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Aquatic and Riparian Connectivity in Arid Landscapes 
 

 
 

 

ABSTRACT 

 

Aquatic and riparian ecosystems are of critical importance in arid environments, supporting a 

diverse suite of resident and migratory species over different life stages. Ecological connectivity 

is an important property in the functioning of these ecosystems, and a significant subject of 

interest for researchers,scientists,resource managers, practitioners and other stakeholders. 

Furthermore, a variety of perceptions exists on aquatic and riparian connectivity among 

stakeholders, and connectivity of these ecosystems in arid landscapes is a relatively unexplored 

subject. I focused on these issues in the US portion of the Madrean Archipelago by combining 

qualitative methods to capture the diversity of perspectives among experts and quantitative 

spatial analysis to capture the variety of factors that influence aquatic and riparian connectivity. I 

synthesized the resultant expert perspectives into a Connectivity Component-Dimension 

Framework that deconstructs aquatic and riparian connectivity into connectivity components and 

their dimensions. Using GIS and regression analysis, I applied this framework to a case study of 

the threatened Chiricahua leopard frog (Rana chiricahuensis ) in the Cienega Creek basin in 

Arizona and created connectivity indices for this focal species. Some factors that emerged 

significant in this case study included elevation, fire hazard potential, and density of leopard frog 

sightings. This connectivity framework and the related indices provide customizable options for 

stakeholders to assess aquatic and riparian connectivity multidimensionally using readily 
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available data. These tools can be used by stakeholders for exploratory analysis, assessment and 

visualization of aquatic and riparian connectivity, in arid landscapes, and beyond.  

 

Keywords/Phrases: connectivity, aquatic and riparian ecosystems, ecology, GIS, stakeholders, 

experts, human dimensions, spatial analysis, statistical analysis, logistic regression, connectivity 

index, qualitative analysis, quantitative analysis 
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Aquatic and Riparian Connectivity in Arid Landscapes 
 

 
CHAPTER 1 

 
BACKGROUND & INTRODUCTION 

 
 

Ecological connectivity is defined as the mechanism through which landscape structures 

facilitate or impede movement of species or processes (Taylor et al. 1993). Connectivity has 

become a crucial concern for natural resource management, conservation and science (Walters 

2007, Pullinger & Johnson 2010). Connectivity and its loss can have significant impacts on 

species and ecosystems, and thus, has become a major focus of conservation and restoration 

efforts. For instance, loss of connectivity can be a key determinant of extinction risk for many 

species; however, connectivity can also play a central role in the success of invasive species 

(Taylor et al. 1993,Walters 2007, Pullinger & Johnson 2010). 

 

In the scientific literature, connectivity has been discussed extensively from a terrestrial 

ecosystem perspective (Ricketts 2001, Fischer & Lindenmayer 2007, Urban & Keitt 2001). 

Terrestrial connectivity facilitates links between isolated population units and between units to 

vacant patches of habitat. Connectivity helps mitigate local extinctions, reduces regional 

extinction probability, and facilitates range adjustments with climate change (Dennis et al. 2013, 

Taylor et al. 1993). Most of these concepts also apply to aquatic and riparian ecosystems, 

although the specific processes at work may differ from terrestrial systems. This can be due to 
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the inherent differences in the landscape structure and function of aquatic and riparian 

ecosystems and other terrestrial ecosystems, as well as how aspects like groundwater, riparian 

vegetation, and human impacts can influence aquatic and riparian ecosystems (Fuller et al. 

2015). 

 

Aquatic ecosystems exist as dendritic networks, lined with riparian vegetation (Grant et al. 2007) 

that varies in quality, composition and extent over the course of the system (Stromberg et al. 

2005). They may also exist as isolated waters like springs, pools and ponds, which can have 

perennial, intermittent, or ephemeral flow regimes. In arid regions, these ecosystems support 

biologically diverse communities of both aquatic and terrestrial organisms (Jocque et al. 2006, 

Griffis-Kyle & McIntyre 2013). These arid and semi-arid aquatic ecosystems, and their 

associated riparian vegetation, have high ecological importance, especially under projected 

climate change scenarios, which are predicted to significantly alter habitat availability for many 

species (Bates et al. 2008).  

 

This study aims to develop an understanding of aquatic and riparian connectivity in arid and 

semi-arid landscapes. The primary questions explored are - how can aquatic and riparian 

connectivity in arid and semi-arid landscapes be defined; what are the factors that contribute to, 

and influence connectivity in these systems; how can broad connectivity definitions be applied to 

specific species and ecosystems; and how can we utilize interdisciplinary, landscape approaches 

towards evaluating species and systems connectivity. 
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1.1 Aquatic and Riparian Ecosystems & Connectivity 
 

Connectivity in ecosystems can be structural in nature, as physical connections between patches 

or landscape elements, or functional, as in the movement of genes, individuals or populations 

across distinct landscapes (Erős et al. 2012). Aquatic ecosystems include lotic and lentic systems 

such as streams, rivers, springs, ponds and wetlands. Some of these are naturally isolated, and 

hence, do not appear structurally connected spatially, although they may be connected 

hydrologically. Others, like many streams in arid regions, have stretches that dry up seasonally, 

and can have varying degrees of connectivity over both spatial and temporal scales. There is also 

an integral hidden vertical component of structural connectivity in these streams: the 

connectivity between surface water and ground water (Brunke & Gonser 1997, Ward 1998, 

Sophocleous 2002). The hyporheic zone, an ecotone between surface waters and groundwater, 

serves as the portal for surface and groundwater exchange (Ward 1998), and plays a pivotal role 

in maintaining the flow and connectivity of the ecosystem. This connectivity is crucial in 

supporting aquatic and riparian ecosystems (Brunke & Gonser 1997, Sophocleous 2002), 

especially in arid regions. 

 

Riparian ecosystems, which refer to the regions of direct interaction between terrestrial and 

aquatic environments (Oliver & Hinckley 1987), facilitate connectivity of forested ecosystems 

and larger landscape. They help connect structural patches, serve as animal transportation routes 

and as pathways for seed dispersal (Zaimes et al. 2007). Apart from this, they influence light and 

microclimate, serve as food reservoirs, and contribute leaf litter and woody debris (Obedzinski et 

12 
 



 

al. 2001). Healthy riparian ecosystems also play a major role in filtering large amounts of 

sediment, nutrients, pesticides, and waste, and in moderating flooding and base flow (Obedzinski 

et al. 2001). 

 

On a landscape level, drainage networks of rivers form a complex structural pattern that affects 

watershed biogeochemistry, climate, topography, and vegetation (Pringle 2001). In this way, 

aquatic ecosystems influence the landscape on a broad scale. However, riparian and aquatic 

ecosystems are also strongly interrelated. Many factors that influence riparian vegetation are 

associated with hydrologic parameters of aquatic ecosystems. These include low and high flow 

moments of the flow regime, surface and subsurface water flows, seasonal or annual stream flow 

rate, magnitude and variability of base flows, and depth to groundwater (Stromberg et al. 1996, 

Nestler & Long 1997, Poff et al. 1997, Stromberg et al. 2005). 

 

The structure of riparian and aquatic ecosystems in the southwest are naturally discontinuous 

(Zaimes et al. 2007), with streams of perennial, intermittent, and ephemeral flow (Poff et al. 

1997), as well as riparian corridors that are not uniform or continuous along their length. Natural 

discontinuities occur in the riparian corridor due to stream meanders, geological confinements, 

point bars, and other features (Zaimes et al. 2007). The type of vegetation found in riparian 

ecosystems also varies extensively, with different types of plant communities that serve varied 

functions (Brown et al. 1977, Stromberg 2001).  
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Aquatic connectivity facilitates water-mediated transfer of matter, energy, or organisms within or 

between ecosystems (Pringle 2001). In aquatic ecosystems, fish, amphibian, and aquatic 

invertebrate populations can be affected severely by the loss of connectivity due to loss of 

habitat, restriction and isolation of populations, and exacerbation of other stresses; this effect 

cascades to the riparian ecosystems that native and migratory birds, as well as other flora and 

fauna, depend on (Andrén 1994, Gibbons et al. 2000, Stromberg 2001, Rolls et al. 2014).  

 

1.2 Introduction to Current Study 
 
 

This research project was developed in coordination with staff and partners of the Desert 

Landscape Conservation Cooperative (Desert LCC), including the Aquatic and Riparian 

Ecosystem Management Team. As a graduate research assistant funded by the Desert LCC, I was 

tasked with exploring questions under human dimensions of conservation. For my Master’s 

thesis, I chose to focus on aquatic and riparian connectivity and the human dimensions 

associated with it. In this study, I utilized an interdisciplinary approach to provide a 

comprehensive understanding of connectivity in aquatic and riparian ecosystems in arid and 

semi-arid landscapes of southwestern North America. I also conducted a case study to 

demonstrate how this understanding can apply to specific species and ecosystems. 

 

Exploratory research for this project involved extended discussions with Desert LCC working 

group members, and with local stakeholders and resource managers, and participation in regional 

meetings and conferences, examination.  I also referred to existing scientific literature, and 
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reviewed the Desert LCC’s Landscape Conservation Planning and Design initiative’s (LCPD) 

pilot nominations for the Transboundary Madrean Watersheds ((Bravo et al. 2015)) and the San 

Pedro River Watershed (Else et al. 2015). Collectively, this analysis shed light on the significant 

interest in connectivity regionally, and the limited available literature on connectivity of aquatic 

and riparian ecosystems.  

 

To tackle this complex and expansive subject and synthesize the key ideas associated with 

connectivity in these systems, I capitalized on the expert local knowledge, perspectives, and 

experience that already exists using social science research methods. These insights were 

combined with available scientific literature to develop a Connectivity Component-Dimension 

Framework. This framework deconstructs the complex properties of aquatic and riparian 

connectivity in arid landscapes into simpler component elements and dimensions. For this study, 

the connectivity component is defined as an aspect of the landscape, ecology or society that 

influences aquatic and riparian connectivity, and dimensions referred to three spatial and one 

temporal dimension.  To explore how this framework might be of utility in real-world scenarios, 

I applied this framework to a case study of Chiricahua leopard frogs (Rana chiricahuensis Platz 

and Mecham, 1979) (CLF) populations in the Cienega Creek Basin, utilizing spatial and 

statistical analyses and incorporating expert inputs to demonstrate how the framework can help 

gain a landscape level perspective on connectivity of species and their habitat.  
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1.3 Study Area 
 

 
The study area is located in the southwest United States, in the states of Arizona and New 

Mexico. This area forms the US portion of the Madrean Archipelago, a unique and biodiverse 

‘Sky Island’ ecoregion located in western North America (Brusca & Moore 2013). The study 

area boundaries were determined using the Bureau of Land Management’s (BLM) Madrean 

Archipelago Ecoregion’s Rapid Ecoregional Assessment (Crist et al. 2014) and the Desert LCC 

Transboundary Madrean Watersheds pilot area (Bravo et al. 2015), as proposed for their LCPD 

initiative.  

 

The USGS uses a hierarchical nationwide system to delineate and classify watersheds using 

hydrologic unit codes (HUC) with digits to indicate the level of classification. At the HUC-6 

level, the region mostly includes two watersheds, the Santa Cruz and San Pedro watersheds, as 

well as portions of the Gila River watershed to the north. As described by the BLM in the 

Madrean Archipelago Ecoregion’s Rapid Ecoregional Assessment, these watersheds encompass 

some of the most significant intact riparian corridors in the Southwest (Crist et al. 2014). The 

Madrean Archipelago biotic region includes a number of mountain ranges, such as the Animas, 

Baboquivari, Chiricahua, Galiuro, Huachuca, Pinaleño, Rincon, Santa Catalina, Santa Rita, 

Tortolita, Tucson and the Whetstone mountain ranges. Many of these serve as the unique and 

highly diverse Madrean Archipelago sky island complex (Bravo et al. 2015), which are ‘islands’ 

of forested mountain ranges surrounded by a ‘sea’ of desert and grasslands. The Sky Islands are 

characterized by high levels of endemism and unique native flora and fauna which provide a link 

to the historical biogeography of the region (Warshall 1995, Brusca & Moore 2013). 
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The study area is located at the intersection of the temperate and subtropical zones to the north 

and south, respectively. The region receives rainfall in the summer and the winter, straddled 

between landscapes where winter precipitation regimes dominate to the west and summer 

precipitation to the east (Whittaker & Niering 1965). This unique position, along with the 

gradient of elevation changes in the region, has allowed for several major desert and forest biotic 

influences to converge, including the Rocky Mountains, the Sierra Madre, the piedmont and 

plains of the western Sierra Madre, the Sonoran Desert, and the Chihuahuan Desert (Warshall 

1995, Misztal et al 2008, Crist et al 2014). This location makes the region ecologically 

significant; the Madrean Archipelago forms a corridor between two important mountain ranges 

in North America - the Rocky Mountains, and the Sierra Madre Occidental (Bravo et al. 2015).  

 

In the semi-arid desert landscape of the Madrean Archipelago, aquatic ecosystems are integral 

not only for sustaining aquatic species; they also provide the foundation for much of the riparian 

flora and fauna, and are a critically limiting resource (Rosenstock et al. 1999). Greater water 

availability in these watersheds helps promote greater diversity in wildlife and vegetation in 

riparian ecosystems.  

 

Several regional research initiatives focus on connectivity. The 2006 Arizona’s Wildlife Linkage 

Assessment (AWLA) (Nordhaugen et al. 2006) and the Sonoran Desert Conservation Plan 

(SDCP) of 1998 (Noss & Watchman 2001) underscore the importance of connectivity of riparian 

and, to some extent, aquatic habitats. The AWLA identifies select riparian and aquatic 
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ecosystems in the state of Arizona, spatial and temporal impacts on these ecosystems with 

increased pressures, and provides general recommendations for their management apart from 

identifying crucial wildlife linkages across the state, many of which include riparian ecosystems. 

The SDCP focuses especially on critical habitat and biological corridors, as well as riparian 

areas. However, despite their detailed discussion on terrestrial connectivity, there is only limited 

discussion of aquatic and riparian connectivity in these plans, and on the regional scale, there 

remains a lack of congruency in concepts associated with connectivity in aquatic and riparian 

ecosystems. This gap was a recurring theme during preliminary discussions with researchers, 

natural resource managers and conservation and restoration practitioners.  This study aims to 

address some of those gaps. 

 

1.3.1 Species and Biodiversity 

 

The biological diversity of the region is shaped by physical and climatic drivers, including basin 

and range topography, diversity of soils, and arid, monsoonal climate (Crist et al. 2014). These 

conditions, along with the confluence of major desert and forest biomes, result in highly varied 

flora and fauna and uniquely bio-diverse ecosystems in the region. Hydrology and fire are some 

of the major natural ecosystem processes influencing the biota of the study area (Crist et al. 

2014, Webb 2017).  

 

Large elevation gradients and topographic roughness contribute to high diversity of species and 

biotic communities in the region: the Madrean Archipelago holds the highest diversity of 
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mammals, birds, bees, and ants in the contiguous United States (Crist et al. 2014, Bravo et al. 

2015). The region forms the northern boundary for the ranges of many species that are found 

south of the US-Mexico border, including the Mexican wolf (Canis lupus baileyi ), the jaguar 

(Panthera onca ), the elegant trogon (Trogon elegans), the Chiricahua leopard frog ( Rana 

chiricahuensis), Johann’s pine ( Pinus johannis ) and Hypotrix lunata . 

 

The aquatic and riparian ecosystems of the region support a diverse group of flora and fauna that 

inhabit varied life zones and ecosystems, and may not occupy these ecosystems over their entire 

life cycle. Aquatic species also provide subsidies for terrestrial species (both invertebrates and 

vertebrates) during the dry season, and these transfers are moderated by the conditions of the 

riparian ecosystems; some of these species have wide home and foraging ranges which suggests 

that the importance of these subsidies could extend far beyond the waterbody of origin (Leigh et 

al. 2013). 

 

1.3.2 Human Dimensions 

 

The high human demands on these ecosystems, and diverse perceptions regarding their 

importance and usage, makes management of these areas both crucial and complex (Zaimes et al. 

2007). Designing and implementing programs that provide for water needs of aquatic and 

riparian biota, as well as the society, has been a major challenge (Naiman et al. 2002, Richter et 

al. 2003). In the study area, many historic water uses were associated with mining and 

agriculture (primarily ranching). The prolonged negative environmental impacts, 
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mismanagement, and historic exploitive trends of these activities caused significant and 

persistent environmental degradation in many areas (Crist et al 2014). Additionally, other 

growing ecological concerns of present times, such as urban sprawl and outdoor recreation, are 

also included among the leading causes for habitat loss and population declines of federally 

listed threatened and endangered species (Maestas et al. 2001).  

 

Several anthropogenic pressures act directly or indirectly on the terrestrial and hydrologic 

connectivity within and among aquatic and riparian ecosystems. These pressures can include 

biological, geophysical, socio-cultural, or combinations of these, resulting in complicated 

management scenarios. While some of these pressures, such as drought or periodic wildfires, are 

part of the natural ecological regime of the Madrean Archipelago, they have intensified due to 

the human dimensions associated with them (Webb 2017). 

 

Climate change is a pervasive anthropogenic factor that must be assessed in conjunction with 

other pressures. Altered patterns of land use, water withdrawal, and species invasions affect 

 habitat quality and distribution. Depending on the region and ecosystem, these pressures may 

dwarf or exacerbate the impact of climate-induced changes (Meyer et al. 1999, Overpeck 2013). 

Distribution of adequate water supplies to support development while also maintaining 

ecological sustainable environmental flow regimes is one of the crucial challenges in the arid 

western United States (Hultine et al. 2012). 
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1.3.2.1 Anthropogenic Pressures 

 

Fresh water is vital for human survival and, as a consequence, freshwater ecosystems are some 

of the most severely altered and disrupted ecosystems, with their restoration occuring at a slower 

rate than the consumption of the resources provided by these ecosystems (Baron et al. 2002). 

Growing human populations, and their increasing demands on freshwater resources, are altering 

the natural water regimes of riparian and aquatic ecosystems globally (Nilsson & Svedmark 

2002), and regionally (Stromberg et al. 2005). Rapid development in the Southwest US has 

exacerbated the pressures on these systems. Some of the anthropogenic pressures to riparian and 

aquatic ecosystems in the region include climate change, invasive species, mining, groundwater 

depletion, alteration of natural flows, roads, mismanaged grazing, and recreation (Poff et al. 

2012, Stromberg 2001). Natural resource managers in the region are also concerned about urban 

development, contamination of resources from mineral ore deposits, irrigation, and sewage 

effluents, as well as the impacts of climate change (Coe et al. 2012, Bravo et al. 2015, Else et al. 

2015), and the roles it can play in exacerbating the droughts that are part of the region’s natural 

climatic and ecological regime (Overpeck 2013, Williams et al. 2015). 

 

The consensus of climate projection models predict that the arid Southwest will become hotter, 

with less predictable rainfall regimes, which could exacerbate the scarcity of reliable water 

resources (Seager et al. 2007,Coe et al. 2012, Garfin at al. 2013). These hotter, drier conditions 

are already contributing to altered fire regimes in the region, and have increased the fire risk in 

several riparian ecosystems across the Madrean Archipelago (Westerling et al. 2006, Hurteau et 
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al. 2014, Else et al. 2015, Webb 2017, Kitzberger et al. 2017). These fires profoundly impact 

native wildlife and their habitat (Coe et al. 2012), and have affected nearly every mountain range 

in the region. Some examples of significant fires include the 2011 Horseshoe 2 and 1994 

Rattlesnake fires in the Chiricahua Mountains, the 2002 Bullock and 2003 Aspen fires in the 

Santa Catalina Mountains, the 2011 Monument fire in the Huachuca Mountains, the 2005 Florida 

fire in the Santa Rita Mountains, among others. Wildland fires can severely impact the hydrology 

and ecological integrity of streams, with significant consequences for flora and fauna that depend 

strongly on aquatic and riparian ecosystems (Youberg 2010, Webb 2017). 

 

One of the most profound land-use changes in the Western US has been the conversion of private 

lands presently in ranching and farming to rural residential, or urban/exurban developments 

(Maestas et al. 2001). This growing trend is a cause for concern not only for ranching 

communities, but also for natural resource managers and conservation practitioners. Research 

has shown that native flora and fauna diversity can be better maintained on well-run ranches than 

in developed areas (Maestas et al. 2001). In a severely water limited landscape like the Madrean 

Archipelago, some of the most significant present-day pressures on aquatic and riparian 

ecosystems come from rapid urban and exurban development in the region and the increase in 

water extraction. For example, despite the recession of 2008, forecasts indicate Arizona will add 

3.2 million new residents during the 2017-2047 period, for annual growth of 1.3% per year 

(Hammond 2017). Structural, functional, and hydrological connectivity can all be affected 

adversely as urban/exurban development increases the pressure on groundwater resources and 

space in a water limited region. 
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The region also suffers from significant invasive species problems. Anthropogenically 

introduced species, such as salt cedar ( Tamarix species) (Brock 1994), elephant grass ( Arundo 

donax ) (Howery et al. 2009), and American bullfrog (Rana catesbeianus ) (AISMP 2011), 

increase pressures on native, vulnerable species and degrade the ecological integrity of aquatic 

and riparian ecosystems in the region. A comprehensive understanding of connectivity in these 

systems is needed, since connectivity may also promote dispersal of invasive species (Taylor et 

al. 1993). 

 

1.3.2.1.1 Fragmentation 

 

Fragmentation of natural landscapes is another challenge faced by natural resource managers 

today (Fuller et al. 2015). Although ecosystem fragmentation can occur naturally, human-caused 

fragmentation reduces habitat quality, increases vulnerability of species relying on those 

ecosystems, and can also lead to isolation of, and increased stress on, native flora and fauna 

(Saunders et al. 1991, Andrén 1994, Gibbons et al. 2000, Sala et al. 2000, Foley et al. 2005). 

While fragmentation of terrestrial ecosystems has been studied extensively, many aspects of the 

conventional terrestrial fragmentation framework do not fit well with aquatic ecosystems. 

Terrestrial ecosystems are usually conceptualized as two-dimensional whereas aquatic 

ecosystems are usually conceptualized as one-dimensional or dendritic (Fuller et al. 2015). 

These dendritic systems have unique spatial characteristics which also influence their 

connectivity (Grant et al. 2007). Comprehensive work on landscape fragmentation has offered 
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limited information about aquatic ecosystems (Schelhas & Greenberg 1996, Laurance & 

Bierregaard 1997, Pringle 2001). Locally, fragmentation of habitats and wildlife corridors from 

upgraded or new roads (Crist et al 2014), power lines, the international border fence 

(Patrick-Birdwell et al 2013), and pipelines, among other forms of anthropogenic fragmentation, 

threaten the integrity of watershed and wildlife connectivity in the region (Else et al. 2015). In 

the study area, riparian ecosystems form crucial linkages between the forested Sky Island patches 

of the Madrean Archipelago, and can serve as corridors as well as refugia for a variety of species 

(Zaimes et al. 2007). Fragmentation of these corridors results in reduced connectivity of the 

landscape, and increased vulnerabilities for the species that depend on it. 

 

Anthropogenic fragmentation has developed at a pace that precludes the ability of some aquatic 

species to evolve and adapt, resulting in serious threats to species that depend on these 

ecosystems (Fischer & Lindenmayer 2007). Due to time lags and interactions with other human 

impacts on freshwater ecosystems (like climate change or species introductions), the effects of 

fragmentation in aquatic ecosystems may not be expressed immediately, and so, are prone to be 

underestimated (Fuller et al. 2015). The impacts of fragmentation can also be aggravated due to 

these interactions. 

 

1.3.2.1.2 Environmental Flows 

 

Flooding, and similar naturally induced disturbances, can enhance ecological connectivity and 

biodiversity (Amoros & Roux 1988, Ward & Stanford 1995, Ward 1998, Lytle & Poff 2004, 
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Poff & Zimmerman 2010). Streams in arid regions are characterized by harsh but frequently 

predictable cycles of flooding and drying (Lake 2003). However, alteration of natural flow 

regimes has resulted in depletion or loss of these key ecological functions in many areas.  

 

In aquatic ecosystems, a shift from perennial to intermittent stream flow can result in decline of 

preferential vegetation in riparian areas, and may alter other ecosystem functions like animal 

habitat provisions and erosion control (Stromberg et al. 2005). Connectivity in the aquatic 

ecosystem itself can also be lost or impaired, which has greater consequences in terms of 

survival and mobility of aquatic species. Modifications of environmental flows in the form of 

flow regulation by dams, often exacerbated by other modifications such as levee construction, 

can result in reduced connectivity and altered successional trajectories downstream (Ward & 

Stanford 1995, ref). 

 

In the Southwest U.S., the flow regime of many rivers has been altered by stream diversion, 

ground-water pumping, or dams (Stromberg 2001, Stromberg et al. 2005). Channelization, bank 

stabilization, and disruption of natural disturbance regimes sever the interactive pathways that 

exist in these ecosystems, disrupt the upstream-downstream linkages, and isolate river channels 

from riparian ecosystems and contiguous groundwater aquifers (Ward 1998). Climate change 

and water withdrawals are altering flow regimes as well, and may disrupt the predictability of 

seasonal flow patterns, with uncertain impacts on resident biota (Barnett et al. 2008, Coe et al 

2012, Ficklin et al. 2013, Bogan et al. 2015). Riparian vegetation affected by lowered water 

tables increases the danger of stream-bank erosion during flooding (Keller & Kondolf 1990). 

25 
 



 

Additionally, the role of groundwater in maintaining flows and connectivity is often overlooked. 

In the arid regions of the Madrean Archipelago, aquatic ecosystems face significant evaporation 

in the dry season, and several stretches of these ecosystems dry up seasonally. Despite the lack of 

surface water, access to the wet hyporheic zone alleviates stresses on the flora and fauna, and 

offers water, a highly limiting resource. Considering that 97% of the world’s freshwater 

resources are underground, understanding the interactions between these subsurface and surface 

aquatic ecosystems becomes more critical (Ward 1998). A major current concern is the rampant 

and essentially uncontrolled groundwater extraction that is taking place in the region (Stromberg 

et al. 1996, Haney 2005, ref). This not only has consequences for the water table, but also for the 

aquatic and riparian ecosystems, which can face compounded negative impacts due to 

groundwater extraction. Even though the surface flow of aquatic ecosystems may be 

‘disconnected’ seasonally, the connectivity offered by the hyporheic zone is an important 

component of aquatic connectivity, especially in arid regions, where flora and fauna depend on it 

during the water-stressed seasons. (Grimm et al 1991, Stanley & Valett 1992) 

 

1.3.2.2 Preservation & Restoration 

 

Extensive ecological degradation and loss of biological diversity has resulted in concern for 

conservation and restoration of healthy river ecosystems among scientists and the lay public 

alike (Hughes & Noss 1992, Allan & Flecker 1993, Poff et al. 1997). Across the region, efforts 

are being implemented to address the declining quality of ecosystems and the connectivity 

between them (Megdal et al. 2006). These efforts are led and coordinated by active stakeholders, 
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including federal, state and local agencies, non-governmental organizations, and local 

community coalitions. Some of the stakeholders actively working in aquatic and riparian 

ecosystems in the US portions of the Madrean Archipelago are highlighted here (Table 1.1). 

 

Below is a brief summary of some of the major initiatives being promoted in the region: 

 

1.3.2.2.1 Preservation 

 

Preserving the connectivity of remaining aquatic and riparian ecosystems is of high importance 

in the region. The Southwest US suffered from persistently dry conditions in the early 21st 

century, and predictions indicate that such trends may continue into the future (Macdonald et al. 

2008, Cayan et al. 2010). One way to minimize the pressures on connected stretches of aquatic 

and riparian ecosystems, and prevent further loss of connectivity due to fragmentation, is through 

preservation. Large stretches of critical aquatic and riparian habitat are protected under federal 

lands or Wilderness designation in the region. These include the San Pedro River National 

Conservation Area, Las Cienegas National Conservation Area, Aravaipa Canyon Wilderness, 

Galiuro Wilderness, Redfield Canyon Wilderness (BLM), Buenos Aires National Wildlife 

Refuge (USFWS), and the Cienega Creek Natural Preserve (Pima County), among many others. 

The Nature Conservancy which played a major role in preserving Aravaipa Canyon by 

purchasing portions of land adjacent to the BLM’s lands, rates the Galiuro-Aravaipa-Santa 

Teresa region as the second most intact, unfragmented landscape in the Arizona–New Mexico 

region, after the Grand Canyon (TNC 2012). These cooperative preservation techniques help 
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maintain the ecological integrity of these ecosystems, and preserve their connectivity, both 

structural and functional. On a smaller scale, site specific preservation measures include fencing 

off riparian areas and livestock grazing exclusions from riparian ecosystems (Follstad Shah et al. 

2007). On a broader, ecosystem scale, preservation efforts can include designating environmental 

flow guidelines that help ensure that there is enough water in the streams for aquatic fauna to 

persist (Mott Lacroix et al 2016), especially in case of threatened and endangered species. 

  

Traditionally, protecting important biodiversity resources from anthropogenic degradation has 

focused on purchasing land and designating it as a protected area; but an emerging response from 

NGOs and conservation agencies in the region, has been to work with ranchers to maintain 

private ownership and working ranches (Alexander & Propst 2002). Development rights on 

ranches are acquired through conservation easements, while ranchers continue to graze livestock 

(Maestas et al. 2001, Rawoot 2017). This helps ensure that the grasslands remain relatively 

undeveloped and unfragmented, promoting structural and functional connectivity. 

 

1.3.2.2.2 Restoration 

 

In-stream and riparian restoration efforts are being carried out across the region. For riparian 

restoration, attributes of hydrology, vegetation, erosion, and deposition are considered while 

choosing appropriate measures of restoration (Prichard et al. 1998, Dreesen et al. 2002). 

Vegetative propagation methodologies include pole cutting production and mound layering 

(Dreesen et al. 2002), and removal of invasive or non-native weeds and grasses. In the case of 
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in-stream restoration, bank or channel reshaping, addition of boulders, rock structures, and 

creation of pools are popular in the southwest US (Follstad Shah et al. 2007, ref).  

 

However, several barriers exist when it comes to restoration of connectivity in aquatic and 

riparian ecosystems. Fragmentation and a patchwork of land ownership result in differing land 

use patterns. Carrying out restoration efforts over the course of a stream or on a larger scale, at 

watershed levels, becomes extremely challenging in this context. A wide variety of in-stream and 

riparian restoration efforts are being carried out across the region; these include building rock 

structures to regulate flow, planting native riparian vegetation in ecologically defined patterns, as 

well as removal of noxious and invasive species (Kauffman et al. 1997, ref). However, there is 

also a lack of consensus on what practices can be most effective depending on the type of 

ecosystems they are applied in (Palmer et al 2005, Palmer et al 2010, refs). Additionally, despite 

improved monitoring in selected project sites (Follstad Shah et al. 2007), lack of adequate 

monitoring is one of the crucial barriers faced by managers and restoration practitioners 

(Bernhardt et al. 2005, Alexander et al. 2007, Follstad Shah et al. 2007). Improved monitoring 

offers greater knowledge and insight about effective restoration practices and their ecological 

successes. 

 

1.4 Conclusion 

 
The Desert LCC tasked me with the subject of human dimensions of conservation for my work. I 

chose to look at ecological connectivity in streams and riparian areas from multiple perspectives 
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– scientific literature, expert perspectives, and available maps and spatial data – using a case 

study focusing on Chiricahua leopard frogs and their connectivity. The following chapter 

provides a detailed description of the methodology used and the results obtained, as well a 

discussion on the inferences and implications of these results.  
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Aquatic and Riparian Connectivity in Arid Landscapes 
 

 
 

CHAPTER 2 
 

Title: A framework for exploring aquatic and riparian connectivity -  
Case study of the Chiricahua leopard frog in the Cienega Creek basin 

 

2.1 INTRODUCTION 
 

Ecological connectivity is loosely defined as the mechanism through which landscape structures 

facilitate or impede movement of species, matter, or energy (Taylor et al. 1993). Connectivity 

has become a crucial concern for natural resource management, conservation, and science 

(Walters 2007, Pullinger & Johnson 2010, Dennis et al. 2013). Connectivity in ecosystems can 

be structural in nature, as physical connections between patches or landscape elements, or 

functional, as the movement of genes, individuals or populations across distinct landscapes (Erős 

et al. 2012). Connectivity can also apply to environmental flows, such as the hydrologic 

connectivity essential to many freshwater aquatic systems. Connectivity and its loss can have 

significant impacts on species and ecosystems, and thus, has been a major focus of conservation 

and restoration efforts. 

 

Stream ecosystems exist as dendritic networks, lined with riparian vegetation that varies in 

quality, composition and extent over the course of the system (Stromberg et al. 2005, Grant et al. 

2007). Additionally, isolated bodies of water such as springs, ponds and cattle tanks, can have 
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perennial, intermittent, or ephemeral surface water. In arid and semi-arid regions, these 

ecosystems support biologically diverse communities of both aquatic and terrestrial organisms 

(Jocque et al. 2006, Griffis-Kyle & McIntyre 2013). These aquatic ecosystems and associated 

riparian vegetation have high ecological importance, especially under projected climate change 

scenarios, which are predicted to significantly alter habitat availability for many species (Bates et 

al. 2008, Friggens et al. 2013). 

 

Hydrologic connectivity has been defined as the water-mediated transfer of matter, energy, or 

organisms within or between elements of the hydrologic cycle (Pringle 2001). Ward’s (1989) 

work on the four dimensional nature of lotic ecosystems provided a critical foundation for this 

research by identifying and synthesizing the major interactive pathways and spatio-temporal 

dimensions that influence lotic ecosystems, namely the longitudinal, lateral, vertical and 

temporal dimensions.  

 

Connectivity in riparian ecosystems is often considered in the context of lateral connectivity of 

rivers with their floodplains. Research on riparian connectivity highlights the complex shifting 

habitat mosaics of these ecosystems, the seasonality of the connections (Hauer & Lorang 2004), 

and their significance in providing heterogeneous habitats for aquatic and riparian biodiversity to 

flourish, contributing to aquatic ecosystems and their structure and function (Naiman et al. 

1993). While this research has greatly advanced our understanding of stream ecosystems and 

their ecology, some inherent geographic and hydrologic differences remain in the aquatic 
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ecosystems that have inspired this body of work and the aquatic and riparian ecosystems found 

in arid and semi-arid landscapes.  

 

Fresh water is vital for human survival, and as a consequence, freshwater ecosystems are some 

of the most severely altered and disrupted ecosystems (Baron et al. 2002). Growing human 

populations and their increasing demands on freshwater resources, are altering the natural water 

regimes of riparian and aquatic ecosystems globally (Nilsson & Svedmark 2002). This 

phenomenon is also observed regionally (Stromberg et al. 2005) in the Madrean Archipelago, a 

Sky Island complex located in southwestern North America which provides the geographic focus 

for this study (Fig. 1). 

Anthropogenic pressures on aquatic and riparian ecosystems in the southwestern United States 

include climate change, invasive species, mining, groundwater depletion, alteration of natural 

flows, roads, mismanaged grazing, and recreation (Poff et al. 2012, Stromberg 2001). Natural 

resource managers in the Madrean Archipelago are concerned about urban development, 

contamination of resources from mineral ore deposits, water withdrawals and sewage effluents 

(Bravo et al. 2015, Else et al. 2015). Even the most conservative climate models predict that the 

arid southwestern United States will become hotter, with more unpredictable rainfall events (Coe 

et al. 2012, Garfin et al. 2013), which could increase the scarcity of reliable water resources for 

both the environment and people (Seager et al. 2007). There are also concerns associated with 

climate change and the impact it may have in exacerbating events like droughts or wildfires that 

are part of the region’s natural disturbance regimes (Coe et al. 2012, Garfin et al. 2013, Overpeck 
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2013, Williams et al. 2015, Webb 2017). The Madrean Archipelago also suffers from significant 

invasive species problems, given the pressure they create on native and vulnerable aquatic and 

riparian species and their potential impact in degrading the ecological integrity of these systems 

(Brock 1994, Howery et al. 2009, AISMP 2011). 

 

Locally, habitat loss and degradation through anthropogenic fragmentation such as upgraded or 

new roads, power lines, the international border fence, and pipelines threatens the integrity of 

watershed and wildlife connectivity in the region (Else et al. 2015). Although there has been 

considerable research on landscape fragmentation, limited information exists about 

fragmentation in aquatic ecosystems (Schelhas and Greenberg 1996, Laurance and Bierregaard 

1997, Pringle 2001). In the Madrean Archipelago, riparian ecosystems form crucial linkages 

between forested patches in the landscape, and they can serve as corridors and refugia for a 

variety of species (Noss & Watchman 2001, Zaimes et al. 2007). Fragmentation of these 

corridors reduces ecosystem connectivity and increases the vulnerabilities of resident species to 

other disturbances.  Anthropogenic fragmentation has developed at a rapid pace, precluding 

aquatic species’ ability to adapt and evolve resulting in serious threats to biological communities 

that depend on these ecosystems (Fischer & Lindenmayer, 2007). Due to time lags and 

interactions with other human impacts on freshwater ecosystems (like climate change and 

species introductions), the effects of fragmentation in aquatic ecosystems are not usually 

expressed immediately, and are prone to underestimation (Fuller at al. 2015). 
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In the Madrean Archipelago, previous connectivity studies have addressed a variety of species, 

including terrestrial mammals (e.g. Atwood et al. 2011), birds (e.g. Manthey & Moyle 2015), 

aquatic insects (e.g. Bogan et al. 2015), and reptiles and amphibians (e.g. Jarchow et al. 2016). 

Moreover, local efforts focus increasingly on both structural and functional connectivity, 

prioritizing landscape connectivity and its importance in both current and future ecological 

scenarios. This focus on connectivity is progressively more important as the region experiences 

significant ecological, hydrologic, and geomorphological changes, with changes in regional and 

global climate regimes (Crist et al. 2014). Local efforts that integrate connectivity concepts 

include the Sonoran Desert Conservation Plan (Noss & Watchman 2001), Arizona Wildlife 

Linkage Assessment (Nordhaugen et al. 2006), Pima County Wildlife Connectivity Assessment 

(e.g. AZGF 2012), and Arizona Missing Linkages (e.g. Beier et al. 2008a, Beier et al. 2008b).  

 

Despite their detailed engagement with terrestrial connectivity, there is only limited discussion of 

aquatic and riparian connectivity in these plans. Additionally, there remains a lack of congruency 

in concepts associated with connectivity in aquatic and riparian ecosystems. This gap was a 

recurring theme during preliminary discussions with relevant stakeholders and researchers in the 

Madrean Archipelago.  

 

This study aims to develop an understanding of aquatic and riparian connectivity in arid and 

semi-arid landscapes. The primary questions explored are: (1) how can aquatic and riparian 

connectivity in arid and semi-arid landscapes be defined?; (2) what are the factors that contribute 

to, and influence connectivity in these systems?; (3) how can broad connectivity definitions be 
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applied to individual species and ecosystems?; and (4) and how can we utilize interdisciplinary, 

landscape approaches towards evaluating species and systems connectivity?  

 

I used social science research methods to capture local expert perceptions regarding connectivity. 

These insights were combined with available scientific literature to develop a framework that 

deconstructs the complex properties of connectivity into component elements and dimensions. I 

then applied this framework to a case study of the Chiricahua leopard frog ( Rana chiricahuensis 

Platz & Mecham, 1979) (CLF) populations in the Cienega Creek Basin, utilizing spatial and 

statistical analyses and incorporating expert inputs to demonstrate how the framework can help 

provide a landscape level perspective on connectivity of species and their habitat. 
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2.2 METHODS 
 

2.2.1 Study Area 

 

The study area is located in the southwestern United States, in the states of Arizona and New 

Mexico. The boundaries of the study area are based on the Desert Landscape Conservation 

Cooperative’s (Desert LCC) Transboundary Madrean Watersheds pilot area (Bravo et al. 2015), 

as proposed for their Landscape Conservation Planning and Design initiative (LCPD), and the 

Bureau of Land Management’s (BLM) Madrean Archipelago Ecoregion’s Rapid Ecoregional 

Assessment (Crist et al. 2014). The Desert LCC funded this research and has a key interest in 

aquatic and riparian ecosystems and connectivity in their geography. This focus, and initial 

consultations with numerous Desert LCC partners, also helped develop the research questions. 

 

The USGS uses a hierarchical nationwide system to delineate and classify watersheds using 

hydrologic unit codes (HUC) with digits to indicate the level of classification. At the HUC-6 

level, the region mostly includes the Santa Cruz and San Pedro watersheds, and portions of the 

Gila River watershed to the north. These watersheds encompass some of the most significant 

intact riparian corridors in the southwestern United States (Crist et al. 2014). 

 

The study area is a southern extension of the Basin and Range region, and is characterized by 

numerous parallel mountain ranges with intervening lower-elevation valleys. These mountain 

ranges are included within the Madrean Archipelago Sky Island complex (Bravo et al. 2015), 
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which are ‘islands’ of forested mountain ranges (2500-3000 m ASL), surrounded by a ‘sea ’ of 

desert and grasslands (500-750 m ASL). The Madrean Archipelago is located at the intersection 

of the temperate and sub-tropical zones to the north and south, respectively. Climate in the 

region is characterized by bimodal rainfall (Whittaker & Niering 1965), with landscapes where 

winter precipitation dominates in the west and summer precipitation more dominant in the east. 

This unique position, along with the gradient of elevational changes in the region, has allowed 

several major biotic zones to converge, including those from the Rocky Mountains, the Sierra 

Madre Occidental, the piedmont and plains of the western Sierra Madre Occidental, the Sonoran 

Desert, and the Chihuahuan Desert (Warshall 1995, Misztal et al. 2008, Brusca & Moore 2013, 

Crist et al. 2014). The Madrean Archipelago thus forms an important biological corridor between 

two major mountain systems in North America, the Rocky Mountains and the Sierra Madre 

Occidental (Bravo et al., 2015).  

Large elevation gradients and topographic roughness also contribute to high diversity of species 

and biotic communities in the region, supporting the highest diversity of mammals, birds, bees, 

and ants in the contiguous United States (Crist et al. 2014, Bravo et al. 2015). The Madrean 

Archipelago is characterized by high endemism and biodiversity and unique native flora and 

fauna which provide a link to the historical biogeography of the region (Misztal et al. 2008, Crist 

et al. 2014). 
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2.2.2 Methodology Overview 

 

In this study, I used a combination of ecological science, Geographic Information Science (GIS), 

and social science research methods (Fig. 2) to explore connectivity. A comprehensive literature 

review was performed on connectivity in the focus ecosystems. Interviews were then conducted 

with selected regional experts to get their perspectives on how they define and perceive 

connectivity in these systems. I then developed a Connectivity Component-Dimension 

Framework  to support the evaluation of connectivity by combining the multifaceted components 

of connectivity with the spatio-temporal dimensions they act upon. This framework has broad 

applicability and can be used to evaluate connectivity in aquatic and riparian ecosystems outside 

of arid and semi-arid landscapes as well. 

 

A case study of the Chiricahua leopard frog was utilized to demonstrate the applicability of the 

framework in a defined study area. Variables were selected and processed to serve as proxies for 

factors that may influence frog connectivity. Probability surfaces were derived for each variable 

using regression models and GIS. For each component, multiple models were created using 

different data layer and variable combinations. An online survey of CLF experts was used to 

further evaluate the framework, and weighted and unweighted linear combinations were used 

with probability surfaces to create connectivity index surfaces.  
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2.2.3 Literature Review  

 

I conducted a literature review focusing on connectivity in aquatic and riparian ecosystems, arid 

landscapes and the southwestern United States. Web of Science and Google Scholar were used to 

seek peer-reviewed scientific articles, and I conducted internet searches using Google to find 

regionally relevant peer reviewed and gray literature. This search was a non-systematic review 

conducted from May 2016 to August 2018, and did not have limits on the time period of 

publication. Search terms included the following 11 keywords and phrases: connectivity, aquatic 

and riparian ecosystems, landscape connectivity, corridors, Chiricahua leopard frogs, Madrean 

Sky Islands, Madrean Archipelago, hydrologic connectivity, riparian corridors, riparian 

connectivity, and leopard frog connectivity. 

 

2.2.4 Interviews 

 

Semi-structured interviews have emerged as a valuable tool in conservation research, as they 

help capture detailed inputs and perspectives from experts and stakeholders (Drury et al. 2010, 

refs).  I used semi-structured interviews (N = 14) (Appendix A) with key stakeholders to capture 

their perspectives on connectivity which helped inform the foundations of this study. These 

stakeholders were selected based on their expertise and long term work in the focus ecosystems, 

and included representatives from federal (n=3) and county (n=2) government agencies, 

non-governmental organizations (NGOs, n=4), community coalitions (n=1), and university 

organizations (n=4). The stakeholders represent a diverse suite of perceptions on connectivity, 
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influenced by their species of focus, their goals and priorities, the resources available to them, 

and their limitations.  

 

I analyzed the interview data using qualitative and interpretive methods (Griffee 2005). I coded 

interview transcripts to highlight common themes and concepts. The results from the 

semi-structured interviews and literature review aided in the conceptualization of the 

Connectivity Component-Dimension Framework . 

 

2.2.5 Connectivity Component-Dimension Framework 

 

Using results from the literature review and from the interviews, I created a framework to 

conceptualize connectivity in the focus ecosystems. Available literature and recurring themes 

from interviews were utilized to identify the key connectivity components. Previous work on the 

four dimensions of lotic ecosystems (Ward 1989) was incorporated to account for the 

spatio-temporal dimensions of the components. The intersection of the components and 

dimensions leads to key questions that can provide a foundational guideline for evaluating 

connectivity in the focus ecosystems.  

 

The Connectivity Component-Dimension Framework  (Table 2.1) emerged from common 

themes identified during the interviews, coupled with available literature on connectivity. While 

the stakeholders expressed diverse views on how they perceived and managed for connectivity, 

there were recurring themes pertaining to key factors and mechanisms that significantly 
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influence both the structural and functional connectivity of these ecosystems. These factors, 

although greatly interrelated and interdependent, are distinct enough to be further categorized.  

 

Connectivity Components  - For this study, the connectivity component is defined as an aspect of 

the landscape, ecology or society that influences aquatic and riparian connectivity. Features and 

variables associated with the component may enhance or hamper connectivity. Four broad 

connectivity components were identified: 

 

Hydrologic - connectivity of water in streams, pools and other aquatic landscape features 

Terrestrial  - connectivity of and between patches of riparian and other terrestrial habitats 

Functional  - genetic connectivity and movement of organisms in the aquatic and riparian 

ecosystems 

Societal - connectivity of human communities to the aquatic and riparian ecosystems 

 

Dimensions -–I evaluated the distribution of the four components in three spatial dimensions : 

longitudinal , pertaining to the linearity of connectivity; lateral, pertaining to the horizontal or 

sideward connectivity; and vertical, pertaining to depth and connectivity with what is below the 

ground; as well as the temporal  dimension, pertaining to the consistency of ecological 

connectivity over time (Fig. 3). These four dimensions are derived from the work of Ward 

(1989) with lotic ecosystems.  These dimensions are applicable not only to lotic ecosystems and 

their floodplains, but also to the broader hydrologic, terrestrial, functional and societal context of 

connectivity in these systems. 
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2.2.6 Case Study - Landscape connectivity of Rana chiricahuensis in the Cienega Creek basin 

 

2.2.6.1 Focal Species 

 

The Chiricahua leopard frog, Rana chiricahuensis (CLF) is a ranid frog found in Arizona, New 

Mexico, and Northern Mexico, from 800 - 2700 m elevation (Platz & Mecham 1979, 

Santos-Barrera et al. 2004, Rorabaugh & Sredl 2014, Rorabaugh et al. 2018). The species is 

found in a variety of natural and man-made habitats like cienegas (southwestern wetland 

systems), springs, cattle tanks and small creeks (Santos-Barrera G. et al. 2004, Sredl & Jennings 

2005). The CLF can disperse through suitable streams, but also can move overland to find other 

nearby aquatic habitats (Sredl & Jennings 2005, USFWS 2007). The species has been the focus 

of local and regional conservation efforts, and is federally listed as Threatened in the United 

States (USFWS 2002), and listed as Vulnerable on the IUCN Red List (Santos-Barrera et al. 

2004).  

 

This case study is based on monitoring work carried out by the FROG (Frog and Fish 

Restoration Outreach Group) Conservation project, which is working to recover populations of 

the CLF and other co-occuring and interacting aquatic and riparian species (Rosen et al. 2013) in 

the case study region (USFWS 2002, 2007, Rosen et al. 2013). Availability and reliability of the 

data, movement patterns of the species, ease of detectability, protected status and imminent 
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threats due to prospective nearby mining activities (SESAT 2008) and recent regional 

development were primary drivers for selecting the CLF as a case species. 

 

2.2.6.2 Case Study Area 

 

The case study is within the Cienega Creek basin and surrounding regions, including portions of 

the Babacomari River and Huachuca Mountains, the San Pedro River, Madera Canyon and the 

Santa Rita Mountains (Fig. 4). The extent of the case study area was determined using ESRI 

ArcMap 10.5.1 (ArcMap) to create a minimum bounding circle of the FROG Conservation 

project’s monitoring site locations (area=2345 sq. km). Based on Rosen et al.’s (2013) analysis 

of the overland dispersal of CLF and the maximum recorded distance of dispersal for CLF 

individuals (7.6 km), I also incorporated a 10 km buffer to the minimum bounding circle (total 

case study area inclusive of buffer=3920 sq. km). The Cienega Creek basin includes high 

grassland valleys with cienega type wetlands nestled among nearby forested Sky Island ranges in 

particular including the Whetstone, Huachuca, Santa Rita, and Rincon mountains (Caves et al. 

2013). This region includes perennial and intermittent aquatic habitats that support lush riparian 

areas and predominantly native aquatic species (Rosen et al. 2013). 

 

2.2.6.3 Application of the Connectivity Component-Dimension Framework 

 

A suitability analysis approach (ESRI 2006, ESM 103 1981) was used to create landscape 

visualizations of CLF connectivity in the study area (Fig. 5). The questions included in the 
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framework (Table 2.1) were utilized to identify factors under each question that would play 

significant roles in influencing the components and their spatial dimensions in the context of 

CLF and their connectivity. 

 

2.2.6.4 Case Study Methodology Overview (Fig. 5) 

 

Multiple stakeholder and online sources were utilized to collect available spatial data to represent 

the variables that would help inform this work. Using the framework, variables were selected and 

processed (Table 2.2) to serve as factors (or proxies of factors) that may influence CLF 

connectivity; this data was stored in geodatabases. The master response variable in this analysis 

was CLF presence or absence in the monitoring sites, which was obtained from the FROG 

Conservation Project monitoring data.   

 

Using ArcMap, I spatially analyzed these variable datasets to create normalized raster surfaces 

for each predictor variable (Appendix B). Four sample tables, one for each connectivity 

component, were created using the Sample tool available in the Spatial Analyst toolbox in 

ArcGIS. These tables include the values for multiple input variable rasters at each CLF 

monitoring site location. In parallel, I conducted an online survey (Appendix C) among CLF 

experts to get their inputs on the framework and the relative significance of the components and 

their dimensions in influencing connectivity of CLF and their habitat, so that this information 

could be used to inform the spatial analysis and incorporate expert knowledge into the spatial 

models. 
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The sampled data tables were used to create multiple multivariate logistic regression models for 

each connectivity component as a probability surface of CLF presence, serving as a proxy for 

CLF connectivity, using MATLAB R2017a (9.2.0). I created a generalized linear model with a 

binomial distribution to create these regression models. For the dependent variable, I extracted 

the total number of unique monitoring sites (n=508) from the 2010-17 monitoring data (n=1176) 

provided by the FROG Conservation Project. The dependent variable for each component model 

was a binary dataset on the presence (1) of CLF (n=130) or absence (0) of CLF in the monitoring 

sites.  

 

2.2.6.5 Regression Equations 

 

CI Hydrologic = B0 + B1V 1 + B 2V2 + B 3V 3 … B NV N  

 

CI Terrestrial = B0 + B1X 1 + B2X 2 + B3X 3 … B NXN  

 

CI Functional = B0 + B1Y 1 + B2Y 2 + B 3Y3 … B NY N  

 

CI Societal = B 0 + B 1Z1 + B2Z 2 + B3Z3 … B NZ N  

 

where :  

CI - Connectivity Indices 

B 0, B 1,…BN - Regression Coefficients 
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V 0…VN; X0…X N; Y0…Y N; Z 0…ZN - Component-specific Independent Variables 

 

2.2.6.6 Expert Perspectives on CLF Connectivity 

 

Experts perspectives on the framework and CLF connectivity were captured to incorporate 

expert knowledge about the species and focus ecosystems into the spatial analysis. Using 

Qualtrics software, I distributed an online survey among CLF experts (n=22) to get their 

perspectives on the Connectivity Component-Dimension Framework  and how they would rank 

the various dimensions and components in the context of the connectivity of CLF and their 

habitat (Appendix C). These rankings were used to derive weights that can be incorporated into 

spatial models. 

 

2.2.6.7 Linear Combination 

 

The probability surfaces derived for each component using the regression models were merged 

using unweighted and weighted linear combinations in ArcMap to create connectivity index 

surfaces. For the weighted linear combination, I used weights derived from the expert survey 

results where they ranked the connectivity components based on their importance for 

connectivity of CLF and their habitat. The rank results from the online CLF expert survey for 

each component were averaged and then inverted and summed to get the relative proportional 

weight for each component based on their average ranks. 
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Connectivity Index CLF.unweighted = (CI Hydrologic + CI Terrestrial + CI Functional  + CI Societal) / 4 

 

Connectivity Index CLF.weighted = w1.CI Hydrologic + w2.CI Terrestrial + w3.CI Functional  + w4.CI Societal 

 

where :  

CI - Connectivity Indices 

w1…w4 - Weights derived from the expert survey 

These results were consolidated, symbolized and visualized for presentation and communication. 
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2.3 RESULTS - Spatial Analysis of Landscape Connectivity of R. chiricahuensis 
 

 

2.3.1 Multivariate Logistic Regression Models 

 

2.3.1.1 Hydrologic Component 

Elevation and fire hazard potential emerged as the most positively significant factors, and 

precipitation and the cost distance to adjacent aquatic features emerged as the most negatively 

significant factors influencing the hydrologic component in the selected model (Table 2.3) (Fig. 

6 (i)).  

 

The index values that form the probability surface are distributed unevenly across the range of 

values from 0 to 1, with majority of the values being less than 0.5. The Wilcox Ranksum test 

results return a p value < 0.05 and h value = 1 indicating that the presence and absence index 

values are significantly different (95% certainty) (Fig. 7 (i)). 

 

2.3.1.2 Terrestrial Component 

 
Fire hazard potential and cost distance to adjacent riparian habitat emerged as the most positively 

significant factors, and precipitation and land cover emerged as the most negatively significant 

factors influencing the terrestrial component in the selected model (Table 2.4) (Fig. 6 (ii)). 
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The index values that form the probability surface are distributed unevenly across the range of 

values from 0 to 1, with majority of the values being less than 0.5. The Wilcox Ranksum test 

results return a p value < 0.05 and h value = 1 indicating that the presence and absence index 

values are significantly different (95% certainty) (Fig. 7 (ii)). 

 

2.3.1.3 Functional Component 

 
Fire hazard potential and density of CLF recorded presence emerged as the most positively 

significant factors, and cost distance to adjacent riparian features and aquatic features emerged as 

the most negatively significant factors influencing the functional component in the selected 

model (Table 2.5) (Fig. 6 (iii)). 

 

The index values that form the probability surface are distributed unevenly across the range of 

values from 0 to 1, with majority of the values being less than 0.5. The Wilcox Ranksum test 

results return a p value < 0.05 and h value = 1 indicating that the presence and absence index 

values are significantly different (95% certainty) (Fig. 7 (iii)). 

 

2.3.1.4 Societal Component 

 
Depth to groundwater and land stewardship emerged as the most positively significant factors, 

and cost distance to adjacent aquatic features and density of roads emerged as the most 

negatively significant factors influencing the societal component in the selected model (Table 

2.6) (Fig. 6 (iv)). 
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The index values that form the probability surface are distributed unevenly across the range of 

values from 0 to 1, with majority of the values being less than 0.5. The Wilcox Ranksum test 

results return a p value < 0.05 and h value = 1 indicating that the presence and absence index 

values are significantly different (95% certainty) (Fig. 7 (iv)). 

 

2.3.2 Expert Perspectives on CLF Connectivity  

 

The expert survey was used to develop an alternate weighted regression model of the overall 

aggregated model including all components. In the survey, the Vertical dimension emerged as 

most highly ranked among majority of the respondents for the Hydrologic (n=16), Terrestrial 

(n=11) and Societal (n=15) components, while the Lateral dimension emerged as most highly 

ranked for the Functional (n=8) component. Many experts also felt that the Hydrologic 

Connectivity (n=8) component played the greatest role in influencing the connectivity of CLF in 

the Cienega Creek basin. 

 
2.3.3 Connectivity Indices  

 

2.3.3.1 Unweighted 

 
The connectivity surfaces that were derived for each model and were aggregated using 

unweighted linear combination to create an unweighted connectivity index are presented (Fig. 6 

(v)). 
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The index values that form the probability surface have a skewed distribution across the range of 

values from 0 to 1, with majority of the values being less than 0.7. The Wilcox Ranksum test 

results return a p value < 0.05 and h value = 1 indicating that the presence and absence index 

values are significantly different (95% certainty) (Fig. 7 (v)). 

 

2.3.3.2 Weighted 

 
The connectivity surfaces that were derived for each model and were aggregated using weighted 

linear combination and the weights derived from the expert survey results (Table 2.7) created the 

connectivity surface presented here (Fig. 6 (vi)). 

 

The index values and their distribution across the landscape were similar to the results for the 

unweighted connectivity index due to the weights applied and the lack of difference in 

magnitudes for importance of each connectivity component based on expert input in this 

particular case study focusing on the CLF. The values that form the probability surface have a 

skewed distribution across the range of values from 0 to 1, with majority of the values being less 

than 0.7. The Wilcox Ranksum test results return a p value < 0.05 and h value = 1 indicating that 

the presence and absence index values are significantly different (95% certainty) (Fig. 7 (vi)). 

 

On average, across all components and the unweighted and weighted indices, there were fewer 

sites with high index values (0.6-1.0), but the percentage of CLF presence was also 

comparatively greater among these sites (Table 2.8).  
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2.4 DISCUSSION 
 

2.4.1 Spatial Analysis and Connectivity Indices  

 

For this case study, I used generalized linear modelling and multivariate logistic regression, with 

CLF presence or absence in the monitoring sites as the dependent variable. While this modelling 

approach, like any other, has limitations, the results can help us make useful inferences about the 

connectivity of CLF and their habitat.  

 

In the resultant models, five factors emerged as the most positively significant factors in 

predicting CLF presence and, by proxy, their connectivity (elevation, fire hazard potential, depth 

to water table, land stewardship, and density of CLF sightings: Tables 2.8, 2.3 - 2.6). First, at 

higher elevations within the study area, aquatic ecosystems may be located in closer proximity to 

each other, as headwater streams in the region are more likely to be perennial than lowland 

streams (Bogan et al. 2013). However, the presence of perennial water in headwater streams may 

not necessarily translate to available suitable habitat as CLF are not known to be found at 

elevations higher than 2700 m ASL (Rosen et al. 2013). Therefore, classifying the elevation into 

suitable and unsuitable ranges based on best available knowledge could help improve these 

results. Second, the fire hazard potential dataset may have served as a proxy for more mesic 

areas with higher fuel production, which may correspond to better conditions for CLF dispersal 

and connectivity during wet seasons, and not necessarily a direct effect of wildfires on CLF 

connectivity. A positive relationship with density of CLF sightings was an expected result, as 

connectivity of CLF is better where CLF populations are found closer together. This variable 
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serves as a proxy for the metapopulations of CLF present in the vicinity which enhances 

movement and connectivity. Similarly, the positive relationship found with land stewardship was 

expected as the stewardship data was classified based on the protection status of the land, with 

higher values for areas with more stringent environmental protections. This relationship may 

have also reflected a bias in data collection as more monitoring sites were located on public lands 

in comparison to private lands. However, considering the high quality habitat, connectivity and 

protections offered by public lands, this result was expected. In the case of depth to water table 

and the cost distance to riparian habitats, a positive relationship was unexpected. These 

differences may be attributed to the quality of data available, the variables not being appropriate 

for inclusion, or the limitations of this modelling approach. Precipitation had a negative 

relationship with CLF presence and connectivity, perhaps because areas that receive maximum 

precipitation (higher elevation mountain slopes) are not necessarily those where water eventually 

collects and provides ideal CLF habitat and enhances their connectivity. The negative 

relationship with cost distance to adjacent aquatic features was an expected result, as proximity 

to other suitable habitat enhances connectivity. These inferences can be accommodated into 

future models for improved outcomes.  

 

The unweighted and weighted cumulative connectivity indices can be used to integrate the 

various components into a single surface. By incorporating expert inputs, this study attempted to 

ground, and thus enhance, the results of the initial spatial analysis with expert knowledge. In the 

case study of the CLF, there was no significant difference between the unweighted and expert 

weighted models as the magnitude of weights were not very dissimilar from the unweighted 

54 
 



 

combination (Table 2.7). The unweighted component models had equal weights on 0.25 each 

which the expert weights ranged from 0.200 to 0.342. These outcomes may supports the 

inclusion of the the components - Hydrologic, Terrestrial, Functional and Societal, in our 

Connectivity Component-Dimension Framework . These components may be essential for 

ensuring connectivity of aquatic and riparian obligate species like the CLF, and their habitat. In 

case of other species or ecosystem types, these expert weights may vary more significantly. The 

customizable nature of this methodology and incorporation of expert inputs ensures that relevant 

information and best available science helps direct the analysis, enhancing the framework’s 

applicability to other case species or systems. 

  

Models serve as simple approximations (with errors) of true probability surfaces, and many 

factors like quality of data, data collection biases, or data availability can influence the quality of 

results obtained (Barry & Elith 2006). Spatial analysis also involves error and uncertainty at 

many different levels (Flather et al. 1997). Future improvements to the model could be achieved 

by using better data sources for the variables; incorporating more relevant variables such as 

invasive species, restoration measures or temperature; and incorporating other available 

knowledge on CLF ecology and connectivity, for example, their preferred elevation ranges, 

landscape preferences for dispersal or disease dynamics. Sensitivity analysis of the results and 

testing them against CLF presence or absence data in different and similar geographies can also 

be conducted to see how the results may hold up. Additionally, more complex regression models 

like generalized additive models, multivariate adaptive regression splines, or boosted regression 
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trees, that can better represent the complexity of ecological systems, can be used to achieve 

better model performance, if the data allows for it (Barry & Elith 2006). 

 

2.4.2 Connectivity Component-Dimension Framework 

 

Over the past 40 years, direct and indirect approaches have been utilized to explore connectivity 

in riverine ecosystems, including concepts like the River Continuum Concept (Vannote et al. 

1980) and the Serial Discontinuity Concept (Ward & Stanford 1983, 1995) among others. This 

body of work has addressed the uniquely structured and dynamic nature of riverine ecosystems 

(Vannote et al. 1980), the significance of continuity and connectivity in these ecosystems 

(Pringle 2001), and the multidimensional nature of connectivity in such environments (Ward 

1989). However, there is limited information on the unique properties of aquatic and riparian 

systems in arid and semi-arid environments.  

 

The Connectivity Component-Dimension Framework  proposed in this study facilitates the 

breakdown of determinant factors and complex interactions associated with the focus ecosystems 

into manageable pieces. This analytical system enhances flexibility and customizability, allowing 

the user to evaluate multiple types of available knowledge and data concerning aquatic and 

riparian connectivity. The framework can be used for specific species (as demonstrated in the 

case study), groups of species, vegetation or habitat type, depending on the research questions 

being explored.  
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While this framework has been developed focusing on arid and semi-arid landscapes, the 

ecological, hydrologic and geomorphological principles may remain similar in other climatic 

conditions. Hence, the framework can be used as a supplemental tool when making connectivity 

considerations in aquatic or riparian ecosystems locally and globally, especially in relation to 

land use and future climate stress (Friggens et al. 2013). It provides a cross-disciplinary, 

systematic approach towards perceiving, exploring and understanding aquatic and riparian 

connectivity. 

 

Another significant value of the framework is its ability to incorporate the societal component. 

Most research in this domain has focused on how hydrologic, terrestrial or functional aspects of 

ecosystems and landscapes affect connectivity (e.g. Amoros & Roux 1988, Taylor et al. 1993, 

Pringle 2001, Pringle 2003). In contrast, research on how societal actions influence connectivity 

is also available for a narrower range of species, ecosystem types, or type of anthropogenic 

pressure (Vos & Chardon 2002, Fagan 2002, Joly et al. 2003, Pringle 2003, Coffin 2007, Crooks 

et al. 2011). The analytical framework discussed here allows spatially explicit variables of all 

kinds to be integrated, allowing for a multifaceted and cross disciplinary perspective on 

connectivity in the focus ecosystems.  

 

In this research, data availability for societal factors was comparatively limited, and even the 

CLF experts gave relatively lower priority to the societal component. Spatial or other data on 

removal of invasive species, restoration efforts, and core management areas was limited, which 

affected the quality of the analysis, but also reflected on the lack of focus on societal connections 
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with the landscape, and their importance in maintaining connectivity for aquatic and riparian 

species and their ecosystems. The framework case study results and available literature 

emphasize the need to focus on and maintain better spatial data about ecologically beneficial 

societal actions such as conservation on restoration, as well as anthropogenic pressures such as 

water withdrawals, species introduction, or recreation. 

 

As scientists and resource managers work to understand, conserve and restore the connectivity in 

these ecosystems, it is important to continue to foster positive connections between the 

ecosystems and society to ensure long term connectedness of species and landscapes in an era of 

intensifying human land use, resource extraction, and climate change. 

 

 

--- 
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FIGURES 

 

No. Title 

1 HUC 6 watersheds in the US portion of the Madrean Archipelago 

2 Research Methodology Flow Diagram 

3 Spatio-temporal dimensions of connectivity in aquatic and riparian 
ecosystems 

4 Case study area showing the normalized Digital Elevation Model 

5 Case Study Methodology 

6 Map Visualization of the probability surface for each model of 
connectivity index for CLF and their habitat. (i) Hydrologic, (ii) 
Terrestrial, (iii) Functional, (iv) Societal, (v) Unweighted Combined 
Connectivity Index, (vi) Expert Weighted Combined Connectivity 
Index 

7 Index Value Comparisons for sites where CLF were present vs. 
sites where CLF were absent. (i) Hydrologic, (ii) Terrestrial, (iii) 
Functional, (iv) Societal, (v) Unweighted Combined Connectivity 
Index, (vi) Expert Weighted Combined Connectivity Index  

  

59 
 



 

 
Figure 1 

 

 
 

 
 
  

60 
 



 

Figure 2 
 

 

 

  

61 
 



 

Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

62 
 



 

Figure 4 

 

 

 

  

63 
 



 

Figure 5 

 

 

  

64 
 



 

Figure 6 (i) 
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Figure 7 (i) 
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Figure 6 (ii) 
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Figure 6 (iii) 
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Figure 7 (iii) 
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Figure 7 (iv) 
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Figure 6 (v) 
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Figure 6 (vi) 
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Table 1.1 
 

Federal/State/Local Agencies NGOs Local Community Coalitions 

US Fish and Wildlife 
Services (USFWS) 
US Forest Service  
Bureau of Land Management 
(BLM), Pima County 
Arizona Game & Fish, 
Natural Resources 
Conservation Service 
(NRCS) 

The Nature Conservancy 
(TNC) 
Sky Island Alliance (SIA) 
Tucson Audubon Society 
Wildlife Conservation 
Society 
The Sonoran Institute 
Tucson Herpetological 
Society 

Cienega Watershed 
Partnership 
Borderlands Restoration 
Malpai Borderlands Group 
Watershed Management 
Group 
Altar Valley Conservation 
Alliance 
Cascabel Conservation 
Association 
Saguaro Juniper Corporation 
Coalition for Sonoran Desert 
Protection 

 
Table 1.1: List of Stakeholders in the Madrean archipelago 

 
 
  

81 
 



 

 
Table 2.1 

Dimensions ⇨⇨ 
Components ⇩⇩ 

Longitudinal Lateral Vertical Temporal 

Hydrologic Are aquatic 
ecosystems 
(especially 
streams) linearly 
connected and 
flowing? 

Are aquatic 
ecosystems 
connected to 
floodplains and 
adjacent aquatic 
habitats? 

Do aquatic 
ecosystems have a 
connection with 
reliable sources of 
groundwater? 

Are aquatic 
ecosystems 
maintaining 
connectivity over 
the years? 

Terrestrial 

Are riparian 
ecosystems 
linearly 
consistently 
connected? 

Are riparian 
ecosystem patches 
connected to each 
other laterally? 

Do riparian 
ecosystems have a 
connection with 
reliable sources of 
groundwater? 

Are riparian 
ecosystems 
maintaining 
connectivity over 
the years? 

Functional Can species move 
through 
landscapes 
linearly 
(especially 
streams & riparian 
areas)? 

Can species move 
through the 
landscape between 
patches of habitat? 

Are species’ 
habitat 
consistently 
connected to 
groundwater? 

Can species move 
through the 
landscape 
consistently over 
the years? 

Societal Is society 
influencing the 
linear connectivity 
of the landscape 
(especially 
streams & riparian 
areas)? 

Is society 
influencing the 
connectivity 
between habitat 
patches on the 
landscape? 

Is society 
influencing the 
connectivity to 
groundwater in the 
landscape? 

Is society 
influencing the 
year-by-year 
consistency of 
connectivity on 
the landscape? 

 

Table 2.1: Connectivity Component-Dimension Framework 

 
  

82 
 



 

Table 2.2 
Variable Data Source Variable Layer Variable Data Source Variable Layer 

Permanence Arizona Streams 
(Pima County), 
Streams (ALRIS), 
Streams 
(AZGFD) 

norm_strmmax CLF Presence FROG 
Conservation 
Project (CWP) 

norm_eucCLF 

norm_strmmean norm_costCLF 

Fish FROG 
Conservation 
Project (CWP) 

norm_fish norm_CLF 

Stock Tanks, 
Ponds, Wells 

National 
Wetlands 
Inventory 
(USFWS) 

normcostAq Invasive Fauna FROG 
Conservation 
Project (CWP) 

normInv 

norm_AqEuc norm_eucInv 

Elevation National 
Elevation Dataset 
(USGS) 

normDEM norm_costInv 

Fire Wildfire Hazard 
Potential (USGS) 

normmeanfire Roads TIGER Line Data 
(USCB) 

norm_roadkrwt 

norm_fire normRdkernel 

Shallow 
Groundwater 
Aquifers 

Arizona NEMO 
(UA) 

aquifer norm_roads 

Depth to 
Groundwater 

Stakeholders 
(LCNCA), 
Groundwater Site 
Inventory 
(USGS) 

norm_DTW Mines Arizona NEMO 
(UA) 

norm_minesptd5k 

Precipitation PRISM data 
(OSU) 

norm_precip norm_Mines 

NDVI National 
Agriculture 
Imagery Program 
(USDA) 

norm_NDVI Land 
Stewardship 

Land 
Management 
(ASLD) through 
Damian Rawoot 

stewards 

Riparian Areas GAP National 
Land Cover 
(USGS) through 
Damian Rawoot 

normcostRip Monitoring FROG 
Conservation 
Project (CWP) 

norm_monitor 

normRip normmonitorptd 

Land Cover GAP National 
Land Cover 
(USGS) through 
Damian Rawoot 

norm_LC    
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Table 2.2: Selected Variables and their Data Sources  
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Table 2.3 

 

Component Independent Variables 
(X) 

Regression Coefficients 
(bx) 

P Value 

 
Hydrologic Connectivity 
 
Dependent Variable= CLF 
Presence/Absence 

normDEM 9.9150 0.0400 

norm_fire 8.6537 0.0168 

norm_streammean 1.9188 0.0000 

norm_DTW 1.4905 0.1905 

norm_fish 1.0145 0.0629 

aquifer 0.6682 0.0410 

norm_precip -3.7203 0.1110 

normcostAq -3.7720 0.1143 

 
Table 2.3: Multivariate logistic regression results for Hydrologic Component. Variables with 
p-value<0.1 have been bolded, but all selected variables were included as control variables in 

the model  
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Table 2.4 

Component Independent Variables 
(X) 

Regression Coefficients 
(bx) 

P Value 

 
Terrestrial Connectivity 
 
 
Dependent Variable= CLF 
Presence/Absence 
 

norm_fire 10.5086 0.0036 

normcostRip 1.9518 0.1472 

aquifer 0.4128 0.1156 

norm_NDVI 0.0974 0.8769 

norm_DTW -0.4869 0.6369 

normDEM -0.7392 0.8562 

norm_precip -2.4917 0.2707 

nrmLC -3.4830 0.5315 

 
Table 2.4: Multivariate logistic regression results for Terrestrial Component. Variables with 

p-value<0.1 have been bolded, but all selected variables were included as control variables in 
the model. 
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Table 2.5 
 

 

Component Independent Variables 
(X) 

Regression Coefficients 
(bx) 

P Value 

Functional Connectivity 
 
 
Dependent Variable= CLF 
Presence/Absence 

norm_fire 6.0327 0.0940 

norm_CLF 5.3121 0.0000 

normDEM 4.0813 0.4813 

norm_DTW 3.1243 0.0102 

nrmLC 2.9501 0.6045 

norm_costInv 1.1991 0.5071 

norm_precip 1.0677 0.6935 

norm_streammean 0.6706 0.1735 

aquifer -0.0887 0.8210 

normcostRip -0.7372 0.6734 

normcostAq -2.9171 0.2771 

 
Table 2.5: Multivariate logistic regression results for Functional Component. Variables with 

p-value<0.1 have been bolded, but all selected variables were included as control variables in 
the model. 
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Table 2.6 
 

 

Component Independent Variables 
(X) 

Regression Coefficients 
(bx) 

P Value 

Societal Connectivity 
 
Dependent Variable= CLF 
Presence/Absence 

norm_DTW 7.1872 0.0012 

stewards 4.6868 0.0000 

aquifer 3.8215 0.0013 

norm_minesptd5k 1.9042 0.0000 

norm_monitor 1.0672 0.6480 

nrmLC 0.2937 0.9585 

normcostAq -0.2838 0.4032 

norm_roads -0.4624 0.5833 

 
Table 2.6: Multivariate logistic regression results for Societal Component. Variables with 

p-value<0.1 have been bolded, but all selected variables were included as control variables in 
the model. 
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Table 2.7 
 

 

Expert Rankings Dimension Mean 
Rank 

Component Mean 
Rank 
(n=16) 

Weight 

Component Dimensions  

Hydrologic 
 
(n=21) 

Vertical 1.4286 1.7500 0.342 

Longitudinal 2.7143 

Lateral 2.9048 

Temporal 2.9524 

Functional 
 
(n=22) 

Lateral 1.9091 2.4375 0.213 

Longitudinal 2.4091 

Vertical 2.4545 

Temporal 3.2273 

Terrestrial 
 
(n=21) 

Vertical 1.8571 2.8125 0.246 

Longitudinal 2.6190 

Lateral 2.6667 

Temporal 2.8571 

Societal 
 
(n=22) 

Vertical 1.6364 3.0000 0.200 

Lateral 2.5909 

Longitudinal 2.4545 

Temporal 3.3182 

 
Table 2.7: Results of the CLF Expert Survey  
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Table 2.8 
 

 

Index Type  Connectivity Index Range of Values 

0.0 - 0.3 0.3 - 0.6 0.6 - 1.0 

Hydrologic no. of sites 340 156 12 

% CLF presence 16% 41% 92% 

Terrestrial no. of sites 382 116 10 

% CLF presence 20% 36% 100% 

Functional no. of sites 365 68 75 

% CLF presence 11% 56% 71% 

Societal no. of sites 126 26 356 

% CLF presence 7% 15% 33% 

Unweighted no. of sites 199 270 39 

% CLF presence 8% 34% 62% 

Expert Weighted no. of sites 231 240 37 

% CLF presence 7% 38% 62% 

 
Table 2.8: Component and connectivity index value ranges and their performance at predicting 

presence of CLF 
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Table 2.9 
 

 

Variable Component where 
Significant 

Coefficient Sign Expected Sign 

Elevation Hydrologic, 
Functional 

+ 
+ 

Range 
dependent 

Fire Hazard Potential Hydrologic, 
Terrestrial, 
Functional 

+ 
+ 
+ 

+ 
+ 
+ 

Depth to Water Table Functional, 
Societal 

+ 
+ 

- 
- 

Land Stewardship Societal + + 

Density of CLF 
Sightings 

Functional, 
 

+ + 

Precipitation Hydrologic 
Terrestrial 

- 
- 

+ 
+ 

Cost Distance to 
Aquatic Features 

Hydrologic 
Functional 

- 
- 

- 
- 

Land Cover Terrestrial - - 

 

Table 2.9 : Variables with significant regression coefficients and their models 
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APPENDIX A 
 

Interview Template 
 

AQUATIC AND RIPARIAN CONNECTIVITY IN ARID LANDSCAPES 
 
Exploring the perspectives, barriers and lessons learned as experts, practitioners and organisations define 
and incorporate concepts of connectivity in aquatic and riparian conservation and restoration efforts in the 
US Madrean Watersheds. 
 
Akanksha Sharma (akankshasharma@email.arizona.edu, 520-599-4456) 
 

Protocol 1608798340 Approved by Univ. of Arizona IRB on 22-Aug-2016 
 

1. Please tell me about your work in --------. 
 
 
2. Please tell me how you think about connectivity in aquatic and riparian ecosystems - how do you 
define it? How does your organization prioritize connectivity of aquatic and riparian ecosystems? 
 

 
3. Map Questions -  

 
 

a.where do they work,  
b.what areas are important for aquatic and riparian connectivity, 
c.what their zone of influence is, 

d.which aquatic and riparian ecosystems’ connectivity is at risk  
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4. In the context of aquatic and riparian connectivity, what are the most useful/important ecological 
indicators for your agency/organization? 
 
Indicator: Something (organisms, communities, processes, physical and/or chemical characteristics) that 
can be used to assess/measure the condition of the environment or to monitor trends in condition over 
time 
 
5. Please tell me about some successful aquatic and riparian conservation/restoration initiatives that 
address your definition and goals for connectivity. 
 
 
6. What do you believe are the most significant pressures on aquatic and riparian connectivity in the 
geography where you work? Which of these pressures is your organization addressing, and how? 
 
Pressure: A factor that is a stressor acting on the ecosystem 
 
 
7. How do you/your organization manage or account for connectivity in the predicted climate change 
scenarios? 
 
8. What are the greatest barriers that you face in terms of aquatic and riparian connectivity? How does 
your organization mitigate these conflicts and make decisions associated with ecosystem connectivity? 
Please tell me about these. 
 
Barriers: Challenges faced by actors working on aquatic and riparian ecosystem connectivity 
 
9. Please share any key lessons and outcomes that were a result of these connectivity related initiatives. 
 
 
10. What kind of information or science would be helpful in addressing connectivity issues in your 
area/programs? 
 
 
11. Would you have any suggestions for whom I should speak to next? 
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APPENDIX B 
 

Variable Processing and Maps 
 

Table: Variable Processing & Maps 
Variables Variable Layer Variable Processing Map 

Permanence 

norm_strmmax 

Stream datasets from 3 sources were 
combined, classified and ranked 
based on stream permanence. 
1000m buffers were created around 
stream features, assigned 
permanence values, and rasterized. 
The focal statistics tool was used to 
calculate the focal maximum for a 
circular neighbourhood of 5000m 
radius for each cell. The resultant 
raster was normalized to values 
between 0 and 1. 

norm_strmmean 

Stream datasets from 3 sources were 
combined, classified and ranked 
based on stream permanence. 
Buffers of 5 km were created 
around the stream features. The 
focal statistics tool was used to 
calculate the focal mean for a 
circular neighbourhood of 5 km 
radius for each cell. The resultant 
raster was normalized to values 
between 0 and 1. 

Fish norm_fish 

Data about fish presence was 
extracted from the species 
monitoring dataset. Kernel density 
tool was used to calculate a density 
surface for fish presence across the 
landscape from the extracted fish 
data. This raster surface was 
normalized to values between 0 and 
1. 
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Stock Tanks, 
Ponds, Wells 

normcostAq 

Using the National Wetlands 
Inventory aquatic features dataset as 
the source features and the Digital 
Elevation Model as the cost surface, 
a cost distance raster was created 
and normalized to values between 0 
and 1. 

norm_AqEuc 

Using the National Wetlands 
Inventory aquatic features dataset as 
the source features, a euclidean 
distance raster was created and 
normalized to values between 0 and 
1. 

Elevation normDEM 
The Digital Elevation Model raster 
was normalized to values between 0 
and 1. 

Fire 
normmeanfire 

The Wildfire Hazard Potential 
dataset was normalized to values 
between 0 and 1. The focal statistics 
tool was used to calculate the focal 
mean for a circular neighbourhood 
of 5 km radius for each cell. The 
resultant raster was normalized to 
values between 0 and 1. 
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norm_fire 
The Wildfire Hazard Potential 
dataset was normalized to values 
between 0 and 1. 

Shallow 
Groundwater 
Aquifers 

aquifer 
Shallow groundwater aquifer dataset 
was assigned binary values based on 
presence or absence of aquifers and 
rasterized. 

Depth to 
Groundwater norm_DTW 

Point data from the Las Cienegas 
National Conservation Area and 
Groundwater Site Inventory dataset 
were used to obtain depth to the 
water table values for the points. 
Using the Inverse Distance 
Weighted interpolation method, a 
raster surface for the depth to water 
table was interpolated. The resultant 
raster was normalized to values 
between 0 and 1. 

Precipitation norm_precip 

500 random points were generated 
within the study area and used to 
download monthly mean 
precipitation data for the random 
points between 2010 to 2017. 
Precipitation mean values were 
calculated for each point using data 
from all the years. Based on there 
8-year means, using the Inverse 
Distance Weighted interpolation 
method, a raster surface for mean 
precipitation was interpolated. The 
resultant raster was normalized to 
values between 0 and 1. 
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NDVI norm_NDVI 

National Agricultural Innovation 
Project Imagery tiles from August 
-Septemper 2015 (wet season) were 
mosaiced into a single raster dataset. 
Layers 4 (Near Infrared) and 1 
(Red) were used to create 
Normalized Difference Vegetation 
Index raster surface for the study 
area. The resultant raster was 
normalized to values between 0 and 
1. 

Riparian 
Areas 

normcostRip 

Using the riparian features dataset 
as the source features and the 
Digital Elevation Model as the cost 
surface, a cost distance raster was 
created and normalized to values 
between 0 and 1. 

normRip 

Using the riparian features dataset 
as the source features, a euclidean 
distance raster was created and 
normalized to values between 0 and 
1. 

Land Cover norm_LC 

The land cover dataset was 
classified and classes were assigned 
values (-1 for open water or riparian 
areas, 0 for other natural land cover, 
1 for cropland, 2 for barren land, 3 
for low density urbanized areas and 
mining, and 4 for high density 
urbanized areas) based on the extent 
of disturbance to frog connectivity. 
This raster was subsequently 
normalized to values between 0 and 
1. 
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CLF 
Presence 

norm_eucCLF 

Data about R. chiricahuensis 
presence and frequency of 
occurrence was extracted from the 
species monitoring dataset. Using 
the R. chiricahuensis frequency 
dataset as the source features, a 
euclidean distance raster was 
created and normalized to values 
between 0 and 1. 

norm_costCLF 

Data about R. chiricahuensis 
presence and frequency of 
occurrence was extracted from the 
species monitoring dataset. Using 
the R. chiricahuensis frequency 
dataset as the source features and 
the Digital Elevation Model as the 
cost surface, a cost distance raster 
was created and normalized to 
values between 0 and 1. 

norm_CLF 

Data about R. chiricahuensis 
presence and frequency of 
occurrence was extracted from the 
species monitoring dataset. Kernel 
density tool was used to calculate a 
density surface for R. chiricahuensis 
presence and frequency across the 
landscape from the extracted data. 
This raster surface was normalized 
to values between 0 and 1. 

Invasive 
Fauna 

normInv 

Data about presence of Invasive 
species was extracted from the 
species monitoring dataset. Kernel 
density tool was used to calculate a 
density surface for presence of 
Invasive species across the 
landscape from the extracted data. 
This raster surface was normalized 
to values between 0 and 1. 
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norm_eucInv 

Data about presence of Invasive 
species was extracted from the 
species monitoring dataset. Using 
the Invasive species dataset as the 
source features, a euclidean distance 
raster was created and normalized to 
values between 0 and 1. 

norm_costInv 

Data about presence of Invasive 
species was extracted from the 
species monitoring dataset. Using 
the Invasive species dataset as the 
source features and the Digital 
Elevation Model as a cost surface, a 
cost distance raster was created and 
normalized to values between 0 and 
1. 

Roads 

norm_roadkrwt 

Weights were assigned to road data 
from Arizona based on road class 
database, road type and road use 
intensity. Kernel density tool was 
used to calculate a weighted density 
surface for the density of roads 
found in a given area. This raster 
surface was normalized to values 
between 0 and 1. 

normRdkernel 

Kernel density tool was used to 
calculate a density surface for the 
density of roads found in a given 
area. This raster surface was 
normalized to values between 0 and 
1. 
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norm_roads 

Weights were assigned to road data 
from Arizona based on road class 
database, road type and road use 
intensity. Focal Statistics tool was 
used to calculate focal sum for a 
1000m circular neighbourhood, to 
represent the density of roads found 
in a given area. This raster surface 
was normalized to values between 0 
and 1. 

Mines 

norm_minesptd5
k 

Using a 5000m radius, point density 
tool was used with data about past 
and present mining sites to calculate 
a density surface for mines. This 
raster surface was normalized to 
values between 0 and 1. 

norm_Mines 

Kernel density tool was used to 
calculate a density surface for the 
density of past and present mining 
sites found in a given area. This 
raster surface was normalized to 
values between 0 and 1. 

Land 
Stewardship stewards 

Land Stewardship data from the 
SWReGAP was assigned weights - 
0 for private or military land, 0.5 for 
state trust land and 1 for public or 
protected land. 
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Monitoring 

norm_monitor 

Kernel density tool was used to 
calculate a density surface for the 
density of monitoring sites found in 
a given area. This raster surface was 
normalized to values between 0 and 
1. 

normmonitorptd 

Point density tool was used with a 
radius of 5000m to calculate a 
density surface for the density of 
monitoring sites found in a given 
area. This raster surface was 
normalized to values between 0 and 
1. 
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APPENDIX C 
 

Online Survey Instrument 
 

Landscape Connectivity of Chiricahua Leopard Frogs 
 
Thank you for participating in my research on aquatic and riparian connectivity in the Madrean 
watersheds of southwestern United States. As part of this work, I am conducting a case study of 
the landscape connectivity of Chiricahua leopard frogs (Rana chiricahuensis) in the Cienega 
Creek basin and surrounding areas. 
  
Survey Purpose: 
 
Using a framework developed as part of this research, I would like to capture how experts would 
rate 
a) connectivity components that contribute towards aquatic and riparian connectivity 
b) spatial and temporal dimensions that contribute towards the connectivity of these components 
 
These inputs will be used to assign weights in the analysis which will subsequently contribute 
towards developing customizable spatial indices that can help assess and visualize landscape 
connectivity from multiple dimensions and perspectives. 
 
The survey will take 15 minutes or less, you may also come back to it in case you are unable to 
finish. Your answers will be confidential.  
 
Unless you explicitly consent, no personal information will be collected. Your identifiable 
information will not be associated with results from the research. Taking part in this study is 
completely voluntary. If you decide to take part, you are free to withdraw your survey responses 
at any time. If you have any questions or concerns regarding your rights as a subject in this 
study, you may contact the Institutional Review Board (IRB) at (520) 621-6721 or access their 
website at http://rgw.arizona.edu/compliance/human-subjects-protection-program. You may 
make a copy of this page to keep for your records. 
 
Akanksha Sharma is the researcher conducting this study under the supervision of Dr. Larry 
Fisher and Dr. Don Falk. If you have questions, please feel free to contact 
akankshasharma@email.arizona.edu / 520 -599-4456. 
 
Protocol 1608798340 Approved by University of Arizona IRB on 22-Aug-2016 
 
To proceed, please provide consent - 
 

● Statement of Consent: I have read the above information. By completing the following 
survey, I consent to participate in the research and have my answers included in the 
results. 
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● Exit Survey 
 
Condition: Exit Survey Is Selected. Skip To: End of Survey. 
 

Aquatic and Riparian Connectivity 
 
For this research, Connectivity can be considered as the mechanism through which landscape 
structures and features facilitate or impede movement of species or matter. 
 
As part of this research, we have developed a framework that helps deconstruct aquatic and 
riparian connectivity into connectivity components and their respective dimensions. While these 
components are not independent or mutually exclusive, they help conceptualize the complexity 
of ecological connectivity from a multidimensional perspective. 
 
Connectivity component - An aspect of the landscape, ecology or society that influences aquatic 
and riparian connectivity. Features and variables associated with the component may enhance or 
hamper connectivity.  
 
Four connectivity components are considered - hydrologic, referring to the connectivity of water 
in streams, pools and other aquatic landscape features; terrestrial, referring to the connectivity of 
and between riparian ecosystems; functional, referring to the genetic connectivity and movement 
of organisms in these ecosystems; and societal, referring to the connectivity of human 
communities to the aquatic and riparian ecosystems. 
 
Dimension - For this research, we consider three spatial dimensions - longitudinal, pertaining to 
the linearity of connectivity; lateral, pertaining to the horizontal or sideward connectivity; and 
vertical, pertaining to depth and connectivity with what is below ground; as well as the temporal 
dimension, pertaining to the consistency of ecological connectivity over the years. 
 
1. Are you? 

● Familiar with Chiricahua leopard frogs and their ecology 
● Familiar with the Cienega Creek basin or surrounding regions with similar ecological 

features, especially within the Madrean Archipelago 
● Other: 

 
2. Which category most closely describes your organization? 

● US Federal Government  
● Science/Research Organization 
● State Government  
● University 
● County Government  
● Private Consultant 
● Non Governmental Organization  
● Community Coalition/Alliance 
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● Other:  
 
3. What category most closely describes your role? 

● Land Manager  
● Planning 
● Researcher  
● Communication 
● Advocacy  
● Land Owner 
● Practitioner  
● Other: 

 
4. Affiliation (optional):  
 

Perspectives on Connectivity 
 
Hydrologic Connectivity Component 
 
5. Please rate the following dimensions based on how they contribute towards maintaining or 
hampering hydrologic connectivity for Chiricahua leopard frogs in streams and other aquatic 
habitats in arid landscapes like the Cienega Creek basin. 
(1 - most important, 4 - least important, drag and drop to rate) 

● Longitudinal - aquatic ecosystems (especially streams) are linearly connected and 
flowing 

● Lateral - aquatic ecosystems (especially streams) are connected to their floodplains and 
adjacent aquatic habitats 

● Vertical - aquatic ecosystems have a connection with reliable sources of groundwater 
● Temporal - aquatic ecosystems are maintaining connectivity over the years 

 
Terrestrial Connectivity Component 
 
6. Please rate the following dimensions based on how they contribute towards maintaining or 
hampering terrestrial connectivity for Chiricahua leopard frogs in riparian and other terrestrial 
habitat in arid landscapes like the Cienega Creek basin. 
(1 - most important, 4 - least important, drag and drop to rate) 

● Longitudinal - riparian ecosystem are linearly consistently connected 
● Lateral - riparian ecosystem patches are connected to each other laterally 
● Vertical - riparian ecosystems have a connection with reliable sources of groundwater 
● Temporal - riparian ecosystems are maintaining connectivity over the years 
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Functional Connectivity Component 
 
7. Please rate the following dimensions based on how they contribute towards maintaining or 
hampering the functional connectivity and movement of Chiricahua leopard frogs in arid 
landscapes like the Cienega Creek basin. 
(1 - most important, 4 - least important, drag and drop to rate) 

● Longitudinal - Chiricahua leopard frogs are able to move through landscapes linearly 
● Lateral - Chiricahua leopard frogs are able to move through the landscape between 

patches 
● Vertical - Chiricahua leopard frogs’ habitats are consistently connected to groundwater 
● Temporal - Chiricahua leopard frogs are able to move through the landscape consistently 

over the years 
 
Societal Connectivity Component 
 
8. Please rate the following dimensions based on how they contribute towards maintaining or 
hampering societal connectivity for Chiricahua leopard frogs in arid landscapes like the Cienega 
Creek basin. 
(1 - most important, 4 - least important, drag and drop to rate) 

● Longitudinal - society is influencing the linear connectivity of the landscape 
● Lateral - society is influencing the connectivity between patches on the landscape 
● Vertical - society is influencing the connectivity to groundwater in the landscape 
● Temporal - society is influencing the year-by-year consistency of connectivity on the 

landscape 
 
Connectivity Components 
 
9. Please rank these four connectivity components discussed above based on how important they 
are overall for the aquatic and riparian connectivity of Chiricahua leopard frogs. 
(1 - most important, 4 - least important, drag and drop to rate) 

● Hydrologic Connectivity 
● Terrestrial Connectivity 
● Functional Connectivity 
● Societal Connectivity 

 
10. Name (Optional): 
 
If you have any other queries or feedback, please feel free to reach out to 
akankshasharma@email.arizona.edu 
 
If you would like clarifications or more information about this research, please provide your 
email below. 
 
Email (Optional): 
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