate in A. amazili grown in shallow water 

was stronger in individuals that came from semi-permanent than from temporary pools (Figure A3.3 

(a) from Appendix III). A significant ‘conductivity x water level’ interaction suggests that the A. amazili 

growth rate increase in shallow waters might depend on the conductivity of the water, with higher 

growth when conductivity (i. e., the dissolved salt levels) is lower. However, this pattern was not 

strong (Figure A3.3 (b) from Appendix III). 

Figure 3.4. Effects of experimental pond drying cues (water level and conductivity) and pond type 

(temporary or semi-permanent) on larval growth (K) or its natural logarithm transformation (NLK) in 

different odonate taxa. (a) Effect of conductivity on different families, (b) effect of conductivity on different 

morphospecies, (c) effect of water level (mean ± SE), and (d) effect of permanence of the source pool (mean 

± SE). Considered families were Aeshnidae, Libellulidae, and Coenagrionidae. Taxa that showed statistically 

significant effects of conductivity are highlighted in bold in the legend. Different letters correspond to 

significant differences in the response between the two experimental water levels. 
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Higher conductivities were associated with smaller asymptotic body sizes (- 25.3 %) in 

Libellulidae as a possible cost of developmental acceleration (Figure 3.5 (a)). Body length reduction 

was confirmed as significant in O. discolor (- 23.5 %) and Erythrodiplax spp. (- 26 %), but not in other 

odonates (Figure 3.5 (b)). A body size reduction of 8.9 % was found in Erythrodiplax spp. raised under 

a water level of 10 cm compared to 5 cm (Figure 3.5 (c)). The permanence of the source habitat did 

not affect the final body length of Odonata larvae (Figure 3.5 (d)). 

Figure 3.5. Effects of experimental pond drying cues (water level and conductivity) and pond type 

(temporary or semi-permanent) on the maximum predicted length (L∞) of different odonate larvae. (a) 

Effect of conductivity on different families, (b) effect of conductivity on different morphospecies, (c) effect of 

water level (mean ± SE), and (d) effect of permanence of the source pool (mean ± SE). Considered families 

were Aeshnidae, Libellulidae, and Coenagrionidae. Taxa that showed statistically significant effects of 

conductivity are highlighted in bold in the legend. Different letters correspond to significant differences in 

the response between the two experimental water levels. 

DISCUSSION  

A diverse Odonata assemblage 

Dragonflies and damselflies are remarkably successful in colonizing a vast variety of freshwater and 

even brackish habitats globally (Catling, 2009). These include temporary rock pool ecosystems such 

as rain-filled rock pools, where the risk of reproductive failure due to premature pool drying can be 

substantial. To understand how Odonata can exploit this habitat, we contrasted assemblages from 

different rock pools on granite outcrops of the Colombian Guiana Shield. The studied rock pool 

Odonata assemblage is quite diverse, with at least 16 species that coexist distributed in pools with 
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different permanence. Rock pools in Australia, Botswana, and South Africa tend to be inhabited by 

one or two species (Brendonck et al., 2015; Jocqué et al., 2006). Exceptionally six, seven, and eight 

species were found respectively in rock pool clusters from south-western Australia (Pinder et al., 

2000), Côte d’Ivoire (Snoeks et al., 2021), and Utah (USA) (Baron et al., 1998).  

Libellulids were expected to be generalists or specialists in shallow rock pools due to their 

rapid development time (Corbet, 2002). This prediction was confirmed by the distinct habitats where 

they were found in the rock-pool clusters studied here. Only the dragonlet Erythrodiplax spp. 

emerged as a clear indicator species for shallow pools that are unlikely to have long inundations. 

Other skimmers, such as Orthemis discolor, and Pantala flavescens, were found in shallow and 

deeper, more permanent pools. At the same time, Micrathyria spp. and Tramea darwini were 

identified as species restricted to semi-permanent pools. Still, whether the distribution of libellulid 

species is due to oviposition habitat selection or biotic or abiotic constraints cannot be concluded 

based on the data at hand.  

The Amazon darner Anax amazili is a robust pioneer species known for its habit of ovipositing 

vegetation in dry pool basins (Ellenrieder and Garrison, 2007). We found that A. amazili can inhabit 

shallow and deeper rock pools, having rapid larval development and broad environmental tolerance 

compared to other Aeshnid species (Paulson, 2011). Finally, the firetail damselfly Telebasis 

simulata was restricted (and identified as an indicator species) to semi-permanent rock pools with 

aquatic vegetation that they use as a substrate for oviposition and shelter for the growing larvae 

(Gibbons et al., 2002; Purse and Thompson, 2009). 

The compiled information partially supported our first hypothesis. We expected that the 

family Libellulidae exploited all types of rock pools. However, we also expected that Aeshnidae and 

Coenagrionidae were restricted to semi-permanent, but that was the case only for the 

Coenagrionidae, T. simulata. However, it is still unknown if other species from Aeshnidae 

(Remartinia sp. and Rhionaeschna sp.) and Coenagrionidae (Acanthagrion adustum Williamson, 

1916) that inhabit the studied rock-pool system are truly restricted to semi-permanent pools. Even 

though they were found only in these long-lived habitats, only two, three, and one individuals from 

these species were respectively collected in 2017 (Table A3.4 from Annex III). 

Testing environmental cues 

In addition to the field survey, we experimentally tested whether cues of impending pool drying, such 

as slightly elevated dissolved salts (measured using conductivity) and lower water levels, can 

stimulate larvae to accelerate their development, preventing mortality when pools dry out. Overall, 

we found evidence to support our second hypothesis since some generalist taxa that inhabit shallow 

and deeper semi-permanent pools exhibited higher life-history plasticity than specialist taxa 

restricted to certain pool types. However, it was found that it comes with a physiological cost of a 

smaller predicted body size. Larvae from three generalist libellulids could accelerate their 

development in response to elevated salts dissolved in water (measured as conductivity). This 

phenotypic plasticity can enable them to benefit from both the stable conditions of deeper pools and 

the riskier but often at least equally resource-rich environment of shallower pools. Hence, it may help 

explain their broad occurrence in different pool types.  
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Mikolajewski and coworkers (2015) tested the response of larval development rate under 

manipulated seasonal time constraints and food shortage in four species from the genus Coenagrion. 

They found that all species increased growth rates under larval time constraints and that the 

response was stronger when the breeding season was shorter. In Coenagrion puella Linnaeus, 1758, 

the species with the most extended reproductive season, a lower fat content, and poorer immune 

function were detected as possible costs of developmental acceleration. In our analyses, the cost of 

developmental acceleration was a lower asymptotic body size of the larvae. Other studies have 

shown that smaller final larval sizes might result in smaller adults, representing a fitness cost (Corbet, 

1993). For instance, Stoks and Córdoba-Aguilar (2012) described how smaller adults with less fat 

content might be less able to survive periods of suboptimal conditions. This can be due to either 

starvation or increased foraging behavior, incrementing their chances of being killed by predators.  

A. amazili (another generalist species from our system) did not respond to dissolved salts 

increment but to lower water levels to speed up its development. Meanwhile, the 

specialist T. simulata did not respond to any tested cues, probably because it would not benefit much 

from developmental acceleration in response to drying since this situation rarely occurs in its 

preferred semi-permanent habitat. Hence, most, if not all, inundations are likely to be long enough 

to allow this species to complete its life cycle. Results illustrate that distinct species might rely on 

different cues to judge the likelihood of rock-pool drying. The difference between cues used by A. 

amazili and the shallow-pools specialist Erythrodiplax spp. and the lack of response from 

T. simulata support our last hypothesis. We expected that conductivity (as a measure of the 

concentration of dissolved ions) would be a reliable cue for the risk of pool drying, particularly useful 

for taxa living in shallower pools with variable hydroperiods. However, we expected this to be less 

relevant for taxa also found in deep semi-permanent pools that typically hold water long enough to 

allow most odonates to complete their life cycle. 

Study limitations 

A strength of this study is that it considered an Odonata assemblage, giving broader insights into the 

distributions of its 16 identified morphospecies and the survival strategies from six of them. However, 

a downside of starting from small early instar larvae collected in the field is that some taxa could not 

be distinguished at this stage, and the identity of many individuals only became clear during the 

experiment. Because of this, we could not guarantee as much replication as we wanted for some of 

the studied taxa. It also resulted in some unbalance, with specific taxa being represented by more 

individuals in our life-history experiment than others. Although we found clear differentiation in 

Odonata assemblages among different pool types, it is still unclear which processes can explain these 

distributions. Oviposition habitat selection in adults could be relevant for some species. Still, we do 

not know how they assess whether a pool is deep or shallow and suitable or unsuitable. Emergent 

macrophytes can be an indicator of a deeper pool and thus, a suitable habitat. However, field 

observations of some dragonflies in rock pools (Vanschoenwinkel pers. obs.) suggest that females or 

tandems often oviposit in pools without an apparent preference. Such observations are consistent 

with those by Suhling and coworkers (2004). They concluded that dragonflies could not tell whether 

a rock pool would retain water long enough for full larval development. It is also possible that the 

distribution patterns of larvae observed here are predominantly related to post-oviposition variation 
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in larval survival due to local biotic and abiotic conditions. A better knowledge of the relative 

importance of pre-and post-colonization processes during community assembly would benefit our 

understanding of odonate assemblages.   

The study shows that differences in average water conductivity influenced larval growth rates. 

However, temporal changes such as a sudden rise in conductivity could also be a proper cue for 

developmental acceleration, but this was not investigated. Confirmatory experiments would be 

helpful to check whether the higher growth rate of the morphospecies Erythrodiplax spp., Orthemis 

discolor, and Pantala flavescens is a result of increased hunting activity and capture rate (Johansson 

and Suhling, 2004) or if a higher conversion efficiency of food ingested is also involved. Also, it is still 

necessary to evaluate additional costs of developmental acceleration that were not considered in 

this study. For instance, different physiological endpoints and post-metamorphosis life-history traits 

(Mikolajewski et al., 2015) could be considered to get more detailed insights into the fitness 

implications of different strategies.  

Perspectives on ecophysiology 

Osmotic pressures across membranes may allow odonates, like some Libellulids in this study, to 

detect subtle changes in conductivity or salinity (Green, 1979, Edwards, 1982). It has been shown 

that aquatic insects can sense changes in habitat osmolarity (i.e., changes in ions like sodium, 

potassium, and chloride) by specialized epithelial cells, called chloride epithelia, which are positioned 

on the abdomen in Trichoptera, in the anus of certain aquatic Diptera, and the rectum of Odonata 

(Green, 1979, Edwards, 1982). However, more work is needed to confirm how Odonata larvae can 

sense subtle changes in water salinity.  

As shown in A. amazili and previously in some tadpoles and mosquitoes (Gomez-Mestre et 

al., 2013; Schäfer and Lundström, 2006), water level alone can also modulate life history. Here, 

several explanations are possible. First, it has been hypothesized that the larvae can use their air-

filled tracheal system to sense a state of negative buoyancy proportional to their depth in the water 

column (Macdonald, 1997). Second, differences in water level may be detected by the statocyst. In 

the channels of this organ, fine hairs are attached to neurons via a mechanical linkage called chorda. 

The system behaves like a piston with a syringe barrel that can be sensitive to minimal pressure 

changes (Macdonald, 1997). Third, larvae may use indirect cues associated with differences in water 

level. For instance, vertical mobility along the stick provided in each experimental jar is more limited 

when the water level is lower. Although speculative, this confinement might lead to stress and 

stimulate developmental acceleration.  

Interestingly, Erythrodiplax spp. larvae grew smaller in jars with a higher water level (Figure 

A3.4). It is possible that this species, which emerged from our analyses as a specialist in shallow 

temporary pools, may forage more efficiently at low water levels since it is a bottom-dwelling sit-

and-wait predator with a shovel-like appendage (Palacino-Rodríguez et al., 2020). However, this 

remains speculative. Food was given ad libitum, but it might be that prey that stayed close to the 

water surface were more difficult for this species to predate. A similar effect was reported for 

Ischnura elegans by Schaffner and Anholt (1998). 

Lamelas-López and coworkers (2017) collected and measured morphological characteristics 

from 320 larvae of the Azorean Anax imperator Leach, 1815, 405 of Sympetrum fonscolombii, and 
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173 of Ischnura hastata Say, 1839, inhabiting nine permanent and three temporary ponds. They 

found that specific morphological measurements in A. imperator and S. fonscolombii were larger in 

individuals from permanent habitats. However, our study did not find strong effects of the 

permanence of the source habitat on the growth and final body size of the larvae grown in our 

experiment. Only, in a single taxon, A. amazili, a weak source pool type x treatment interaction was 

observed (Figure A3.3), suggesting that growth reductions induced by water level might depend on 

the permanence of the source habitat. Arguably the difference in the permanence of the habitats 

considered in this study was smaller than in the ponds studied by Lamelas-López and coworkers, 

which can explain the weaker effects.   

Implications for conservation 

Compared to other temporary aquatic systems, it is likely that, given their small water volume, rock 

pools may be susceptible to the effects of climate warming and changes in the seasonal distribution 

compared to other ecosystems (Hulsmans et al., 2007; Pinceel et al., 2016, 2018). As a result, they 

could be considered ‘sentinel ecosystems’ (Brendonck et al., 2016), sensitive to changes in rainfall 

distributions and evaporation as predicted under different IPCC scenarios of global environmental 

change (Arias et al., 2021).  

In many parts of the world, rainfall patterns are expected to become more erratic with more 

extended droughts and possibly higher peak rainfall events. For rock-pool biota, this can imply a 

decrease in the number of inundations per year and less predictable hydroperiods (Tuytens et al., 

2014). The demographic implications of these scenarios on aquatic insects like dragonflies are not 

straightforward, as many variables need to be accounted for to determine the long-term population 

growth rate (Pinceel et al., 2018). Based on IPCC scenarios (Arias et al., 2021), precipitation will 

decrease in many areas, including this part of Colombia, and evaporation will increase. In this context, 

Hassall and Thompson (2008) and Hassall (2015) argued that odonates might be used as bio-

indicators to detect the impacts of climatic change. In our case, semi-permanent pool species like 

Telebasis simulata and Micrathyria sp., that require long inundations might be candidate sentinels 

for possible effects of climatic change as they are more likely to be sensitive to reductions in 

hydroperiods than other species. However, knowledge of ecology and the adaptive potential of these 

taxa is currently too limited to predict how they might respond.    

Another implication of the work relates to the possible demographic costs associated with 

even subtle changes in the salinity of freshwater rock pools due to the chemical and biological 

pollution derived from urbanization and mining. The widespread salinization of freshwater 

ecosystems worldwide threatens biodiversity (Cunillera-Montcusí et al., 2022). During samplings, we 

observed that rock pools on granite outcrops along the Orinoco River exist close to mining activities 

and poorly planned human settlements. Hence, they are commonly used as dumping sites for rubbish 

and building materials such as concrete and cement. As a result, when minerals are washed in the 

rock pools, substantial increases in conductivity (+ 88.7 %) and water salinity (+ 54.1 %) have been 

observed (Aristizabal-Botero, unpublished data). These higher conductivities can disrupt the 

environmental cues that rock-pool organisms use to measure habitat suitability. Hence, such 

environmental disturbances can trigger life-history modifications and their associated fitness costs 

(e.g., reducing the final body length of some odonate larvae) (Stoks and Córdoba-Aguilar, 2012).  
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Finally, Odonates have been proposed as charismatic species in conservation biology, and 

model organisms for ecological, evolutionary, and genomics research (Córdoba-Aguilar, 2008). Also, 

due to either sensitivity or tolerance to environmental stressors, some species are considered as 

monitor species of ecosystem health (Bybee et al., 2016; Lamelas-López et al., 2017; Nasirian and 

Irvine, 2017). For instance, an analysis by Sganzerla and coworkers (2021) revealed that two 

morphospecies found in our system: Erythrodiplax sp. and Telebasis simulata, were strongly 

associated with non-urbanized areas. A better understanding of the requirements and flexibility of 

odonates in response to environmental conditions will facilitate their use as indicators or even 

sentinel species in the future and help inform land management and conservation initiatives.   
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A Libellulidae larva walking on Morrocoy 
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APPENDIX III: Supplementary material of Chapter 3 

Table A3.1. For each of the sampled rock pools: the name, the coordinates in decimal degrees, the 
altitude (m.a.s.l.), the maximum depth (m), and the pool type based on its permanence. T = temporary 
pool (maximum depth ≤ 0.3 m and S/V > 5) and SP = semi-permanent (maximum depth > 0.3 m and 
S/V < 5). Rock pool names with a ‘K’ are from Karikari, and those with an ‘M’ are from Morrocoy. 

Name Latitude Longitude Altitude  Maximum depth Pool type 

K1 6.095 -67.486 50 0.02 T 

K2 6,095 -67.486 50 0.06 T 

K3 6,094 -67.486 49 0.05 T 

K4 6,094 -67.486 47 0.20 T 

K5 6,093 -67.488 48 0.30 T 

K6 6,095 -6.749 48 0.52 SP 

K7 6,094 -67.486 48 0.05 T 

K8 6,093 -67.489 51 0.20 T 

M1 6,026 -67.522 111 0.06 T 

M2 6,028 -67.524 97 0.33 SP 

M3 6,026 -67.526 75 0.05 T 

M4 6,026 -67.525 80 1.00 SP 

M5 6,026 -67.524 87 0.82 SP 

M6 6,026 -67.524 93 0.46 SP 

M7 6,026 -67.526 73 0.05 T 

M8 6,025 -67.523 111 0.05 T 

M9 6,025 -67.522 109 0.05 T 

M10 6,026 -67.526 75 0.36 SP 

M11 6,026 -67.526 74 0.05 T 

 

Table A3.2. The measured water compounds from the 
two composite samples took during the rainy season of 
2016 at Karikari. 

Compound (units) K1 and K4 

Magnesium (mg Mg/L) 0.20 

Potassium (mg K/L) 0.28 

Sodium (mg Na/L) 0.70 

Calcium (mg Ca/L) <0.10 

Total nitrogen (mg N/L) <3,00 

Nitrates (mg NO3/L) 0.61 

Alkalinity (mg CaCO3/L) <6,04 

Chlorophyll a (mg/m3 Chl a) 0.51 

Sulfates (mg SO4/L) 12.70 

Total phosphorus (mg P/L) 0.38 

Soluble phosphates (mg PO4/L) <0,210 

Total organic carbon (mg C/L) 13.2 

Biological oxygen demand (mg O2/L) 10.2 

Turbidity (NTU) 62.6 

Mercury (mg Hg/L) <0,001 

Iron (mg Fe/L) 1.67 
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Figure A3.1. A comparison of surface area to volume ratio (mean ± SD) between temporary and semi-

permanent rock pools. Means (± SE) are provided as open dots with the results from the unpaired t-test: '**' 

p < 0.01. 

 
Figure A3.2. A comparison of conductivity values measured in late and early rainy seasons. Means (± SE) are 

provided as open dots with the results from the unpaired t-test: '***' p < 0.001. 
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Table A3.3. The number of individuals that were sampled for each morphospecies and the family to which it 

belongs during the sampling campaign from 2016. Additionally, the total abundance for each rock pool and each 

rocky outcrop is provided. The permanence pool type for every rock pool is marked with a T or an SP, as temporary 

or semi-permanent, respectively. 

Morphospecies  

(Pool Type) 
Family 

M9 

(T) 

M1 

(T) 

M2  

(SP) 

M7 

(T) 

M10 

(SP) 

M3 

(T) 

M4 

(SP) 

M8 

(T) 

Total 

Cerro 

Morrocoy 

K2 

(T) 

K3 

(T) 

K7 

(T) 

K4 

(T) 

K5 

(T) 

K8 

(T) 

Total 

Karika

ri rock 

Anatya gutatta 

Libellulidae 

0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 1 

Nephepeltia 

flavifrons 
0 0 0 3 0 0 0 0 3 0 0 0 0 1 0 1 

Erythrodiplax spp. 2 0 0 0 0 5 0 0 7 6 0 0 3 1 3 13 

Miathyria 

marcella 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 

Orthemis discolor  0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 

Pantala 

flavescens 
0 0 0 0 5 0 6 0 11 0 0 1 1 0 0 2 

Tramea darwini 0 0 2 0 2 4 0 0 8 0 0 0 0 0 0 0 

Anax amazilli Aeshnidae 0 0 1 0 0 0 0 0 1 0 2 0 1 0 0 3 

Telebasis simulata Coenagrionidae 0 0 140 0 77 0 71 2 290 0 0 0 0 0 0 0 

Total  2 1 143 3 84 9 77 2 321 6 3 1 6 3 3 22 

 

 

Table A3.4. The number of individuals that were sampled for each morphospecies and the family to which it 

belongs during the sampling campaign from 2017. Additionally, the total abundance for each rock pool and each 

rocky outcrop is provided. The permanence pool type for every rock pool is marked with a T or an SP, as temporary 

or semi-permanent, respectively. 

Morphospecies  

(Pool Type) 
Family 

M2 

(SP) 

M7 

(T) 

M10 

(SP) 

M11 

(T) 

M4 

(SP) 

Total Cerro 

Morrocoy 

K2 

(T) 

Total Karikari 

rock 

Anatya gutatta 

Libellulidae 

 

1 18 0 5 2 26 0 0 

Nephepeltia flavifrons 0 0 0 0 1 1 0 0 

Erythemis vesiculosa 2 0 2 0 0 4 0 0 

Orthemis discolor 0 0 0 0 1 1 0 0 

Pantala flavescens 3 0 1 0 0 4 0 0 

Tramea darwini 1 0 3 0 1 5 0 0 

Libellula herculea 0 0 0 0 0 0 1 1 

Micrathyria spp. 14 0 12 0 2 28 0 0 

Sympetrum sp. 3 0 1 0 0 4 0 0 

Anax amazilli 
Aeshnidae 

 

1 0 0 0 1 2 0 0 

Remartinia sp. 2 0 0 0 0 2 0 0 

Rhionaeschna sp. 2 0 1 0 0 3 0 0 

Acanthagrion adustum 
Coenagrionidae 

0 0 0 0 1 1 0 0 

Telebasis simulata 1 0 0 0 12 13 0 0 

Total  30 18 20 5 21 94 1 1 
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Table A3.5. The number of individuals that were identified for each morphospecies, and the family to which it 
belongs, during the sampling campaign from 2019. Additionally, the total abundance for each rock pool and for 
each rocky outcrop is provided. The permanence pool type for every rock pool is marked with a T or an SP, as 
temporary or semi-permanent, respectively. 

Species Family 
M1 
(T) 

M2 
(SP) 

M3 
(T) 

M4 
(SP) 

M5 
(SP) 

M6 
(SP) 

Total Cerro 
Morrocoy 

K1 
(T) 

K2 
(T) 

K3 
(T) 

K4 
(T) 

K5 
(T) 

K6 
(SP) 

Total 
Karikari 

rock 

Pantala 
flavescens 

Libellulidae 

1 0 0 0 3 0 4 0 0 0 0 0 0 0 

Tramea darwini 0 1 0 0 0 4 5 0 0 0 0 0 0 0 
Erythrodiplax 

spp. 
0 0 2 0 0 0 2 0 3 0 1 0 0 4 

Miathyria 
marcella 

0 0 0 0 0 0 0 0 0 0 0 0 1 1 

Orthemis 
discolor 

0 0 0 0 0 0 0 7 0 0 0 0 0 7 

Anax amazili Aeshnidae 0 0 0 8 1 1 10 2 0 1 0 6 0 9 

Telebasis 
simulata 

Coenagrionidae 0 0 0 0 0 5 5 0 0 0 0 0 0 0 

Total  1 1 2 8 4 10 26 9 3 1 1 6 1 21 

 

Table A3.6. The number of collected individuals for each of the sampled families. Also, the number of individuals, 

by morphospecies, used to fit von Bertalanffy’s growth curves. 

Family Coenagrionidae Aeshnidae Libellulidae 

Collected 

individuals   
10 30 50 

Species 
Telebasis 

simulata 

Anax 

amazili 

Pantala 

flavescens 

Tramea 

darwini 

Erythrodiplax 

spp. 

Miathyria 

marcella 

Orthemis 

discolor 

Individuals 

fitted 

growth 

curves 

5 19 4 5 6 1 7 

 

 
Figure A3.3. The interaction effect that water level has on the effect of (a) conductivity and (b) pool type on 

the growth rate of naiads of Anax amazili. Means (± SE) are provided. The growth rate (K) was natural 

logarithmically transformed. The significance code is ‘*’ p < 0.05. 

(a) (b) 
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Figure A3.4. The effect of (a) water level treatment and (b) conductivity on the maximum length of 

Erythrodiplax spp. larvae. Means (± SE) are provided. The significance codes are ‘**’ if p < 0.01 and ‘*’ if 

p < 0.05. 

 
Figure A3.5. The effect of conductivity on the (a) growth rate and (b) the maximum length of Orthemis 

discolor. The growth rate (K) was natural logarithmically transformed. The significance code is ‘**’ p < 0.01. 
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 (Left) Larvae of Anax amazilli eating and the (Right) first field laboratory set up in April 2019 

 

 

 

Baker Castañeda getting some samples from M8 at Morrocoy. 2016. 
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Alejandro Jaspe taking one of the ground measurements of depth from K4 at Karikari. 2016. 

 

 

 

Morrocoy. 2016. 
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GENERAL DISCUSSION, LIMITATIONS, AND PERSPECTIVES 

New insights into the dynamics of a poorly studied tropical freshwater ecosystem 

To be able to conserve biodiversity, it first needs to be surveyed and documented. However, a paucity 

of field surveys still limits our understanding of the functioning of freshwater ecosystems at tropical 

latitudes. While larger tropical lakes and rivers have received more attention, little is known about 

smaller tropical freshwater ecosystems. This project focused on a peculiar aquatic ecosystem, the 

freshwater rock pools that occur at the summit of granite inselberg habitats along the Orinoco River 

in Colombia. The project contributed to the knowledge of freshwater biodiversity by providing 

inventories of the freshwater macroinvertebrates from this system. New records of species for 

Colombia derived from the here presented surveys were already published in one science 

communication book edited by The Alexander von Humboldt Institute in Colombia (See Appendix II). 

This document serves conservation organizations, like the Omacha foundation, to set a scientific base 

for their guided visits to the protected inselbergs and positions the area on the national radar. It also 

calls for more attention to these Neotropical inselbergs as biodiversity hotspots (e.g., Porembski, 

2007; Porembski et al., 2016; De Paula et al., 2016, 2017, 2020; Barbosa-Silva et al., 2022). 

Nevertheless, the merits of this work go beyond filling a sampling gap in the Neotropics. The 

following paragraphs will revisit some of the most important results of this Ph.D. and highlight 

implications for conservation. Some general limitations of the project are then presented, followed 

by a section of broader perspectives derived from the project and opportunities for future work. A 

final section with derived recommendations to preserve inselbergs from the Colombian Guiana 

Shield closes the document. 

Benefits of UAVs and Geographic Information Systems for inselberg research and beyond 

After designing and implementing novel ways to map the microhabitat structure on inselbergs using 

UAVs, the first Chapter of this project also illustrated some possible applications in biological 

sciences. Thus far, new applications of UAV remote sensing are continuously appearing in the 

literature. The data derived from optical sensors (RGB, multispectral, hyperspectral, e.g., LiDAR, and 

thermal sensors) that can be mounted on a UAV is gaining more applications every year. These 

include the characterization of vegetation types, the quantification of aboveground biomass, 

measurements of vegetation cover, studies of canopy structure, tree height mensuration, forest 

inventories, mapping, and monitoring riparian corridors, integrated coastal zone management, 

estimating and monitoring population sizes, among many others (Baena et al., 2017; Otero et al., 

2018; Mangewa et al., 2019; Saliu et al., 2021; Sun et al., 2021; Belcore and Latella, 2022; Kandrot et 

al., 2022; van Berkel et al., 2022). Low cost, combined with automated data processing, facilitates 

the collection of datasets with high spatial and temporal resolution. In a recent review, it has been 

put forward that UAV technology has applications for studying different biological levels of 

organization: from individuals to ecosystems (Sun et al., 2021; Figure GD1). 

Several implications for the conservation of ecosystems can be derived from the high-

resolution UAV imagery that can be acquired. For instance, drone imagery can help us classify 

microhabitats and vegetation types on inselbergs required by diverse target biota. As such, it may 
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help us to assess the relative conservation value of different inselbergs. In addition, quantifying 

photosynthetic activity may help us to understand how and where biomass is produced in these 

ecosystems. Also, as we demonstrated, UAVs can help reconstruct fine-scale hydrological networks 

on inselbergs which may impact diversity patterns (Vanschoenwinkel et al., 2007). The affordable 

and repeatable nature of UAVs, combined with geographic information systems, facilitates assessing 

rapid temporal changes in distinct habitats, and allows seasonal fluctuations and potential impacts 

of disturbances over time to be recorded and monitored. Examples of the efficacy of remote sensing 

technologies have been reviewed for managing the coastal ecosystems of the tropics and sub-tropics 

represented by mangroves, coral reefs, and seagrasses for indicating the priority importance of 

protection and conservation or for sustainable exploitation (Dahdouh-Guebas, 2002; Ruwaimana et 

al., 2018; Otero et al., 2019; Lucas et al., 2020 and 2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure GD1. UAVs are affordable, easy to deploy, and capable of collecting imagery data at fine spatial, 

spectral, and temporal resolutions. Hence, UAV data can complement ground observations and data 

gathered from aircraft and satellite remote sensing platforms, providing helpful information for plant 

ecology studies ranging from individuals to ecosystems (Sun et al., 2021). 

 

Specifically for inselbergs, UAVs can help monitor, for instance, to what extent the distribution 

of vegetation and crusted microorganisms changes due to drier or more humid climatic conditions. 

Therefore, the most logical next step would be to map more inselbergs using the proposed 

methodology, then to quantitatively analyze the link between biodiversity surveys and the 3D models 

of the mountains summed with the structure of the dendritic pool networks. Previous studies have 

used simple cases of neighboring pools linked up by simple connections on a relatively flat rock 

(Tuytens et al., 2014). Yet, they have shown that eroded channels that connect rock pools can 

facilitate the dispersal of freshwater invertebrates (Vanschoenwinkel et al., 2008), affect the genetic 

structure of populations of passively dispersed organisms (Hulsmans et al., 2007), and drive the 

composition of their communities (Vanschoenwinkel et al., 2007, 2013). Similarly, it is expected that 

the methodology to reconstruct drainage systems will also help define moisture-based microhabitats 
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better and predict associated vegetation and photosynthetic microorganisms, depending on how 

abundantly and frequently each area of the inselberg receives flowing water.  

In this project, the photosynthetic activity was reconstructed only during one specific moment 

at the end of the dry period of the year. Time-series data across dry and wet seasons would help us 

understand where biomass is produced and at which moments of the year. Finally, we saw high levels 

of photosynthetic activity from organisms crusted on the bare rock but did not verify the origin of 

this activity on the ground. Most likely, it can be epi- or endolithic cyanobacterial crusts, mats of 

lichens, or mosses (Rascher et al., 2003), but this would have to be verified by surveys to identify and 

quantify the communities. UAV imagery can be used in combination with ground data for this 

purpose. 

Community dynamics 

We documented the aquatic macroinvertebrates in rock pool communities between snapshots in the 

early and late phases of the rainy season. In contrast with the definition of Welborne and coworkers 

(1996) of temporary ponds as habitats with low predator diversity and abundance, and unlike other 

rock-similar systems at higher latitudes (Jocqué et al., 2010; Bird et al., 2019), our study site is rich in 

predators, from early during inundations. This may explain why typical predation-sensitive rock pool 

species such as fairy shrimps (Branchiopoda, Anostraca) are absent from our study site. We predict 

that the more predation-resistant species, like clam shrimps (which, unlike fairy shrimps, have a 

protective carapace), functionally replace them as dominant permanent residents and filter-feeding 

organisms in the tropics. In the subtropics and semi-arid regions, fairy shrimp and clam shrimp tend 

to co-occur, while in colder parts of the world, fairy shrimp are more common than clam shrimp 

(Benvenuto et al., 2015). However, preliminary evidence from the current project, summed with the 

only two other tropical rock pool studies on macroinvertebrates, one from Jamaica and the other 

from Ivory Coast, showed no fairy or clam shrimp in the water column. Still, the pools from Ivory 

Coast contained resting eggs that can be confidently attributed to either one of the two groups 

(Snoeks et al., 2021).  

In our system, salinity, conductivity, and dissolved solids were higher at the beginning of the 

inundation phase of rock pools. Lower values were measured later in the rainy season, most likely 

due to dilution. Still, the conditions that occur at the end of the rainy season were not described 

because there was no sampling at that time. Likely, rock pool conductivities will increase as the water 

levels drop before pools dry out, as shown in other studies (Vanschoenwinkel et al., 2010a). The 

maximum water temperature accounted for in a shallow (~5 cm depth) pool is the highest in rock 

pools thus far recorded (56.05 °C at 12:20 pm on September 22, in the rainy season of 2016). Such a 

high value contradicts the presumption that the water temperature would seldom exceed 40°C due 

to the balance between cooling through evaporation and heating by the incoming solar radiation 

(insolation) (Jocqué et al., 2010). It also raises new questions about the strategies of 

macroinvertebrates to cope with these extreme temperatures and daily fluctuations that can reach 

a 30°C difference between day and night. 

Previous studies have reported highly specialized species, like the chironomids Polypedilum 

vanderplanki, showing resistance to extreme temperatures and desiccation via anhydrobiosis of their 

larvae (McLachlan and Cantrell, 1980; Cornette et al., 2022). It is likely that some rock pool specialists 
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from the studied communities, such as chironomids, nematodes, and crustaceans within the 

Limnadiidae family, called ‘clam shrimps’ (Branchiopoda, Spinicaudata), can also display this kind of 

physiological ability in some of their life stages (embryonic cysts, eggs, embryos, larvae, pupae, or 

adults) (Rogers et al., 2020). Anhydrobiosis is a form of cryptobiosis that likely evolved as an adaptive 

mechanism for surviving without water. Cryptobiosis was coined by David Keilin (1959) and can be 

translated as hidden life. It is defined as “the state of an organism when it shows no visible signs of 

life and when its metabolic activity becomes hardly measurable or comes reversibly to a standstill.” 

(Clegg, 2001).  

 Even so, many more generalist species can survive as adults on land and migrate to more 

permanent habitats during the dry season. But some others may still have unknown desiccation 

resistance strategies. For example, it is still being determined to what extent odonate larvae from 

the studied rock-pools system can survive in ephemeral habitats where pond drying can occur in a 

period shorter than their larval cycle. Authors have suggested that some species may do so by 

burrowing in the sediment (Pernecker et al., 2020), while others suggest walking overland to nearby 

pools with water (Piersanti et al., 2007). Some aspects of adaptive life-history strategies in temporary 

ponds, like rapid larval development rates (Welborne et al., 1996), and plasticity in traits involved in 

coping with desiccation, were studied in the last chapter of this Ph.D.  

To properly understand the relative importance of different drivers of diversity patterns and 

community composition on these terrestrial island habitats, a logical next step would be to quantify 

more aspects of the microhabitat conditions within inselbergs that provide the environmental 

heterogeneity that promote ecological niche differentiation. Including variables such as vegetation 

composition and connectivity, plus comparing many different inselbergs in the same region, as done 

with plant communities by Pinheiro et al. (2014) and Barbosa-Silva et al. (2022), may help to 

understand which aspects of an inselberg are important for biodiversity and functional 

macroinvertebrate species composition.   

We also still need to confirm whether the macroinvertebrate fauna of inselbergs is indeed as 

unique as it is often hypothesized to be. A few studies have calculated uniqueness by comparing the 

taxa from inselbergs with those of habitats in the surrounding landscape matrix (e.g., Burke, 2002a; 

Barbosa-Silva et al., 2022; Hunter, 2003; Snoeks et al., 2021). The proximity of the Orinoco River and 

other wetlands nearby might be a source of species (i.e., species pool effect) that can partly explain 

why the rock pools studied in this project are more diverse than those elsewhere in the world. 

However, inselbergs can provide a refuge for matrix (i.e., the habitat between inselbergs) species 

that retreat to ecological refuges during harsh conditions and recolonize the surrounding habitats 

when the conditions allow it again (Buschke et al., 2020). Inselbergs can shelter and serve as a source 

of species for degraded rangeland, like savannas prone to fire during the dry season and fragmented 

agricultural landscapes (Burke, 2002a, 2002b; Hunter, 2003; Michael et al., 2008). Also, inselbergs 

can become protected nature reserves to preserve biodiversity within urban areas De Paula et al., 

2020). Combining spatial ecological tools to quantify the drivers of species distribution and indirect 

estimates of mobility patterns across the complete landscape with molecular techniques to measure 

the genetic structure of populations, it is possible to get a better idea of how frequently populations 
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between inselberg populations exchange individuals (Vanschoenwinkel et al., 2011) and how often 

inselbergs exchange individuals with adjacent habitats.    

Life-history adaptations 

Nineteen species of dragonflies and damselflies belonging to three families (Libellulidae, 

Coenagrionidae, and Ashnidae) inhabit the aquatic mosaic landscape formed by rock pools on the 

studied inselbergs. By experimenting under controlled conditions, we could confirm that differences 

in life-history traits and differences in their ability to respond plastically to the environment 

contributed to explaining this coexistence via niche differentiation. For instance, the damselfly 

Telebasis simulata was found almost exclusively in semipermanent habitats and did not show any 

developmental acceleration in response to the tested pond drying cues. This is probably because T. 

simulata would not benefit much from developmental acceleration in response to drying since this 

situation rarely occurs in its preferred semi-permanent habitat. Hence, most inundations are likely 

long enough to allow this species to complete its life cycle. 

On the contrary, generalist species from the genus Erythrodiplax were found exclusively in 

temporary pools. Since they accelerated their development in response to elevated conductivity, 

they seem to be able to detect subtle changes in conductivity or salinity and use this information as 

a signal to hurry up and grow before the water disappears. The observed differences in breeding 

habitat preference between different odonates are reflected in the life-history traits of their larvae. 

Exploring oviposition habitat selection in adults would be essential to get a complete picture of how 

odonates partition resources among different species in this system (Šigutová et al., 2021). It has 

been shown that aquatic insects can be very picky about where they oviposit, and the presence of 

predator species is a crucial determinant of oviposition (Trekels and Vanschoenwinkel, 2019).  In the 

case of odonates, these predators might be conspecifics or other species already present in the rock 

pools, but this has not been investigated so far.  

Knowledge of the plasticity and inter-population variation in important life-history traits such 

as growth rates, thermal tolerance, and life-history trade-offs may be informative to help predict the 

likely responses of species and populations to environmental changes. The observed reduction in 

development time in response to elevated conductivity illustrates that phenotypic plasticity can likely 

help individuals to adjust their life history in response to different inundation durations. However, 

we found that rock pools on an urbanized inselberg had elevated conductivities (between 188 and 

239 µS/cm Figure A3.2. from Appendix II), most likely due to anthropogenic pollution. While salt 

concentrations are typically very low in rock pools, small increases in these concentrations may still 

have a negative impact on temporary pond communities in different ways. We found preliminary 

evidence that increased water conductivity could be detrimental to odonate population dynamics 

since some Libellulidae species will accelerate their development in response to elevated 

conductivity, but at the cost of a smaller final predicted body size before emergence. Such reduction 

in larval size has been associated with reduced survival during the maturation period because smaller 

animals usually have less fat content. Hence, they are less able to catch prey and survive periods of 

suboptimal conditions (Stoks and Cordoba-Aguilar, 2012). Likewise, work on rock-pool crustaceans 

elsewhere has shown that the eggs of the fairy shrimp Branchipodopsis wolfi no longer hatch when 

the conductivities are raised above 100 µS/cm (Vanschoenwinkel et al., 2010a, Pinceel et al., 2017, 
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2021). This strategy helps avoid hatching with inundations with little water, which would be too short 

for reproduction. Still, this delicate balance can be disturbed when the pools receive an 

anthropogenic input of ions from anthropogenic waste products. In that case, no eggs would hatch, 

and the population would likely be stuck in diapause until the eggs finally die off. This illustrates a 

particular vulnerability of rock-pool biodiversity. Other threats to inselberg ecosystems in the region 

include poor waste management, unplanned urbanization, rock mining to make gravel and filling 

material for the construction industry, and, more recently, the extraction of rare minerals. 

Study limitations 

A critical limitation that prevented a complete reconstruction of the food web was that the 

methodology selected for the biodiversity surveys only allowed us to collect fauna > 1 mm in size. 

Therefore, it is still necessary to assess the microplankton and microbenthos to reconstruct the 

complete trophic composition of the ecosystem (Snoeks et al., 2021). A second significant limitation 

was the low number of temporal samples. Only two snapshots ensured we could not fully reconstruct 

the ecological succession and its underlying mechanisms. However, since it was an unusual season, 

drier than average, all pools dried and refilled. This anomaly was beneficial because it enabled us to 

look into the first successional stage. The third downside of the project was that the life-history 

experiment had to start from small early instar larvae collected directly from their natural habitat. 

Hence, some taxa could not be distinguished at this initial stage, so the identity of many individuals 

only became clear later during the experiment. Because of this, we could not guarantee as much 

replication as we wanted for some of the studied taxa. It resulted in an unbalance, with specific taxa 

represented by more individuals than others.  

Perspectives 

Several avenues for future research emerge from the pioneering work in this thesis. In the following 

subsections, we will discuss some of them. 

Nutrient fluxes 

We need to learn more about the nutrient fluxes in this ecosystem and the linkage with surrounding 

ecosystems. For instance, it is still unclear whether the high phosphorus (total P) levels detected from 

two composite (i.e., mixed) water samples from two shallow pools at Karikari (380 µg/L total P) and 

two similar ones at Puerto Carreño (300 µg/L total P), come from organic or inorganic sources. The 

granite of the inselbergs near the Orinoco is rich in phosphorus-containing minerals, unlike other 

granites (Bonilla-Pérez et al., 2013). Hence, the weathering of the apatite and monazite in the granite 

can explain some of the total P found in rock pools. However, animal excrement is likely to be a more 

abundant source. Both hypotheses still need to be evaluated. We might also speculate whether any 

P that would dissolve in the runoff from inselbergs might help to fertilize the surrounding fringe 

vegetation where the forest or savanna begins at the edge of the inselberg. This also remains to be 

investigated since the levels of dissolved reactive phosphorous were under the limit of the detection 

of the technique used (< 0.210 mg/L). 

Similarly, it is not unlikely that the nitrogen fixed by lichens and cyanobacterial crusts might 

accumulate at the edge of inselbergs (Büdel et al., 2000). This, combined with the higher water input 
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from this runoff, nutrients, and moisture, might promote the lush vegetation growth often observed 

around inselbergs (Wang et al., 2016). Performing transects radiating from inselbergs to calculate the 

variation in soil moisture and nutrients could help to answer this question.  

Bet-hedging strategies 

Another approach to continue investigating survival strategies from Neotropical rock pool 

inhabitants would be to focus on species that produce dormant eggs to survive dry periods or 

diapause stages when environmental conditions are harsh. For example, that would be the case with 

the production of long-lived dormant eggs from clam shrimps within the family Limnadiidae 

(Roessler, 1995a, 1995b; Rogers et al., 2020). This ability, summed with the causal link between 

habitat suitability and its reproductive success, plus the unpredictability of the ephemeral rock pool 

where clam shrimps were found, make these organisms good candidates to test the theories of bet-

hedging, such as the diversified bet-hedging (DBH) illustrated in Figure GD2 modified from Figure 2 

(d) to (f) (Pinceel et al., 2021).  

DBH is one of the three bet-hedging theories that address how individuals should optimize 

fitness in varying and unpredictable environments. Bet-hedging refers to the reduction of fitness 

variance (Cohen, 1966) and decreased fitness under typical conditions in exchange for increased 

fitness under stressful conditions. The DBH maxima can be described as not putting all eggs in one 

basket, instead producing offspring with varying phenotypes. Meanwhile, the conservative bet-

hedging goes instead of playing it safe by using a successful low-risk strategy (phenotype) regardless 

of environmental conditions (Joschinski and Bonte, 2020). A third bet-hedging strategy, called 

adaptive coin flipping, implies choosing a strategy randomly from a fixed distribution (Olofsson et al., 

2009). 

When cues become unreliable, as is the case due to rapid climate change and anthropogenic 

environmental changes in temporary habitats, different phenotypes (strategies) may need to be 

expressed to ensure survival. Hence, using methodologies like the one proposed by Pinceel et al. 

(2021), it would be possible to calculate probabilities of reproductive success for organisms that use 

imperfect cues in life-history strategies as part of a DBH strategy. DBH has been proposed for the 

related clam-shrimp species Limnadia badia, an inhabitant of rock pools on four granite inselbergs in 

Western Australia. Benvenuto and coworkers reported in 2009 the occurrence of multiple hatching 

events. They stated that DBH might help them cope with their unpredictable habitat. DBH may 

prevent all hatched individuals from dying before reproduction if the favorable climate subsists for a 

period shorter than required to reach sexual maturity. However, even though the fitness advantage 

seems clear, individuals that emerge later during the rainy season may face higher risk from habitat 

desiccation, reduced nutrient content, lower chances to find a mate and greater exposure to 

predators (Brendonck et al. 2017). Hence, it is still being determined if clam shrimps from the studied 

system will entirely rely on DBH or in a combination of the three bet-hedging strategies, as was found 

in the individual-based model proposed by Olofsson et al. (2009). 

We also propose to investigate whether spatial bet-hedging could be effective regarding 

actively dispersing organisms that frequently go locally extinct in rock pools (e.g., many insects). This 

would be a new perspective to understand how, for example, odonates hedge their bets by spreading 

eggs over different pools (McLaughlin and Wasserberg, 2021 tested it using sand flies; Stahlschmidt 
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and Vo, 2022 studied it with crickets). However, environmental cues for oviposition in rock pools that 

favor offspring survival could be reliable (e.g., the concentration of a volatile chemical dissolved in 

water or the amount of reflected light on a water surface). Hence, phenotypic transgenerational 

plasticity may also be expected to evolve. Therefore, to test bet-hedging as a hypothesis explaining 

oviposition site selection, finding a method that quantifies both will be necessary. With this aim, 

Joschinski and Bonte (2020) proposed using reaction norm shapes. To visualize a simplified version 

of the gradient from phenotypic plasticity to DBH, see Figure GD3.  

 

Figure GD2. (a) Erratic rainfall leads to unpredictability in the 

duration of temporary rock-pool inundations. Since the length of 

the inundation is strongly linked with the growing seasons of the 

fairy shrimps Branchipodopsis wolfi, it creates unpredictable 

temporal variation in the suitability of their growing seasons. Eggs 

only hatch if the concentration of dissolved electrolytes is low, 

which often is associated with complete pool inundation. 

However, habitats may be uncertain because even when cues 

signal a good inundation and the eggs hatch, ephemeral pools may 

dry before hatched individuals reach maturity. (b) Eggs hatch from 

an egg bank in the sediment within the first days of inundation. 

Individuals need at least seven days to mature and produce sexual 

dormant eggs that (c) accumulate again in an egg bank. The size of 

the egg bank is dependent on (i) the survival of eggs during the dry 

phase, (ii) the hatching fraction during the inundation, and (iii) the 

production of new eggs by active individuals. Modified from Figure 

2 (d) to (f) (Pinceel et al., 2021). 

 

 

 

 

Figure GD3. Example of reaction norm shapes. In phenotypic 

plasticity, the phenotypic variance may occur exclusively among 

environments (dark blue). In DBH, the phenotypic variance may 

occur exclusively within each environment (light blue). Modified 

from Figure 3 (Joschinski and Bonte, 2020), where P2 is a given 

phenotype, and c is any measurable environmental cue the model 

organism can use. In the current case, a cue to guide the 

oviposition (e.g., the concentration of a volatile chemical or the 

amount of reflected light on a water surface). 
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The OCBIL theory 

Another challenge is to test to what extent current theories explain biodiversity patterns from 

inselbergs in the studied area. Latitudinal gradients in species diversity are one of the most 

recognizable global ecological and biogeographical patterns. The ‘latitudinal diversity gradient’ 

remains broadly accepted, and it can be used to explain biodiversity hotspots with a high number of 

regionally coexisting species in the tropics (Hillebrand, 2004). Hence, it has been proposed as one of 

the reasons why the studied rock-pool system presented a high number of species compared with 

other similar systems in higher latitudes (Snoeks et al., 2021; Bayly, 1997; Jocque et al., 2006 and 

2007; Vanschoenwinkel et al., 2007). However, Latitudinal diversity gradients in freshwater are 

weaker and flatter than in terrestrial and marine habitats. One of the possible explanations is that, 

in contrast to these environments, the freshwater ecosystems are, in general, geographically isolated 

in small “freshwater islands” (Hillebrand, 2004). Such a hypothesis seems to be especially valid for 

the studied rock pools due to the terrestrial island environment of inselbergs. Therefore, 

complementary theories such as island biogeography, metapopulation ecology, and niche-based 

environmental filtering also have been used to explain biodiversity patterns from inselberg 

communities (Michael et al., 2008; Talitha et al., 2021). Different theories are relevant for diverse 

biota at different scales, and we cannot yet generalize these processes. For instance, environmental 

heterogeneity cannot be discarded as a relevant factor to explain the biodiversity patterns since the 

beta diversity of active dispersers from a metacommunity is higher in a set of environmentally 

heterogeneous rock pools (Castillo-Escrivà et al., 2017).  

Moreover, additional confounding factors make inselbergs unique even compared to other 

insular habitats. Their old age (Porembski et al., 2000), stability over geological time scales (De 

Carvalho Araújo et al., 2022), a mosaic landscape of microhabitats on individual inselbergs, and the 

role of the landscape matrix between them that mediates connectivity (Buschke et al., 2020) are 

some of them. Hence, much remains to be explored before we reach a similar level of understanding 

compared to that of oceanic islands. 

A relevant set of ideas that could be helpful to explain better the biota present in inselbergs 

is OCBIL theory. This framework develops hypotheses to explain patterns of evolution, ecology, and 

best conservation practices for biota on very Old, Climatically Buffered, Infertile Landscapes (OCBILs) 

(Hopper et al., 2016). Granitic-gneissic inselbergs are recognized as OCBILs. De Carvalho Araújo and 

coworkers (2022) described the inselberg summit habitats as mosaics of diverse, closely related, 

harsh-tolerant lineages. Meanwhile, the foot and the low section from the inselberg hillsides harbor 

higher lineage diversity than expected by chance. These findings suggest that inselbergs might be 

both sources and reservoirs of diversity (Silveira et al., 2021). Still, collected evidence is limited to 

plant communities and needs to be confirmed for other organisms like macroinvertebrates. 

Ecological drivers of geographical range and body size 

The interspecific variation in range size among invertebrates remains unresolved (Abellán and Ribera, 

2011). Bergmann's (1847) and Rapoport's (1975) rules are two eco-geographical patterns that predict 

an increase in species body size and range size, respectively, with increasing latitudes. In addition, 

body size, niche width, and evolutionary history have been identified as contributing to species 

variation in range size (Gaston, 2003, 2009; Roy et al., 2009). A global database with species 



 

111 

composition from rock pools worldwide will allow us to test the mentioned ecogeographical rules. 

With this aim, we propose two approaches, the first using species as observation units and the second 

using macroinvertebrate assemblages. For the last, the units of observation are the sampled sites 

placed as grid cells (Ten Caten et al., 2022). Concerning the first approach, it is convenient to use 

closely related species from cosmopolite genera, like, for instance, the predaceous diving beetle 

Laccophilus (Order Coleoptera, family Dytiscidae). Vamosi and coworkers (2007) already found an 

increment in the proportion of large species from Dytiscidae with latitude in Alberta (Canada). Hence, 

they can be good candidates also to test Rapoport’s rule. Finally, it would be relevant to evaluate the 

role of the phylogenetic signal on the range size. Some examples of its relevance are Swaegers et al. 

(2014), who have reported a significant effect of proxies of body size on range sizes of damselflies 

species from genera Coenagrion only after correcting for phylogeny. Also, Abellán and Ribera (2011) 

described that the range size from ten lineages of aquatic Coleoptera from the western Palearctic 

was shaped by an interplay of geographic and ecological factors, with a phylogenetic component 

affecting both. 

Conservation implications 

The activities for this project allowed us to interact with three local families who worked with the 

Omacha foundation and collaborated with the project. Interaction with their members while samples 

were collected and experiments were performed allowed us to inform Omacha about their 

perception of Inselbergs and rock pools. Moreover, members from these families and, in general, 

local guides from the reserve started including inselbergs and rock pools as a part of the natural 

elements to show to the visitors of the Bojonawi Nature Reserve using the book “VIII. Biodiversidad 

de la Reserva Natural Bojonawi, Vichada, Colombia: río Orinoco y planicie de inundación.” as a source 

of information.  

We found that locals from Puerto Carreño consider rock pools as sources of mosquitoes, so 

they do not recognize them as a source of biodiversity. However, the sampled rock pools accounted 

for very low densities of mosquitoes. Hematophagous dipterans from the families of Culicidae and 

Ceratopogonidae represented only 0.02 % of sampled macroinvertebrates and no species of 

immediate epidemiological importance for local communities. This is true for this specific region, 

although it should not be extrapolated geographically. For instance, rock pools in Malta are home to 

Aedes albopictus (Dolmans unpublished. data), a vector of arboviruses like chikungunya virus, dengue 

virus, and dirofilariasis (Paupy et al., 2009), and Therriault (2002) reported dipterans as the primary 

insect component from freshwater rock pools in Jamaica. Also, by inviting local people to visit the 

rocks and explaining the vast number of species that inhabit the rock pools, and using some 

charismatic species as odonates (Lamelas-López et al., 2017), it was possible to teach them about the 

different roles that macroinvertebrates have in the food web. Finally, explaining that the mammals 

and birds who use the rock pools on inselbergs made most of them shift their perspective about the 

ecosystem.  

As it was found in the study case from islands in the Western Indian Ocean, a reasonable 

management plan for ecosystems conservation implies that research stakeholders (researchers and 

universities) - who have been highlighted as crucial in identifying and designing appropriate 

responses to environmental change - must facilitate knowledge exchange between policymakers and 



GENERAL DISCUSSION, LIMITATIONS, AND PERSPECTIVES 

112 

communities (Poti et al., 2022). Strengthening the educational programs oriented to conserving 

inselberg biodiversity implies increasing participation from researchers to inform schools and high 

schools from villages and cities located near them, as is the case at Puerto Carreño, but also many 

other villages near inselbergs around the world. National programs that articulate universities with 

high schools provide educational institutions with activities they can do, such as guided field visits 

and helpful material to enrich the curriculum with practical experiments to get the students closer to 

the biodiversity of their region. Also, scientists should be able to inform policymakers and 

environmental managers by writing policy briefs and documents that mention the value and threats 

of ecosystems. Then academia can collaborate with the government and NGOs to make campaigns 

to reach local people to raise awareness and stimulate them to refrain from engaging in actions that 

destroy these ecosystems.  

Porembski et al. (2016) listed many of the key ecosystem services provided by inselbergs and 

rock pools on them. They serve as habitat for endemic animals (Jocqué et al. 2010) and plants 

(Vogiatzakis et al. 2009); act as refugia (Pinder et al. 2000); and control hydrological cycles by 

modulating water storage and recharging the adjacent landscape (Cross et al. 2015). Authors also 

mentioned that humans had used inselbergs for more than 3000 years to support human and 

livestock populations (Bauer and Morrison 2006) and summed up iconic examples of outcrops 

significant from the religious and economic points of view, including Mt. Arafat (Mecca), 

Mahabalipuram Temple and Shravanabelagola (India), Wave Rock (Australia), Sugar Loaf Mountain 

in Rio de Janeiro (Brazil). Here we would like to add the Cerros de Mavicure (Colombia), sacred 

inselbergs relevant in the cosmovision of the indigenous people from Kurripaco and Puinave cultures. 

Nonetheless, little is done for their conservation, and, probably, some of the biodiversity they house 

has already been lost by human activities (De Carvalho Araújo et al., 2022). Representation of granite 

landscapes and landforms on the UNESCO World Heritage List and within the UNESCO Global 

Geopark network is still relatively scarce. Biodiversity should become an additional criterion to 

consider when deciding on a possible heritage status of an inselberg, in addition to the unique 

scenery, scientific value, and the stories they tell us about landscape evolution and environmental 

change over geological timescales (Migoń, 2021). 
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