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Altitudinal gradients in Sub-Antarctic freshwater systems present unique opportunities 

to study the effect of distinct environmental gradients on benthic macroinvertebrate 

community composition and dispersal.  This study investigates patterns in biodiversity, 

dispersal and population genetic structure of benthic macroinvertebrate fauna across an 

altitudinal gradient between two watersheds on Navarino Island in southern Chile.  Patterns in 

diversity, density, evenness and functional feeding groups were not significantly different 

across the altitudinal gradient in both the Windhond and Róbalo Rivers.  Taxa richness in both 

rivers generally increased from the headwaters of the river to the mouth, and functional 

feeding group patterns were consistent with the predictions of the River Continuum Concept. 

Population genetic structure and gene flow was investigated by sampling the 

mitochondrial cytochrome oxidase I gene in two invertebrate species with different dispersal 

strategies.  Hyalella simplex (Amphipoda) is an obligate aquatic species, and Meridialaris 

chiloeense (Ephemeroptera) is an aquatic larvae and a terrestrial winged adult.  Contrasting 

patterns of population genetic structure were observed.  Results for Hyalella simplex indicate 

significant differentiation in genetic structure in the Amphipod populations between 

watersheds and lower genetic diversity in the Róbalo River samples, which may be a result of 

instream dispersal barriers.  Meridialaris chiloeense exhibited weak population structure but 

higher genetic diversity, which suggests this species is able to disperse widely as a winged adult.    
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CHAPTER 1 

BIODIVERSITY OF BENTHIC MACROINVERTEBRATES ALONG AN ALTITUDINAL GRADIENT IN THE  
 

WINDHOND AND RÓBALO RIVERS 
 

Introduction 
 

Biodiversity and Conservation of Freshwater Invertebrates 
 

 Aquatic invertebrates can be found in a diverse array of habitats and play an important 

role in freshwater systems.  They are an integral link in the food web of both freshwater and 

terrestrial ecosystems and are frequently used in biomonitoring studies to determine reference 

conditions and to investigate anthropogenic impacts (Merritt, Cummins and Berg 2008).  

Aquatic insects in particular are ideal subjects for water quality monitoring because they are 

less mobile than other freshwater organisms, their communities are usually quite diverse, 

representing a range of trophic levels and pollution tolerance, and they are relatively easy and 

inexpensive to sample (Morse 2009).  They play an essential role in nutrient cycling by 

processing organic material that would otherwise be unavailable to other organisms in 

freshwater systems (Morse 2009).  In order to fully understand these ecosystem processes and 

to conduct effective bioassessments, a thorough knowledge of the aquatic insect fauna is 

required (Morse 2009).  Descriptions of larval stages of aquatic insects are particularly 

important because these organisms generally spend more time in the larval stage than in any 

other, and significant abiotic and biotic interactions occur during this life history stage (Morse 

2009).  These observations highlight the importance of understanding and conserving these 

understudied organisms and the various habitats in which they are found.   
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 Current knowledge of global biodiversity only represents approximately 20% of all 

extant species when using a commonly accepted estimate of 10 million species in existence 

worldwide (Kim and Byrne 2006).  Insects account for over 58% of this known global 

biodiversity, making them the most diverse group of animals on earth (Adler and Foottit 2009).  

As more insect species are discovered, our understanding of insect diversity may change 

drastically as current estimates of the total number of undescribed insect species range from a 

conservative 5 million to as many as 30 million (Hoffman Black and Vaughan 2009).  Thus, a 

majority of unknown biodiversity lies in the class Insecta.   

 Estimates of the number of aquatic insects worldwide account for about 9% of the 

approximately 1 million described insect species, but a comprehensive knowledge of aquatic 

insect taxa is lacking in many parts of the world and predicted numbers of aquatic insects may 

account for over 20% of known insect species (Morse 2009).  Despite their importance in the 

food web of freshwater systems, aquatic insects in particular are less prominent in conservation 

research than terrestrial insect species (Contador, Kennedy and Rozzi 2012).  Aquatic insects 

represent a far more imperiled group due to their dependence on increasingly impacted 

freshwater habitats, and collection and identification of these unknown invertebrate species 

remains an important task in order to accurately estimate biodiversity and understand 

freshwater ecosystem processes.   

 A comprehensive understanding of insect biodiversity will also be invaluable when 

determining conservation priorities as it will expand knowledge of the habitat requirements of 

sensitive species and species with essential ecosystem functions, which will aid in the 

development of more effective conservation measures for these groups.  However, insects and 
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invertebrates in general remain underrepresented in conservation research (Clark and May 

2002).  Despite the fact that they make up 79% of known species, invertebrate research was 

featured in only 11% of articles in a review of two prominent conservation journals 

(Conservation Biology and Biological Conservation) from 1987 to 2001 (Clark and May 2002).  A 

similar review of articles published in three high impact conservation journals between 1995 

and 2008 found that conservation of aquatic insects is the subject of only 5% of publications 

(Contador et al. 2012).  Of this 5% of research, only 0.1% was carried out in South America 

(Contador et al. 2012).  Considering the global trend of habitat loss and alteration, it is 

necessary to establish baseline measures of biodiversity to provide a reference point for future 

studies, and to aid in the implementation of more effective conservation initiatives for 

understudied freshwater fauna.   

Altitudinal Patterns in Freshwater Communities 

A variety of abiotic and biotic factors can influence the abundance and distribution of 

aquatic insect species, the most important of these being water velocity, temperature 

(including altitudinal and seasonal effects), substrate composition, dissolved substances 

(oxygen, ions, etc.), food, competition, and zoogeography (Hynes 1970).  Temperature is 

generally viewed as one of the primary factors governing growth, reproduction, emergence, 

and metabolism (Vannote and Sweeney 1980). Thus, it plays a major role in the fitness and 

biogeography of aquatic insects.  Altitudinal gradients in freshwater systems present 

opportunities to study the effect of distinct temperature gradients on aquatic insect 

distributions.  The general pattern that species richness decreases with increasing elevation is 
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widely accepted, but variation in gradient, precipitation, geological disturbance, and other 

factors that influence the available species pool should also be considered (Rahbek 1995).   

A classic study of the effects of altitudinal zonation on Ephemeroptera (mayflies), 

Trichoptera (caddisflies), and Plecoptera (stoneflies) by Dodds and Hisaw (1925) in the Rocky 

Mountains of North America found distinct distributional patterns in aquatic insect species 

assemblages.  They found one group of species only at high altitudes, another group only at low 

altitudes, and a third group of species was found across most of the altitudinal range (Dodds 

and Hisaw 1925).  Altitude and temperature have been documented to be highly correlated 

with aquatic insect family richness and evenness (Jacobsen 2003).  Jacobsen (2004) found that 

local family richness in freshwater invertebrates decreased linearly with increasing altitude over 

a gradient from 0-4,000 m above sea level in the Ecuadorian Andes.  A literature review 

comparing insect richness and maximum water temperature revealed a linear increase of insect 

orders and families with maximum stream temperatures and a decrease with altitude, 

highlighting the inverse relationship between temperature and altitude (Jacobsen, Schultz and 

Encalada 1997).  This pattern was consistent in both temperate and tropical systems (Jacobsen 

et al. 1997).     

The Róbalo River, located in the Cape Horn Biosphere Reserve, is characterized by 

distinct changes in riparian vegetation from the headwaters to the mouth of the river over a 

relatively short altitudinal gradient, from 0 m above sea level to approximately 600 m above sea 

level (Contador, Kennedy, Rozzi and Villarroel 2015).  The headwaters are located in high 

Andean habitat, with alpine tundra vegetation (Contador et al. 2015).  The river then travels 

through deciduous forest, and mixed evergreen and deciduous forest before emptying into the 
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Beagle Channel (Contador et al. 2015).  Prior studies carried out in the Róbalo River have found 

unique distributional patterns across the altitudinal gradient of the watershed, and factors such 

as substrate diversity, altitude, and temperature play an important role in determining aquatic 

insect assemblages (Contador et al. 2015).  The steep temperature gradient in the Róbalo River 

has been shown to alter emergence patterns and life history in the black fly Gigantodax sp. 

which exhibits a univoltine life cycle (one generation per year) in the headwaters of the river, 

and multivoltine life cycle (3 generations per year) at the mouth of the river (Contador and 

Kennedy in press).     

This finding has significance both locally and globally, as it highlights the extreme 

importance of temperature in the development, emergence, and reproduction of aquatic 

insects, and the need to understand how climate change will impact these sensitive organisms.   

Sweeney, Jackson, Newbold, and Funk (1992) outline some of the potential responses of 

aquatic insect populations to global climate change, indicating that these responses will vary 

depending on the extent of the temperature change and the genetic structure that governs the 

ability of populations to survive and reproduce.  Based on these factors, responses of aquatic 

insect populations to climate change may include increased mortality (which could lead to local 

extinctions), increased survivorship, or alterations in timing of life history events (Sweeney et al. 

1992).  These responses can have cascading effects throughout the aquatic and terrestrial 

ecosystems, impacting community structure and function at multiple levels.  Domisch, Jähnig 

and Haase (2011) modeled the effects of climate change on distributions of stream 

macroinvertebrates in a low mountain range in Germany.  The results of their modeling indicate 

that species in headwater streams will experience reduced populations and loss of genetic 
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diversity, and will be displaced by species adapted to lower elevation temperatures (Domisch et 

al. 2011).  Hogg, Williams, Eadie and Butt (1995) carried out a large-scale field manipulation of 

water temperatures in a first order stream in Toronto, Canada.  The Plecoptera (stonefly) and 

Amphipoda (amphipod) species under investigation exhibited changes in life history events in 

the stream with warmer temperatures (Hogg et al. 1995).  Amphipods began breeding two 

months earlier than control groups and stonefly species emerged two weeks earlier (Hogg et al. 

1995).  Hogg et al. (1995) also emphasized the importance of dispersal abilities and gene flow 

between populations, indicating that the stonefly species, which have high dispersal ability, had 

greater tolerance for the experimental increase in water temperature when compared to the 

amphipod species that exhibited greater genetic differentiation and limited dispersal ability.      

Study Objectives and Hypotheses 

The basic objective of this project is to investigate biodiversity of understudied benthic 

macroinvertebrate communities from two watersheds on Navarino Island in southernmost 

Chile.  Benthic macroinvertebrate community data was collected from the Windhond River and 

compared to assemblages found in the Róbalo River to assess patterns in diversity and dispersal 

across watersheds. 

This research will aid in the establishment of baseline data for use in future studies and 

contribute to the long-term monitoring of the Róbalo watershed.  Specific objectives of this 

research include investigating differences in macroinvertebrate communities along an 

altitudinal gradient between the Windhond River and the Róbalo River, which is a designated 

reference site; examining physical and chemical factors that influence benthic 

macroinvertebrate biodiversity patterns such as altitude, temperature, conductivity, water 
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velocity, and substrate; and comparing life history stages in Meridialaris chiloeense 

(Ephemeroptera) across watersheds.  The life history and emergence patterns of this species 

have been well documented in the Róbalo River (Contador and Kennedy in press), which will 

facilitate comparisons of life history stages collected in the Windhond River.  Hypotheses 

associated with the proposed objectives are listed below. 

 Ha1:  Benthic macroinvertebrate communities will significantly differ along an altitudinal 

gradient both within and between each watershed.   

 Ha2:  Physical and chemical factors (temperature, velocity, substrate, etc.) will affect 

composition of benthic macroinvertebrate communities in the Róbalo and Windhond Rivers.  

 Ha3:  Developmental stages in Meridialaris chiloeense observed at each sampling site will 

differ along an altitudinal/temperature gradient. 

Materials and Methods 

Study Area 

Navarino Island is located in the Cape Horn Archipelago in southern Chile.  It is bordered 

by the Beagle Channel to the north and Cape Horn Islands (including Wollaston and others) to 

the south (Figure 1).  The island is part of the Cape Horn Biosphere Reserve, which is the largest 

biosphere reserve in southern South America and comprises both marine and terrestrial 

habitats (Rozzi, Massardo, Anderson, Heidinger and Silander 2006).  The island hosts the 

world’s southernmost forested ecosystems, and is home to a unique flora and fauna 

(Moorman, Anderson, Gutierrez, Charlin, and Rozzi 2006).  Despite its proximity to Antarctica, 

Navarino Island primarily experiences an oceanic climate, with short cool summers and 

relatively mild winters (Rozzi et al. 2012). 



8 
 

 

 
Figure 1:  Regional map showing Navarino Island (highlighted in yellow) located north of Cape 
Horn Island and south of the Beagle Channel, within the Cape Horn Biosphere Reserve in 
southern Chile. 
 

The primary habitat types encountered on Navarino Island include deciduous and 

evergreen Magellanic forests, Magellanic moorlands, and high Andean mountains.  Magellanic 

forests are dominated by the deciduous beech species Nothofagus pumilio (Lenga) and 

Nothofagus antarctica (Ñirre), and evergreen Nothofagus betuloides (Coigüe) (Vuilleumier 

1985).  Magellanic moorlands are extremely wet, experiencing annual rainfall ranging from 

3500 mm to over 8000 mm (Kuschel 1960).  The moorlands are dominated by Sphagnum bog, 

and various other species including Astelia pumila, Empetrum rubrum, and the cushion plant 

Donatia fascicularis (Kuschel 1960).  High Andean habitats have vegetation characteristic of 

alpine tundra, where lichens and cushion plants such as Bolax gummifera and Azorella sp. 

commonly occur (Moore 1975).     

The temperate Magellanic forests of southern South America have been identified as 

one of 24 global wilderness areas based on the presence of vast tracts of uninhabited, intact 
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land, and low human densities (Mittermeier et al. 2003).  The Sub-Antarctic Cape Horn 

Biosphere Reserve is included in this region.  It provides a valuable reference condition for 

comparison to regions with similar habitats that have experienced greater anthropogenic 

impacts.  This designation also highlights the importance of establishing conservation measures 

necessary to maintain this pristine state.  

The Magellanic forest ecosystem is biogeographically isolated from other forested 

regions of South America (Vuilleumier 1985, Armesto, Rozzi, Smith-Ramirez and Arroyo 1998).  

The Andes mountain range borders these forests to the east, the Pacific Ocean to the south and 

west, and the Atacama Desert to the north (Rozzi et al. 2012).  This isolation has likely 

contributed to the high numbers of endemic species found in the region (Rozzi et al. 2012).  For 

example, researchers have found a high degree of diversity in non-vascular flora in the Sub-

Antarctic Magellanic region, revealing over 5% of the world’s bryophyte species on less than 

0.01% of the earth’s land surface (Rozzi et al. 2008).  Prior studies in the region have identified 

highly pristine stream ecosystems characterized by high degrees of diversity and endemism in 

macroinvertebrate fauna (Moorman et al. 2006).  Mittermeier et al. (2003) includes a catalog of 

species richness and endemic species of plants, mammals, birds, reptiles, and amphibians for 

each of the 24 wilderness areas.  In the temperate Magellanic forests of southern South 

America, 6.4% of species listed are endemic to the region, which is comparable to the 6.9% 

endemism found in Boreal forests of the northern hemisphere (Mittermeier et al. 2003).  This is 

a striking observation considering the Magellanic forests constitute a much smaller landmass 

(147,200 km2) when compared to the Boreal forests (16,179,500 km2) (Mittermeier et al. 2003).  
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Interestingly, invertebrates were not included in this assessment of endemic species in the 24 

wilderness areas.         

 Despite the pristine nature of the Cape Horn region, it has not been spared from effects 

of invasive species.  The North American beaver (Castor canadensis) was first introduced to 

Tierra del Fuego Island in 1946 to encourage fur trade, and populations rapidly spread to 

islands located within the Cape Horn archipelago including Navarino Island (Anderson et al. 

2009).  Beaver activity has consequently been detected in every watershed on Navarino Island 

(Anderson et al. 2006).  Vegetation in the region, having evolved without beavers, is not 

adapted to respond to this exotic ecosystem engineer, thus regeneration is slow to nonexistent, 

and beaver activity represents the largest impact to these forested habitats since the last ice 

age (Anderson et al. 2009).     

 Beaver modification of forested riparian and aquatic habitats has significant impacts on 

benthic community structure.  Anderson and Rosemond (2007) found that beaver ponds host 

macroinvertebrate assemblages that contain half the species richness, diversity and functional 

feeding groups of streams flowing through forested reaches.  However, abundance, biomass 

and secondary productivity increase by three to five times in beaver ponds, likely as a result of 

greater food availability due to retention of particulate organic matter (Anderson and 

Rosemond 2007).  Beaver activity converts lotic habitats into lentic habitats, and as a result 

certain functional feeding groups in beaver ponds are present in different proportions when 

compared to downstream sites and forested sites (Anderson and Rosemond 2007).  Biomass of 

gatherers and predators is much higher in beaver ponds; while biomass of scrapers, shredders 

and filterers is significantly lower (Anderson and Rosemond 2007).        
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The presence of beaver on Navarino Island presents a potential confounding variable 

when attempting to compare benthic macroinvertebrate assemblages across watersheds.  

Recognition of this factor may help to explain patterns of species richness and abundance when 

sampling sites are located in beaver-impacted areas.  The aquatic invertebrate communities of 

the Róbalo River have been studied since 2003 (Contador 2011), and although the Róbalo does 

exhibit impacts from beaver activities, it has been designated as a reference stream and 

targeted for long-term monitoring due to the abundance of research that has focused on this 

system.  In addition, the river is located within the boundaries of the Omora Ethnobotanical 

Park on the north side of the Dientes mountain range within forested riparian habitat.  In 

contrast, the aquatic invertebrate communities of the Windhond River, on the southern slope 

of the Dientes has a moorland dominated habitat, and is less understood than the Róbalo.  Due 

to the Róbalo River’s geographic location and riparian habitat, it may harbor macroinvertebrate 

communities that are significantly different than those in the Windhond River.   

Description of the Windhond and Róbalo Watersheds 

For this investigation, the Windhond and Róbalo watersheds were sampled to obtain 

benthic macroinvertebrate community data.  The Róbalo River originates on the north facing 

slopes of the Dientes mountain range, and extends approximately 12 km from headwaters to 

the mouth, where it drains into the Beagle Channel on the northern side of the island.  It 

provides drinking water to the town of Puerto Williams, with a population of approximately 

2,600 people, and is located within the Omora Ethnobotanical Park, which protects the river 

basin and helps to maintain high water quality through scientific monitoring and educational 

programs (Rozzi et al. 2010).  The Róbalo River has a fairly steep gradient (average slope 
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~12.5%), and is considered a “clear-water” river because it primarily drains forested habitat, 

rather than Sphagnum bogs.   

The Windhond River originates in the south facing slopes of the Dientes mountain range 

on Navarino Island, and extends approximately 20 km from the headwaters to the mouth of the 

river in Windhond Bay on the southern side of the island.  The Windhond River has a more 

gradual gradient (average slope ~6%) when compared to the Róbalo River.  It is located in a 

Sphagnum dominated drainage basin and is thus considered a “black-water” river because of 

tannin enriched waters (Anderson and Rosemond 2010).   

Field and Laboratory Methods 

Sampling of the Windhond and Róbalo Rivers on Navarino Island took place during the 

austral summer between December 13, 2011 and January 15, 2012.  Two additional watersheds 

were sampled in a valley on the western side of the island to supplement current taxonomic 

lists for the area and to provide additional data on aquatic insect communities from the 

western side of the Dientes mountain range (Figure 2).  To maintain consistency and to 

facilitate comparative analyses, collection methods in the Windhond River and other 

watersheds were similar to methods utilized in the Róbalo River in prior studies (Contador et al. 

2015).   
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Figure 2:  Map of sampling sites on Navarino Island (RR 1-5: Róbalo River Stations 1-5; WHR 1-4: 
Windhond River Stations 1-4; West 1-2: Western watershed Stations 1-2; SW 1-2: Southwest 
watershed Stations 1-2). 
 

Benthic macroinvertebrates were collected from four sites along an altitudinal gradient 

in the Windhond watershed, each separated by approximately 100 m of elevation change.  

Invertebrate samples were collected from the Róbalo River at each of the five permanent 

sampling stations established in Contador et al. (2015).  The five permanent sampling stations 

are located at 130, 230, 380, 480 and 580 meters above sea level.   Examination of the elevation 

profiles of the Róbalo and Windhond Rivers (Figures 3 and 4) reveals that the elevation gradient 

of the Windhond River is more gradual than that of the Róbalo River.  The headwaters of the 

Róbalo River originate at approximately 600 meters above sea level and extend approximately 

12 km to the mouth of the river.  In contrast, the headwaters of the Windhond River originate 

around 450 meters above sea level and extend approximately 20 km to the mouth of the river.  
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Figures 3 (left) and 4 (right):  Elevation profiles for the Róbalo River (left) and Windhond River 
(right) with approximate elevation of sampling stations indicated by arrows. 
 

Sites in the Windhond watershed were selected based on visual identification of 

altitudinal changes in vegetation.  Windhond River sampling locations were also selected to 

closely mimic the site elevations on the Róbalo River, with the exception of the highest 

elevation of 580 meters above sea level (Figure 4).  A handheld GPS unit (Garmin GPS 72H) was 

used to record sampling location information and to ensure that selected site elevations were 

similar to the elevations of the permanent stations on the Róbalo River.  All sampling sites were 

accessed on extended backpacking trips.     

To quantify the abundance and distribution of benthic macroinvertebrates in the 

Windhond and Róbalo Rivers, a Surber sampler (0.09 m2) with 243 µm mesh net was used to 

collect three replicate samples for 60 seconds within suitable riffle habitat at each station for a 

total of 12 samples in the Windhond River, 15 samples in the Róbalo River and 12 samples in 

the unnamed western watershed (Figure 2).  A 30 meter reach was established at each 

sampling site and divided into three transects (0 m, 15 m, and 30 m).  Surber samples were 

collected approximately 15 m apart along the 30 m reach, with one sample located upstream at 

0 m, one located mid-reach at 15 m, and the third replicate sample taken downstream at 30 m.  
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Surber samples were washed in the field to remove large debris, preserved in 70% ethanol, 

labeled and transported back to the field station for processing.   

Flying adult insects were collected with fine mesh (0.33 mm) Townes-style Malaise traps 

(Townes 1972) purchased from Sante Traps (Lexington, KY).  One malaise trap was set up 

overnight for a minimum of eight hours to collect emergent aquatic insects at four of the five 

permanent sampling stations on the Róbalo River.  Malaise samples were not collected at the 

highest elevation site on the Róbalo due to lack of vegetation or other means to set up the trap.  

Malaise samples were filtered in the field, preserved in 70% ethanol, labeled and transported 

back to the field station for processing.  Malaise samples were used to supplement taxonomic 

lists.         

Benthic macroinvertebrates were identified to the lowest possible taxonomic level using 

a dissecting microscope.  Regional keys and other available taxonomic references including 

Peters and Edmunds (1972), Flint (1982), Wygodzinsky and Coscarón (1989), Heckman (2002), 

Heckman (2003), Mercado and Elliott (2004), Nieto (2004), and Merritt et al. (2008) were 

utilized to identify collected specimens.  Specimens were classified by functional feeding groups 

according to Merritt et al. (2008) and Contador (2011).  Primary functional feeding groups 

collected in the region include filtering collectors, gathering collectors, shredders, predators, 

and scrapers (Contador et al. 2015).  Developmental life history stages of Meridialaris 

chiloeense (Ephemeroptera: Leptophlebiidae) specimens were determined by examining wing 

pad development as described in Contador and Kennedy (in press).    

A YSI Model 85 meter was used to collect water chemistry data at each sampling station 

including dissolved oxygen (mg/L), conductivity (µS), and temperature (˚C).  A YSI pH10 meter 
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was used to record pH for each site.  In addition, long term monitoring of water temperatures 

was carried out in the 5 permanent sampling stations of the Róbalo River using HOBO® 

Underwater Temperature Data Loggers.  Water temperature data was collected from January 

2012 to January 2014 from Stations 2, 3, and 5.  Data loggers from Station 1 and Station 4 could 

not be retrieved for this study.  Three temperature data loggers were also deployed in the 

Windhond River, but were unable to be recovered.   

Physical characteristics such as average stream width and substrate type were recorded.  

To characterize the substrate at each site, a Wolman Pebble Count was conducted using a 

standard gravelometer.  The step-toe procedure was used to obtain substrate particles as 

outlined in Harrelson, Rawlins and Potyondy (1994).  A minimum of 150 pebble measurements 

for each site were classified using the Wentworth scale and recorded.  Riparian habitat data 

such as average bank slope was determined using a clinometer, and canopy cover was 

estimated using a densitometer at each transect.  Water velocity was determined using the 

float method by timing a ping-pong ball as it traveled a fixed distance along the water surface 

(Robins and Crawford 1954).  A minimum of three replicate measurements were collected per 

sampling station in order to calculate average surface water velocity for each site.  Within each 

Surber sample location, water velocity (microflow) was estimated by measuring the water 

depth with a ruler held both parallel and perpendicular to flow.   

Data Analyses 

Various biotic indices were calculated to quantify distribution and abundance of benthic 

macroinvertebrates in these watersheds including taxa richness, density, Shannon-Wiener 

diversity, evenness, and functional feeding groups.  Biodiversity measures were calculated using 
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R software, version 3.0.2 and Biodiversity Pro version 2.  Normality of data was tested using 

Shapiro-Wilk tests.  After data were determined to be normally distributed, a two-way ANOVA 

(elevation and watershed) was used to examine differences between sites.  If significant 

differences were detected, post-hoc comparisons were performed using Student-Newman-

Keuls (SNK) tests.  A Shapiro-Wilk statistical test was also used to determine if Meridialaris 

chiloeense developmental class data were normally distributed and a two-way ANOVA was 

used to compare abundance of different developmental stages of Meridialaris chiloeense 

between the two watersheds.  For all analyses, I used SAS 9.3 software to determine statistical 

measures using an alpha level of 0.05.   

Water velocity (microflow) was calculated using the following equation:  velocity = √ (2 X 

gravitational force @ 981cm/s2) X (depth perpendicular to flow – depth parallel to flow) (Craig 

1987).  A Shapiro-Wilk statistical test was used to determine if physical and chemical data are 

normally distributed.  After confirming that the data are normally distributed, a two-way 

ANOVA was used to compare physical and chemical factors within watersheds and between 

watersheds.  In addition, multivariate statistical Canonical Correspondence Analysis (CCA) was 

conducted using R software, version 3.0.2 to elucidate relationships between species and 

physical/chemical habitat variables in each watershed.  CCA is a direct multivariate ordination 

technique because it includes both taxa abundance from each site and environmental variables.  

The amount of variation explained in the CCA plot is constrained by the environmental factors 

included in the analysis, and the similarity of sites can only be related based on these 

environmental factors.  Akaike's information criterion (AIC) was used to determine goodness of 

fit of potential models.  The model with the lowest AIC score represents the best fit model for 
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the data, and includes elevation, temperature, substrate, and velocity.  Taxa included in the 

CCA were those that represent more than 90% of the overall abundance of taxa for the dataset.     

Cluster analysis was used to visually examine the relationship between taxa composition 

for each sampling site between the two rivers.  Cluster analysis was completed using R software 

version 3.0.2, and the best fit cluster analysis was determined by comparing correlation values 

between the Bray-Curtis distance and the cophenetic distance for each different cluster analysis 

method (Mouchet et al. 2008).  The correlation values are a measure of the goodness of fit of 

each model, and the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) analysis 

had the highest correlation value for this dataset.  UPGMA is an agglomerative clustering 

analysis that identifies similar observations and groups them together using a similarity matrix.   

Results 

Biodiversity Patterns 

 A total of 17,000 organisms were collected from the three watersheds.  Forty one 

benthic macroinvertebrate taxa were identified in the Róbalo River, while 35 taxa were 

collected from the Windhond River, and a total of 44 different taxa were collected from the two 

rivers combined (Table 1, Figure 5).  Of these 44 taxa, 16 were identified to genus, five were 

identified to species, and the remainder of the taxa were identified to morphotype, order, 

family, or subfamily.  The order Diptera was the most diverse group (16 taxa) followed by 

Plecoptera (9 taxa), and Ephemeroptera (4 taxa).  Samples collected in the southwestern and 

western watersheds on the west side of the Dientes mountain range were sorted and 

processed using less rigorous methods than those employed for the Windhond and Róbalo 

samples and were only collected between 130 and 300 m.a.s.l., thus they were excluded from 
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statistical analyses in this chapter.  However, these samples were retained to supplement 

taxonomic lists and for use in the population genetic structure analyses discussed in Chapter 2.     

Figure 5:  Venn diagram illustrating the taxa found exclusively in the Windhond or Róbalo 
Rivers, and taxa found in both rivers.  Organisms highlighted in red were found throughout the 
entire altitudinal gradient in both rivers.     
 
 In the Windhond River, Station 3 (240 m.a.s.l.) had the highest total taxa richness (26 

taxa), while Station 4 (150 m.a.s.l.) had the lowest with 23 taxa (Table 1).  In the Róbalo River, 

Station 3 (380 m.a.s.l.) had the highest total richness (29 taxa) and Station 2 (480 m.a.s.l.) had 

the lowest (18 taxa).  Average taxa richness was significantly higher at Róbalo Stations 3 and 4 

and significantly lower at Róbalo Stations 1 and 2 (two-way ANOVA and SNK, F=4.99, p=0.002, 

α=0.05) (Figure 6).  In general, total taxa richness was highest around the mid-elevation range 

of the altitudinal gradient in both rivers.     

Róbalo and Windhond 
Hyallela simplex  Hirudinae 

Oligochaeta  Acariformes 
Copepoda  Ostracoda 
Cladocera  Nematoda 

Collembola  Luchoelmis sp. 
Scirtidae   Dolichopodidae 
Edwarsina sp.  Gigantodax sp. 

Hemerodromia sp.       Tanypodinae 
Ceratopogonidae  Orthocladiinae 
Aphroteniinae  Podonominae 

Tipulidae Morphotype B            Empididae 
Andesiops ardua              Andesiops torrens 
Meridialaris sp.  Metamonius  sp. 

Senzilloides panguipulli          Gripopterygidae 
Udamocercia sp.  Limnephilidae 

Monocosmoecus sp. 
Rheochorema magellanicum 

Windhond Taxa 
Chironominae 

Tipulidae Morphotype D 
Rithroperla sp. 

 

Róbalo Taxa 
Lancetes sp. 

Hexatoma sp. 
Tipulidae Morphotype A 
Tipulidae Morphotype C 

Pelurgoperla sp. 
Aubertoperla sp. 

Paragripopteryx sp. 
Notoperla sp. 

Antarctoperla sp. 
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Figure 6:  Mean taxa richness (±SE) of benthic macroinvertebrates along the altitudinal gradient 
of the Windhond and Róbalo Rivers. 
 
 
 

 
Figure 7:  Mean density (±SE) of benthic macroinvertebrates along the altitudinal gradient of 
the Windhond and Róbalo Rivers. 
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Table 1:  List of all taxa collected across the altitudinal gradient in the Windhond and Róbalo 
Rivers.  Sampling stations for the Windhond River are abbreviated WR1-WR4 and RR1-RR5 for 
the Róbalo River.  “” denotes presence of a taxa at a sampling station.  Taxa highlighted in 
green were found at all stations in both rivers, blue were found only in the Windhond River and 
yellow were found only in the Róbalo River. 

 
 

 

Subphylum/Class Subclass/Order Family Sub-Family Genus species WR1 WR2 WR3 WR4 RR1 RR2 RR3 RR4 RR5

Clitellata Hirudinae        

Clitellata Oligochaeta         

Arachnida Acariformes         

Crustacea Amphipoda Hyalellidae Hyallela simplex         

Crustacea Copepoda       

Crustacea Ostracoda        

Crustacea Cladocera    

Nematoda      

Insecta Collembola        

Insecta Coleoptera Elmidae Luchoelmis sp.     

Insecta Coleoptera Dytiscidae Lancetes sp. 

Insecta Coleoptera Scirtidae   

Insecta Diptera Dolichopodidae   

Insecta Diptera Blephariceridae Edwarsina sp.  

Insecta Diptera Simuliidae Gigantodax sp.         

Insecta Diptera Empididae Hemerodromia sp.         

Insecta Diptera Empididae    

Insecta Diptera Chironomidae Tanypodinae         

Insecta Diptera Chironomidae Orthocladiinae         

Insecta Diptera Chironomidae Chironominae  

Insecta Diptera Chironomidae Aphroteniinae      

Insecta Diptera Chironomidae Podonominae         

Insecta Diptera Tipulidae Hexatoma sp. 

Insecta Diptera Tipulidae Tipulid Morphotype A   

Insecta Diptera Tipulidae Tipulid Morphotype B   

Insecta Diptera Tipulidae Tipulid Morphotype C   

Insecta Diptera Tipulidae Tipulid Morphotype D  

Insecta Diptera Ceratopogonidae       

Insecta Ephemeroptera Baetidae Andesiops ardua    

Insecta Ephemeroptera Baetidae Andesiops torrens      

Insecta Ephemeroptera Leptophlebiidae Meridialaris sp.         

Insecta Ephemeroptera Nesameletidae Metamonius  sp.      

Insecta Plecoptera Gripopterygidae         

Insecta Plecoptera Gripopterygidae Rithroperla sp.   

Insecta Plecoptera Gripopterygidae Senzilloides panguipulli  

Insecta Plecoptera Gripopterygidae Pelurgoperla sp. 

Insecta Plecoptera Gripopterygidae Aubertoperla sp. 

Insecta Plecoptera Gripopterygidae Paragripopteryx sp. 

Insecta Plecoptera Gripopterygidae Notoperla sp.  

Insecta Plecoptera Gripopterygidae Antarctoperla sp. 

Insecta Plecoptera Notonemouridae Udamocercia sp.     

Insecta Trichoptera Limnephilidae    

Insecta Trichoptera Limnephilidae Monocosmoecus sp.     

Insecta Trichoptera Hydrobiosidae Rheochorema magellanicum      

Robalo only

Windhond only

Sampling Station

Found at all stations in both rivers
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 Macroinvertebrate density (organisms/m2) was significantly higher at Róbalo Station 4 

(230 m.a.s.l.) (two-way ANOVA and SNK, F=3.17, p=0.02, α=0.05), with density measurements 

for this station ranging from 9,000 to 14,000 individuals/m2 (Figure 7).  The headwaters of the 

Windhond River at Station 1 had the lowest average density, where an average of 2,700 

individuals/m2 were collected.  Figure 8 shows a beanplot of the altitudinal patterns of 

macroinvertebrate density in the two rivers where each “bean” depicts a density trace, and the 

individual density measurements from each Surber sample replicate are displayed as a single 

white line, the average for each site is represented by the solid black line, and the overall mean 

by the dotted line (Kampstra 2008).  The bean plot facilitates comparisons of different groups of 

data by displaying each individual measurement, as well as group averages and overall data 

distributions (Kampstra 2008).  The bean plot highlights the bimodal distribution of density 

measurements at Windhond Stations 2 and 4, and Róbalo Stations 4 and 5.                  

 
Figure 8:  Beanplot of benthic macroinvertebrate densities along the altitudinal gradient of the 
Windhond and Róbalo Rivers. 
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Figure 9:  Mean Shannon index (±SE) of benthic macroinvertebrate communities along the 
altitudinal gradient of the Windhond and Róbalo Rivers. 
 
 Mean Shannon diversity was not significantly different along the altitudinal gradient 

within or between rivers (two-way ANOVA, F=1.75, p=0.16, α=0.05), although it did exhibit a 

mid-elevation peak in the Róbalo River (Figure 9).  Pielou’s evenness index (J’) was also not 

significantly different along the altitudinal gradient within or between rivers (two-way ANOVA, 

F=1.44, p=0.25, α=0.05) (Figure10).  Evenness measures suggest that the two rivers have similar 

distributions of individuals within each species across the altitudinal range, and evenness 

generally increases towards the headwaters in both rivers (Figure 10).   
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Figure 10:  Mean evenness (±SE) of benthic macroinvertebrate communities along the 
altitudinal gradient of the Windhond and Róbalo Rivers. 
 
 Functional feeding group patterns generally follow the predictions of the River 

Continuum Concept (Vannote, Minshall, Cummins, Sedell, and Cushing 1980) with shredders 

present in higher proportions in the headwaters due to the input of coarse particulate organic 

matter, and scrapers and filter feeders becoming more prominent downstream where algae 

and fine particulate organic matter are more abundant.  Across all sites in both rivers, collector-

gatherer species were present in the greatest proportion, followed by predators, filter feeders, 

and scrapers (Figure 11).  In both the Róbalo and Windhond Rivers, the density of collector 

gatherers was significantly higher than all the other functional feeding groups (two-way ANOVA 

and SNK, p<0.0001, α=0.05), and the densities of the other functional feeding groups were not 

statistically significantly different.  
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Figure 11:  Percent Functional Feeding Groups along the altitudinal gradient of the Windhond 
and Róbalo Rivers. 
 

UPGMA cluster analysis shows a general grouping of higher elevation sites to the left 

and lower elevation sites to the right, with Róbalo River Station 4 separating out as distinct 

from all the other sampling stations in both rivers (Figure 12).    

 
Figure 12:  Unweighted Pair Group Method with Arithmetic Mean (UPGMA) cluster analysis for 
each site in the Róbalo (RR1-RR5) and Windhond Rivers (WR1-WR4). 
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Environmental Relationships 

Table 2 details the physical-chemical habitat variables measured across the altitudinal 

gradient in the Windhond and Róbalo Rivers.  Average stream width increased from the 

headwaters to the mouth in both rivers (two-way ANOVA and SNK, p=<0.0001 , α=0.05).  

Canopy cover was only recorded at Windhond Station 3 and Róbalo Station 5, as these were the 

only sites with riparian overstory trees.  Bank slope was not significantly different along the 

altitudinal gradient in both rivers (two-way ANOVA, p=0.11 (right) and p=0.45 (left), α=0.05).  

Velocity and microflow generally increased downstream in both rivers (two-way ANOVA and 

SNK, p=<0.0001 and p=0.006 respectively, α=0.05).  Substrate Diversity was measured by 

applying a Shannon Diversity Index to the abundance of different size classes recorded in the 

pebble count.  Substrate diversity was significantly higher at Róbalo River Station 5 and lower at 

Róbalo River Stations 1, 2, and 4 and Windhond River Station 4 (two-way ANOVA and SNK, 

p=0.01, α=0.05).   

Dissolved oxygen (mg/L) and pH could not be recorded for all sites in the Windhond and 

Róbalo Rivers due to meter failure, but previous analysis of these parameters in the Róbalo 

River has suggested that they are not significantly different across the altitudinal gradient 

(Contador et al. 2015).  Conductivity (µS) generally increased downstream in the Róbalo and 

Windhond Rivers, with the exception of Windhond Station 1, where conductivity was measured 

at 57.4 µS, however this value is comparable to conductivity values measured at similar 

altitudes  in other montane rivers in South America (Lujan et al. 2013, Miserendino 2001).  

Water temperature also increased downstream in both rivers.  In the Róbalo temperatures 

increased by approximately 1.5°C for each 100 m decline in elevation, and in the Windhond 
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temperatures increased approximately 3°C for each 100 m decline in elevation.  Results of long 

term water temperature monitoring of the Róbalo River are presented in Figure 13, which 

displays a trend of warmer temperatures at lower elevation sites (Róbalo Station 5) and cooler 

water temperatures at higher elevation sites (Róbalo Station 2).  Statistical analyses were not 

conducted on temperature, conductivity, or pH because only one measurement was collected 

from each sampling station. 

Table 2:  Physical and chemical habitat variables along the altitudinal gradient of the Windhond 
and Róbalo Rivers.  Sites from both rivers are listed in order of decreasing elevation from left to 
right to facilitate comparison across the altitudinal gradient.  Mean values are provided for 
stream width, canopy cover, bank slope, velocity, microflow, and substrate diversity.  An entry 
of “-“ indicates meter failure at that location.  Width, velocity, microflow and substrate diversity 
were compared with a two-way ANOVA.  Values with different letters were significantly 
different with a SNK test (α=0.05).   

 
 

Robalo 1 Robalo 2 Windhond 1 Robalo 3 Windhond 2 Windhond 3 Robalo 4 Windhond 4 Robalo 5

Elevation (m.a.s.l.) 580 480 440 380 345 240 230 150 120

Sampling Date 1/7/2012 1/7/2012 12/31/2011 1/8/2012 12/31/2011 1/1/2012 1/9/2012 1/1/2012 1/12/2012

Avg. Width (m) 2.24
C

2.25
C

1.53
C

3.34
BC

5.42
BC

5.44
BC

12.4
A

5.69
BC

7.85
B

Canopy Cover (%) 0 0 0 0 0 62.7 0 0 76.5

Avg. Left Bank Slope (° ) 24.3 14 17.3 21.7 32.3 31 8 24.7 26.7

Avg. Right Bank Slope (° ) 13.7 14 16 36 16 36.3 18 13 41.7

Avg. Velocity 'float' (m/s) 0.4C 0.3D 0.06E 0.3CD 0.3CD 0.4BC 0.6A 0.5B 0.3CD

Avg. Microflow 'U' (m/s) 0.2AB 0.2AB 0.09B 0.6AB 0.6AB 0.3AB 0.8A 0.7A 0.5AB

Substrate diversity (H') 1.98
B

1.96
B

2.16
AB

2.07
AB

2.04
AB

2.18
AB

1.96
B

1.93
B

2.38
A

Temperature (°C) 7.73 8.64 11.37 11.91 13.14 12.16 13.49 20.58 14.21

Conductivity (µS) 21.2 18.8 57.4 23.1 25.8 36.1 34.6 38.2 34.2

D.O. (mg/L) - - - - - - - - -

pH 7.28 - 7.35 - 7.63 7.6 - 7.7 -
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Figure 13:  Long term water temperatures for Station 2 (480 m.a.s.l.), Station 3 (380 m.a.s.l.), 
and Station 5 (130 m.a.s.l.) of the Róbalo River from January 2012 through January 2014.  
 
 Results of Canonical correspondence analysis (CCA) are presented in Figure 14.  The CCA 

plot shows a general grouping of high elevation sites along the elevation vector, with 

Chironomidae subfamily Podonominae, mayfly Metamonius sp., stonefly Udamocercia sp., and 

Diptera family Ceratopogonidae associating with these sites.  The temperature vector separates 

out in the opposite direction from the elevation vector, and is associated with the lower 

elevation sites.  The mayfly species Andesiops ardua and Andesiops torrens, Elmidae beetle 

Luchoelmis sp., stonefly Rithroperla sp. and blackfly Gigantodax sp. were associated with the 

temperature vector.  Róbalo River Station 4 separates out from the rest of the sites and is 

associated with the velocity vector as well as the number of Copepoda and Dolichopodidae.  
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Most of the taxa were grouped around the center of the plot, showing no distinct trend in 

community composition in relation to environmental factors.   

 
Figure 14:  Canonical correspondence analysis plot relating environmental data (elevation, 
temperature, substrate, and velocity) to sampling sites and macroinvertebrate taxa that 
contribute over 90% of the overall abundance for each sample.  R1-R5 = Róbalo Stations 1-5, 
WR1-WR4 = Windhond Stations 1-4, macroinvertebrate taxa abbreviations:  Aard= Andesiops 
ardua, Acar=Acariformes, Ator=Andesiops torrens, Cera=Ceratopogonidae, Chir=Chironominae, 
Cope=Copepoda, Doli=Dolichopod, Giga=Gigantodax, Grip=Gripopterygidae, 
Heme=Hemerodromia sp., Hiru=Hirudinae, Hyal=Hyallela simplex, Luch=Luchoelmis sp., 
Meri=Meridialaris chiloeense, Meta=Metamonius sp., Noto=Notoperla sp., Olig=Oligochaeta, 
Orth=Orthocladiinae, Podo=Podonominae, Rheo=Rheochorema sp., Rith=Rithroperla sp., 
Tany=Tanypodinae, TipA=TipulidA, TipB=TipulidB, Udam=Udamocercia sp.  

 
Meridialaris chiloeense Life History Stages 

 Developmental stages for Meridialaris chiloeense were classified as one of five distinct 

developmental instars on the basis of wing pad size and the presence of well-defined 

compound eyes as described in Contador (2011).  Figure 14 depicts the percent composition of 

each instar found at each sampling station in the two rivers, as well as the total number of 

Meridialaris chiloeense specimens collected from each sampling station at the top of each bar.  
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There were more early instar mayflies (developmental stages I and II) at all stations in both 

rivers than any other developmental stage.  Additionally, more mature nymphs (developmental 

stage V) were collected at the headwater stations in both the Windhond and Róbalo Rivers, 

suggesting that patterns of emergence for this species may be similar in both rivers.      

 
Figure 15:  Percent Meridialaris chiloeense developmental size classes along the altitudinal 
gradient of the Windhond and Róbalo Rivers.  Percent of each developmental stage (I-V) 
collected is depicted along with the total number of Meridialaris chiloeense specimens 
collected at each station (at the top of each bar).  RR1-RR5 = Róbalo Stations 1-5, WR1-WR4 = 
Windhond Stations 1-4.   

Discussion 

  Patterns in diversity, density, evenness and functional feeding groups were not 

significantly different across the altitudinal gradient in both the Windhond and Róbalo Rivers.  

Taxa richness in both rivers generally increased from the headwaters of the river to the mouth, 

which is a pattern consistent with studies in both temperate and tropical systems (Jacobsen et 

al. 1997, Jacobsen 2004, Rahbek 1995).  Róbalo River Station 4 contained significantly higher 

densities of macroinvertebrates, and is most dissimilar from the other sites in both rivers based 
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on its grouping in UPGMA cluster analysis as well as CCA.  This is consistent with results of prior 

studies on the Róbalo River (Contador et al. 2015), and is likely the result of the Station being 

located immediately upstream of a former beaver dam, which still influences community 

structure and composition at this site (Anderson and Rosemond 2007).  Functional feeding 

group patterns were consistent with the predictions of the River Continuum Concept, with 

shredders present in greater densities at higher elevation sites due to the input of coarse 

particulate organic matter and scrapers and filter feeders present in greater densities at lower 

elevation sites due to increased autochthonous input (Vannote et al. 1980), and collector 

gatherers were the predominant group at all sites, which is similar to patterns observed in 

other Patagonian streams (Miserendino and Pizzolon 2000).           

 The macroinvetebrate communities of the Róbalo and Windhond Rivers are similar to 

those found in other Patagonian streams in southern South America (Miserendino and Pizzolon 

2000).  The dominance of the orders Diptera, Trichoptera, Ephemeroptera, and Plecoptera is 

typical of montane systems in the southern hemisphere (Jacobsen et al. 1997, Contador et al. 

2015).  Several families collected from this study are among the southernmost records for these 

taxa, reaching their global southern distribution limit in the Cape Horn region, including 

Scirtidae, Elmidae, Dytiscidae, Blephariceridae, Ceratopogonidae, Empididae, Simuliidae, 

Tipulidae and the orders Ephemeroptera, Plecoptera, and Trichoptera (Moorman et al. 2006).  

The sub-Antarctic streams of Navarino Island also share affinities with macroinvertebrate taxa 

of New Zealand, South Africa, and Australia (Moorman et al. 2006).  New Zealand and South 

America have the strongest affinity at the family level, with the families Leptophlebiidae, 

Gripopterygidae, Notonemouridae, and Hydrobiosidae being a few examples of the families 



32 
 

shared by rivers in Patagonian, sub-Antarctic and New Zealand streams (Miserendino and 

Pizzolon 2000, 2003).   

Compared to continental mountain streams, the sharp altitudinal gradient of these sub-

Antarctic streams is unique and exhibits vegetation changes from deciduous forest to alpine 

tundra over a gradient from 0 to 600 m.a.s.l., with weather patterns moderated by the oceanic 

climate (Contador et al. 2015).  Continental systems exhibit the same vegetation changes over 

an altitudinal gradient ranging from 0 to 4,000 m.a.s.l., with much more drastic weather 

patterns and lower temperatures.  This sharp altitudinal gradient has been linked to alterations 

in life histories in the blackfly Gigantodax sp. and the mayfly Meridialaris chiloeense in the 

Róbalo River, with the blackfly exhibiting a univoltine (one generation per year) life cycle in the 

headwaters and multivoltine (three generations per year) life cycle at the lowest elevation site 

(Contador and Kennedy in press).  Meridialaris chiloeense takes two years to complete a life 

cycle in the headwaters of the Róbalo River, but only one year at the lowest elevation site 

(Contador and Kennedy in press).   

Water temperature is widely regarded as the primary factor influencing the life history 

of aquatic insects along latitudinal and elevation gradients (Vannote and Sweeney 1980).  

Because aquatic insects spend more time in the larval aquatic stage than their terrestrial adult 

stage, and because the larval stages are highly dependent on temperature, they may exhibit 

drastic alterations in life history events in response to global climate change.  An experimental 

manipulation of stream temperatures revealed that a 2-3.5°C increase yielded lower total 

densities of organisms, earlier adult emergence, increased growth rates, smaller size at 

maturity, and altered sex ratios in aquatic invertebrates (Hogg and Williams 1996).  The sharp 
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altitudinal gradient and pristine character of the sub-Antarctic streams of Navarino Island 

present a unique environment in which the long-term monitoring of benthic macroinvertebrate 

communities and life histories can be used as a sentinel to study impacts of thermal 

modifications associated with habitat alteration or global climate change.    

The temperate sub-Antarctic forests of southern South America are isolated from the 

rest of the continent by multiple geographic barriers including the Andes Mountains and the 

Patagonian Steppe to the north and east, leading to high levels of diversity and endemism in 

this region (Contador et al. 2012).  This geographic isolation limits the opportunities for 

recolonization from nearby regions in the event of species loss due to habitat destruction or 

climate change (Armesto et al. 1998).  The results of this research will aid in the establishment 

of reference conditions for the pristine rivers of Navarino Island within the Cape Horn 

Biosphere Reserve.  This project also contributes to current taxonomic knowledge of benthic 

macroinvertebrate communities, and complements extensive studies of the 

macroinvertebrates of the Róbalo River.  The Róbalo River has been identified as a long-term 

monitoring site within the Cape Horn Biosphere Reserve, and this research contributes to a 

broader understanding of how this watershed changes over time by documenting spatial 

variation in biotic and abiotic characteristics during the austral summer of 2012.               

On a global scale, freshwater ecosystems are more imperiled than terrestrial 

ecosystems (Abell 2002), and 34% of the 7,784 freshwater invertebrates currently listed on the 

International Union for Conservation of Nature (IUCN) Red List are considered threatened 

(Collen, Böhm, Kemp, and Baillie 2012).  However, the conservation status of a large number of 

freshwater invertebrates has not been evaluated due to a lack of comprehensive taxonomic 
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knowledge for many groups (Collen et al. 2012).  In South America, conservation research lags 

behind other regions of the world with respect to aquatic insects (Contador et al. 2012), but 

implementation of freshwater conservation strategies and legislation can be prompted by the 

identification of endangered or charismatic species (Contador et al. 2012).  Once implemented, 

measures to protect these species often benefit entire communities and watersheds (Contador 

et al. 2012).  This research aims to contribute to the first step in the initiation of conservation 

activities by promoting a better understanding of biodiversity in the watersheds of Navarino 

Island.  By supplementing current knowledge of the understudied freshwater fauna of this 

region and emphasizing the need for conservation based research on aquatic invertebrates, we 

can aid in the long-term protection and management of this unique ecosystem.   
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CHAPTER 2 

GENETIC STRUCTURE OF BENTHIC MACROINVERTEBRATES ALONG AN ALTITUDINAL GRADIENT  
 

IN THE WINDHOND AND RÓBALO RIVERS 
 

Introduction 
 

Dispersal and Genetic Structure of Freshwater Invertebrates 
 

Ecological research has historically been based primarily on the collection and analysis 

of morphological, physiological, or behavioral data (Freeland, Kirk and Petersen 2011).  

However, these observations give limited information when trying to understand population 

genetic structure and dispersal.  Some of the dispersal methods utilized by freshwater 

invertebrates can be categorized as passive (wind, drift, animal vectors) and active (flight) 

(Bilton, Freeland and Okamura 2001).  Drift is one of the most commonly utilized methods of 

dispersal by amphipods and some mayflies (Bilton et al. 2001).  Various abiotic and biotic 

factors may influence dispersal ability, including air temperature, wind, weather patterns, 

mountain ranges or other geographic barriers and timing of life history events such as 

emergence and reproduction (Kovats, Ciborowski and Corkum 1996).  The Dientes mountain 

range on Navarino Island represents a significant physical barrier to overland dispersal of aerial 

aquatic insects (Figure 17).   

Studying dispersal using direct methods (mark-recapture, trapping, etc.) poses many 

potential problems; obtaining a sufficient sample size to detect rare dispersal events is not 

practical, determining origins of adult aquatic insects caught in traps is problematic, and tagging 

may alter aquatic insect behaviors (Bilton et al. 2001).  Indirect measures of dispersal using 

genetic markers can produce estimates of gene flow between populations (Bilton et al. 2001).  
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These indirect methods rely on estimates of the spatial distribution of alleles between 

populations (Bilton et al. 2001).  Generally speaking, limited dispersal between populations can 

lead to divergence of allele frequencies due to genetic drift resulting in genetic variation 

predominately between populations (Slatkin 1985).  Inferences regarding dispersal ability using 

molecular markers are dependent on the mutation rate and mode of inheritance, e.g. 

mitochondrial markers can only be used to infer dispersal in females and rapidly mutating 

markers may result in artificially high population differentiation if novel mutations are not 

distributed quickly enough to reach equilibrium between genetic drift and gene flow (Bilton et 

al. 2001, Freeland et al. 2011).    

A number of studies cite dispersal ability as a contributing factor in the maintenance of 

genetic diversity (Hogg et al. 1995, Domisch et al. 2011, Sweeney et al. 1992) and emphasize 

the importance of investigating dispersal in aquatic macroinvertebrates in order to better 

predict species responses to habitat alterations and climate change.  Dispersal of freshwater 

invertebrates between habitats is considered to be a mechanism that can increase genetic 

diversity in a watershed because it serves as a surrogate for gene flow between populations; 

however, this relationship is dependent on the dispersing individuals successfully reproducing 

in their new population (Freeland et al. 2011).  Genetic diversity is influenced by genetic drift, 

population bottlenecks (sharp declines in population size), natural selection and reproductive 

mode (Freeland et al. 2011).  Genetic drift is the random change in allele frequencies in a 

population as a result of variability in reproductive success, and is more pronounced in small 

populations (Freeland et al. 2011).  The probability that genetic drift will lead to fixation of an 

allele (and thus loss of genetic diversity due to the presence of a single allele at that locus) is 
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inversely proportional to the effective population size, or the number of interbreeding 

individuals in a population (Freeland et al. 2011).  Gene flow moderates the rate of loss of 

genetic diversity due to genetic drift by increasing the effective population size (Freeland et al. 

2011).   

In order to further assess the similarities and differences between benthic 

macroinvertebrate communities of the Róbalo and Windhond Rivers, two species Meridialaris 

chiloeense (Ephemeroptera) and Hyalella simplex (Amphipoda) were sampled to analyze their 

genetic population structure and dispersal ability.  Meridialaris chiloeense exhibits an adult 

winged form capable of overland dispersal, while Hyalella simplex has a life cycle confined to 

the water column.  Meridialaris chiloeense and Hyalella simplex are ideal study organisms 

because they are abundant within these rivers and are found across the entire altitudinal 

gradient, and their differing life history strategies (Hyalella simplex being an obligate aquatic 

species and Meridialaris chiloeense being an aquatic species during its immature stages and 

terrestrial as an adult) allow an examination of the effects of differing dispersal mechanisms on 

population genetic structure.  Genetic data for these two species will give some insight into 

dispersal ability and will supplement statistical measures of diversity based strictly on 

abundance and morphological characteristics.  Information relating to gene flow among benthic 

macroinvertebrate taxa in this region is limited.  A literature review of population genetic 

studies of benthic macroinvertebrates in southern South America revealed very few 

publications on the subject (two examples include Sabando, Vila, Peñaloza and Veliz 2011, and 

Krosch, Baker, Mather and Cranston 2012).  Therefore this research is novel for this region, and 

can provide insight into the dispersal ability and connectivity of these organisms and facilitate a 
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better understanding of taxonomic relationships, beyond those that can be determined from 

physical attributes alone.    

The Stream Hierarchy Model, first proposed by Meffe and Vrijenhoek (1988), is one of 

several hypotheses used to test patterns in genetic structure as a result of dispersal by aquatic 

insects.  The Stream Hierarchy Model suggests that populations within streams are structured 

in a hierarchical fashion that reflects the branching network that is characteristic of most river 

systems (Hughes, Schmidt, McLean and Wheatley 2008).  The authors hypothesize that 

dispersal is more likely to occur between populations within the same stream than between 

adjacent streams; therefore populations within the same stream should be more similar 

genetically than populations from different streams or watersheds (Hughes et al. 2008).  The 

original model was developed for freshwater fish, and is thus more applicable to organisms that 

have a strictly aquatic life cycle (Hughes et al. 2008).  Organisms with a flying adult life stage 

may disperse across watersheds easily, and are therefore less likely to fit predictions of the 

Stream Hierarchy Model (Hughes et al. 2008).  Many studies of aquatic insect dispersal, 

whether explicitly or indirectly, test hypotheses related to the Stream Hierarchy Model and use 

this as the basis for predictions of genetic structure and gene flow within freshwater systems.   

Studies of aquatic invertebrate dispersal and genetic structure have revealed varying 

relationships depending on the scale of the investigation, the genetic markers utilized, and the 

dispersal mechanism of the study species.  In a microsatellite study of the population genetic 

structure of an amphipod species and a mayfly species in the River Sense in Switzerland, Alp, 

Keller, Westram and Robinson (2012) found weak genetic structure in the mayfly populations.  

The amphipod species, however, exhibited high genetic differentiation at distances as small as a 
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few kilometers, and differentiation decreased from downstream to upstream (Alp et al. 2012).  

Sabando et al. (2011) examined population genetic structure of a mayfly and caddisfly species 

in three Chilean montane rivers and found genetic structure of the caddisfly differed within and 

among rivers, while the mayfly showed differentiation within rivers but not among rivers 

suggesting that the mayfly species has better overland dispersal ability than the caddisfly 

species.  The authors hypothesize that the significant differences in genetic structure observed 

within rivers among the mayflies might suggest that these species are adapted to avoid drift in 

the strong currents that characterize these Chilean mountain rivers (Sabando et al. 2011).  A 

recent investigation of the population genetic structure of winged and wingless forms of a 

stonefly species along an altitudinal gradient in New Zealand found no significant population 

genetic structure in the winged form within or among streams, but substantial population 

differentiation in the wingless form among streams (Dussex, Chuah and Waters 2015).  The 

authors cite differing dispersal mechanisms as the likely explanation for the observed patterns 

(Dussex et al. 2015).                

A majority of Navarino Island was likely covered by a large ice sheet during the 

Pleistocene glacial advances (Katz and Watters 1966), and was connected to mainland South 

America until the retreat of the glacial ice front 12,730 ± 90 14C years before present inferred 

from the basal 14C age of the Caleta Róbalo bog (Heusser 1989).  Therefore, the freshwater 

fauna of Navarino Island have only been isolated for a relatively short period of time, 

suggesting that a highly polymorphic marker should be selected in order to increase the 

likelihood of detecting differences in the genetic structure of these organisms.  Early studies of 

aquatic insect genetics used allozymes, but more current research utilizes mitochondrial 



45 
 

sequences, microsatellites, and amplified fragment length polymorphisms as the preferred 

molecular markers (Hughes et al. 2008).  Animal mitochondrial DNA (mtDNA) consists of a 

small, circular double stranded DNA molecule that is maternally inherited (Freeland et al. 2011).  

Molecular markers found in animal mtDNA have been frequently utilized in ecological studies 

because they require no prior knowledge of a species mitochondrial sequence due to the 

location of mtDNA genes being relatively conserved across a variety of animal taxa (Freeland et 

al. 2011).  Thus, multiple universal primers can be utilized to amplify portions of mtDNA 

(Freeland et al. 2011).   

Knowledge of insect genomes is steadily increasing.  A recent review of insect genomics 

indicates that the mitochondrial genome is the most extensively studied genomic system in 

insects, and discusses the complete sequence of mitochondrial genomes available for almost 

500 insect taxa, with representatives from each of the recognized insect orders (Cameron 

2014).  In contrast, a review published in 2009 documented the complete sequence of 

mitochondrial genomes for only 175 insect species (Hu, Jianyu, Haiyu, Wanzhi 2009).  The 

mitochondrial genome sequences available for insects are largely from terrestrial species, and 

very few aquatic insect species are represented.  Due to this limited understanding of aquatic 

insect genomes and the cost prohibitive nature of developing microsatellite markers for aquatic 

insects, few microsatellite primers have been developed for aquatic insect species and none are 

available for the selected study species.  Despite the utility of examining both mitochondrial 

and nuclear markers in genetic studies, many authors have published research that relies solely 

on the use of mitochondrial markers to investigate population genetics of aquatic insects (e.g., 

Myers, Sperling and Resh 2001; Schultheis, Weigt and Hendricks 2002; Baker, Williams and 
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Hughes 2003; Wishart and Hughes 2003; Schultheis and Hughes 2005; Finn, Theobald, Black 

and Poff 2006; Zickovich and Bohonak 2007; Baggiano, Schmidt, Sheldon and Hughes 2011; 

Dionne, Vergilino, Dufresne, Charles and Nozais 2011). 

Because mtDNA is maternally inherited, patterns in genetic diversity that are analyzed 

using mitochondrial markers are reflective of the dispersal capability of females only (Hughes, 

Mather, Hillyer, Cleary and Peckarsky 2003).  In a study of the genetic structure of a Rocky 

Mountain mayfly species using both allozymes and mitochondrial markers, Hughes et al. (2003) 

found genetic differentiation to be an order of magnitude higher between streams than within 

streams using mitochondrial markers while allozyme analysis showed no such differentiation 

between different streams.  The authors suggest that these conflicting results may be explained 

by a lack of equilibrium between gene flow and genetic drift in the nuclear genes (measured by 

allozyme markers) or by differences in male and female dispersal patterns with female dispersal 

being more restricted (Hughes et al. 2003).    

Study Objectives and Hypotheses 

The basic objective of this research is to investigate the genetic structure of 

understudied benthic macroinvertebrate communities on Navarino Island.  This will aid in the 

establishment of baseline data for use in future studies and contribute to the long-term 

monitoring of the Róbalo watershed.  Specific objectives of the proposed research include 

examining population genetic structure of Hyalella simplex (Amphipoda) and Meridialaris 

chiloeense (Ephemeroptera) across watersheds and along an altitudinal gradient within 

watersheds.  The hypothesis associated with the study objective is listed below.   
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 Ha1:  Population genetic structure of Hyalella simplex (Amphipoda) and Meridialaris 

chiloeense (Ephemeroptera) will exhibit significant differences between watersheds, with 

Meridialaris chiloeense exhibiting higher genetic diversity and lower population differentiation 

due to its ability to disperse overland in winged adult form. 

 

Materials and Methods 

Study Area 

Navarino Island is located in the Cape Horn Archipelago in southern Chile.  It is bordered 

by the Beagle Channel to the north and Cape Horn to the south (Figure 16).  The island is part of 

the Cape Horn Biosphere Reserve, which is the largest biosphere reserve in southern South 

America and comprises both marine and terrestrial habitats (Rozzi, Massardo, Anderson, 

Heidinger and Silander 2006).  The island hosts some of the world’s southernmost forested 

ecosystems, and is home to a unique flora and fauna (Moorman, Anderson, Gutierrez, Charlin 

and Rozzi 2006).   Despite its proximity to Antarctica, Navarino Island primarily experiences an 

oceanic climate, with short cool summers and relatively mild winters (Rozzi et al. 2012). 
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Figure 16:  Regional map showing Navarino Island (highlighted in yellow) located north of Cape 
Horn Island and south of the Beagle Channel, within the Cape Horn Biosphere Reserve in 
southern Chile. 
 

The primary habitat types encountered on Navarino Island include deciduous and 

evergreen Magellanic forests, Magellanic moorlands, and high Andean mountains.  Magellanic 

forests are dominated by the deciduous beech species Nothofagus pumilio (Lenga) and 

Nothofagus antarctica (Ñirre), and evergreen Nothofagus betuloides (Coigüe) (Vuilleumier 

1985).  Magellanic moorlands are extremely wet, experiencing annual rainfall ranging from 

3500 mm to over 8000 mm (Kuschel 1960).  The moorlands are dominated by Sphagnum bog, 

and various other species including Astelia pumila, Empetrum rubrum, and the cushion plant 

Donatia fascicularis (Kuschel 1960).  High Andean habitats have vegetation characteristic of 

alpine tundra, where lichens and cushion plants such as Bolax gummifera and Azorella sp.  

commonly occur (Moore 1975).     

The temperate Magellanic forests of southern South America have been identified as 

one of 24 global wilderness areas based on the presence of vast tracts of uninhabited, intact 
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land and low human densities (Mittermeier et al. 2003).  The Sub-Antarctic Cape Horn 

Biosphere Reserve is included in this region.  It provides a valuable reference condition for 

comparison to regions with similar habitats that have experienced greater anthropogenic 

impacts.  This designation also highlights the importance of establishing conservation measures 

necessary to maintain this pristine state.  

The Magellanic forest ecosystem is biogeographically isolated from other forested 

regions of South America (Vuilleumier 1985, Armesto, Rozzi, Smith-Ramirez and Arroyo 1998).  

The Andes mountain range borders these forests to the east, the Pacific Ocean to the south and 

west, and the Atacama Desert to the north (Rozzi et al. 2012).  This isolation has likely 

contributed to the high numbers of endemic species found in the region (Rozzi et al. 2012).  For 

example, researchers have found a high degree of diversity in non-vascular flora in the Sub-

Antarctic Magellanic region, revealing over 5% of the world’s bryophyte species on less than 

0.01% of the earth’s land surface (Rozzi et al. 2008).  Prior studies in the region have identified 

highly pristine stream ecosystems characterized by high degrees of diversity and endemism in 

macroinvertebrate fauna (Moorman et al. 2006).  Mittermeier et al. (2003) includes a catalog of 

species richness and endemic species of plants, mammals, birds, reptiles, and amphibians for 

each of the 24 wilderness areas.  In the temperate Magellanic forests of southern South 

America, 6.4% of species listed are endemic to the region, which is comparable to the 6.9% 

endemism found in Boreal forests of the northern hemisphere (Mittermeier et al. 2003).  This is 

a striking observation considering the Magellanic forests constitute a much smaller landmass 

(147,200 km2) when compared to the Boreal forests (16,179,500 km2) (Mittermeier et al. 2003).  
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Interestingly, invertebrates were not included in this assessment of endemic species in the 24 

wilderness areas.         

Description of the Windhond and Róbalo Watersheds 

For this investigation, the Windhond and Róbalo watersheds were sampled to collect 

the two target species for population genetic structure analyses.  The Róbalo River originates 

on the north facing slopes of the Dientes mountain range, and extends approximately 12 km 

from headwaters to the mouth where it drains into the Beagle Channel on the northern side of 

the island.  It provides drinking water to the town of Puerto Williams, with a population of 

approximately 2,600 people, and is located within the Omora Ethnobotanical Park, which 

protects the river basin and helps to maintain high water quality through scientific monitoring 

and educational programs (Rozzi et al. 2010).  The Róbalo River has a fairly steep gradient 

(average slope ~12.5%), and is considered a “clear-water” river because it primarily drains 

forested habitat, rather than Sphagnum bogs.   

The Windhond River originates in the south facing slopes of the Dientes mountain range 

on Navarino Island, and extends approximately 20 km from the headwaters to the mouth of the 

river in Windhond Bay on the southern side of the island.  The Windhond River has a more 

gradual gradient (average slope ~6%) when compared to the Róbalo River.  It is located in a 

Sphagnum dominated drainage basin and is thus considered a “black-water” river because of 

tannin enriched waters (Anderson and Rosemond 2010).   

Field and Laboratory Methods 

Sampling of the Windhond and Róbalo Rivers on Navarino Island took place during the 

austral summer between December 13, 2011 and January 15, 2012.  Two additional watersheds 
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were sampled in a valley on the western side of the island to supplement current taxonomic 

lists for the area and to provide additional data on aquatic insect dispersal and gene flow on the 

western side of the Dientes mountain range (Figure 17).  To maintain consistency and to 

facilitate comparative analyses, collection methods in the Windhond River and other 

watersheds were similar to methods utilized in the Róbalo River in prior studies.   

 
Figure 17:  Map of sampling sites on Navarino Island (RR 1-5: Róbalo River Stations 1-5; WHR 1-
4: Windhond River Stations 1-4; West 1-2: Western watershed Stations 1-2; SW 1-2: Southwest 
watershed Stations 1-2). 
 

Benthic macroinvertebrates were collected from four sites along an altitudinal gradient 

in the Windhond watershed.  Invertebrate samples were collected from the Róbalo River at 

each of the five permanent sampling stations established in Contador et al. (2015).  The five 

permanent sampling stations are located at 120, 240, 380, 486 and 586 meters above sea level.   

Examination of the elevation profiles of the Windhond and Róbalo Rivers (Figures 18 and 19) 
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reveals that the elevation gradient of the Windhond River is more gradual than that of the 

Róbalo River.  The headwaters of the Róbalo River originate at approximately 600 meters above 

sea level and extend approximately 12 km to the mouth of the river.  In contrast, the 

headwaters of the Windhond River originate around 450 meters above sea level and extend 

approximately 20 km to the mouth of the river.  

   
Figures 18 (left) and 19 (right):  Elevation profiles for the Róbalo River (left) and Windhond River 
(right) with approximate elevation of sampling stations indicated by arrows. 
 

Sites in the Windhond watershed were selected based on visual identification of 

altitudinal changes in vegetation.  Windhond River sampling locations were also selected to 

closely mimic the site elevations on the Róbalo River, with the exception of the highest 

elevation of 580 meters above sea level (Figure 19).  A handheld GPS unit (Garmin GPS 72H) 

was used to record sampling location information and to ensure that selected site elevations 

were similar to the elevations of the permanent stations on the Róbalo River.  All sampling sites 

were accessed on extended backpacking trips.     

A Surber sampler (0.09 m2) with 243 µm mesh net was used to collect three replicate 

samples for 60 seconds within suitable riffle habitat at each station for a total of 12 samples in 

the Windhond River, 15 samples in the Róbalo River and 12 samples in the unnamed western 

watershed (Figure 17).  Surber samples were washed in the field to remove large debris, 
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preserved in 100% ethanol, labeled and transported back to the field station for processing.  

Benthic macroinvertebrates were identified to the lowest possible taxonomic level using a 

dissecting microscope.  Regional keys and other available taxonomic references were utilized to 

identify collected specimens.   

DNA was extracted from a minimum of five Ephemeroptera (Meridialaris chiloeense) 

and five Amphipoda (Hyallela simplex) from each sampling station from the western watershed, 

and from the highest and lowest elevation sites in the Róbalo and Windhond watersheds.  In 

addition, DNA was extracted from five Meridialaris chiloeense specimens from Rio Pipo in 

Ushuaia, and nine Hyalella simplex specimens from Arroyo Grande in Ushuaia to examine gene 

flow in these species across the Beagle Channel.  A total of 89 Hyalella simplex and 111 

Meridialaris chiloeense DNA samples were extracted.  DNA was extracted from whole 

specimens using a QIAGEN DNeasy Tissue Extraction Kit (QIAGEN Inc.) following manufacturer 

protocols for insect specimens with the following modifications:  after homogenization with a 

disposable microtube pestle, samples were incubated overnight at 56 °C, Buffer AE was allowed 

to incubate on the DNeasy membrane for 10 min, and samples were eluted with 100 µL of 

Buffer AE instead of 200 µL to increase final DNA concentration in each sample.  Universal 

primers LCO1490 and HCO2198 identified by Folmer, Black, Hoeh, Lutz and Vrijenhoek (1994) 

were utilized for amplification of DNA from a portion of the mitochondrial cytochrome C 

oxidase subunit I using polymerase chain reaction (PCR).  Each PCR reaction tube contained 0.2-

0.8 mM dNTPs, 0.4-0.5 mM of each primer, 2 mM MgCl2/MgSO4, 1x Taq Buffer, 0.2 µL of Taq 

Polymerase, and 5 µL DNA template, with the final reaction volume adjusted to 20-25 µL using 

sterilized water.  Meridialaris chiloeense DNA was diluted to 50 ng/µL if original extracted 
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concentrations were above this value.  Multiple PCR reaction conditions were tested, but the 

most effective were those described in Baggiano et al. 2011 and were carried out as follows:  

denaturation of DNA at 94 °C for five minutes, followed by 12 cycles of {30 second denaturation 

at 94 °C, 30 second annealing at 43 °C, and 45 second extension at 72 °C}, then 25 cycles of {30 

seconds at 94°C, 30 seconds at 50 °C, and 45 seconds at 72 °C} with a final extension step of 72 

°C for five minutes.  Proper amplification of the target DNA was confirmed via agarose gel 

electrophoresis stained with ethidium bromide.  Raw PCR products were shipped to Sequetech, 

Corp. (Mountain View, CA) for PCR cleanup and sequencing analysis using an Applied 

Biosystems 3730xl DNA Analyzer.    

Data Analyses 

Mitochondrial DNA sequences were visually edited and aligned using Sequencher 

Version 5.2.3 (Gene Codes Corporation, Ann Arbor, MI).  Mitochondrial sequence data was then 

imported into DnaSP v5.10 (Librado and Rozas 2009) to calculate the following descriptive 

statistics:  number of sampled individuals, number of haplotypes, haplotype diversity (Nei 

1987), nucleotide diversity (Tajima 1983), and Tajima’s D (Tajima 1989).  To quantify differences 

in mitochondrial sequences within and among the different watersheds, analysis of molecular 

variance (AMOVA) (Excoffier, Smouse and Quattro 1992) and Φst were calculated using Arlequin 

version 3.5 (Excoffier and Lischer 2010).  The program NETWORK version 4.6.1.3. (available at: 

www.fluxus-engineering.com) was used to create a median-joining haplotype network for each 

study species in order to visually assess genetic structure of each population.  
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Results 

Hyalella simplex 

 Of the 89 H. simplex specimens tested, high quality DNA sequence data was obtained 

from 48 individuals representing 12 different haplotypes.  Sixteen samples came from the 

Róbalo River, 18 from the Windhond, five from the Western/Southwestern watershed, and nine 

from Ushuaia.  One haplotype was shared between the Róbalo, Windhond, and western 

watershed, one haplotype was found in both the Windhond and western watersheds, and the 

other 10 haplotypes were found only in one of the four watersheds (Table 3).  A BLAST search 

on the NCBI website was used to confirm that DNA sequences were from target species, and 

not contaminated by foreign DNA (Altschul, Gish, Miller, Myers and Lipman 1990).  DNA 

alignment and editing resulted in a 367 base pair mitochondrial DNA fragment from each of the 

48 sequenced individuals.   

The number of polymorphic sites was lower in the Róbalo than in the other watersheds.  

Nucleotide diversity, or the mean pairwise difference per nucleotide between two sequences, 

and haplotype diversity, or the probability that two haplotypes drawn randomly from a 

population will be different, are both lower in the Róbalo River compared to the other 

watersheds (Freeland et al. 2011).  Tajima’s D is a test statistic determined by comparing the 

number of polymorphic sites in relation to the average number of nucleotide differences 

between sequences (Tajima 1989), and the significant negative value for Ushuaia may be 

indicative of a departure from neutrality, and potential population expansion or directional 

selection.  Descriptive statistics for Hyalella simplex mitochondrial data are listed in Table 4.    
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Significant difference was found (Φst = 0.458, p=0.00) among the four populations 

included in the analysis, and Analysis of Molecular Variance (AMOVA) attributes 45.8% of the 

variation in the samples to among population variation while 54.2% is attributed to within 

population variation (Table 5), suggesting substantial population genetic differentiation across 

the entire sampled region.  Pairwise Φst values revealed significant differentiation between all 

watersheds with the exception of the Windhond and Western/Southwestern watersheds (Table 

6).  Population differentiation was greater between sites on Navarino Island and Ushuaia than 

between sites on Navarino Island.      
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Table 3:  Distribution of 12 COI mtDNA haplotypes from a sample of 48 Hyalella simplex specimens from 4 populations.  The 
numbers on the top row indicate the position of variable nucleotides within the 367 bp sequence.  Dots indicate the same nucleotide 
is present as in haplotype 1.  Numbers listed under the ‘Populations’ column indicate the number of individuals with that haplotype. 

 

 

Table 4:  Descriptive statistics for each population and for the total COI mtDNA dataset for Hyalella simplex.  (NS) = not significant. 

 
 

Haplotype 14 26 38 41 48 55 56 62 74 83 104 110 131 140 167 191 194 221 230 257 266 276 279 284 314 317 329 344 Robalo Windhond West/SW Ushuaia

H1 C A C C G G A A T C T C G C A T G C T G G C T A C T A C 5

H2 . . T T T . . . C T . G T . G C . T . A T . . G . . . . 1

H3 . . . . . . . . . T . . . . . C . . . . . . . . . . . . 6 2

H4 . . . . . . . . . T . . . . . . . . . . . T . . . . . . 2

H5 . . . . . . . . . T . . . T . . . . . . . . . . . . . . 3

H6 . . . . . . . . . T . . . . . . . . . . . . . . . . . . 14 1 1

H7 . . . . . A . . . T . . . . . . . . . . . . . . . . . . 1

H8 . . . . . . . . . T . . . . . . A . . . . . . . . . . . 1

H9 A . . . . . . . . T . . . . . . . . . . . . . . T C . . 8

H10 . . T T T . . . C T . G T . G C . T . A T . . G . . . T 1

H11 . . . . . . . G . T . . . . . . . . . . T . . . . . . . 1

H12 . G . T T . C . C T C G . . G . . T C . T . C G . . T . 1

PopulationsPolymorphic Nucleotide Position

Robalo Windhond West/SW Ushuaia Total

Sample Size 16 18 5 9 48

Polymorphic Sites 2 15 16 16 28

Number of Haplotypes 3 6 4 2 12

Haplotype Diversity 0.242 ±0.135 0.81 ±0.057 0.9 ±0.161 0.222 ±0.166 0.832 ±0.035

Nucleotide Diversity 0.0007 ±0.0004 0.007 ±0.003 0.0185 ±0.0085 0.01 ±0.007 0.009 ±0.002

Tajima's D -1.498 (NS) -1.485 (NS) -0.84 (NS) -1.92, P<0.01 -1.621 (NS)
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Table 5:  Analysis of molecular variance results for COI mtDNA in Hyalella simplex.  P-value for 
Φst = 0.00 ±0.00.   
Source of 
Variation d.f. SS 

Variance 
Components 

% of 
Variation ΦST 

Among 
Populations 3 8.151 0.21878 Va 45.8 

 

     
0.45804 

Within Populations 44 11.39 0.25887 Vb 54.2   

Total 47 19.542 0.47765 
   

 
Table 6:  Pairwise Φst values for Hyalella simplex.   

 

The median-joining haplotype network does not clearly group haplotypes by sampling 

location (Figure 20).  The haplotype network exhibits a star-like phylogeny, with the Róbalo 

River samples dominated by one central ancestral haplotype (H6), representing 14 of the 16 

samples from this watershed.  This dominant haplotype is surrounded by several haplotypes 

that differ from it by one to three mutational steps that represent rare, recent mutations, and 

may suggest population expansion.  Haplotypes representing single samples from Ushuaia, 

Windhond, and western watersheds are separated by a minimum of 12 mutational steps from 

the other haplotypes in the network, and may represent cryptic Amphipod species or may be 

the result of intermediate haplotypes not being detected due to sampling error.  

 
 
 

 

Robalo Windhond West Ushuaia

Robalo -

Windhond 0.44** -

West 0.44* 0.01 -

Ushuaia 0.77** 0.43** 0.51** -

* p < 0.01, ** p < 0.001
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Figure 20:  Median-Joining Haplotype network for COI mtDNA in Hyalella simplex.  Circles 
represent different haplotypes, and the diameter of each circle corresponds to the number of 
individuals that share that haplotype.  Small numbers along each axis indicate the mutational 
steps between haplotypes.   

 

Meridialaris chiloeense 

 Of the 111 Meridialaris chiloeense specimens tested, high quality DNA sequence data 

was obtained from 53 individuals representing 11 different haplotypes.  Thirteen samples came 

from the Róbalo River, 20 from the Windhond, and 20 from the Western/Southwestern 

watershed.  Multiple attempts to amplify target DNA in the five samples from Ushuaia were not 

successful, so sequence data from Ushuaia is not included for this species.  Two haplotypes 

were shared between all three sampling locations, three haplotypes were shared between two 

sampling locations, and the remaining six haplotypes were only found at one sample site (Table 

7).  A BLAST search on the NCBI website was used to confirm that DNA sequences were from 

target species, and not contaminated by foreign DNA (Altschul et al. 1990).  DNA alignment and 

editing resulted in a 425 base pair mitochondrial DNA fragment from each sequenced 

individual.   

Legend: 
     Robalo River  
     Windhond River 
     Western watershed 
     Arroyo Grande, Ushuaia  
     Unknown Intermediate Haplotype 
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The number of polymorphic sites was slightly higher in the Windhond than in the other 

watersheds, but all locations exhibited a larger number of polymorphic sites for Meridialaris 

chiloeense compared to Hyalella simplex.  Nucleotide diversity and haplotype diversity are 

similar across all watersheds for Meridialaris chiloeense.  A significant positive value for 

Tajima’s D for all watersheds suggests a departure from neutrality, and may be reflective of a 

recent population contraction or may be the result of balancing selection.  Descriptive statistics 

for Meridialaris chiloeense mitochondrial data are listed in Table 8.  
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Table 7:  Distribution of 11 COI mtDNA haplotypes from a sample of 53 Meridialaris chiloeense specimens from 3 populations.  The 
numbers on the top row indicate the position of variable nucleotides within the 425 bp sequence.  Dots indicate the same nucleotide 
is present as in haplotype 1.  Numbers listed under the ‘Populations’ column indicate the number of individuals with that haplotype.  

 
 
 
 
Table 8:  Descriptive statistics for each population and for the total COI mtDNA dataset for Meridialaris chiloeense.  Statistically 
significant values are indicated in bold.      

 

 

 

Haplotype 2 6 39 51 63 67 69 72 75 78 105 126 129 138 141 155 156 189 216 219 222 229 231 234 246 249 252 267 270 279 300 309 312 315 324 334 342 343 357 360 375 387 Robalo Windhond West/SW

H1 T A T T A C A C T T A A A C C C G A G C T T A A C C T A G G C A A G T T T T C G T T 1 1

H2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . 5 7 8

H3 . . . . . T . T . . . . . . . T . . . . . . . . . . . . . . A . . . . . . . . . . C 2

H4 . . . . . . . . C . C . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . 1 1

H5 . T C C G T G T . G . T G T . . T C T T A C G T T T A . T T . G G T C C C C A A C . 3 1 8

H6 . T C C G T G T . G . T G T . . C T T T A C G T T T A . T T . G G T C C C C A A . . 1

H7 . T C C G T G T . G . T G T T . C T T T A C G T T T A . T T . G G T C C C C A A . . 2 7

H8 . T C C G T G . . G . T G T . . C T T T A C G T T T A G T T . G G T C C C C A A . . 2

H9 . T C C G T G T . G . T G T T . C T T T A C G T T T A G T T . G G T C C C C A A . . 1

H10 C T C C G T G T . G . T G T . . T C T T A C G T T T A . T T . G G T C C C C A A C . 1

H11 . T C C G T G . . G . T G T T . C T T T A C G T T T A . T T . G G T C C C C A A . . 1

Polymorphic Nucleotide Position Populations

Robalo Windhond West/SW Total

Sample Size 13 20 20 53

Polymorphic Sites 37 40 39 42

Number of Haplotypes 5 7 6 11

Haplotype Diversity 0.81 ± 0.077 0.77 ±0.065 0.705 ± 0.07 0.785 ±0.038

Nucleotide Diversity 0.045 ±0.006 0.045 ±0.003 0.044 ±0.003 0.044 ±0.001

Tajima's D 2.272, P<0.05 2.403, P<0.05 2.535, P<0.01 3.167, P<0.01
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Analysis of Molecular Variance (AMOVA) resulted in a Φst value of 0.055, indicating little 

genetic differentiation among the three populations included in the analysis.  The AMOVA 

attributed 94.5% of the variation in the samples to within population variation (Table 9), 

suggesting very weak population genetic differentiation in the mayfly species across the entire 

sampled region.  Pairwise Φst values revealed a small, yet significant Φst between the Windhond 

and Western/Southwestern watersheds, while the other pairwise comparisons suggest there is 

no genetic differentiation between the Róbalo and the other two watersheds (Table 10).   

 
Table 9:  Analysis of molecular variance results for COI mtDNA in Meridialaris chiloeense  P-
value for Φst = 0.04317 ±0.00211 
Source of 
Variation d.f. SS 

Variance 
Components 

% of 
Variation ΦST 

Among 
Populations 2 1.519 0.02198 Va 5.5 

 
     

0.05496 
Within Populations 50 18.896 0.37792 Vb 94.5   

Total 52 20.415 0.3999 
   

 
Table 10:  Pairwise Φst values for Meridialaris chiloeense. 

 

Additionally, the median-joining haplotype network does not group haplotypes by 

sampling location (Figure 21).  Haplotypes from all three watersheds are distributed without a 

clear geographic pattern, but grouping suggests the presence of two distinct clades.  The 

presence of these separate groups may be due to the inclusion of cryptic mayfly species in the 

sample set, or due to the presence of two ancestral populations that were isolated and 

Robalo Windhond West

Robalo -

Windhond 0.01 -

West 0.00 0.11** -

** p < 0.001
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diverged over time, then were able to widely disperse and recolonize the island (following the 

retreat of the last glacial ice front).   

 

  
 
Figure 21:  Median-Joining Haplotype network for COI mtDNA in Meridialaris chiloeense.  Circles 
represent different haplotypes, and the diameter of each circle corresponds to the number of 
individuals that share that haplotype.  Small numbers along each axis indicate the mutational 
steps between haplotypes.   
 

Discussion 

Contrasting patterns of population genetic structure were observed in the two study 

species.  Meridialaris chiloeense exhibited significantly greater nucleotide diversity and number 

of polymorphic sites than Hyalella simplex, and AMOVA suggests weak population genetic 

structure in the mayfly species across the three watersheds on Navarino Island, attributing 

most of the genetic variation in Meridialaris chiloeense to within population differences  This is 

consistent with my hypothesis and may reflect high dispersal ability in this species between 

watersheds as a terrestrial winged adult.  Therefore, the population genetic structure of 

Legend: 
     Robalo River  
     Windhond River 
     Western watershed 
     Unknown Intermediate Haplotype 
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Meridialaris chiloeense does not exhibit patterns consistent with the predictions of the Stream 

Hierarchy Model, and suggests high levels of gene flow across the island in the past and/or 

present.    

In contrast, results for Hyalella simplex indicate significant differentiation in genetic 

structure in the Amphipod populations, with only two of the twelve haplotypes being shared 

across sampling locations, and a highly significant Φst estimate between all four sampling 

locations of 0.458.  The high degree of differentiation is more pronounced between distantly 

located sites, with pairwise Φst values being highest between samples from Ushuaia and the 

Róbalo watershed (Φst=0.77).  The number of polymorphic sites, haplotype diversity and 

nucleotide diversity are lower in the Róbalo samples compared to the other sampling locations, 

and may be attributed to the presence of instream barriers to dispersal in the Róbalo River.  

Most of the samples analyzed from the Róbalo came from the headwater station, which is 

isolated from downstream stations by a waterfall and a series of lakes that may limit or prevent 

downstream drift in this species.   

Hyalella simplex is an obligate aquatic species, and this limits dispersal potential and 

corroborates the high levels of differentiation observed between watersheds.  This limited 

dispersal ability can increase isolation of populations and reduce gene flow and may reflect a 

smaller effective population size for this species and subsequent loss of genetic variation due to 

increased effects of genetic drift.  Population genetic structure of Hyalella simplex appears to 

meet the predictions of the Stream Hierarchy Model, which may be the result of its limited 

dispersal ability and life history characteristics.        
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The haplotype network for Hyalella simplex exhibits a star-like phylogeny, with the 

Róbalo River samples dominated by one central ancestral haplotype, with rare, recent 

haplotypes radiating out from it.  Haplotypes representing single samples from Ushuaia, 

Windhond, and western watersheds are separated by a minimum of 12 mutational steps from 

the other haplotypes in the network, and may be the result of intermediate haplotypes not 

being detected due to sampling error, or they could be attributed to cryptic species complexes 

that are difficult to identify using morphological characteristics alone.  Researchers have shown 

exceptionally high degrees of cryptic biodiversity in freshwater Amphipod species using 

molecular markers and speculate that the diversification may be a result of isolation and 

habitat specialization (Witt and Hebert 2000; Witt, Threloff and Hebert 2006).  The haplotype 

network for Meridialaris chiloeense is composed of two distinct clades, which may be attributed 

to the presence of cryptic mayfly species.  It could also be the result of past isolation and 

divergence, if populations in each clade were isolated long enough to diverge and accumulate 

the large number of mutations shown in the Network.  The retreat of glacial ice from the island, 

and the high dispersal ability of this species may have allowed these divergent groups to 

disperse widely across the island, which could explain the presence of these separate clades in 

each watershed sampled.        

Similar patterns were observed in a study of the population genetic structure of the 

mayfly Bungona narilla in Queensland, Australia, by Hughes et al. (2003) where differentiation 

in mtDNA was not significant at the largest spatial scale.  Researchers in the Swiss Alps 

examined gene flow in a mayfly and amphipod species and revealed strong genetic 

differentiation in the amphipod species using highly polymorphic microsatellite markers and 
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weak genetic structure across the sampled range in the mayfly species (Alp et al. 2012).  

Zickovich and Bohonak (2007) investigated dispersal and genetic structure in a mayfly and 

amphipod species in intermittent and perennial streams in southern California and found that 

intrapopulation and overall genetic diversity was higher in the mayfly than the amphipod, but 

the mayfly species exhibited low differentiation between populations.  They found 

comparatively low levels of genetic diversity in the amphipod species, coupled with high 

population differentiation between isolated upper and lower reaches (Zickovich and Bohonak 

2007).  Patterns observed in a recent examination of genetic differentiation in a winged and 

wingless form of a stonefly species in New Zealand emphasize the significant effect of the loss 

of flight on the population genetic structure of the wingless stonefly (Dussex et al. 2015).  The 

authors indicate that flight appears to be the key dispersal mechanism driving patterns in 

population genetic structure in the winged form (Dussex et al. 2015).     

The temperate sub-Antarctic forests of southern South America are isolated from the 

rest of the continent by multiple geographic barriers including the Andes Mountains and the 

Patagonian Steppe to the north and east, leading to high levels of diversity and endemism in 

this region (Contador, Kennedy and Rozzi 2012).  Little is known about the biodiversity of 

aquatic invertebrates in this region at the molecular level, and the geographic isolation and 

steep altitudinal gradients of Navarino Island present a unique opportunity to study dispersal 

and gene flow in freshwater fauna.  This geographic isolation limits the opportunities for 

recolonization from nearby regions in the event of species loss due to anthropogenic impacts 

(Armesto et al. 1998).  However, the low levels of genetic differentiation observed in 

Meridialaris chiloeense suggest that there may be historical or contemporary high levels of 



67 
 

gene flow, which may reflect high dispersal ability in this species.  Dispersal increases gene flow 

in a population (assuming the individuals successfully reproduce in the new location) which can 

reduce the rate of loss of genetic diversity due to genetic drift, therefore aiding in the 

maintenance of genetic diversity of populations.  Patterns of genetic differentiation observed in 

this study in populations of Hyalella simplex and Meridialaris chiloeense, provide a baseline 

measure of genetic diversity for these species, and prompt additional investigation to delineate 

population boundaries and rates of dispersal and gene flow among other populations of 

benthic macroinvertebrates on Navarino Island.         

On a global scale, freshwater ecosystems are more imperiled than terrestrial 

ecosystems (Abell 2002), and 34% of the 7,784 freshwater invertebrates currently listed on the 

International Union for Conservation of Nature (IUCN) Red List are considered threatened 

(Collen, Böhm, Kemp and Baillie 2012).  The aquatic invertebrates of the Cape Horn region are 

an underrepresented group in freshwater research, and are potentially more vulnerable to the 

impacts of climate change and habitat disturbance due to their high degree of endemism and 

insular biogeography.  Many climate change studies examine impacts on biodiversity at the 

species or ecosystem level, but rarely measure impacts on a molecular level by quantifying 

genetic diversity (Bálint et al. 2011).  A recent study of mitochondrial DNA variability in nine 

species of montane aquatic insects suggests that range reductions due to climate change will 

result in a major loss of cryptic genetic diversity and evolutionary lineages (Bálint et al. 2011). 

The authors emphasize the importance of including measures of genetic diversity in addition to 

traditional biodiversity measures in order to fully estimate the impacts of global climate 

change, and to implement more effective conservation measures (Bálint et al. 2011).   
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The IUCN identifies the preservation of genetic diversity as one of three global 

conservation priorities (Frankham, Ballou and Briscoe 2004).  It is generally believed that loss of 

genetic diversity negatively impacts populations by reducing adaptive potential in response to 

both anthropogenic and natural environmental changes (Frankham et al. 2004), however it is 

important to note the method by which genetic diversity is measured and how this diversity 

directly impacts fitness.  Quantitative genetic variation includes characteristics that determine 

the health and reproductive fitness of individuals such as fecundity, immunity, growth rate, and 

mating ability (Frankham et al. 2004), and it is variation in these traits that allows populations 

to experience adaptive evolution via natural selection (Reed and Frankham 2001).  Molecular 

measures of genetic diversity are often used as a surrogate for quantitative measures, but the 

correlation between quantitative and molecular measures of genetic diversity is low (Reed and 

Frankham 2001).  Despite this disconnect between quantitative and molecular genetic diversity, 

molecular methods have many uses in conservation genetics, including the identification of 

management units and hybridizations and the detection of population structure, inbreeding, 

and gene flow (Frankham et al. 2004; Reed and Frankham 2001).   

In a broad context, if genetic factors are not considered in conservation issues, 

inappropriate management and recovery strategies may be employed, which negatively impact 

conservation efforts for threatened species (Frankham 2005).  As discussed earlier, the aquatic 

invertebrate communities of southern South America are not well represented in conservation 

research.  Molecular measures of dispersal and gene flow provide additional insight into the 

biodiversity and life history of these understudied organisms, and may facilitate the evaluation 

of the conservation status of these species.       
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