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The interaction between irrigation and stream systems near Palo Verde National Park, 

Costa Rica provided an opportunity to investigate critical concepts in stream ecology:  

ecohydrology, riparian patch ecology, and the river continuum concept, while addressing water 

management issues.  This study integrated these components by exploring: 1) Effects of canals 

on stream community structure and function, and 2) Whether canals and streams have similar 

structure and function at the landscape level. 

The ecohydrology investigation compared intermittent and perennial tropical dry forest 

streams.  It provided details on their aquatic communities and demonstrated the strong influence 

of streamflow on the colonization, development, and succession of aquatic biota.  Furthermore, 

this investigation increased knowledge of tropical dry forest stream ecosystems, which have been 

studied very little and exist within a threatened forest ecosystem.  It also revealed that impacts of 

irrigation canals on tropical dry forest streams included increased habitat during the dry season, 

habitat fragmentation, channel scouring, and water quality changes. 

The riparian patch investigation compared four distinct stream environments resulting 

from canal management at a site where an irrigation canal crossing is maintained without 

riparian vegetation and canal water is directly discharged into the stream.  Some differences in 
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physical-chemical characteristics and the biotic community were found between the deforested 

stretch and the adjacent upstream and downstream forested stretches, but that small-scale 

riparian deforestation (< 35 m) may not have severe detrimental effects on the stream community 

and may actually provide a greater diversity of habitats and resources that enhances biotic 

richness.  In addition, perennial discharge from the canal into the stream may provide refugia in 

the dry season and a source of colonizers for the seasonal stream reach. 

The canal continuum investigation analyzed the size classes of irrigation canals that 

diminish in size over their longitudinal gradient both to determine their structure and function 

and to examine whether canals follow predictions of the River Continuum Concept (RCC), but in 

reverse order.  As a whole, the canals did support an aquatic community whose structure and 

function did change over their longitudinal gradient, and the canals did follow some RCC 

predictions. 
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CHAPTER 1 
STUDY INTRODUCTION 

Research Questions 

Understanding the structure and function of stream systems is critical for determining how 

water management strategies may be affecting freshwater resources.  In regions where water is 

scarce, yet agricultural land available, water management often includes construction of 

irrigation systems.  Introduction of a large quantity of additional water inevitably changes local 

hydrology, having implications on stream ecosystems in the area.  Streams near Palo Verde 

National Park, Costa Rica demonstrated this interaction between irrigation and stream systems, 

providing an opportunity to investigate critical concepts in stream ecology:  ecohydrology, 

riparian patch ecology, and the river continuum concept, while addressing water management 

issues.  The objective of this entire study was to investigate these concepts and local watershed 

management by addressing:  1) Effects of canals on stream community structure and function, 

and 2) Whether canals and streams have similar structure and function at the landscape level. 

To that end, examination of freshwater ecosystems altered or created by irrigation canals in 

a tropical dry forest region of Costa Rica occurred in three parts. The first part addressed whether 

or not canals affect stream community structure and function by investigating the effects of 

canal-induced changes in flow regime of tropical dry forest streams, thereby exploring the 

concept of ecohydrology. The second part investigated the effects of riparian deforestation on a 

second-order tropical dry forest stream due to canal management practices, thereby exploring the 

concept of patch dynamics.  The third part addressed whether canals and streams have similar 

structure and function, exploring the predictions and applications of the River Continuum 

Concept. 
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Study Context 

Streams near Palo Verde National Park are located in a tropical dry forest.  Tropical dry 

forests experience dry periods lasting about 6 months and are semi-deciduous, containing trees 

usually between 20-30 m tall, shrubs that often have thorns or spines, woody vines, and ground 

bromeliads (Holdridge 1967).  This forest type originally comprised 42% of the world’s tropical 

vegetation (Murphy and Lugo 1986), but is now considered one of the most threatened lowland 

forest ecosystems in the tropics (Janzen 1988).  In the case of Central America, these forests 

once covered an area five times the size of Guatemala, but by the mid-1980s, there were no 

longer large areas of relatively pristine dry forest, and less than 1% of the original forest had 

conservation status (Janzen 1986).  Within Costa Rica, degradation, fragmentation, and 

elimination of tropical dry forest habitat have been largely attributed to pasture and agricultural 

conversion (Janzen 1988). 

The only remaining tropical dry forest in Costa Rica is in the Guanacaste Province in the 

northwestern part of the country, specifically within the Tempisque River Basin (Jimenez et al. 

2001).  Palo Verde National Park and Lomas Barbudal National Park, located in the basin, 

remain among of the few protected areas with tropical dry forests in Costa Rica and the 

Neotropics in general (OTS 2009).   

Existence of these forests results from distinct seasonal patterns of precipitation in the 

region.  Ninety-five percent of precipitation occurs between May and November, with a short 

period of reduced rainfall in June, July, and August called “El Veranillo de San Juan” (Jimenez 

et al. 2001).  The marked seasonality often results in drought during the dry season and floods in 

the rainy season.  While the preponderance of sunny days encourages crop growth, lack of water 

in the dry season is a hindrance to growth (Jimenez et al. 2001). 
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Both to reduce vulnerability of agriculture to droughts and to increase the number of 

possible harvests annually, the Arenal-Tempisque Irrigation Project (PRAT) was initiated in 

1980.  This large irrigation canal project conveys water from Lake Arenal in the highlands to 

agricultural lowlands of Guanacaste (Pacific 2002).  PRAT helps support the region’s 

agricultural industry, which produces approximately 45% of the rice, 50% of the sugar cane, and 

100% of the melon in Costa Rica (Jimenez et al. 2001).  

One of the primary canals of PRAT is Canal Oeste, which a co-operative of companies, 

COPEVICA, recently paid to extend approximately 21 km to irrigate their fields.  This extension 

was completed in 2003 (Pineda 2007).  Along a portion of this extension, Canal Oeste crosses a 

series of parallel streams coming off foothills covered in tropical dry forest and affected some of 

the streams in the process.  Lomas Barbudal Reserve covers part of these foothills and Canal 

Oeste crosses a wildlife corridor connecting the reserve to Palo Verde National Park.  This 

corridor contains a second-order stream, Quebrada Barbudal, which Canal Oeste also affected. 

Canal construction practices varied along the extension length.  The initial section has 

concrete lining and culverts, while the remainder of the canal has walls composed of rock and 

earth that are nearly devoid of concrete lining and has no culverts.  As a result of the culverts and 

lining in the initial section, several streams that the canal crosses are able to maintain their 

intermittent flow regime, which is characteristic of the region due to the distinct wet and dry 

seasons (Fig. 1-1).  Meanwhile, the canal leaks at some locations, primarily in the unlined 

segment, providing perennial flow to other streams nearby, thus altering the typically intermittent 

hydrologic regime of the streams.  Canal construction also involved the use of an inverted siphon 

to allow the canal to pass under a second-order seasonal stream called Quebrada Barbudal.  At 

this location of canal crossing, the riparian zone of Quebrada Barbudal is kept deforested, which 
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creates an open patch with high light exposure along an otherwise forested stream (Fig. 1-1).  

These alterations in streamflow and riparian canopy cover would be expected to affect stream 

community structure by changing food web complexity, colonization and succession patterns, 

and nutrient cycling. 

Some water from the Canal Oeste extension is diverted into a comparatively smaller 

irrigation canal system that provides water to rice and sugar cane fields between Palo Verde 

National Park and the Lomas Barbudal Reserve (Fig. 1-1).  This canal system creates freshwater 

habitat that harbors fish, crayfish, and aquatic macroinvertebrates (Rizo-Patrón 2003) and it 

decreases in channel width and depth over its longitudinal gradient, the reverse size sequence of 

a typical stream.  Consequently, these canals would be expected to follow stream community 

changes related to stream size that were predicted in the River Continuum Concept (Vannote et 

al. 1980), but in reverse order. 

Research into the structure and function of tropical streams in Costa Rica has largely 

occurred in tropical wet forests (Pringle and Ramirez 1998, Ramirez and Pringle 1998b, Boyero 

and Bosch 2004). Previous research on Costa Rican dry forest streams is sparse, but has provided 

information on aquatic macroinvertebrate taxonomy (Pritchard 1996) and development (Jackson 

and Sweeney 1995), population dynamics of the fish Poecilia gillii (Kner & Steindachner 1863) 

(Chapman et al. 1991), reproduction of the fish Archocentrus nigrofasciatus (Gunter 1869) 

(Wisenden 1994), and water level fluctuations in seasonal pools (Chapman and Kramer 1991b). 

Due to the threatened status of tropical dry forests and the lack of understanding of how 

irrigation projects may affect them, an investigation of natural and altered tropical dry forest 

streams is especially pressing.  In addition, strongly seasonal rainfall patterns and irrigation 

canals passing through the region combine to offer unique opportunities to investigate the 
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dynamics of ecohydrology and riparian patch ecology, and the presence of irrigation canals 

offers an opportunity to test predictions of the River Continuum Concept within an irrigation 

canal system. 
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Figure 1-1.  Study sites.  Upper right-hand box indicates the Ecohydrology Study sampling 

points in the lined canal section with culverts.  Upper left-hand box indicates 
Ecohydrology Study sampling sites in the unlined canal section without culverts and 
the Riparian Patch Study sampling sites at the crossing of Quebrada Barbudal and an 
inverted siphon.  Center box indicates Canal Continuum Study sampling points. 
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CHAPTER 2 
ECOHYDROLOGY STUDY: INTERMITTENT AND PERENNIAL TROPICAL DRY 

FOREST STREAMS 

Introduction 

Most scientific literature on stream ecology has focused on temperate systems (Allan 1995, 

Merritt and Cummins 1996, Thorp and Covich 2001), but tropical systems have begun to receive 

more attention recently (Dudgeon 2008), including Madagascar (Benstead et al. 2003), Southeast 

Asia (Dudgeon 2006), Puerto Rico (Cross et al. 2008), Brazil (Callisto and Goulart 2005), and 

Costa Rica.  Within Costa Rica, most stream research has been in wet forests (Pringle and 

Hamazaki 1997, Ramirez and Pringle 1998a, Boyero and Bosch 2004) while few studies have 

occurred in dry forests, such as those in the Guanacaste region. 

Tropical dry forests historically comprised 42% of global tropical vegetation (Murphy and 

Lugo 1986), but they are currently one of the most threatened lowland forest ecosystems in the 

tropics (Janzen 1988) and little is known about their streams.  Tropical dry forests are 

characterized by dry periods lasting about 6 months and semi-deciduous forests that contain trees 

usually between 20-30 m tall, shrubs that often have thorns or spines, woody vines, and ground 

bromeliads (Holdridge 1967).  Dry forests in Central America once covered an area five times 

larger than Guatemala.  However, by the mid-1980s, vast areas of relatively pristine tropical dry 

forest in the region had disappeared and less than one percent of the original forest had 

conservation status (Janzen 1986).  Degradation, fragmentation, and elimination of dry forests in 

Costa Rica have been largely attributed to their conversion to croplands and pasture (Janzen 

1988).  The remaining dry forest in Costa Rica is mostly in the Tempisque River Basin in the 

northwestern province of Guanacaste (Jimenez et al. 2001). Palo Verde and Lomas Barbudal 

National Parks, located within the basin, are among the few protected areas for these forests in 
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Costa Rica and the neotropics in general (OTS 2009).  By default, streams of tropical dry forests 

have become scarce and rarely have protection.   

Low-order, tropical dry forest streams typically display intermittent flow due to distinct 

wet and dry seasons. Ninety-five percent of precipitation occurs between May and November in 

Guanacaste, with a short period of reduced rainfall from late June to mid-August, called “El 

Veranillo de San Juan” (Jimenez et al. 2001).  The marked seasonality of rainfall results in low-

order streams flowing only during the wet season, intermittently or continuously depending on 

precipitation patterns, and desiccating during the dry season.  Intermittent streams are 

characterized by higher variability in flow than perennial streams, periods of no surface flow, 

and no low flow except following high flow events resulting from rainfall.  In contrast, perennial 

streams typically have continuous low flows derived from watershed storages and experience 

periodic high flows of varying magnitude and duration due to rainfall events (Hughes 2005).  

Flow variability (spates or drying events) is a characteristic disturbance in streams within 

seasonally dry or semi-arid regions, including Guanacaste, the Mediterranean basin (Acuna et al. 

2005), Australia (Closs and Lake 1994), and prairies of the United States (Fritz and Dodds 2004) 

While a notable body of scientific literature exists for streams in semi-arid regions, such as 

in Brazil (Nolte et al. 1997, Medeiros and Maltchik 2001, Maltchik and Medeiros 2006) and 

Australia (Boulton 2003, Hose et al. 2005, Robson et al. 2008), literature specifically addressing 

tropical dry forest streams in Central America is sparse and comes primarily from Costa Rica.  

However, the limited information that does exist from these Costa Rican dry forest streams has 

begun to illuminate some effects of the hydrologic cycle on aquatic ecosystems.  Low-order 

streams in Costa Rica flow intermittently, leaving pools lasting into the dry season that fluctuate 

in size and physical chemical characteristics (Chapman and Kramer 1991b).  Poecilia gillii (Kner 
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& Steindachner, 1863), a common live-bearing poecilid, suffers major losses after spates, but 

those that survive find refuge in residual, isolated pools upon drying despite low dissolved 

oxygen (Chapman and Kramer 1991a).  General life history and geographic distribution 

information on the fishes in Guanacaste have also been compiled (Bussing 2002).  The few 

existing aquatic macroinvertebrate studies have revealed rapid reproductive cycles and lack of 

diapause (Jackson and Sweeney 1995) and have provided taxonomic information (Pritchard 

1996, Avila and Flowers 2005). 

Reduced water availability in the dry season in Guanacaste hinders agricultural 

productivity in a region with a preponderance of sunny days and fertile soil that are ideal for 

crops (Jimenez et al. 2001).  To increase its agricultural productivity and decrease its 

vulnerability to drought, the Costa Rican government initiated the Arenal-Tempisque Irrigation 

Project (PRAT) in 1980.  This large-scale irrigation canal project conveys water from Lake 

Arenal in the central highlands westward to the agricultural lowlands of Guanacaste (Pacific 

2002), which has permitted conversion of lowland, dry forests and wetlands to rice and sugar 

cane agriculture.  By 2001, PRAT supported production of approximately half of the rice and 

sugar cane grown in Costa Rica (Jimenez et al. 2001). 

Beyond agricultural production, PRAT has influenced stream hydrology in tracts of dry 

forests through which it passes.  One of the primary canals of PRAT, Canal Oeste, crosses a 

series of parallel headwater streams in a dry forest adjacent to Palo Verde and Lomas Barbudal 

National Parks.  Canal construction occurred in two phases that utilized different construction 

practices.  The initial segment is concrete lined with culverts to convey streams under the canal 

while the later segment generally lacks concrete lining, instead having canal walls composed of 

rock and earth, and lacks culverts (Pineda 2007).  Several streams that the canal crosses have 



 

23 

maintained their characteristic intermittent flows in the lined section of the canal.  However, the 

canal leaks at several locations, especially in the unlined section, providing perennial flow to 

typically intermittent streams. 

Extremes in stream hydrology, like spates and droughts, cause disturbances that affect the 

structure and function of biotic communities (Lake 2003), especially the composition and 

function at the community level, population densities, and biomass and growth of taxa and 

individuals (Biggs et al. 2005).  Biota respond to these disturbances through resistance or 

resilience mechanisms (Lake 2000).  Furthermore, drying reduces available habitat, causes fine 

sediments to settle out, stops export of detritus and nutrients, and traps aquatic biota (Lake 2000).  

Isolated pools can serve as critical refugia for maintaining populations, with survival dependent 

on size of the refuge, rate of drying, and physical and chemical conditions (Humphries and 

Baldwin 2003).  

Canal Oeste not only represents regional water management in Costa Rica, it also more 

broadly represents the general expansion of irrigation schemes throughout semi-arid regions of 

the world (Hooke 2006). The inter-basin water transfer from highlands to lowlands displayed by 

Canal Oeste is an increasingly common practice of these irrigation plans (Hughes 2005), which 

can alter community structure and function (Poff et al. 1997), such as through a shift from 

intermittent to perennial hydrology (Uys and O'Keeffe 1997).  The purpose of this study is to 

address the knowledge gap in tropical dry forest stream ecology and to increase understanding of 

the effects of canal management practices by investigating:  1) the ecohydrology of intermittent 

and perennial tropical dry forest streams, and 2) the impacts of canals on tropical dry forest 

stream structure and function. This involved comparing abiotic and biotic components of 
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naturally intermittent streams (control) to canal-influenced streams with perennial flow 

(experimental) throughout the wet season and the seasonal transition periods. 

Background 

Study Streams 

Study streams were within a tropical dry forest near Palo Verde National Park, Costa Rica 

along a range of foothills partially within the Lomas Barbudal Reserve and Palo Verde-Lomas 

Barbudal Reserve Wildlife Corridor and partially on private land (Fig. 2-1).  A series of parallel, 

first-order streams flow from these foothills and are concentrated in two locations.  Streams at 

the eastern location interact with a lined section of the main irrigation canal of the region, Canal 

Oeste (Fig. 2-1A), while those at the western location interact with the predominantly unlined 

canal section (Fig. 2-1B).  A canal length of approximately 13 km separates the Rio Piedras 

siphon at the eastern sampling location and Quebrada Barbudal siphon at the western sampling 

location.  Land use in the unlined canal section is exclusively forest and elevation ranges from 

approximately 15 m to 30 m above mean sea level (msl) along the stream lengths sampled.  Land 

use in the lined canal section is forest for perennial and intermittent streams sections below the 

canal and a combination of forest and pasture for stream sections above the canal.  Elevation in 

the lined canal section ranges from approximately 20 m to 40 m above msl along the stream 

lengths sampled.  

Water from the canal serves agricultural fields in a lowland plain within several hundred 

meters of the lined and unlined sections.  Rice and sugar cane are the dominant crops, with 

acreage under cultivation still expanding to a small degree. 

Geology & Soils 

The foothills are of volcanic origin (Qv) and comprised of calcareous and siliceous igneous 

rock from pyroclastic flows.  The adjacent lowland plain has quarternary alluvial deposits (Qal), 
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including gravel, sand, lime, quartz, and clay of volcanic origin.  Stream sections above the canal 

have the former geology, while those below display a mixture of upland and lowland geology.  

Soils in the lined canal section are a mixture of mollisols and entisols, while those in the unlined 

canal section are entisols and vertisols. 

Rainfall 

This study occurred in the wet season and its transition periods (May 2007 to January 

2008).  Total rainfall in 2007 was 1195.1 mm, which was slightly above the 984.6 mm average 

for 2000-2006, excluding 2005, which had incomplete data.  In 2007, August and October had 

the highest total rainfall, 265 mm and 262.8 mm, respectively (Fig. 2-2A).  June and September 

also had relatively high rainfall, with 206.9 mm and 180.4 mm, respectively.  Average monthly 

rainfall (2000-2006) was greatest in September (244.8 mm), October (206.8 mm), June (152.8 

mm), and May (127.1 mm).  Peaks in daily rainfall (30 cm or greater in one day) in 2007 

occurred on 10 April (52 mm), 13 June (31.8 mm), 22 June (38.2 mm), 5 August (90.4 mm), 16 

September (32.8 mm), and 11 October (30.4 mm) (Fig. 2-2B).  October had five days with more 

than 20 mm of rainfall, the most of any month, while April and late May had two, June and 

August had three, and July and September had one.  

Vegetation and Forest Phenology 

The foothills are covered in savanna, deciduous forests, and riparian forests, with cacti in 

extremely dry sites (OTS 2009).  Trees greater than 3 m height in tropical dry forests leaf out at 

the beginning of the wet season (May-June) (Frankie et al. 1974).  Leaf fall begins in October 

but is most pronounced between January and April, peaking in March.  Approximately 75% of 

tree species partially or completely drop their leaves, and many riparian tree species drop all their 

leaves at one time during leaf fall, but new leaves replace them immediately.  Immature trees and 

shrubs on hills leaf out at the beginning of the wet season, while riparian communities wait until 
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the end of the wet season, though leafing out in secondary forest continues throughout the wet 

season.  Most immature trees and shrubs are bare and dormant during the dry season, with 

greatest leaf loss occurring in February (Opler et al. 1980).  

Canal Oeste (Phase III) 

The Arenal-Tempisque Irrigation Project (PRAT) is a large irrigation canal system that 

conveys water from Lake Arenal in the central highlands to agricultural fields in the lowlands of 

Guanacaste.  Several agricultural companies and the Servicio Nacional de Aguas Subterráneas, 

Riego y Avenamiento (SENARA) collaborated to extend one of its principle canals, Canal Oeste, 

to serve lands adjacent to Palo Verde National Park and the Lomas Barbudal Reserve.   The 21 

km extension between Rio Piedras and Rio Cabuyo, Canal Oeste Phase 3 (COP3), began in 

November 2000 and was completed in August 2003.  Within this extension, approximately 1 km 

is lined and 20 km is unlined.  This canal has a 7 m wide base and is 4.2 m high with an extra 0.2 

m of height to compensate for extreme water fluctuations.  Water depth averages about 3.62 m, 

and the canal drops 1.5 m in elevation per 10 km canal length.  Concrete tiles used in the lined 

portion are 1 x 1 m.  Engineers did not use concrete lining along most of COP3 because of 

sufficiently small flows and stable earth.  Culverts, or tubes, were installed at some significant 

creek crossings and inverted siphons at river or large stream crossings (Pineda 2007).   

Canal Oeste Phase 3 can convey water up to 15 m^3/s.  Discharge typically ranges 

between 10-15 m^3/s in the dry and 5-7 m^3/s in the wet season when demand for irrigation 

drops (Pineda 2007), but it can drop as low as 3 m^3/s (Santana 2007 Personal Communication).  

Water transit time from Lake Arenal to COP3 can be as fast as 1.5 days (Santana 2007 Personal 

Communication), and it allows irrigation of nearly 12,600 hectares representing 382 users 

(Pineda 2007).  
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Methods 

Sampling Strategy 

This stream study focused on the 2007 wet season and was framed by single sampling 

events both at the end of the preceding dry season (Early May 2007) just before heavy, 

consistent rainfall began and in the early months of the following dry season (Late November 

2007 and January 2008).  This strategy was meant to characterize baseline conditions of the 

aquatic communities of intermittent streams during dry periods, against which the structure and 

function of both intermittent and perennial streams during wet periods could be compared.  The 

annual short dry period El Veranillo de San Juan, the “Little Summer” (July), provided further 

insight into the responses of both stream types to rainfall reduction. 

First-order, headwater streams were sampled and characterized as intermittent or perennial 

based on presence or absence of flow at the end of the dry season in early May.  Intermittent 

streams were classified as control streams and perennial streams as experimental, since the latter 

are atypical of headwater streams in the region.  Control streams were concentrated along the 

lined canal section, and experimental streams were generally associated with the unlined canal 

section. 

Samples were taken from streams both above and below the lined canal section with 

culverts and taken only below the canal in the unlined canal section with no culverts since 

streams above the canal did not have any recorded flow during the 2006 wet season pilot study.  

Data were collected at three points 50 m apart along a 100 m stream section with a beginning or 

end point within meters of the canal.  These stream lengths downstream of the canal measured 

several hundred meters, except for one stream in the lined canal section that was less than 100 m 

long, such that sampling points were 10 m apart along a 20 m section above and below the canal.  
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Sampling occurred from May 2007 to January 2008, covering the entire wet season, 

including transitions into and out of it.  Four to six weeks passed between sampling events, with 

one eight week stretch between the July and September samplings. 

Field Sampling 

Physical-chemical 

Bankfull width and height, channel width and height, incline, and bed texture were 

recorded once for each stream at the end of the dry season.  Stream gradient was determined 

using a laser level.  Canopy cover was determined using a convex spherical densiometer and was 

measured at each point during early May, May-June, October, November, and January.  Canopy 

cover data were collected 60 times in perennial streams and 45 times each in intermittent stream 

sections above and below the canal. 

Physical-chemical and streamflow data were collected each sampling period in the 

daytime. Dissolved oxygen (% and mg/L), salinity, total dissolved solids (g/L), temperature (C), 

and conductivity (mS/cm-adjusted for 25 C) were measured using a YSI 556 Handheld 

Multiparameter Instrument (YSI, Inc. Yellow Springs, OH, U.S.A.).  Stream velocity was 

measured using a Marsh-McBirney© flowmeter at three equidistant points across the width of 

the stream channel.  In stream depths less than 20 cm, velocity was measured at 60% of the depth 

from the stream surface.  When depth was 20 cm or greater, velocity was measured at 20% and 

80% of the depth from the stream surface and then averaged.  Discharge was calculated using the 

velocity, water depth, and channel width measurements.  The total number of samples taken was 

36 in perennial streams, 27 in intermittent streams below the canal, 23 in intermittent streams 

above the canal during periods of flow (May-June, September, and October), and 12 from 

residual pools during drier periods.  Rainfall data were based on a rain gauge at Palo Verde 

National Park operated by the Organization for Tropical Studies.  
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Biological 

Macroinvertebrate samples were collected during each sampling round from streams with 

flow or residual pools.  Benthic macroinvertebrates were collected using a 243 um Surber 

sampler.  Sediment, small rocks, and debris within the 0.093 m^2 area of the sampler were 

disturbed by hand, and organic debris and macroinvertebrates were collected in the attached net.  

Macroinvertebrates in drift were collected at only one point per stream using a 363 um drift net 

that was placed at a single location in the stream for 20 hours, spanning dusk, night, and dawn.  

A 20-hour sampling period was chosen due to logistical constraints in the field.  All 

macroinvertebrate samples were preserved with ethanol in the field. 

Fish were sampled at each sampling point using bread-baited minnow traps, which were 

placed in the deepest part of the stream and left for 20 hours, spanning dusk, night, and dawn.  A 

20-hour sampling period was chosen due to logistical constraints in the field.  Captured fish were 

measured for standard and total length, identified, and released back into the stream.   

The total number of samples taken during periods of flow (May-June, September, and 

October) for benthos was 35 in perennial streams, 27 in intermittent streams below the canal, and 

20 in intermittent streams above the canal.  The number of samples taken from drift was 12 in 

perennial streams, 11 in intermittent streams below the canal, and 9 in intermittent streams above 

the canal.  The number of fish samples taken was 24 in perennial streams and 18 in intermittent 

streams below the canal.  No fish were observed in stream sections above the canal.  For residual 

pools, 15 samples were collected for benthic macroinvertebrates and 6 for fish. 

Laboratory Methods 

All aquatic macroinvertebrate samples were passed through 1 mm and 250 um sieves in 

the laboratory.  Both size classes were examined under a dissecting microscope, and 

macroinvertebrates were removed and placed into dated and labeled vials containing 70% 
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ethanol.  Samples were then shipped to Florida for identification.  Macroinvertebrates were 

generally identified to Family or Genus, except the families Chironomidae and Ceratopogonidae, 

which were identified to Sub-Family.  Non-insect macroinvertebrates (Oligochaeta, Nematoda, 

Hydracarina, and Hirudinea) were identified to Order.  Identification of tropical aquatic 

macroinvertebrates to species is difficult due to a paucity of taxonomic tropical literature 

(Jacobsen et al. 2008).  Identification utilized Merritt & Cummins (1996), assistance from M. 

Springer and P. Hanson at the University of Costa Rica, and Roldan (1996). 

For mass of leaves in drift, all organic matter (leaves, sticks) retained in the 1 mm sieve in 

the drift samples was checked for macroinvertebrates, and then stored in 70% ethanol in a 

separate plastic bag for drying, then weighing.  Each sample of drift organic matter was placed 

on a labeled aluminum foil tray.  Samples were then put in a rudimentary dryer consisting of a 

box with open ventilation around the base about 3 cm high, a cardboard lid, and a series of light 

bulbs installed underneath a metal rack.  These samples were left to dry for 24-48 hours to 

evaporate the ethanol.  Next, samples were put into a drying oven for approximately 17 hours at 

103 + 0.2°C, and then weighed to 0.01 grams. 

Data Analysis 

To test for differences in variables between stream types and over time, Repeated 

Measures ANOVAS using PROC MIXED were run in the program SAS  (SAS Institute, Inc 

2006).  For correlations between different variables, Pearsons Correlations using PROC CORR 

were tested in the program SAS.  Variables were log-normalized before running statistics when 

appropriate.  When differences were significant, post-hoc analysis was conducted using Tukey’s 

test and Bonferroni corrections.  Taxa richness was used rather than species richness since not all 

identifications were made to the same taxonomic level.  Consequently, taxa richness was 

calculated by summing the number of different taxa found to the level of identification chosen in 
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this study.  To investigate relationships of abiotic and biotic stream components with stream type 

and time, non-metric multidimensional scaling ordinations using Sorenson’s metrics (i.e. Bray-

Curtis) and Monte Carlo tests were created in PC-Ord (McCune and Grace 2002).  Taxa data 

were logged and relativized.  Biplots with a cut-off of P=0.2 were used to define associations 

between the sample and taxa distributions.  Indicator species analysis using Monte Carlo tests 

was conducted in PC-Ord. 

Results & Discussion 

Hydrology 

Dry months 

Intermittent (T) streams had no flow in May, July, November, and January, months of the 

dry season or El Veranillo de San Juan, except for one stream that had very low but measurable 

flow in November.  This stream lacked flow above the canal, and slow leakage was evident 

below the canal from the culvert, which suggested that leaks in the lined canal controlled this 

discharge rather than rainfall.  However, discharge from leaks had ceased by the January 

sampling, and the stream was completely dry.  Although, no streamflow existed as a whole in T 

streams in dry months, some isolated pools persisted.  All four perennial (P) streams had flow at 

the end of the dry season in early May 2007.  In November, the start of the next dry season, one 

P stream in the unlined canal section was dry.  In January, that P stream and another in the 

unlined section were dry, while the remaining P streams maintained flow. 

Wet months 

Flow occurred in both T and P streams in three sampling periods: late May-early June, 

September, and October, which coincided with periods of heavy rainfall during the wet season 

(Fig. 2-3A). 
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Discharge was particularly high for one T stream in May-June due to a heavy rainfall event 

that differentially increased flow due to its slightly larger watershed.  This outlier was 

responsible for T and P streams displaying significantly different flows in May-June (t=-2.34, 

p=0.31).  When it was removed, discharge averages between stream types were similar (Fig. 2-

4D).  No significant difference in discharge was found between T streams sections above and 

below the canal. 

All four P streams had flow during all sampling periods from the end of the dry season in 

early May to the end of the wet season in October.  However, the one P stream maintained by 

pronounced seepage from the lined canal nearly lost flow in September despite relatively heavy 

rains that month. 

Averages of P stream discharges and Canal Oeste water levels showed similar trends (Fig. 

2-3A and 2-3B).  As water level in the canal increased from May-June to July, so did streamflow 

in P streams despite the onset of drier climate conditions from El Veranillo de San Juan.  Flow in 

P streams dropped considerably during the most intense periods of rainfall in September and 

October, contrary to the expectation that increased rainfall would increase stream discharge.  

However, water level in the canal dropped to its lowest levels during these two months, which 

likely accounts for the drop in P stream discharge, particularly in the one P stream in the lined 

section during September.  Discharge in P streams then increased again in November during the 

early dry season, as did canal water level. 

The drying of some P streams in the unlined section in November and January could 

reflect changes in the storage and movement of leaked canal water, especially in the unlined 

canal due to its earthen construction and greater leakage potential.  Overall, the existence of 

streamflow before onset of the wet season in May and continued flow in most streams into 
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November and January indicate that P streams are able to maintain flow in the dry season when 

typical dry forest streams are dry due to leakage from the canal. 

Physical-Chemical Parameters 

Dry months 

Intermittent streams in the dry season and the “little summer” lacked flow, but did 

occasionally contain isolated pools, particularly immediately downstream of canal culverts, 

which were sampled for physical-chemical properties, aquatic macroinvertebrates, and fish.   

Isolated pools were encountered in T streams in early May (N=1), July (N=5), November 

(N=4), and January (N=2).  Average water temperature was 26.2 + 0.7°C, which fell within the 

range of T streams with flow (Fig. 2-4A), and average dissolved oxygen was 1.8 + 1.1 mg/l, 

lower than T streams with flow (Fig. 2-4B).  The average conductivity (257 + 80 us/cm) was 

higher than T streams with flow (Fig. 2-4C), likely due to leachates from the decomposition of 

wetted organic matter or nutrient inputs from water passing through the hyporheic zone 

(Williams 1996). 

Physical-chemical values fall within the ranges of isolated pools examined in a 

limnological study of tropical dry forest streams in Santa Rosa National Park (SRNP) in 

Guanacaste, Costa Rica (Chapman and Kramer 1991b).  The SNRP streams also had isolated 

pools in May, July, and November.  Mean water temperature of the SNRP pools was 24.7 + 

0.9°C in the morning and 25.1 + 1°C in the afternoon, slightly lower than the pools in this study.  

Little variation in water temperature occurred among SNRP pools or over time. Daily mean 

dissolved oxygen concentration in the SNRP pools varied between 1.3 to 5.5 mg/l, with low 

values before June floods, increased concentrations over the course of the wet season, then a 

return to low values by February (Chapman and Kramer 1991b).   
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Thus, low dissolved oxygen and high conductivity are typical characteristics of isolated 

pools in dry forests in Costa Rica.  Habitat contraction from drying and subsequent pooling can 

result in variability in dissolved oxygen due to such factors as elevated temperatures, algal 

production, microbial respiration, and reduced aeration. Furthermore, cessation of streamflow 

generally reduces dilution of nutrients, increases deposition of fine sediments, and increases 

salinity and conductivity in residual waters (Gasith and Resh 1999). 

Wet months 

Water temperature was significantly higher in P streams than T streams during each 

streamflow period (May-June t=3.43, p=0.003; September t=2.25, p=0.036; & October t=2.93, 

p=0.009) (Fig. 2-4A).  Canal Oeste had higher average water temperatures than the P Streams, 

ranging between 26.9- 28.0°C.  The significantly higher water temperatures in P streams could 

reflect a warming effect from leaked canal water influencing P streams.  T stream temperatures 

in reaches above and below the canal were not significantly different. 

No significant difference in dissolved oxygen was found between stream types when both 

had flow in September & October, but stream types were significantly different in May-June (t=-

2.49, p=0.022), likely due to the one T stream outlier with particularly high discharge.  Dissolved 

oxygen ranged from 4.6 + 2.0 mg/l to 6.8 + 1.0 mg/l among both stream types in the periods with 

flow (Fig. 2-4B), and oxygen saturation ranged between 57 + 25% and 84 + 13%. In both stream 

types for all sampling periods combined, dissolved oxygen was positively correlated to stream 

discharge (T: F=0.6, p=0.001; P: F=0.384, p=0.025).  No significant difference in dissolved 

oxygen was found between T stream reaches above and below the canal.  In contrast, Canal 

Oeste oxygen saturation ranged between 97-133% during the same sampling periods, indicating 

high photosynthetic productivity, attributed in part to full exposure of canal water to sunlight.  

However, this build up of dissolved oxygen in the water was lost before contributing to 
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streamflow in the P streams, probably due to the water passing through the earthen canal and 

ground before entering the stream. 

A significant difference in conductivity was found between stream types during each 

period of streamflow (May-June t=3.73, p=0.001; September t=2.25, p=0.036; & October t=2.93, 

p=0.009).  Conductivity was always greater in P streams than T streams, with a range of 90 + 28 

uS/cm to 184 + 14 uS/cm in T streams versus 516 + 647 uS/cm to 399 + 265 uS/cm in P streams 

(Fig. 2-4C).  P streams also had greater conductivity than Canal Oeste, which had a range of 106-

131 uS/cm during the same time periods.  In T streams for all sampling periods combined, 

conductivity was negatively correlated with dissolved oxygen and stream discharge (F=-0.426, 

p=0.021; F=-0.759, p=<0.0001). Elevated conductivity in P streams could be attributed to the 

water picking up solutes as it leached through the earthen canal walls.  Perennial streams also 

have consistent flows at velocities slow enough to allow accumulation of organic matter and in 

situ decomposition, which could release more solutes or leachates into the water (Wantzen et al. 

2008). No significant difference in conductivity was found between the T stream reaches above 

and below the canal. 

Canopy Cover 

Canopy cover was neither significantly different between stream types nor between T 

stream reaches above and below the canal. The T streams averaged 82 + 9% and P streams 

averaged 81 + 9%.  Consequently, light availability for primary production was similar between 

stream types and similar above and below the canal.  However, canopy cover was significantly 

different over time (F=16.01, p<.0001), decreasing as the wet season progressed into the dry.  

Canopy cover was high in early May over T (90 + 6.5%) and P (88.6 + 3.6%) streams, which 

was unexpected given that the consistent, heavy rains of the wet season had not yet begun.  This 

extensive canopy cover during the end of the dry season likely resulted from an atypical period 
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of heavy rainfall in mid-April that induced early leaf out (Fig. 2-2B).  Canopy cover was lowest 

in the early dry season and approximately 80% by November (T=80.1 + 6.1%, P=80.3 + 7.1%) 

and 70% by January (T=75.9 + 6.8%, P=70.3 + 6.4%), which is lower than May but still 

substantial cover.  This trend in canopy cover corresponds with the observed vegetation 

phenology general pattern of leaf out in the wet season and leaf fall in the dry season in the 

region (Frankie et al. 1974, Opler et al. 1980).  The vegetation phenology studies found no clear 

difference between early and late wet season leaf out for trees, but had observed a difference in 

hill and riparian treelet/shrub communities. 

Average leaf matter mass in drift was greater in T streams below the canal than P streams 

and T streams above the canal, but highly variable, and larger sticks were occasionally collected 

that likely skewed the averages (T-Below=3.11 + 3.40 g, P=9.97 + 14.47 g, T-Above=1.77 + 

2.58 g).  Due to that variability in T streams below the canal, leaf litter collected in drift was 

neither significantly different between stream types nor between T stream reaches above and 

below the canal, corresponding to canopy cover results of lack of significant difference between 

stream types.  This suggests that instream organic matter availability was similar between stream 

types.  However, storage time of litter within the stream was not investigated. 

Aquatic Macroinvertebrates Results:  Dry Months 

A total of 3570 aquatic macroinvertebrates were collected from pools (N=11) in T streams 

below the canal, which had an average surface area of 8.9 m^2 + 7.8 m^2 with a range from 0.4 

m^2 to 27.3 m^2.  Diptera was the dominant order (76%), followed by Ephemeroptera (14%), 

Coleoptera (2%), Oligochaeta (4%), Hemiptera (2%), and Gastropoda (1%) (Fig. 2-5A).  Before 

the onset of the wet season in early May, the only pool remaining had primarily Hemiptera, 

Diptera, and some Coleoptera (Fig. 2-5B).  The dominant taxa overall were Dipterans:  

Chironomini (46%), Tanypodinae (15%), Culicidae (8%), Tanytarsini (4%), and 
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Ceratopogoninae (2%) (Fig. 2-5C).  An Ephemeropteran, Caenis (14%), and Oligochaeta (4%) 

were also representated.  Figure 2-5D shows the dominant taxa over time. 

Drying can create isolated pools, which can exhibit major changes in community 

composition and density and can influence recolonization of the stream upon rewetting (Lake 

2000).  Permanent and temporary pools in intermittent streams can provide refugia for 

macroinvertebrates, influence assemblage structure via physical-chemical conditions and 

biological interactions, and aid recovery from drought by providing a source of 

macroinvertebrates for recolonization (Lake 2003) through aerial colonization by adults or drift 

upon rewetting (Paltridge et al. 1997). The presence of aquatic macroinvertebrate larvae in 

isolated pools in the intermittent streams in this study demonstrated that these pools did provide 

refugia and could become a source for macroinvertebrates in drift upon an initiation of flow, 

thereby influencing colonization and successional patterns.   

The macroinvertebrate community of temporary pools in this study was dominated by 

tolerant taxa such as Oligochaeta, Diptera, Hemiptera, and Caenis. Formation of pools from 

cessation of streamflow can result in deoxygenation, higher water temperatures, detritus 

accumulation, and increases in conductivity and nutrients (Lake 2000), requiring greater 

tolerance by macroinvertebrates.  Chironomids, a gastropod, and dytiscid beetles were found in 

harsh physical-chemical conditions of drying pools in Australia (Closs and Lake 1994).  

Macroinvertebrates characteristic of temporary pond habitats include Hydracarina, Collembola, 

Odonata, Diptera, Hemiptera, Coleoptera, Oligochaeta, Trichoptera, and Ephemeroptera 

(Williams 1996, 1997).  Common Diptera in such ponds include Tipulidae, Culicidae, 

Ceratopogonidae, and Chironomidae (Williams 1996).  The Ephemeropteran, Caenis, has been 

found in high densities in temporary pools in intermittent streams during the dry season (Nolte et 
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al. 1997), supporting the findings of this study that it has high tolerance for intermittent 

conditions. Most taxa found in temporary pools were also found in flowing intermittent streams 

and perennial streams. 

Taxa inhabiting temporary pools, such as Chironomidae, Hemiptera, Coleoptera and 

Gastropoda, have evolved physiological tolerances and modified their life history to survive 

(Williams 1996).  Oligochaeta are also common in isolated pools due to their high tolerance 

levels and capability of living in the hyporheic zone during drier conditions (Paltridge et al. 

1997). Isolated pools can attract lentic taxa, such as Veliidae, which has been found in other 

temporary streams (Boulton and Lake 1992, Acuna et al. 2005).  Even the Ephemeropteran 

Caenis has a high tolerance for low dissolved oxygen conditions typical of residual pools (Nolte 

et al. 1997, Taylor and Kennedy 2006), explaining the large proportion of Ephemeroptera found 

in isolated pools in this study.  However, Ephemeropterans were most notable at the transition 

into the dry season when large pools still existed and were only beginning to dry, rather than at 

the beginning of the wet season (Fig. 2-5B), which may indicate some limit of tolerance. 

The high abundance of macroinvertebrates in the temporary pools in this study indicates 

that pools act as refugia for many taxa in drier times.  The great variety of taxa also suggests that 

the pools enhance biodiversity. Small water bodies such as ponds, rivers, streams, and ditches 

can contribute to regional biodiversity (Williams et al. 2003). 

Similar macroinvertebrate orders were dominant in the benthos and drift in P streams 

during the dry and wet seasons (Fig. 2-6).  At the end of the dry season, during El Veranillo de 

San Juan, and at the beginning of the dry season, Diptera and Ephemeroptera were the dominant 

orders in the benthos, followed by Gastropoda, Bivalvia, and Oligochaeta to a much lesser 

degree.  The similarity in macroinvertebrate assemblages throughout this study indicates 
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relatively stable conditions in P streams as a result of continuous flow. Total macroinvertebrate 

abundances during dry periods were also comparable to abundances during wet periods (Fig. 2-

7A and 2-7B). 

Aquatic Macroinvertebrates Results:  Wet Months 

Benthic macroinvertebrates 

P streams (N=35) had 9125 individuals, nearly three times as many as T streams (N=27), 

which had 3448 individuals (Fig. 2-7C).  Total abundance increased in both stream types as the 

wet season progressed from June to October, especially in October (Fig. 2-7A and 2-7B).   

Diptera was the dominant order, comprising 56% of T stream and 47% of P stream benthic 

macroinvertebrates, and Ephemeroptera was next in T and P streams, representing 26% and 29%, 

respectively.  Other taxa with notable representation were Oligochaeta (9% and 4%) and 

Gastropoda (3% and 9%) in both stream types and Sphaeridae (8%) in P streams. 

Order dominance differed between stream types over time (Fig. 2-8A and 2-8B).  In T 

streams, Oligochaeta dominanted in May-June (57%), but by October comprised only one 

percent of benthic macroinvertebrates.  In contrast, Ephemeroptera increased in relative 

abundance as the wet season progressed, shifting from 1% to 36% representation.  Diptera 

initially comprised 18% in May-June then was dominant in September and October at 60% in 

each period.  In P streams, Diptera increased in relative abundance over time while 

Ephemeroptera increased into September then leveled off.  Oligochaeta was not well-represented 

after May-June and the Sphaeridae relative proportion decreased continuously over time.  

Gastropoda had distinctly lower relative abundance in October than previous months.  

Plecopterans were absent throughout the study. 

Overall, Caenis was both the most abundant Ephemeropteran and the most abundant taxon 

in T and P streams (21% and 26% of all taxa, respectively), but its abundance patterns differed 
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between the two stream types over time (Fig. 2-8C and 2-8D).  In T Streams, Caenis was rare in 

May-June when Oligochaeta was the dominant taxon (57%), but it became the dominant taxon 

(29%) by October when Oligochaeta was rare (1%).  In the case of P streams, Caenis dominated 

every month (May-June: 20%, Sept: 29%, Oct: 28%). 

The Chironomidae sub-families Tanytarsini, Tanypodinae, and Chironomini were the next 

most abundant taxa overall for both T streams (18%, 15%, and 15%) and P streams (16%, 15%, 

and 11%) (Fig. 2-8C and 2-8D).  In T streams, Orthocladiinae was the dominant Dipteran in 

May-June (9%), but had no notable representation thereafter.  In September, Tanypodinae (23%), 

Tanytarsini (13%), and Chironomini (17%) were the dominant taxa in T streams.  This strong 

representation continued into October, when they attained the highest relative abundances of all 

taxa after Caenis (14%, 23%, and 16%).  In P streams, Tanypodinae representation remained 

relatively level, while Tanytarsini and Chironomini representation increased over time. 

Overall proportions of functional feeding groups were similar between stream types.  

collector-gatherers-scrapers-shredders were dominant in T streams (31%) and P streams (34%), 

followed by exclusive collector-gatherers (26% and 15%) then collector-gatherers-filterers (19% 

and 17%) or predators (18% and 16%).  The major difference between stream types was the 

notable presence of filterers (8%) in P Streams, which were likely more abundant due to 

persistent flows carrying particles downstream (Wantzen et al. 2008). 

Functional feeding group proportions changed over time for both stream types (Fig. 2-9A 

and 2-9B).  In T streams, collector-gatherers dominated (70%) in May-June, but were only 18% 

of all taxa by October, reflecting decreased Oligochaeta dominance over time.  Collector-

gatherers-scrapers-shredders increased in dominance over time, from 12% in May-June and to 

37% by October.  Collector-gatherers-filterers increased in dominance over time, representing 
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23% of all taxa by October. The increase in collector-gatherers-filterers and collector-gatherers-

scrapers-shredders over time likely reflects the ability of these macroinvertebrates to persist, to 

develop, and to utilize resources as a result of more consistent flows.  In contrast, P streams had 

several functional feeding groups with similar proportions in May-June, which shifted in 

September to dominance by collector-gatherers-scrapers-shredders (31%) and collector-

gatherers-filterers (20%).  In October, relative abundances were similar to September, except for 

a slight increase in predators (13% to 19%).  The increase in collector-gatherers-filterers and 

collector-gatherers-scrapers-shredders later in the wet season could reflect the influence of 

seasonal precipitation on aquatic macroinvertebrates life cycles (Jacobsen et al. 2008) or greater 

resistance of these feeding groups to spates occurring in the wet season compared to other 

feeding groups (Ramirez and Pringle 1998b, Melo and Froehlich 2001). 

Direct calculations indicated that T streams had slightly less taxa richness than P streams.  

For all sampling periods combined by stream type, T streams had 47 versus 56 taxa in P streams.  

Taxa richness in T streams was always less than P streams (May-June: 27 vs. 40; Sept: 30 vs. 44; 

Oct: 32 vs. 42), and taxa richness values did not fluctuate over time within each stream type. 

Such factors as loss of aquatic habitat, deteriorated water quality, and alteration of food 

resources stemming from intermittent flows can have negative effects on the aquatic community 

composition and species richness (Lake 2003), which likely explains the lower taxa richness in T 

streams. 

NMDS ordinations were used to compare stream types across all streamflow periods as a 

whole and within each sampling period, as well as change over time.  The ordinations comparing 

stream types and sampling periods had a 2-dimensional solution with a final stress of 20.022, and 

the two axes accounted for 87% of variation (axis 1=27%, axis 2=60%).  The ordination 
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comparing stream type in May-June had a 2-dimensional solution with a final stress of 13.512, 

and the two axes accounted for 87% of variation (axis 1=70%, axis 2=17%).  The ordination 

comparing stream types in September had a 2-dimensional solution with a final stress of 12.223, 

and the two axes accounted for 91% of variation (axis 1=37%, axis 2=53%).  The ordination 

comparing stream types in October had a 3-dimensional solution with a final stress of 7.899, and 

axis 1 and 2 accounted for 75% of variation (axis 1=52%, axis 2=23%).   

Comparison across all streamflow periods indicated that taxa with lower water quality 

demands, such as Oligochaeta, Nematoda, Othocladiinae, associated with T streams (Fig. 2-

10A).  Discharge also associated with T streams due to the large flow event captured in May-

June in one stream. Meanwhile, Gastropods and conductivity associated with P streams.  Caenis, 

chironimid pupae, and other chironomids (Tanytarsini, Tanypodinae, and Chironimini) 

associated with both stream types.  The ordination examining change over time showed taxa that 

have high tolerances and/or are semi-terrestrial associated more with May-June, as well as flow, 

likely due to the outlier T stream (Fig. 2-10B).  September and October samples largely grouped 

together, and Caenis and most chironomids associated with those months.  Gastropods had no 

clear association. 

Comparison of stream types within each sampling period revealed striking differences 

between stream types in the early wet season that faded as the wet season progressed.  In May-

June, stream types distinctly separated (Fig. 2-11A).  Semi-terrestrial and tolerant taxa strongly 

associated with T streams, along with flow and dissolved oxygen due to the outlier T stream.  

Orthocladiinae also strongly associated with T streams.  The other chironomids and dipterans 

associated with P streams, perhaps due to perennial flows having already permitted colonization 

and larval development.  Diverse taxa typified P streams, with Gastropoda, Sphaeridae, Caenis, 
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Phylloicus, Elmidae, and Coengrionidae associating with P streams, as well as temperature.  The 

higher diversity shown in the P streams compared to the T streams likely stems from the 

perennial versus nascent streamflow at this time period.  In September, the two stream types 

were still separated, but less so than in May-June (Fig. 2-11B).  A variety of dipterans strongly 

associated with T streams along with very tolerant taxa, like Oligochaeta and Nematoda.  One 

Trichopteran also associated with the T streams.  Concurrently, Sphaeridae, Gastropods and 

Ephemeropterans associated with P streams, which include taxa with greater water quality 

demands.  Temperature and conductivity also associated with P streams.  In October, the two 

stream types grouped very closely, but certain taxa still associated with one stream type or 

another (Fig. 2-11C).  Sphaeridae, Gastropods and Caenis continued to associate more strongly 

with P streams.  A wide array of taxa did not clearly associate with either stream type, such as 

chironomids and several Ephemeroptera.  These findings suggest that the longer periods of flow 

in T streams allowed larval development of more taxa, though perhaps there was still not enough 

time for sufficient growth of algae and bacteria on substrate for scraping Gastropods to increase 

in T streams. 

The number of indicator taxa decreased as the wet season progressed, indicating greater 

similarity between stream types over time (Table 2-1).  In May-June, several Gastropoda, a few 

dipterans, Sphaeridae, Caenis, and Coengrionidae were indicators of P streams, while 

Orthocladiinae and Collembola were indicators of T streams.  In September, only one Gastropod 

(Physidae), Sphaeridae, and an Ephemeropteran, Farrodes, were indicators of P streams, while 

Tanypodinae, Oligochaeta, and Nematoda were indicators of T streams.  By October, the only 

indicator taxon was Sphaeridae, for P streams.  Decreasing numbers of indicator taxa over the 

course of the wet season reflect increasing similarity between the two stream types, with taxa 
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that initially only associated with P streams later colonizing T streams. This colonization 

corresponds with the presence and persistence of streamflow in intermittent streams. 

Drift macroinvertebrates 

The total abundance of macroinvertebrates in drift was very similar between the two 

stream types despite T streams having intermittent flow and P streams having perennial flow 

(Fig. 2-12A).  T streams had a total of 2006 individuals (N=11) and showed a pattern in which 

the number of individuals collected declined in September, likely due in part to one less sample 

taken compared to other months, then reached its highest level in October (Fig. 2-12C).  P 

streams had a total of 1903 individuals (N=12) and showed an increasing trend over time in the 

number of individuals collected.   

Overall representation of orders was similar between stream types, but individual orders 

showed trends over time.  As a whole, T streams had proportionally more Terrestrial taxa, insects 

that fell into the stream, and Coleoptera, while P streams had more Ephemeroptera, Diptera, and 

Bivalvia represented in drift (Fig. 2-12A).  Over time in T streams, Terrestrial taxa and 

Collembola decreased proportionally as the wet season progressed (Fig. 2-13A).  Ephemeroptera 

was not notable in May-June, but became the dominant order by October, and Diptera remained 

one of the most dominant orders throughout the wet season. Over time in P streams, 

Ephemeroptera increased in proportion from May-June to September, but decreased dramatically 

in October, when Diptera substantially increased in proportion (Fig. 2-13B).  Hydracarina had a 

proportionally large presence in both stream types that decreased over time in drift. 

As a whole, the dominant taxa in both stream types were similar (Fig. 2-12B).  The major 

differences were higher representation of Baetidae, excluding Baetodes, and Terrestrials in the 

intermittent streams whereas Caenis and Tanytarsini had higher representation in the perennial 

streams.  In T streams, Terrestrial taxa and Orthocladiinae were only dominant in May-June (Fig. 



 

45 

2-13C).  Caenis became particularly dominant in September, continuing into October when 

Baetidae, excluding Baetodes, became the most dominant taxon.  Dytiscidae, Coengrionidae, and 

Tanypodinae also were better represented in September and October.  Planorbidae had a strong 

presence in September only, and Noteridae was well-represented in T streams only.  Caenis was 

the dominant Ephemeroptera in P stream drift, followed by Haplohyphes (Fig. 2-13D).  Caenis 

remained the most dominant taxon in each sampling period, but had similar representation as 

chironomids in October.  Haplohyphes was well-represented in May-June and September. 

Total taxa richness for all sampling periods with streamflow using direct calculation was 

56 taxa in P streams and 53 in T streams.  

Overall, Haplohyphes (IV=70, p=0.011) was the only indicator taxon of P streams, while 

Hydraenidae, Dytiscidae, and Culicidae (IV=50, p=0.012; IV=79.4, p=0.001; IV V=70.6, 

p=0.003) were indicators for T streams. The two Coleoptera taxa could be a remnant of isolated 

pools flushed out by streamflow since Coleoptera are characteristic of lentic conditions 

(Williams 1996). Both Hydraenidae and Dytiscidae taxa inhabit waters low in dissolved oxygen 

and increase in abundance as flow decreases (Acuna et al. 2005).  Culicidae can survive in a 

wide variety of low oxygen habitats, such as swamps, permanent or temporary pools, ephemeral 

puddles, and artificial containers (Merritt and Cummins 1996). 

Structure of benthic versus drift communities 

The eight most abundant taxa in both the benthos and drift (16 total taxa) in both stream 

types were categorized by the habitat they occupied and compared (Table 2-2).  A drop in 

abundance values after the top eight taxa created an appropriate cut-off point for analysis.  Of 

these most abundant taxa in T streams, all four chironomid sub-families, Baetidae (excluding 

Baetodes), and Caenis were in both the benthos and drift.  Oligochaeta and Ceratopogoninae 

were only in the benthos, while Hydracarina and Noteridae were only in drift.  Of these most 
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abundant taxa in the P streams, Caenis, Chironomini, Tanytarsini, Tanypodinae, and 

Ceratopogoninae were among the most abundant in both the benthos and drift.  Sphaeridae, 

Physidae, and Oligochaeta were dominant only in the benthos while Hydracarina, Haplohyphes, 

and Orthocladiinae were only dominant in drift. 

For both intermittent and perennial streams, drift only macroinvertebrates were primarily 

Coleoptera and Hemiptera taxa while the benthos only macroinvertebrates were a mix of orders 

(Table 2-3).  When combining data from both stream types, the same associations of taxa with 

habitat existed, and intermittent only and perennial only taxa were a mix of orders (Table 2-4).  

These taxa found exclusively in a particular habitat or stream type were comparatively rare and 

lacked a dominant role in the macroinvertebrate community. 

Aquatic Macroinvertebrates Discussion  

Spates and drying events create disturbances that significantly influence the aquatic 

macroinvertebrate community (Closs and Lake 1994, Acuna et al. 2005) due to streamflow 

patterns affecting habitat size, dissolved oxygen, primary productivity, and water temperature 

(Williams 1996).  In this study, the effects of streamflow patterns were apparent for physical-

chemical (temperature and conductivity) parameters and macroinvertebrates assemblages.  For 

physical-chemical differences, P streams had significantly higher temperature and conductivity 

compared to flowing T streams. However, dry periods resulted in cessation of flow in T streams, 

as well, producing considerable variability in physical-chemical conditions over time. These 

findings agree with other studies that revealed greater variability in physical-chemical conditions 

in intermittent than perennial streams (Boulton and Lake 1990, Closs and Lake 1994).   

P streams had an established aquatic macroinvertebrate community, whereas T streams did 

not, but aquatic macroinvertebrates were able to colonize and reproduce in streams with 

intermittent flows quickly.  Within days of streamflow initiation in intermittent streams in May-
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June, chironomid larvae were collected.  Although the streams dried again in July, by mid-

September the chironomids and Ephemeropterans became more relatively abundant than May-

June, indicating that rainfall sufficient in frequency and magnitude had occurred since the July 

dry interval to allow a comparatively robust egg hatching then adequate development time for 

larvae.  This growth in the chironomid and Ephemeropteran assemblage size continued into 

October (Fig. 2-8A).  

Both the resistance and resilience of taxa are influenced by methods of colonization, rates 

of development, resource utilization, and life history characteristics (Lake 2003). In order to 

survive dry periods, aquatic insects of temporary waters tend to have tremendous dispersal 

abilities, rapid growth, short and flexible life cycles, small sizes, generalist feeding, temperature-

linked development, and in some cases, diapause (Williams 1996). Resilience rather than 

resistance appears to be the main survival strategy of aquatic macroinvertebrates in these tropical 

dry forest streams, based on evidence of the rapid colonization, development, and succession of 

the macroinvertebrate community in this study, which appears to be the case for intermittent 

streams in the Sonoran desert (Stanley et al. 1994), Kansas (Fritz and Dodds 2004), and Spain 

(Acuna et al. 2005).   

Colonization 

A literature review by Paltridge et al. (1997) noted that local conditions (i.e. air 

temperature, streamflow, and the amount of streambed desiccation), substratum (i.e. sediments 

stability and hyporheic moisture), and proximity to permanent water sources have significant 

influences on recolonization by macroinvertebrates.  Aerial colonization and drift from upstream 

perennial water sources, such as streams or isolated pools, are dominant modes of colonization 

under severely dry conditions (Paltridge et al. 1997, Fritz and Dodds 2004).  Studies of 

intermittent streams in tropical or arid zones, in particular, have identified aerial recolonization 
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by ovipositing adults as the dominant mechanisms for streams recolonization, such as 

intermittent streams of both the Sonoran desert (Fisher et al. 1982) and Australia (Boulton and 

Lake 1992).  Drift can be the dominant form of recolonization upon rewetting for intermittent 

streams with upstream perennial water sources in Australia (Paltridge et al. 1997) and the Great 

Plains (Dodds et al. 2004). 

The proximity of intermittent streams to a perennial water source or refugium influences 

the ability of larvae to drift downstream to colonize the rewetted stream and the ability of adults 

to aerially migrate to the rewetted stream for oviposition (Fritz and Dodds 2004).  No permanent 

upstream water sources in the intermittent streams were present that could have provided 

colonizers via drift in this study. The few small pools that did exist during the dry periods, could 

have aided colonization somewhat upon rewetting, though.   

Another route of recolonization can be via diapause of taxa within the substratum 

(Williams 1996), but diapause has not been reported among aquatic macroinvertebrates collected 

from the Rio Tempisquito in Guanacaste (Jackson and Sweeney 1995).  Low densities of 

diapausing taxa were reported for intermittent streams in Kansas, indicating low resistance of 

macroinvertebrates to dry conditions (Fritz and Dodds 2004).  Kansas streams with particularly 

long dry periods were primarily colonized through drift from upstream perennial refugia or aerial 

colonization (Fritz and Dodds 2002).  Furthermore, the hyporheos probably contributed little to 

survival due to the duration of the dry season and the generally small particle and interstitial 

space sizes of the substrate (Moellend, a combination of conditions that resulted in few species 

colonizing an Australian stream from the hyporheos once flow resumed (Paltridge et al. 1997).   

Thus, most colonization of the intermittent streams probably resulted from adults 

ovipositing upon rewetting. Consequently, resilience rather than resistance appears the primary 
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mode of recolonization, which was also the case for intermittent streams of the Great Plains 

(Fritz and Dodds 2004), Spain (Acuna et al. 2005), and the Sonoran desert (Stanley et al. 1994). 

The ability of extant aquatic macroinvertebrates to recolonize after disturbance varies 

according to larval size and species.  While small body size enhances resistance to droughts by 

increasing the ability to use refugia, such as the hyporheos, it also may improve resilience by 

shortening the life cycle (Beche et al. 2006), which likely occurred for macroinvertebrates in the 

intermittent streams of this study.  Larval size influenced the ability of Ephemeropteran species 

to respond to seasonal changes in disturbances, with Baetidae and Caenis early instar populations 

colonizing disturbed patches more quickly than later instars.  However, a succession of distinct 

instar size classes did not occur after disturbance, which was attributed to rapid development, 

continuous emergence, oviposition, interstitial refugia, and downstream drift (Mathooko 2002).  

The rapid population increase of Hydracarina, Oligochaeta, Nematoda, and many Diptera, 

particularly chironomids, upon rewetting of the intermittent streams in this study was similar to 

previous investigations.  Some macroinvertebrate taxa appeared within days after rewetting in 

Sonoran desert streams (Fisher et al. 1982).  Recolonization of streams upon rewetting in 

Australian intermittent streams have included macroinvertebrates such as water mites 

(Hydracarina), Ceratopogonids, tipulids, oligochaetes, and nematods (Paltridge et al. 1997). 

Dipteran larvae, particularly Chironomidae and Ceratopogonidae, are typical pioneer taxa after 

rewetting of streams (Stanley et al. 1994, Acuna et al. 2005). Chironomids are especially adept at 

inhabiting stream systems with extreme hydrological variability and habitat disturbance (Aguiar 

et al. 2002, Wood et al. 2005). The higher resiliency of chironomids has been attributed to their 

rapid life cycles (Dodds et al. 2004), and their ability to colonize rapidly, which makes them 

particularly abundant at intermittent sites (Wood et al. 2005).  High resilience to these 
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disturbances that permits rapid colonization and population growth also has been attributed to 

traits such as smaller body size, short and asynchronous life cycles, aerial reproductive adults, 

high dispersal abilities, and proximity to upstream refugia (Dodds et al. 2004, Fritz and Dodds 

2004). Taxa with slower life cycles and those with larger adult sizes arrived much later (Dodds et 

al. 2004).  Of the chironomids in this study, the subfamily Orthocladiinae appears more 

particular about its habitat conditions since it only was dominant in intermittent streams early in 

the wet season. The presence of Orthocladiinae only in the initial phase of succession in 

temporary streams was also found in temporary streams in Spain (Casas 2008).  

The ability to recolonize quickly extends to other taxa, as well.  Within four days of 

rewetting, 21 taxa had already recolonized intermittent streams in southern Oklahoma, especially 

chironomids, Oligochaeta, and Caenis.  In this study, oligochaetes and chironomids were 

dominant early in the wet season in both stream types followed by Caenis and chironomids later 

in the wet season.  Caenis, Leptoplebia, and Baetis mayflies were more resistant to spates than 

other taxa, and Caenis recolonized intermittent streams more quickly than other taxa after 

dewatering than other taxa (Miller and Golladay 1996).  Although Dipterans, particularly 

Chironomidae and Tipulidae, tend to be the dominant taxa in temporary streams, taxa such as 

Ephemeroptera, Hemiptera, Coleoptera, and Trichoptera are considered well-suited to temporary 

streams (Williams 1996). For Ephemeroptera in Brazilian streams, Farrodes dominated where 

there was higher streamflow, while Caenis dominated in more lentic conditions with lower 

streamflow velocities or absence of flows (Nolte et al. 1997), which also seemed to be the case in 

this study as Caenis dominated both stream types in all periods of streamflow and Farrodes was 

only a very minor element later in the wet season.  In this study, the gradual shift from tolerant 

taxa, such as oligochaetes and chironomids, to other less tolerant taxa in T streams over the 
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course of the wet season reflects the influence of more consistent flows, which allowed 

colonization of taxa requiring higher water quality and longer development times.   

Development times 

The presence and growth of aquatic larvae in intermittent streams after relatively brief 

periods of flow suggest that aquatic macroinvertebrates of tropical dry forest streams of 

northwestern Costa Rica, particularly chironomids, have rapid development times.  Rapid 

development has been reported for aquatic macroinvertebrates in the Guanacaste region (Jackson 

and Sweeney 1995).  Chironomids had especially fast hatching times, with the first hatching 

occurring in four days for Tanypodinae, 3-9 days for Orthocladiinae, and 2-9 days for 

Chironominae.  Larval development time ranged from 26-86 days, 17-73 days, and 17-105 days, 

respectively.  For Ephemeroptera, one species of Baetidae hatched after only 17 days, and the 

quickest larval development time was 26 days.  Leptohyphes and Tricorythodes hatched after as 

little as 19 days and larval development lasted 76-86 days, and a Leptophlebiidae species first 

hatched after 18 days and developed in 131-165 days (Jackson and Sweeney 1995).  Other 

studies of intermittent streams documented relatively rapid colonization with development times 

of 3-5 weeks for Ephemeroptera in intermittent streams within the Sonoran Desert and draining 

into the Pantanal in Brazil (Fisher et al. 1982, Nolte et al. 1997).  A baetid mayfly in an 

intermittent stream in Kansas had a life cycle of 18 days, and a chironomid species had a life 

cycle as short as 6 days (Fritz and Dodds 2002).  In Guanacaste, the trichopterans Leptonema, 

Phylloicus, Polycentropodidae, and Helicopsychidae showed quick egg hatching times ranging 

from 9 to 24 days and larval development from 55-178 days, though Wormaldia developed in 45 

days (Jackson and Sweeney 1995). 

These quick development times for chironomids compared to other taxa suggest that they 

should dominate stream communities in early stages of recovery from drying or flooding. This 



 

52 

would explain the presence of chironomids in T streams in May-June after only a brief period of 

streamflow.  

Overall, development times in northwestern Costa Rica streams were faster than those of 

the temperate zones, with a few exceptions, including Sonoran desert streams (Jackson and 

Sweeney 1995).  However, the development times of tropical dry forest stream 

macroinvertebrates could potentially be even faster than those reported in the Jackson and 

Sweeney study (1995).  Eggs of chironomid species reared at warmer water temperatures of 20- 

22°C versus 15°C developed several days faster (Jackson and Sweeney 1995).  Warmer water 

temperature facilitates rapid development and extensive periods of reproduction and emergence 

of the Ephemeropteran, Caenis luctuosa, resulting in increased resilience to variations in water 

level and habitat availability (Peran et al. 1999).  The water temperature of the intermittent 

streams in this study averaged close to 26°C, much higher than the 22°C average rearing 

temperature of the Jackson study. 

Smaller adult size facilitates rapid development (Beche et al. 2006).  Larval and adult taxa 

from intermittent and perennial streams in this study were extremely small, which is consistent 

with the observations of Jackson and Sweeney (1995) for this region of Costa Rica.   

Rapid development times and lack of egg or larval diapause suggest that many species are 

multivoltine, which would directly influence structure and function of these tropical dry forest 

streams.  Multivoltinism has been found in semi-arid or seasonally variable environments, and 

enhances resilience for populations facing unpredictable habitat availability by permitting rapid 

exploitation of temporally variable habitats and resources (Miller and Golladay 1996, Taylor and 

Kennedy 2006).  Multivoltinism and regional larval development could explain Chironomid 

assemblage growth observed in this study, as well as that of the Ephemeroptera assemblage, 
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which was slower due to their comparatively slower egg and larval development times.  Rapid, 

asynchronous life cycles likely improves resiliency after spates or droughts (Fritz and Dodds 

2004), such as findings suggest for these low-order tropical dry forest streams. 

Succession 

Intermittent streams in this study showed much greater changes in aquatic 

macroinvertebrate abundances and composition over time than perennial streams, suggesting that 

streamflow has a strong influence on the colonization and succession of these aquatic 

macroinvertebrates.  This corresponds with another intermittent stream study in Spain that 

associated changes in the macroinvertebrate community over the course of the wet season with 

flow (Acuna et al. 2005).  That change seen over time in the intermittent streams in this study 

likely resulted from seasonal rainfall patterns in Guanacaste affecting streamflow, thereby 

influencing organic matter inputs, algal biomass, and aquatic macroinvertebrate growth and 

survival in dry forest streams.  Clearer successional patterns are also expected for intermittent 

streams, particularly those without pools, than perennial streams due to the lack of viable eggs in 

the former once flow returns (Jackson and Sweeney 1995), whereas the perennial streams 

provide continuous habitat for egg hatching and larval development.   

In addition, the aquatic macroinvertebrate community in intermittent streams became more 

similar to perennial streams with increasing duration of streamflow, as shown by the increasing 

similarities in ordinations, decreasing numbers of indicator taxa, and increasing commonalities in 

community compositions over time. This trend of increasing similarity between stream types 

over time has also been observed in streams in Kansas (Fritz and Dodds 2004).  Some variation 

was seen in composition and abundance over time in the perennial stream assemblage during the 

wet season in this study, perhaps due to spates, changes in food availability, or life history traits, 

like growth rates and multivoltinism (Jacobsen et al. 2008). 
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Functional feeding groups 

The dominant functional feeding group of the aquatic macroinvertebrate community for 

both stream types over time was collector-gatherer-scraper-shredder, and other well-represented 

groups included collector-gatherers, collector-gatherers-filterers, and predators.  Intermittent 

rivers during the spring in Portugal were dominated by collector-gatherers, then collector-

filterers and shredders to a lesser extent, which was attributed to an abundance of organic matter, 

particularly from agricultural sources (Aguiar et al. 2002).  Organic matter persists on the 

streambed in low flow conditions due to lack of sufficient velocity to flush it downstream 

(Gasith and Resh 1999, Aguiar et al. 2002). Due to extensive canopy cover over these first-order 

streams and dominance of deciduous trees in tropical dry forests, as well as the generally dry or 

low flow conditions, detritus was present in the streambed and could persist there for relatively 

lengthy periods of time.  Availability of fine particulate organic matter to macroinvertebrates is 

facilitated by fast leaf decomposition in warm tropical streams (Covich 1988).  This could 

explain the abundance of various types of collector-gatherers and the lack of exclusive 

Plecopteran shredders found in this study.  Shredders are also lacking in the tropics in general, a 

phenomena attributed to the fast decomposition of tropical leaves limiting the need for shredders 

for their breakdown and the flushing of accumulated dry season leaves during wet seasons spates 

before the leaf matter can be processed by shredders (Wantzen et al. 2008). 

Functional feeding group designations used in this study were based on temperate species 

(Merritt and Cummins 1996, Brown 2001) due to lack of information about feeding habits of 

tropical stream taxa and may not fully reflect the flexibility in feeding types of the 

macroinvertebrate taxa of tropical dry forest streams.  Many neotropical stream taxa are 

collector-gatherers of fine detritus, which tends to be present and abundant throughout the year.  

Feeding strategies that involve high mobility or visiting unstable substrates, such as those used 
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by scrapers, predators, and shredders, are also considered less suitable for macroinvertebrates in 

streams with frequent and unpredictable disturbances (Tomanova et al. 2006).  This flexibility in 

feeding was found in northwestern Costa Rica, where Leptohyphes and chironomids 

unexpectedly consumed leaves while Trichoptera species considered primarily detritivorous 

shredders consumed algae when available (Jackson and Sweeney 1995).  Tomavina et al. (2006) 

developed fuzzy codes that better reflected the functional feeding profiles of taxa in neotropical 

streams and these fuzzy codes showed similarities to the Merritt & Cummins (1996) functional 

feeding classifications for the level of taxa identification employed in this study.  Thus, this 

study still provides insight into feeding habits, but revisions may be required in the future.   

Taxa richness and rankings 

The intermittent streams in this study had similar or slightly less taxa richness than the 

perennial streams, corresponding with several studies that have shown similar taxa richness 

between intermittent and perennial streams (Feminella 1996, Casas 2008) and less taxa richness 

in temporary streams than perennial streams (Smith et al. 2003, Wood et al. 2005).  This study 

also found that benthic taxa richness decreased over time in intermittent streams while 

abundances increased.  In contrast, intermittent streams in Victoria, Australia increased in 

taxonomic richness with duration of streamflow (Boulton and Lake 1992).  This study did not 

find a similarity between benthic and drift taxa richness patterns. 

In spite of differences in taxa richness and abundance, this study found substantial 

taxonomic overlap, as shown by the many shared dominant taxa between stream types (Table 2-

2) and only a small amount of relatively rare taxa found exclusively in a particular stream type 

(Table 2-4).  A high degree of similarity in taxa between the two stream types was found in 

Australia (Fritz and Dodds 2004) and in England (Wood et al. 2005).  The ability of intermittent 

streams, particularly headwaters, to support taxonomically rich macroinvertebrate communities 
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and the considerable taxonomic similarity between the intermittent and perennial streams have 

led to calls for the inclusion of intermittent streams in biodiversity protection efforts and 

conservation plans (Meyer et al. 2007, Casas 2008). 

Fish Results & Discussion 

Dry months 

Fish were found in the perennial streams in early May, July, November, and January 

(N=778) and residual pools of the intermittent streams (N=100) during El Veranillo de San Juan 

in July, and in the early dry season in November and January. Brachyrhaphis olomina (Meek 

1914) (BROL) was the dominant species, comprising between 95% of the fish in early May, 

79% in July, 88% in late November, and 80% in January. Poecilia gillii (Kner & Steindachner 

1863) (POGI) was the second most dominant species with 2%, 17%, 8%, and 9% representation, 

respectively.   

Although intermittent streams did not have flow, fish were collected from residual, 

temporary pools within the stream channel that had an average pool size of 11.7 m^2 + 8.4 m^2.  

Of the four species collected, two species were poecilids (B. olomina and P. gillii), the characin 

Astyanax aeneus (Gunter 1860) (ASAE), and Archocentrus nigrofasciatus (Gunter 1869) 

(ARNI), the convict cichlid.  Overall, B. olomina comprised 44% of fish collected, followed by 

P. gillii (36%), A. aeneus (13%), and A. nigrofasciatus (7%).  Poecilia gillii accounted for 64% 

of fish collected in July, followed by A. aeneus (23%).  The only fish collected in November was 

A. aeneus.  Brachyrhaphis olomina accounted for 53% of fish collected in January, followed by 

P. gillii (29%).  Archocentrus nigrofasciatus was only collected in January.   

This finding that some fish species are capable of inhabiting isolated pools within tropical 

dry forest streams is supported by previous studies of P. gillii where pools served as refugia and 

species survived and reproduced under low dissolved oxygen conditions (Chapman et al. 1991).  
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The fish in this study moved upstream from perennial streams during periods of streamflow and 

were trapped in the pools as flow disappeared.  Chapman and Kramer (1991a) also found that P. 

gillii moved upstream, but to a lesser extent than downstream due to more instream obstacles in 

upstream reaches.  

Decreasing pool volumes in dry season refugia increases physical-chemical extremes and 

fish concentrations.  Habitat use as refugia depends on the species, size, and life history traits of 

the fish, and the fish community that develops in pool refugia can be shaped by predation and 

competition (Magoulick and Kobza 2003). The lack of fish collected in November could be 

attributed to large pool sizes in this sampling period providing greater food availability and 

dispersal ability within the pool, instead of a reflection of fish presence/absence or abundances.  

The relatively high number of fish collected in January supports this assertion, since no other 

rain events occurred between November and January that would have allowed fish migration into 

the pools.  However, isolated pools may not serve as adequate refugia for fish to persist through 

the entire dry season, as shown by the absence of fish in isolated pools in early May found in this 

study.  Isolated pools can dry, become uninhabitable, or diminish enough in size to make fish 

easy prey, and thus absent, by the end of the dry season (Magoulick and Kobza 2003).  Most 

mortalities of P. gillii in the SRNP stream study were attributed to becoming trapped in pools 

that eventually dried completely (Chapman and Kramer 1991a).  The most influential water 

chemistry parameters on fish survival in temporary pools are oxygen, temperature, pH, and 

nutrients.  Low dissolved oxygen and high temperatures are typical conditions of these refugia 

(Magoulick and Kobza 2003).  Characteristics that aid survival in temporary pools for the 

species found in this study are discussed later.   
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Wet months 

Total abundance of fish collected in minnow traps for May-June, September, and October 

was much greater in P streams than T streams (585, N=24 and 196, N=18, respectively).  Six 

species were collected between both stream types.  Relative abundance of B. olomina (70%) was 

greatest followed by P. gillii (24%) in P streams, whereas P. gillii (64%) was greatest followed 

by B. olomina (22%) in T streams (Fig. 2-14A). These trends were consistent over the course of 

the wet season in P streams for B. olomina (May-June: 63%, September 68%, and October 75%) 

and P. gillii (May-June: 36%, September: 12%, and October 20%) (Fig. 2-14B).  Poecilia gillii 

dominated T streams over time (May-June: 86%, September: 59%, and October 68%) followed 

by B. olomina except in May-June (May-June: 0%, September 16%, and October 28%) (Fig. 2-

14B).  Beyond those dominant species, A. aeneus and A. nigrofasciatus had a small yet notable 

presence as a whole (P streams: 4% and 2%; T streams: 8% and 5%).  Rhamdia nicaraguensis, a 

catfish, and Synbranchus marmoratus, called the swamp eel though not a true eel, represented 

1% or less of all fish collected.  No fish were seen or collected in T streams above the canal.  

Only four freshwater shrimp were collected during the course of the entire study and all from the 

same P stream with sampling points in close proximity to a large perennial river, Rio Piedras, a 

potential source.  Consequently, it appears that shrimp did not commonly use these first-order 

streams, intermittent or perennial. 

Environmental conditions and traits of fish species influence colonization and survival. 

Stream hydrology is considered the ultimate driver of variation in habitat quality and quantity. 

Increased water level in the wet season in low-gradient tropical streams creates additional 

aquatic habitat, increases ecosystem productivity, and stimulates fish reproduction (Winemiller 

et al. 2008).  Additional aquatic habitat provides additional food sources, such as organisms in 

drift.  Terrestrial insects that have found their way into stream drift increase food availability for 
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fishes and can remove some predation pressure for aquatic insects (Wantzen et al. 2008).  Drift 

samples in this study did contain a considerable amount of terrestrial fauna that had fallen into 

the stream, which could have added to the diet of fishes in these streams beyond the aquatic 

macroinvertebrates in the benthos and drift.   

Conversely, the lack of precipitation in the dry season decreases aquatic habitat 

availability, decreases productivity, and diminishes water quality, which lead to greater fish 

mortality (Winemiller et al. 2008).  Poor water quality in the low-flow streams or residual pool 

refugia usually consists of low dissolved oxygen and high temperatures (Magoulick and Kobza 

2003). Effects from drought can also include changes in community composition, altered 

movement within the stream, and crowding of fish from habitat reduction (Matthews and Marsh-

Matthews 2003).  The intermittent streams in this study experienced these conditions whereas 

perennial streams generally did not. 

Factors attributed to fish survival in drought conditions include disturbance intensity 

associated with streamflow, distance to refuge and refuge size, and species size, type, and 

mobility (Magoulick and Kobza 2003).  While some fish can move into residual pools for refuge 

during dry periods, as already shown in this study, they can also move into perennial streams for 

refuge before smaller tributaries dry completely. Perennial streams then become a source for 

colonists to dry tributaries upon rewetting (Magoulick and Kobza 2003).  This was the case for 

the intermittent tropical dry forest streams.  Water depth, current velocity, and predation risk 

could also inhibit movement of fish species or individuals of particular sizes (Magoulick and 

Kobza 2003).  Meanwhile, perennial tropical dry forest streams maintained a continuous 

connection to a source of colonists.  The first-order intermittent and perennial streams were 
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tributaries to either the downstream perennial Rio Piedras near the lined canal portion or the 

downstream perennial reach of Quebrada Barbudal near the unlined canal portion.   

The resilience of fish to drought is demonstrated by their ability to recolonize streams 

quickly when flow returns and their resistance to a drought disturbance depends upon their 

adaptations and the quality of refugia available (Magoulick and Kobza 2003).  Species in the 

intermittent streams in this study showed resilience by quickly migrating upstream from 

perennial water sources or dispersing out of residual pools to colonize new stream habitat upon 

rewetting.  Others showed resistance by surviving in residual pools during dry periods.  

The two most dominant species, B. olomina and P. gillii, share traits that allow them to 

tolerate a wider range of habitats and conditions, but P. gillii appears the more tolerant overall. 

Small fishes with high reproductive efforts are typical inhabitants of tropical headwater streams 

with large variation in flow (Winemiller et al. 2008).  Brachyrhaphis olomina is an endemic 

species found in waters with low to moderate velocities, such as streams and sometimes shallow 

waters of rivers. It can tolerate temperatures of 19 to 34°C, is insectivorous, and can reach 60 

mm in length.  Poecilia gillii inhabits streams with various velocities, but is particularly 

abundant in slower moving waters, such as swamps, small streams, and shallow waters of large 

rivers. It can also tolerate a wide range of temperatures, 19 to 37°C (Bussing 2002), and hypoxic 

conditions that occur in isolated pools (Chapman and Kramer 1991b). The diet of P. gillii 

consists of detritus, ooze and filamentous algae from the substratum. This livebearing fish 

reproduces throughout the year and can reach 7 mm in length, with some reaching 105 mm 

(Bussing 2002). The wider tolerance of stream velocities and temperatures of P. gillii, as well as 

its broader diet, could account for its greater presence in the more dynamic intermittent streams 

than the perennial streams.  
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Chapman and Kramer (1991a) showed that P. gillii can persist in intermittent streams 

despite stressful conditions within isolated, residual pools and high mortality in flood events. 

Population densities were greatest in the dry season in isolated pools.  Rainfall-induced flows 

permitted P. gillii to move both upstream and downstream from these isolated pools, though 

mortality reached 75% after a heavy rainfall due to fish becoming trapped in desiccating pools.  

However, the prevalence of P. gillii in pools during the dry season demonstrated that pools in 

intermittent streams served as refugia, which provided a more stable environment in intermittent 

streams over time and permitted greater resilience in post-flood recovery (Chapman and Kramer 

1991a). Although, no similar study has occurred for B. olomina to compare the two species 

directly, these studies of P. gillii indicate that it can handle conditions of intermittent streams, 

such as taking advantage of flow events to disperse and inhabiting residual pools with poor water 

quality. The less dynamic environment of perennial streams could provide better conditions for 

the seemingly less tolerant B. olomina. 

The other species found also have traits that would permit survival in both stream types. 

Astyanax is one of the dominant genera in Central America. Of the three species in Costa Rica, 

A. aeneus has the widest distribution, living in all types of freshwaters from high velocity 

streams to swamps and stagnant pools. However, Bussing (2002) reported it as absent from 

temporary streams, which this study disproves.  Astyanax aeneus was found in the temporary 

streams during flow periods and in temporary pools, at least for a short time. Massive migrations 

upstream to avoid reduction of habitat in the drying lowlands have been observed for A. aeneus 

(Lopez 1978 in Bussing 2002). In this case, it migrated upstream to exploit new habitat then 

became trapped in residual pools in dry periods.  Astyanax aeneus tolerates stream temperatures 
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from 20 to 37°C, typically reaches lengths of 70 to 80 mm, and reproduces year-round or 

seasonally. Its diet includes algae, seeds, leaves, insects (aquatic and terrestrial), and fish fry.   

Archocentrus nigrofasciatus, is similarly omnivorous, eating aquatic insects, seeds, leaves, 

algae, and detritus, and has a nearly identical stream temperature tolerance range. It also inhabits 

streams with a wide range of current velocities and is capable of growing to 100 mm in length, 

but usually is much smaller. Rhamdia nicaraguensis inhabits streams of low to moderate velocity 

with temperatures between 20 and 28°C and is found in streams with stone, sand, or mud 

substrate, feeding mainly on aquatic insects, seeds, and small fish. It can grow to 260 mm, 

though individuals found in this study were much smaller.  

Synbranchus marmoratus inhabits rivers with low to moderate current velocities with 

stream temperatures between 22 and 34°C. It usually buries itself in the substratum and is 

capable of aestivating in burrows covered with mud during the dry season.  Its diet consists of 

small fish and river prawns, and individuals can range from 70 cm to 1.5 m, though those 

collected in this study were at the low end of the spectrum (Bussing 2002). 

Similar to the fishes in the tropical dry forest streams in this study, those in the Great 

Plains can migrate into intermittent streams and reproduce quickly.  Fishes rapidly recolonized 

intermittent streams in Kansas and Oklahoma once rewetting allowed fish dispersal from 

perennial reaches into those previously dry streams (Matthews and Marsh-Matthews 2003, 

Franssen et al. 2006).  

In addition to environmental conditions affecting fish, fish in turn can influence the stream 

ecosystem by altering primary productivity, nutrient cycling, and macroinvertebrate community 

composition. Droughts can make these effects more localized or patchy (Matthews and Marsh-
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Matthews 2003).  However, the influence of fish on intermittent or perennial tropical dry forest 

stream ecosystems was not directly investigated in this study. 

Conclusion 

Tropical streams face many threats, particularly deforestation, pollution, water abstraction 

for agricultural use or municipal use, and alterations in stream connectivity. Compounding those 

threats is the lack of scientific information in the tropics needed to make management decisions 

(Ramirez et al. 2008). This study begins to fill the gap in knowledge of tropical dry forest stream 

ecosystems, illuminating not only their structure and function but also the influence of regional 

water management practices on them. Streamflow has a major impact on colonization, 

development, and succession of biota as shown by differences between intermittent and 

perennial streams. However, despite differences in streamflow between the two streams, many 

similarities existed in the macroinvertebrate and fish assemblages.  The major impacts of the 

canal on these tropical dry forest streams were increased habitat during the dry season, 

fragmentation of habitat in the wet season when fish cannot pass through the canal culverts to 

access habitat above the canal, scouring of streambed below culverts that enhances the pooling 

of water and its persistence, and higher water temperature and conductivity in the canal-

influenced perennial streams.  In addition to the importance of understanding how the irrigation 

infrastructure influences stream systems during this period of agricultural expansion, 

understanding the dynamic structure and function of tropical dry forest streams is particularly 

pressing due to potential effects of global climate change on precipitation and streamflow 

patterns in the region, which could affect biodiversity (Matthews and Marsh-Matthews 2003).  

Consequently, further research on tropical dry forest streams is essential for proper management 

of freshwater resources and biodiversity in this unique, already water scarce environment. 
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Figure 2-1.  Ecohydrology Study site maps. A) Lined canal section, and B) Unlined canal 

section. P=Perennial, T=Intermittent. 
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Figure 2-2.  Precipitation data from the Palo Verde Meterological Station (OTS): A) Monthly 

rainfall, (*) indicates months sampled, and B) Daily precipitation 2007-2008, arrows 
indicate sampling dates. 
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Figure 2-3. Discharge.  A) Average discharge over time by stream type, without outlier in 

intermittent stream in May-June, and B) Water levels below maximum storage 
capacity of the canal over 2007-2008 study period. 
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Figure 2-4. Physical-chemical average values, by stream type for periods of streamflow (May-

June, September, and October) and pools (Early May, July, Late-Nov, Jan). A) Water 
temperature, B) Conductivity, C) Dissolved oxygen, and D) Stream discharge. 
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Figure 2-4. Continued 
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Figure 2-5. Isolated pool benthic macroinvertebrates having 5% or greater relative abundances.  

A) Intermittent stream, by order, all dry periods, B) Intermittent stream, by order, by 
sampling round, C) Intermittent stream, by taxa, all dry periods, and D) Intermittent 
stream, by taxa, by sampling round. 
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Figure 2-5. Continued 
 



 

71 

 
A 
 

 
B 
 
Figure 2-6.  Benthic & drift macroinvertebrate orders having 5% or greater relative abundances, 

by dry & wet periods. A) Benthos, perennial stream, by order, dry periods, B) 
Benthos, perennial stream, by order, entire study, C) Drift, perennial stream, by order, 
dry period, and D) Drift, perennial stream, by order, entire study. 
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Figure 2-6.  Continued 
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Figure 2-7.  Benthic macroinvertebrate total abundances. A) Over time, by stream type, B) By 

stream type for wet periods (May-June, September, and October), and C) By stream 
type and order. 
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Figure 2-7. Continued 
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Figure 2-8. Benthic macroinvertebrates having 5% or greater relative abundance, by stream type. 

A) Intermittent stream, by order, B) Perennial stream, by order, C) Intermittent 
stream, by taxa, and D) Perennial stream, by taxa. 
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Figure 2-8.  Continued 
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Figure 2-9. Benthic macroinvertebrate functional feeding groups (FFG) having 5% or greater 

relative abundances, over time. A) Intermittent stream, and B) Perennial stream.  
Coding: PRED=Predators; FILT=Filterers; SC=Scrapers; CG=Collector-gatherers; 
CG-SH, CG-SC=Collector-gatherers-scrapers-shredders; CG-CF=Collector-
gatherers-filterers; ALL=All feeding modes; and OTHER=Shredders and FFG with 
less than 5% representation. 
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Figure 2-10. Relativized ordinations, all streamflow periods combined.  A) By stream type, 

Diamond=Perennial and Triangle=Intermittent, and B) By sampling round, 
Diamond=May-June, Triangle=September, Square=October.  Coding: 
ACARINA=Hydracarina, ANCYLID=Ancylidae, CAENIS=Caenis, 
CHIR_P=Chironomidae pupae, CHRMINI=Chironomini, COLLEMB=Collembola, 
HYDROBI=Hydrobiidae, LperS=Discharge (l/s), NEMATODA=Nematoda, 
OLIGO=Oligochaeta, ORTHOCL=Orthocladiinae, PHYSID=Physidae, 
SPHAERID=Sphaeridae, TANYPOD=Tanypodinae, TANYTAR=Tanytarsini, and 
uS_cm=Conductivity (uS/cm). 
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Figure 2-10. Continued 
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Figure 2-11. Relativized Ordinations, by sampling month.  A) May-June, B) September, and C) 

October.  Diamond=Perennial, Triangle=Intermittent.  Coding: 
ACARINA=Hydracarina, ANCYLID=Ancylidae, ASIOPLX=Asioplax, 
BAET=Baetidae (Non-Baetodes), BAETOD=Baetodes, CAENIS=Caenis, 
CERATO=Ceratopogoniinae, CHRMINI=Chironomini, COEN=Coengrionidae, 
COLLEMB=Collembola, DO_p=Dissolved oxygen (%), DO_mgL=Dissolved 
oxygen (mg/l), ELMID=Elmidae, FARRODES=Farrodes, 
FORCIPO=Forcipomiinae, GOMPH=Gomphidae, HAPLO=Haplohyphes, 
HYDROBI=Hydrobiidae, LEPTOHY=Leptohyphes, LperS=Discharge (l/s), 
NAUCOR=Naucoridae, NEMATODA=Nematoda, NL=Hydroptilidae sp., 
OLIGO=Oligochaeta, ORTHOCL=Orthocladiinae, PHORID=Phoridae, 
PHYLLO=Phylloicus, PHYSID=Physidae, PLANORB=Planorbidae, 
SIMULID=Simuliidae, SPHAERID=Sphaeridae, T=Temperature (C), 
TANYPOD=Tanypodinae, TANYTAR=Tanytarsini, TDS=Total Dissolved Solids 
(TDS), THIARID=Thiaridae, and uS_cm=Conductivity (uS/cm). 
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Figure 2-11. Continued 
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Figure 2-11. Continued 
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Table 2-1. Indicator species analysis, by stream type over time. 
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Figure 2-12.  Drift macroinvertebrates, by stream type. A) Total abundance, by stream types, B) 

Relative abundance by taxa having 5% or greater representation (May-June, 
September, and October), by stream type, and C) Total abundance, by sampling 
month. 

 



 

85 

 

 
C 
 
Figure 2-12. Continued 
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Figure 2-13: Drift macroinvertebrate relative abundance, over time. A) Intermittent streams, by 

order, (5%+ representation), B) Perennial streams, by order (5%+ representation), C) 
Intermittent streams, by taxa (10%+ representation), and D) Perennial streams, by 
taxa (10%+ representation). 
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Figure 2-13. Continued 
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Table 2-2.  Eight most abundant taxa in the benthos and drift, by stream type (16 taxa total per 
stream type), categorized by habitat occupied.  
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Table 2-3.  Taxon habitat exclusivity by stream type. 
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Table 2-4.  Taxon exclusivity, by stream type and habitat. 
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Figure 2-14. Fish relative abundance by stream type. A) Wet periods combined, and B) Over 

time. 
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CHAPTER 3 
RIPARIAN PATCH STUDY 

Introduction 

Stream riparian zones are interaction zones between terrestrial and aquatic ecosystems that 

extend parallel to the stream course, laterally to the extent of stream flooding, and vertically into 

the forest canopy. They can profoundly affect the light and temperature regimes of streams as 

well as nutrient, sediment, and organic matter loadings (Gregory et al. 1991).  Allochthonous 

organic matter is a major contributor to the detritus pool of the stream (Allan 1995) and an 

important energy source for the food web (Gregory et al. 1991).  The positive contribution of 

riparian zones to the stream food base is often counterbalanced by reduced production of 

autochthonous energy sources (macrophytes and algae) from low light availability resulting from 

extensive canopy cover (Bunn et al. 1999). 

Breaks (patches) in the longitudinal extent of riparian forest along a stream can create a 

mosaic of habitat types displaying distinctly different abiotic and biotic structure and function, 

including light and water temperature regimes, nutrient availability and spiraling, decomposition 

rates, colonizing species, species interactions, and community resistance and resilience (Pringle 

et al. 1988, Townsend 1989, Gomi et al. 2002). Such habitat patchiness can affect biotic 

communities both up and downstream, especially fish (Pringle et al. 1988), with impacts often 

extending over hundreds of meters of stream length (Storey and Cowley 1997).  

Most patches in the riparian zone result from forest clearance for urban expansion and 

agriculture.  While the bulk of research has focused on both mechanisms responsible for 

differences in patch structure and function relative to intact riparian zones and interpatch 

heterogeneity (Pringle et al. 1988), the literature base is sparse for both tropical streams in 

general, especially those of dry forests, and small patch dynamics.   
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The literature that does exist has documented impacts on biotic communities from riparian 

patches.  In the humid lowlands of southeastern Costa Rica, deforestation altered the 

macroinvertebrate taxonomic composition and decreased diversity (Lorion and Kennedy 2009).  

The macroinvertebrate community in deforested, agricultural streams in Madagascar shifted 

basal resource use, increased taxa capable of capitalizing on higher primary production 

compared to forested streams, and declined in species richness (Benstead et al. 2003, Benstead 

and Pringle 2004).  In Indonesia, channelization and conversion of forest to agriculture resulted 

in fewer benthic morphospecies, the presence of gastropods, increased relative abundance of 

chironomids and baetids, decreased relative abundance of hydropsychids, finer sediments, and 

higher nutrient concentrations (Dudgeon 2006).  Although deforestation in the Ecuadorian 

Amazon led to decreased detritus, macroinvertebrate diversity, and relative density of collectors, 

and increased periphyton biomass, total macroinvertebrate density, and relative density of 

predators (Bojsen and Jacobsen 2003), riparian canopy cover had a negative impact on night and 

day drift densities as a result of increased riparian cover that led to decreased fish and benthic 

macroinvertebrate abundance (Jacobsen and Bojsen 2002).  Finally, deforestation of riparian 

zones can result in reduced fish diversity and survival due to loss of shade, increased 

temperature, loss of allochthonous food resources, increased sedimentation, and increased 

nutrient loading (Pusey and Arthington 2003, Winemiller et al. 2008). 

Given the paucity of information about effects of deforestation on tropical streams, as well 

as lack of information on structure and function of streams in tropical dry forests, Quebrada 

Barbudal in Costa Rica provides a unique opportunity to investigate both.  A large irrigation 

canal was recently constructed that passes completely under the streambed of this second-order 

seasonal stream via an inverted siphon.  The stream course remains uninterrupted, but the 
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riparian zone corresponding to the canal width plus an adjacent road (approximately 34 m in 

stream length) is continually cleared (Santana 2007 Personal Communication).  Above and 

below the deforested zone, riparian vegetation is intact.  However, the stream section below the 

deforested zone could have significantly different habitat quality than the stream section above 

the zone due to potential downstream export of primary production, sediment, and physical-

chemical conditions from the deforested zone.   

Consequently, three distinct habitats exist within a stream length measuring only a few 

hundred meters, allowing fish and macroinvertebrates to select among them.  In addition to the 

canal resulting in a cleared riparian patch, an outlet near the siphon releases canal water directly 

into Quebrada Barbudal approximately 10 m downstream of the three distinct habitats, which 

makes Quebradal Barbudal a perennial stream beyond that confluence. This creates a fourth 

distinct habitat, a forested reach of perennial flow that could be compared to the seasonal reaches 

upstream. 

Thus, this study addresses two questions: 1) Do canals influence stream structure and 

function, and 2) Do patches in riparian vegetation affect macroinvertebrate and fish community 

structure within tropical dry forest streams?  These questions are addressed by studying abiotic 

characteristics and biotic communities of four zones within Quebrada Barbudal: a forested zone 

above the deforested patch, the deforested patch where the canal passes, a forested zone below 

the deforested patch, and a forested zone farther downstream that receives both seasonal 

streamflow and direct canal water discharge year-round. 

Methods 

Study Area 

A second-order stream, Quebrada Barbudal, that runs within a tropical dry forest wildlife 

corridor between Palo Verde National Park and the Lomas Barbudal Reserve was the study site 
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(Fig. 3-1).  The principal irrigation canal in the region, Canal Oeste, crosses Quebrada Barbudal 

where the wildlife corridor begins at the transition from the foothills within the Lomas Barbudal 

Reserve to the lowland plains.  Canal Oeste provides water for agricultural fields in the lowland 

plains surrounding the wildlife corridor.  It passes underneath Quebrada Barbudal through an 

inverted siphon (Fig. 3-2A and 3-2B), such that the only disturbances to the stream are the 

maintenance of a cleared riparian zone for canal passage under the stream and a road adjacent to 

the canal that crosses the stream via a low water crossing, which impounds water within the 

cleared riparian zone during low flows and enhances pooling when streamflow ceases.  Quebrada 

Barbudal is a seasonal stream until 41 m below the Canal Oeste crossing, when it becomes 

perennial due to constant water releases from a canal outlet up gradient from the siphon.  The 

canal outlet is managed both to provide stream habitat year-round and to release excess canal 

water that would otherwise overtop the canal during the rare occasions when run-off from storm 

events combine with already high volumes of canal water or when the siphon becomes suddenly 

and unexpectedly clogged with debris (Santana 2007 Personal Communication).  

The tropical dry forest surrounding Quebrada Barbudal is primarily deciduous, with leaf 

out at the beginning of the wet season and leaf fall mostly in the dry season.  The foothills are of 

volcanic origin, while the lowland plains consist of primarily alluvial deposits. More information 

on the phenology and geology of the region, as well as details on Canal Oeste, are provided in 

Chapter 2. 

Site Selection  

Four distinct, sequential instream habitats were sampled within Quebrada Barbudal.  From 

upstream to downstream, the sites were defined as: 1) Above: Immediately upstream of the canal 

crossing with a forested riparian zone, 2) Open: Stream section with a deforested riparian zone 

and full sun exposure where the canal goes under the stream and the stream crosses the adjacent 
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canal road, 3) Below: Immediately downstream of the canal crossing with a forested riparian 

zone and a potential recipient of exported material from the Open zone, and 4) Canal-Influenced 

zone (downstream of the Below zone) with a forested riparian zone and a combination of 

seasonal streamflow from Quebrada Barbudal and direct, perennial flow from Canal Oeste. 

Data were collected at three points 10 m apart in all zones, except for the Open zone, 

which had three points that were 8 m apart (Fig. 3-3). The entire Above zone could be 

considered everything upstream of the Open zone, but only 20 m in stream length was sampled 

in the Above zone, and the most downstream sampling point was 10 m upstream of the Open 

zone.  The entire Open zone was a total of 25 m in stream length, but only 16 m in stream length 

was sampled within the zone.  The canal road that the stream crossed was 8.8 m wide, and the 

most downstream sampling point in the Open zone was 4 m upstream of the canal road.  The 

entire stream length of the Below zone was 41 m, but only a 20 m section within that was 

sampled.  The most upstream sampling point in the Below zone was 11 m downstream of the 

road.  The Canal-Influenced zone could be considered everything downstream of the confluence 

of Quebrada Barbudal and canal water released from the Canal Oeste outlet, but only 20 m in 

stream length was sampled, with the first point approximately 100 m downstream of the end of 

the Below zone. 

Sampling Schedule 

Sampling occurred from early May 2007 to January 2008 at 4 to 6 week intervals, with the 

exception of one eight week interval between the July and September samplings.  The sampling 

spanned the end of the dry season in early May before heavy rainfall began, the wet season, and 

the early months of the following dry season in November and January.  
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Field Sampling 

Physical-chemical 

Bankfull width and height, channel width and height, and slope were recorded once for 

each zone at the beginning of this study in early May.  Slope was determined using a laser level.  

Canopy cover was determined using a convex spherical densiometer, and data were collected in 

early May, May-June, October, Late November, and January.  Photosynthetically active radiation 

(PAR) was measured using a LICOR-190 (terrestrial PAR meter) and LICOR-192S (underwater 

PAR meter) (Li-COR, Inc., Lincoln, NE, U.S.A.).   

Physical-chemical and streamflow data were collected each sampling period in the 

daytime. Dissolved oxygen (% and mg/L), salinity, total dissolved solids (g/L), temperature (°C), 

and conductivity (mS/cm-adjusted for 25°C) were measured using a YSI 556 Handheld 

Multiparameter Instrument (YSI, Inc. Yellow Springs, OH, U.S.A.).  Stream velocity was 

measured using a Marsh-McBirney© flowmeter at three equidistant points across the width of 

the stream channel.  In stream depths less than 20 cm, velocity was measured at 60% of the depth 

from the stream surface.  When depth was 20 cm or greater, velocity was measured at 20% and 

80% of the depth from the stream surface and then averaged.  Discharge was calculated using the 

velocity, depth, and channel width measurements.  Rainfall data were collected from a rain 

gauge operated by the Organization for Tropical Studies at Palo Verde National Park. 

Biological 

Benthic macroinvertebrates were collected using a 243 um Surber sampler.  Sediment, 

small stones, and debris within the 0.093 m2 area of the sampler were disturbed by hand, and 

organic debris and macroinvertebrates were collected in the attached net.  Macroinvertebrates in 

drift were collected using a 363 um drift net placed at the most downstream sampling point of 

each zone for 20 hours, spanning dusk, night, and dawn.  Drift samples from zones in the 
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exclusively seasonal stream section were always taken on the same day.  Macroinvertebrates on 

stones were sampled by removing a stone with one hand from the stream, following that 

removed stone with a Surber sampler net held in the other hand to catch any dislodged aquatic 

macroinvertebrates.  After collecting macroinvertebrates that fell into the net, the stone was 

scrubbed with a toothbrush within a plastic tray to remove macroinvertebrates, using distilled 

water to aid the process.  Contents of the plastic tray were emptied into a plastic bag.  Stone size 

was determined by measuring the B-axis (Gordon et al. 1992).  All macroinvertebrate samples 

were preserved with ethanol in the field. 

Fish were sampled using bread-baited minnow traps, placed in the deepest part of the 

stream and left for 20 hours, spanning dusk, night, and dawn.  Captured fish were measured for 

standard and total length, identified, and released back into the stream.  

A 20-hour sampling period for the macroinvertebrate drift and minnow trap samples was 

chosen due to logistical constraints in the field. 

Algal biomass was estimated as both periphyton chlorophyll-a and Ash Free Dry Mass 

(AFDM), but periphyton chlorophyll-a analysis only estimates algal biomass whereas AFDM 

includes both algal biomass and a mixture of biomasses from bacteria, fungi, small fauna and 

detritus.  Periphyton was collected for chlorophyll-a analysis by removing a stone from the 

stream using a Surber sampler net, placing a hollow rubber template with an internal area of 24.6 

cm^2 on the stone to sample a consistent area and prevent loss, then scraping the periphyton 

from stones using a nylon bristled brush.  The periphyton collected on the brush was cleaned in 

50 ml of water and stored with plastic ice in a cooler. This same procedure employed to collect 

periphyton was repeated on different stones for AFDM analysis (Steinman and Lamberti 1996). 
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Laboratory Methods 

All aquatic macroinvertebrate samples were put through 1 mm and 250 um sieves in the 

laboratory.  Both size classes were examined under a dissecting microscope, and 

macroinvertebrates were removed and placed into dated and labeled vials containing 70% 

ethanol.  Samples were then shipped to the United States for identification.  Macroinvertebrates 

were generally identified to Family or Genus, except the families Chironomidae and 

Ceratopogonidae, which were identified to Sub-Family.  Non-insect macroinvertebrates, such as 

Oligochaeta, Nematoda, Hydracarina, and Hirudinea, were identified to Order.  Identification of 

tropical aquatic macroinvertebrates to the species level is difficult due to lack of taxonomic 

tropical literature (Jacobsen et al. 2008).  Identification utilized Merritt & Cummins (Merritt and 

Cummins 1996), assistance from M. Springer and P. Hanson at the University of Costa Rica, and 

Roldán (Roldán 1996). 

The periphyton chlorophyll-a and AFDM samples were filtered separately through 

Whatman pre-ashed and weighed filter-disks on the same day that they were collected.  Samples 

were then frozen for preservation and shipped to the University of Florida for analysis.  

Periphyton chlorophyll-a samples were corrected for pheophytin and measured with a 

spectrophotometer using standard procedures (APHA 1998).  AFDM filter samples were dried in 

an oven at 60°C for 48 hours, weighed, then ashed in a muffle furnace for five hours at 550°C 

and weighed again.  

Data Analysis 

To test for differences in variables between stream types and over time, Repeated 

Measures ANOVAS using PROC MIXED were run in SAS (SAS Institute, Inc 2006).  To test 

for correlations between different variables, Pearsons Correlations using PROC CORR were run 

in SAS. Variables were log-normalized before running statistics when appropriate.  When 
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differences were significant, post-hoc analysis was conducted using Tukey’s test and Bonferroni 

corrections.  Taxa richness was used rather than species richness because not all identifications 

were made to the same taxonomic level. Consequently, taxa richness was calculated by summing 

the number of different taxa found to the level of identification chosen in this study.  To 

investigate relationships of abiotic and biotic stream components with stream type and time, non-

metric multidimensional scaling ordinations (NMDS) using Sorenson’s metrics (i.e. Bray-Curtis) 

and Monte Carlo tests were created in PC-Ord (McCune and Grace 2002).  Taxa data were 

logged and relativized.  Biplots with a cut-off of P=0.2 were used to define associations between 

the sample and taxa distributions.  Indicator species analysis using Monte Carlo tests was 

conducted in PC-Ord. 

Results 

Physical-Chemical Parameters 

Canopy cover was significantly different only between the deforested Open zone and the 

Above (t =7.02, p= 0.0005), Below (t=-8.11, p= 0.0002), and Canal-influenced (CI) (t=-8.06, 

p=0.0002) zones, all of which had forested riparian zones.  Average canopy cover for the Open 

zone during the study period was 20 + 16%.  The Above, Below, and Canal-influenced zones 

had average canopy cover of 70 + 11%, 78 + 11%, and 78 + 7%, respectively (Fig. 3-4A). No 

significant difference in canopy cover was found over time. 

Photosynthetically active radiation (PAR) values fluctuated considerably during sampling, 

but averaging these values over the entire study still revealed that the terrestrial and underwater 

PAR were much greater in the Open than other zones (Fig. 3-4B).  In the Open zone, mean 

terrestrial PAR was 807 + 769 umol and underwater PAR was 717 + 637 umol. Among the 

forested zones, average terrestrial PAR did not exceed 186 + 336 umol and the average 

underwater PAR did not exceed 244 + 345 umol.  This difference between the Open zone and the 
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other zones was significant for terrestrial PAR (Above: t=-3.52, p=0.008; Below: t=4.95, 

p=0.0011; CI: t=4.98, p=0.0011) and underwater PAR (Above: t=-3.32, p=0.0106; Below: 

t=5.32, p=0.0007; CI: t=5.35, p=0.0007).  The significantly greater PAR levels in the Open zone 

correspond with significantly less canopy cover in the Open zone compared to the forested 

zones. 

Average chlorophyll-a levels were much greater in the Open than other zones over the 

entire study, except for one instance when the Canal-influenced zone was greater in Late-

November (Fig. 3-4C). However, chlorophyll-a was not significantly different among the various 

zones, except between the Above and Canal-influenced zones in the Late-November (t=-3.68, 

p=0.026).   

Ash-free Dry Mass (AFDM) was significantly different between the Open zone and other 

zones in May-June (Above: t=-4.96, p=0.005; Below: 3.67, p=0.026), September (Above: t=-

4.68, p=0.007; Below: t=3.7, p=0.025; CI: t=4.31, p=0.011), and January (Above: t=-5.17, 

p=0.004; Below: t=3.71, p=0.025; CI: t=3.92, p=0.019).  There were no significant differences 

among Above, Below, and Canal-influenced zones, which were all forested. There was a 

significant difference over time (F=20.18, p<0.001), specifically between May-June and all other 

months except January (Sept: t=7.02, p<0.0001; Oct: t=7.95, p<0.0001; Mid-Nov: t=7.29, 

p<0.0001; Late Nov: t=5.19, p<0.0001), and between January and September (t=-4.71, 

p=0.0004), October (t=-5.44, p<0.0001), and Mid-November (t=-4.8, p=0.0003). Throughout the 

entire study, the average levels of AFDM in the Open zone were greater than all other zones, 

particularly in May-June and January (Fig. 3-4D). 

Stream discharge changed dramatically over time, with streamflow continuously increasing 

over time until peaking in October then dropping to low levels by November and remaining 
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constantly low thereafter (Fig. 3-5A). There was no significant difference in streamflow between 

the Above, Open, and Below zones, with the exception of one case in September between the 

Above and Below zones (t=-3.36, p=0.04), when the Below zone discharge was significantly 

greater for unknown reasons.  The Canal-influenced zone had significantly different discharge 

from the other zones: lower in July (Open: t=3.6, p=0.029; Below: t=4.17, p=0.013), greater in 

September (Above: t=-5.24, p=0.004; Below: t=-3.92, p=0.019), and lower in October (Below: 

t=4.37, p=0.01).  In July and October, the Canal-influenced zone had much smaller discharges 

than the other zones, while in September it was much greater, which could reflect some 

interaction with the hyporheos or management of the canal outlet opening that permits water to 

enter Quebrada Barbudal. Discharge from the canal outlet changed over the course of this study, 

but unfortunately, this was not recorded during the study. 

Stream temperatures in the Open zone were significantly greater than the Above zone in 

May-June (t=-3.42, p=0.037) and Late November (t=-3.81, p=0.022), and significantly less than 

the Above zone in July (t=34.54, p=<0.0001), September (t=5.55, p=0.002), and January 

(t=11.57, p=<0.0001).  Open zone stream temperatures were significantly greater than the Below 

zone in May-June (t=3.88, p=0.02), Late-November (t=11.57, p=<0.0001), and January (t=6.24, 

p=0.001), and significantly less than the Below zone in September (t=-7.86, p=0.0002).  These 

significant differences between the Open and Below zones indicate that the Open zone stream 

temperatures did not have a downstream influence on the Below zone.  The Above and Below 

zone were both significantly greater or less than the Open zone during most of the same 

sampling rounds, demonstrating similarities between the two the forested zones, as well as 

differences between the forested and deforested zones.  However, the reasons for differences in 

stream temperatures among zones during these particular sampling rounds are unclear.  As a 
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whole, the Above and Open zones fluctuated between having higher average temperature over 

time, while the Below zone usually had lower temperatures on average than the Open zone.  No 

significant difference was found between the Open zone and the Above and Below zones in late 

October and mid-November (Fig. 3-5B).  Late October had the highest recorded stream 

discharge, which was likely great enough to homogenize stream temperatures in the adjacent 

Above, Open, and Below zones, and this homogenization probably carried over into the next 

sampling in mid-November.  In addition, the Above and Below zones were significantly 

different in temperature in late November (t=7.77, p=0.0002) and January (t=20.82, p=<0.0001), 

with the Below zone having lower average temperatures than the Above zone.  The Canal-

influenced zone was significantly less than the Open zone in May-June (t=4.44, p=0.009).  The 

Canal-influenced zone was also significantly different from all other zones in July (Above: 

t=16.87, p=<0.0001; Open: t=-17.67, p=<0.0001; Below t=-17.47, p=<0.0001), September 

(Above: t=30.12, p=<0.0001; Open: t=24.57, p=<0.0001; Below t=32.43, p=<0.0001), and Late-

November (Above: t=4.09, p=0.015; Open: t=7.89, p=0.0002; Below t=-3.68, p=0.026), varying 

in the type of significance among the zones.  In January, the Canal-influenced zone was only 

significantly greater than the Open and Below zones (t=-11.45, p=<0.0001; t=-17.69, 

p=<0.0001).  No clear stream temperature trends over time were evident in the Canal-influenced 

zone. 

Significant differences in dissolved oxygen among zones in the seasonal stream section 

only occurred in May-June and January, the periods of lowest stream discharge.  In May-June, 

the Above zone had significantly lower dissolved oxygen levels than the Open (t=-4.4, p=0.01) 

and Below (t=-4.07, p=0.015) zones.  In January, the Open zone had significantly greater 

dissolved oxygen levels than the Above (t=-8.9, p<0.0001) and Below (t=7.37, p=0.0004) zones.  
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In both periods, average dissolved oxygen was highest in the Open zone, followed by the Below 

zone, which suggests that the Open zone exported oxygen downstream (Fig. 3-5C).  The Canal-

influenced zone also had significantly greater dissolved oxygen levels compared to other zones 

in May-June (Above: t=-6.92, p=0.0006), September (Above: t=-6.04, p=0.001; Open: t=-3.64, 

p=0.027; Below: t=-6.14, p=0.001), and January (Above: t=-5.66, p=0.0002; Below: t=-4.13, 

p=0.014), but the Canal-influenced zone had significantly lower levels than the Open zone in 

January (t=3.24, p=0.047), when the Open zone had higher average dissolved oxygen and 

significantly greater AFDM.  The Canal-influenced zone had a greater average stream discharge 

associated with each case of significantly greater dissolved oxygen levels, such that higher 

stream discharge could have increased dissolved oxygen levels. 

Conductivity was only significantly different on one occasion among zones in the strictly 

seasonal stream section.  In September, the Open zone had significantly lower conductivity than 

the Below zone (t=-4.32, p=0.011) (Fig. 3-5D).  However, the Canal-influenced zone had 

significantly lower conductivity than all the other zones in September (Above: t=9.16, 

p=<0.0001; Open: t=7.08, p=0.0005; Below: t=11.4, p=<0.0001), late-November (Above: 

t=80.54, p=<0.0001; Open: t=80.54, p=<0.0001; Below: t=82.56, p=<0.0001), and January 

(Above: t=19.45, p=<0.0001; Open: t=18.46, p=<0.0001; Below: t=19.94, p=<0.0001).  The 

Canal-influenced zone had significantly greater conductivity than all the other zones in October 

(Above: t=-8.14, p=0.0002; Open: t=-8.93, p=<0.0001; Below: t=-7.21, p=0.0004) and mid-

November (Above: t=-7.56, p=0.0003; Open: t=-7.56, p=0.0003; Below: t=-6.8, p=0.0006).  

Lower average conductivity in the Canal-influenced zone in September, Late-November, and 

January corresponds with higher average stream discharge in the Canal-influenced zone than 

other zones during these periods.  When average conductivity was higher than the other zones in 
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October, stream discharge was lowest in the Canal-influenced zone. The significant difference in 

mid-November is unclear since the Canal-influenced zone fell in the middle of the average 

conductivity range of the zones. 

Overall, for each zone, stream discharge positively correlated with dissolved oxygen 

(Above: F=0.737, p=<0.0001; Open: F=0.669, p=0.001; Below: F=0.74, p=0.0001; CI: F=0.843, 

p=<0.0001) and was negatively correlated with conductivity (Above: F=-0.794, p=<0.0001; 

Open: F=-0.845, p=0.001; Below: F=-0.847, p=0.0001; CI: F=-0.848, p=<0.0001). Increased 

stream discharge would permit greater oxygenation of the water while diluting the amount of 

solutes.  In the Above and Canal-influenced zones, conductivity negatively correlated with 

dissolved oxygen (Above: F=-0.455, p=0.038; Canal-influenced: F=-0.593, p=0.005), which 

could reflect a similar influence of streamflow on dissolved oxygen and conductivity as 

previously explained.  In the Above and Open zones, temperature negatively correlated with 

dissolved oxygen (Above: F=-0.733, p=0.002; Open: F=-0.471, p=0.035), so stream 

temperatures decreased as oxygenation increased.  This correlation could demonstrate an indirect 

influence of stream discharge on stream temperatures since dissolved oxygen and discharge were 

found to be correlated.  In the Below zone, temperature negatively correlated with conductivity 

(F=-0.652, p=0.001), which was unexpected since increased temperatures would indicate less 

stream discharge that would decrease solute dilution, so they should be positively correlated. 

However, warming of the water in the Open zone and exporting those higher temperatures into 

the Below zone could have altered that relationship. In the Canal-influenced zone, temperature 

negatively correlated with stream discharge (F=-0.448, p= 0.042), which likely reflected 

increased flows cooling the water. 
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Biotic Parameters 

Benthic macroinvertebrates 

The greatest number of individuals was collected from the Open zone (8688), followed by 

Above zone (7263), Below zone (4289), and Canal-influenced zone (3489).  Total abundance of 

benthic macroinvertebrates in each zone remained relatively stable until after the wet season, 

when it increased markedly in November and January (Fig. 3-6A). The two dominant orders in 

all zones were Diptera (Above: 42%, Open: 20%, Below: 50%, CI: 51%) and Ephemeroptera 

(Above: 53%, Open: 75%, Below: 42%, CI: 42%), with Ephemeroptera much more dominant in 

the Open zone than the other zones (Fig. 3-7A).  Each zone showed changes over time in the 

relative abundance of the aquatic macroinvertebrates orders (Fig. 3-8).  In each case, Diptera and 

Oligochaeta dominated in May-June, at the onset of the wet season following a period of no 

streamflow. The proportion of Ephemeroptera increased over the course of the wet season to 

become the dominant order in September and October. Trichoptera also increased in 

representation as the wet season progressed. After the wet season, in November and January, the 

proportion of Ephemeroptera and Trichoptera decreased while Diptera became much more 

dominant in the Above and Below zones. In the Open zone, Ephemeroptera remained the most 

dominant order, although Trichoptera no longer had strong representation. The Canal-influenced 

zone followed similar trends in macroinvertebrate order dominance as the Above and Below 

zones. 

Overall, the Ephemeropteran Caenis was the dominant taxon in each zone (Above: 21%, 

Open: 41%, Below: 26%, and CI: 24%).  Haplohyphes was the second most dominant taxa in the 

Above (22%) and Open zones (24%), while chironomids were the second most dominant taxa in 

the Below (Tanypodinae: 25%) and Canal-influenced zones (Chironomini: 23%).  Tanypodinae 

was also well-represented in the Above (20%) and Canal-influenced (13%) zones.  The Open 
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zone had similarly low abundances among the chironomids Chironomini (5%), Tanypodinae 

(5%), and Tanytarsini (6%).  Other Ephemeroptera in all zones included Baetidae taxa (non-

Baetodes), Farrodes, and Leptohyphes.   

The dominant functional feeding groups in the benthos shared similarities among zones 

(Fig. 3-10A).  In the Above zone, the order of decreasing abundance was collector-gatherers-

filterers (35%), collector-gatherers-scrapers-shredders (25%), and predators (22%).  The Open 

zone was dominated by two groups, collector-gatherers-scrapers-shredders (45%) and collector-

filterers (37%), which likely reflects the greater dominance of Ephemeroptera in this zone than 

other zones.  In the Below zone, the order of abundance was collector-gatherer-scrapers-

shredders (30%), predators (27%), and then collector-gatherers-filterers (21%).  The Canal-

influenced zone was dominated by collector-gatherers (25%), collector-gatherers-scrapers-

shredders (30%), predators (15%), and collector-filterers (18%).   

Both total and average taxa richness of benthic macroinvertebrates were similarly slightly 

greater in the Above zone (55 and 26 taxa) and Open zone (55 and 26.3 taxa) than the Below 

zone (53 and 23.2 taxa) and Canal-influenced zone (48 and 24.5 taxa) (Table 3-1).  Table 3-4 

shows the twelve most abundant benthic taxa by zone. 

The NMDS ordination of associations over time had a 3-dimensional solution with a final 

stress of 13.231, and axis 1 and 2 accounted for 71% of variation (axis 1=0.440, axis 2=0.265).  

It revealed that May-June separated from the other sampling periods, likely due to its recent 

rewetting and low streamflows (Fig. 3-13A).  Oligochaeta and Diptera taxa associated with this 

early wet season sampling. The remaining periods largely grouped together, but several 

distinctions are evident.  Stream discharge and dissolved oxygen associated with October, along 

with taxa that require higher water quality, Farrodes and Leptohyphes.  September, November, 
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and January grouped particularly tightly, with Caenis and Haplohyphes associating with these 

periods.  Indicator taxa were only found for the Open zone (Corixidae: IV=100, p=0.017; 

Tipulidae: IV=64.4, p=0.036) and Canal-influenced zone (Asioplax: IV=72.8, p=0.017; 

Chironomini: IV=36.5, p=0.044). 

Stone macroinvertebrates 

The average B-axis length of stones sampled for each zone over the study ranged between 

13.53 + 2.31 cm and 14.35 + 2.57 cm.  No significant difference between zones was found, but a 

slightly significant difference was found among stone sizes over time (F=2.56, p=0.042).  The 

minimum B-axis length of sampled stones was 9 cm, which was greater than the maximum B-

axis length of any stone encountered during benthic sampling, such that no overlap occurred in 

habitat sampling.   

For the entire study period, the Open zone stones had a much greater abundance of 

macroinvertebrates (2793) than other zones and the Canal-influenced zone had a substantially 

lower abundance (883) than other zones.  Above and Below zones were relatively similar (1707 

and 1346, respectively). Over time, abundances fluctuated for all zones, with distinct peaks in the 

Open zone in July and September (Fig. 3-6B).  The dominant order of macroinvertebrates on 

stones was Diptera, particularly in the Open and Below zones (75% and 69%) compared to 

Above and Canal-influenced zones (43% and 37%) (Fig. 3-7B).  Ephemeroptera (Above: 34%, 

Open: 16%, Below: 17%, CI: 25%) followed by Trichoptera (Above: 12%, Open: 6%, Below: 

10%, CI: 15%) were the next most common orders for each zone, with Ephemeroptera 

representing a much greater share of the macroinvertebrates in the Above and Canal-influenced 

zones.  Over time, Ephemeroptera and Trichoptera generally increased in representation as the 

wet season progressed then decreased with the onset of the dry season in November in each zone 

(Fig. 3-9).  However, the Above zone had some variability in proportions of aquatic 
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macroinvertebrate orders compared to other zones, and the Canal-influenced zone had much 

greater diversity of orders represented in May-June, the beginning of the wet season, compared 

to the other zones in the seasonal stream section, which were almost completely dominated by 

Diptera, Hydracarina, and Oligochaeta. 

Chironomids were the dominant taxon in all zones as a whole.  In the Above zone, the 

dominant taxa were Chironomini (14%) and Orthocladiinae (14%), while Baetidae (13%) and 

Haplohyphes (12%) were the dominant Ephemeroptera.  The Open zone was similar to the 

Above zone, but Chironomini (41%) and Orthocladiinae (28%) were particularly dominant, 

followed by Baetidae (5%) and Haplohyphes (7%) to a lesser extent.  In the Below zone, 

Chironomini (39%) and Orthocladiinae (22%) dominated, and Haplohyphes (7%) had the next 

greatest representation.  In the Canal-influenced zone, Chironomini (10%) and Orthocladiinae 

(18%) were less dominant, while various other taxa, such as Hydracarina (13%), Baetidae (6%), 

Haplohyphes (7%), Farrodes (6%), and an early instar Trichoptera, Hydroptilidae sp. (4%), were 

notable. 

Functional feeding group distributions varied among zones (Fig. 3-10B). In the Above 

zone, the dominant group was collector-gatherers-scrapers-shredders (34%), followed by 

collector-gatherers (17%), collector-gatherers-filterers (17%), and predators (12%). In the Open 

and Below zones, the major functional feeding groups were collector-gatherers (44%, 40%) and 

collector-gatherers-scrapers-shredders (35%, 27%). Collector-gatherers-filterers was the next 

most important group (9%, 12%).  In the Canal-influenced zone, collector-gatherers-scrapers-

shredders dominated (31%), followed by a more even distribution of predators (16%), collector-

gatherers (11%), collector-filterers (12%), and collector-filterers-predators (14%). 
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Both total and average taxa richness of stone macroinvertebrates were similarly greater in 

the Above zone (48 and 20.8 taxa) and Open zone (46 and 21 taxa) than the Below zone (37 and 

16.2 taxa) and Canal-influenced zone (38 and 18.2 taxa) (Table 3-2).  Table 3-5 shows the 

twelve most abundant stone taxa by zone. 

The NMDS ordination of associations over time had a 3-dimensional solution with a final 

stress of 15.138, and the axis 1 and 2 accounted for 72% of variation (axis 1=0.308, axis 

2=0.405).  It revealed that stone macroinvertebrates grouped together by time, similar to benthic 

macroinvertebrates (Fig. 3-13B). Dipterans, particularly Chironomids, and Oligochaeta 

associated with low flow periods of May-June and January, as well as conductivity. 

Ephemeropterans, Trichopterans, stream discharge, and dissolved oxygen associated with the 

high flow periods of September and October. The indicator taxa for each zone in the seasonal 

portion of Quebrada Barbudal were relatively rare taxa.  The Above zone had Alisotrichia (IV: 

35.1, p=0.009), and the Open zone had Hydroptila (IV: 20, p=0.012) and Psephenidae (IV: 26.6, 

p=0.01), as indicator taxa.  The Canal-influenced zone had two indicator taxa:  Hydroscaphidae 

(IV: 30.2, p=0.003) and Neotrichia (IV: 35.1, p=0.005). 

Drift macroinvertebrates 

Drift samples from Above and Below zones were the focus of analysis. Drift samples taken 

from the Open zone were not analyzed due to the complete submergence of the nets throughout 

the study, whereas all other drift nets were at or above the water level. The complete 

submergence would have excluded macroinvertebrates drifting on the stream surface that nets in 

the other zones would have collected, potentially causing a significantly lower collection in the 

Open zone. Thus, the Above zone captured drift from above the deforested stream section and 

the Below zone drift net potentially contained macroinvertebrates in drift from the Above, Open, 

and Below zones.  Any difference between Above and Below zone drift would be related to 
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habitat in the Open and Below zone. The Canal-influenced zone drift could include 

macroinvertebrates from the seasonal and perennial stream sections. 

Total abundance of macroinvertebrates in drift was much greater in the Above (10,316) 

and Below zones (8123) than the Canal-influenced zone (5166), despite the latter having year-

round flow.  Macroinvertebrate assemblages in drift were very similar between the Above and 

the Below zones (Fig. 3-11).  Ephemeropterans were dominant in the Above zone (39%) and 

Below zones (35%). In the Above zone, Trichoptera was the next most abundant order (28%), 

followed by Diptera (20%). In the Below zone, Trichoptera and Diptera had similar 

representation (26% and 28%). Terrestrials comprised only a small proportion of organisms in 

drift in Above and Below zones (6% and 5%). In the Canal-influenced zone, the dominant orders 

were Diptera (37%), Ephemeroptera (25%), Trichoptera (15%), and Hydracarina (13%). 

Above and Below zones showed similar trends in macroinvertebrates assemblages over 

time (Fig. 3-12).  Each was dominated by Diptera at the beginning of the wet season in May-

June (Above: 60%, Below: 45%). Hydracarina and Coleoptera had notable representation in 

May-June and after the wet season in November and January, when streamflow was comparable 

to low levels recorded in May-June. Both Ephemeroptera and Trichoptera showed an increasing 

trend as the wet season progressed, with Trichoptera peaking in September (Above: 38%, Below: 

48%) and Ephemeroptera peaking in mid-November (Above: 51%, Below: 64%). Drift samples 

could not be taken in October due to prohibitively high streamflow.  However, these two orders 

remained dominant into the dry season in the Above zone, while they decreased dramatically in 

dominance in the Below zone. In the Canal-influenced zone, Ephemeroptera was the dominant 

order as a whole throughout the study and Trichoptera remained relatively stable, except for an 

increase in September. Diptera also spiked in dominance in Late-November. 
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The Above and Below zones had similar taxa representation. The dominant taxon in both 

zones was a Hydropsychidae grouping of Smicridea and/or Leptonema (21% and 19%). The 

Ephemeropterans Farrodes, Haplohyphes, and Baetidae were other dominant taxa (Above: 12%, 

12%, 7%; Below: 11%,11%, 6%).  Chironomini was the dominant Dipteran in each zone 

(Above: 8% and Below: 13%). Representation of taxa was more evenly distributed in the Canal-

influenced zone. Ephemeropterans were the dominant taxa with Haplohyphes (15%), Baetidae 

(11%), and Farrodes (8%), as well as the Hydropsychidae grouping of Smicridea and/or 

Leptonema (11%). 

Several functional feeding groups had high representation, and their proportions were 

similar between the Above zone and Below zone. The dominant group was collector-filterers 

(25% and 23%), which corresponds with the high relative abundance of Trichoptera.  Other 

groups with considerable representation were collector-gatherers-scrapers-shredders (17% and 

18%), collector-gatherers-filterers (17% and 16%), collector-gatherers (10% and 15%), and taxa 

within all functional feeding groups but predators (14% and 14%). Predators and scrapers were 

represented to a lesser extent (8% and 7%, 7% and 4%). In the Canal-influenced zone, the 

dominant groups were collector-gatherers-scrapers-shredders and collector-gatherers-filterers, 

both comprising 22% of total taxa. Predators and collector-filterers had the next greatest 

representation (16% and 14%). Scrapers and taxa falling within all functional feeding groups 

except predators also had notable representation (11% and 9%).   

Both total and average taxa richness in drift were greatest in the Above zone (69 and 37.7 

taxa), followed closely by the Canal-influenced zone (67 and 35.3 taxa) and the Below zone (63 

and 29.8 taxa) (Table 3-3).  Table 3-6 shows the twelve most abundant drift taxa by zone. 
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NMDS ordination showed no clear distinction between zones or within zones over time. 

Only the Above and Canal-influenced zones had indicator taxa.  Indicators in the Above zone 

were Alisotrichia (IV: 39.4, p=0.05) and Planorbidae (IV: 52, p=0.036).  Indicators in the Canal-

influenced zone were the Trichopterans Macronema (IV: 80, p=0.005), Mayatrichia (IV: 51.9, 

p=0.028), Leucotrichia (IV: 54.2, p=0.006), and the Hemipteran family Veliidae (IV: 54.2, 

p=0.022).  

Taxa exclusivity  

Select taxa were found either exclusively in one habitat type or only in two of the three 

habitats (Table 3-7).  Drift had the highest number of exclusive taxa, comprised primarily of 

Hemipterans, Philopotomidae, and rare taxa.  The benthos had a diverse mix of orders, and 

stones had no exclusive taxa.  Taxa found only in the benthos and stones were a diverse mix of 

orders.  Only two Diptera pupae were found on stones and in drift, but many taxa were only 

found in the benthos and drift, including several Hemiptera, Coleoptera, and Trichoptera taxa. 

Fish 

Seven species of fish were collected over the study: Astyanax aeneus (Gunter 1860), 

Brachyrhaphis olomina (Meek 1914), Archocentrus nigrofasciatus (Gunter 1869), Poecilia gillii 

(Kner & Steindachner 1863), Synbranchus marmoratus (Bloch 1795), Rhamdia nicaraguensis 

(Gunther 1864), and Parachromis dovii (Gunther 1864).  Total fish abundance was greatest in 

the Above zone (450, N=13) and decreased by zone downstream: Open (340, N=15), Below 

(135, N=15), then Canal-influenced (107, N=12) zones (Fig. 3-14A).  Differences in the number 

of samples (N) are the result of some minnow traps containing no fish. No minnow traps were 

placed instream in September and October due to prohibitively high stream discharge, which the 

minnow traps could not withstand. Fish abundance generally increased as the wet season 

progressed then decreased again well into the dry season in January (Fig. 3-14B). For all zones, 
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the greatest number of individuals was collected in late November, following the month with 

highest streamflow, which likely allowed upstream migration of fish species.  

Overall, Astyanax aeneus was the most abundant fish in each zone (Above: 55%, Open: 

60%, Below: 68%, CI: 75%) (Fig. 3-14B). The second most abundant fish was Brachyrhaphis 

olomina in the Above zone (29%), Poecilia gillii in the Open zone (30%), Archocentrus 

nigrofasciatus in the Below zone (21%), and A. nigrofasciatus in the Canal-influenced zone 

(18%). A shift in the dominant fish species occurred over time in all zones.  In the Above, Open, 

and Below zones, P. gillii dominated in the early part of the wet season in May-June (75%, 68%, 

56%) and July (52%, 82%, 60%) then A. aeneus dominated in Mid-November (53%, 86%, 76%), 

Late November (81%, 89%, 87%), and January (62%, 64%, 42%), after the highest periods of 

streamflow at the end of the wet season and the onset of the dry season. Brachyrhaphis olomina 

maintained a steady relative abundance in the Above zone (June: 25%, July: 36%) until Mid-

November, when it overtook P. gillii in dominance (B. olomina: Mid-Nov: 38%, Late-Nov: 18%, 

Jan: 30%; P. gillii: Mid-Nov: 8%, Late-Nov: 1%, Jan: 6%), but had comparatively little 

representation in the Open or Below zones. Archocentrus nigrofasciatus only had notable 

representation in the Below and Canal-influenced zones, and it dominated the Canal-influenced 

zone (June: 67%, July: 40%) along with P. gillii (June: 33%, July: 40%) until Mid-November 

when A. aeneus became dominant (Mid-November: 91%, Late-November: 81%, January: 88%). 

Discussion 

Streams are a mosaic of patches based on the distribution of habitats, nutrients, and 

organisms (Pringle et al. 1988). This study centered on a patch of stream with open canopy 

within an otherwise continuously forested riparian zone, a patch created by the construction and 

maintenance of a large irrigation canal.  This open canopy patch, or Open zone, created a 

different stream environment and biotic assemblage than the forested stream reaches both 
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upstream (Above zone) and downstream (Below zone).  However, even these forested reaches 

differed based on their upstream and downstream relationship to the Open zone, indicating that 

instream conditions and the biotic community in these zones were linked not only to riparian 

cover, but also to the environment within that zone and in the neighboring zone. In addition, 

abiotic and biotic characteristics varied over time in all zones.  At the same time, zones still 

shared many similarities.  These findings exemplify the multi-dimensional linkages of patches, 

which include longitudinal linkages between upstream and downstream, lateral linkages between 

the stream and riparian zone, and vertical linkages between the stream and hyporheic zone, as 

well as the influence of time on these linkages (Ward 1989, Lake 2000). The multi-dimensional 

interactions among patches, or zones in this study, paint a complex yet revealing picture of the 

dynamics of a tropical dry forest stream influenced by localized riparian canopy removal. 

Riparian Canopy, Stream Lighting, and Primary Production 

Canopy cover had a clear influence on stream lighting and primary production.  The Open 

zone had the lowest canopy cover and highest photosynthetically active radiation values 

throughout the study, as well as greater levels of periphyton chlorophyll-a and AFDM, reflecting 

algal growth permitted by increased light availability. Greater light penetration from less riparian 

canopy cover increases periphyton chlorophyll-a (Larned and Santos 2000, Lorion and Kennedy 

2009) and algal biomass (AFDM) (Hill and Knight 1988, Hetrick and Brusven 1998, Ambrose et 

al. 2004, Boothroyd et al. 2004, Quinn et al. 2004).  Higher light irradiance in laboratory streams 

also resulted in greater algal biomass (DeNicola and McIntire 1991). 

Periphyton chlorophyll-a and AFDM levels were strikingly higher in May-June and 

January, both periods of lowest stream discharge.  The lower stream discharge may allow more 

light to penetrate the water column and reach stone surfaces to enhance algal growth, and lower 

flows could also decrease disturbance of stone surfaces, allowing algae to remain attached and 
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grow (Allan 1995).  Deposition of remains from observed floating algal mats during these 

periods also could have contributed to peaks in algal biomass on stones.  Higher stream 

discharge during September and October would have decreased algal biomass on stones due to 

increased flows and less light penetration from greater water depths, and a lag time would likely 

exist for growth and accumulation of algae, explaining the lack of significant differences during 

these months.  However, differences among zones in periphyton chlorophyll-a and AFDM were 

usually not significant, likely due to variability existing among the substrate samples.  High 

variability was also found in other Costa Rican streams reaches with open canopies (Lorion and 

Kennedy 2009).   

Riparian Canopy, Physical-Chemical Conditions, and Streamflow 

Changes over time in the effects of canopy cover on physical-chemical characteristics in 

Quebrada Barbudal were largely mediated by seasonal streamflow patterns.  Despite the 

difference in the light availability and primary production between the Open zone and the other 

zones, physical-chemical parameters were only significantly affected at the streamflow extremes.  

Stream water temperature was significantly greater in the Open zone except during periods of 

high stream discharge, indicating an effect of lack of canopy cover on the thermal regime of the 

stream throughout most of its period of flow. Riparian canopy cover, resulting from the width 

and density of streamside vegetation, is one of the fundamental determinants of solar heat inputs 

into streams (Gregory et al. 1991), such that increased stream lighting and solar radiation from 

riparian canopy removal increase stream temperatures (Hetrick and Brusven 1998, Johnson and 

Jones 2000, Quinn et al. 2004), affecting diurnal and maximum temperatures (Boothroyd et al. 

2004).  Deforested stream reaches in southeastern Costa Rica also had significantly higher 

stream temperatures than forested sections, and stream temperatures varied over time, with the 

lowest values during periods of highest rainfall (Lorion and Kennedy 2009), patterns mirrored in 
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this study.  Dissolved oxygen was significantly greater in the Open zone during periods of lowest 

streamflow, suggesting a larger influence of algal growth on dissolved oxygen levels due to 

lower flows allowing greater accumulation.  Meanwhile, conductivity was largely unaffected in 

this study and within the range of values in other streams in Costa Rica (Lorion and Kennedy 

2009). These suggest that effects of riparian canopy removal are primarily seen under low 

streamflow conditions. 

Streamflow is considered an environmental parameter capable of shaping and linking the 

biotic community structure of individual patches within streams (Malmqvist 2002).  Patches in 

streams are strongly influenced by floods and droughts, with the latter potentially affecting 

longitudinal ecological processes, such as movement of nutrients and biota, as well as 

stimulating algal blooms and increased competition and predation in more isolated, stressed 

conditions (Lake 2000).  

Deforestation of tropical watersheds with erosion prone soils increases stream 

sedimentation, which may also affect biota (Ramirez et al. 2008). Sedimentation may increase in 

streams due to lack of riparian vegetation increasing streambank erosion (Quinn et al. 2004), as 

well as road run-off (Bilby et al. 1989).  Although sedimentation was not measured in this study, 

the road crossing at the Open zone likely contributed to sedimentation in the Open zone and 

immediately downstream in the Below zone, which had developed sandbars near the road. 

Aquatic Macroinvertebrates  

This study investigated aquatic macroinvertebrates in the benthos, on stones, and in drift 

both to gain a broader perspective of assemblages occupying different habitats in tropical dry 

forest streams and to determine how riparian removal at the local scale may affect them. 

Information on multiple habitats in neotropical streams is considered vital to understanding 

macroinvertebrate community dynamics (Buss et al. 2004), and there are few studies on 
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macroinvertebrates in drift (Pringle and Ramirez 1998, Ramirez and Pringle 1998a, Boyero and 

Bosch 2002, Callisto and Goulart 2005) and on stones (Collier 1995, Boyero and DeLope 2002, 

Boyero and Bosch 2004) in the tropics.  

The studies that exist revealed that different habitats within the same stream reach can 

contain different macroinvertebrate community compositions. Substrate type primarily structured 

the macroinvertebrates assemblage in Brazilian streams rather than environmental degradation, 

water quality, or season (Buss et al. 2004).  Vegetation and cobble habitats in Zimbabwe rivers 

had distinct macroinvertebrate communities, and these two habitats supported a greater 

abundance and taxa richness than gravel and sand habitats, which was attributed to vegetation 

and cobbles offering more complex habitat for food and refuge (Chakona et al. 2008).  Sampling 

drift and benthos provided more information on the macroinvertebrates community in an 

Indonesian stream than either alone (Dudgeon 2006). Drift sampling revealed that shrimp 

constituted a major component of the stream community in the Caribbean slope lowland tropical 

streams in Costa Rica, which would have been missed by simply sampling benthos (Pringle and 

Ramirez 1998). Drift also added information on taxa richness for those Costa Rican streams. 

Pringle and Ramirez (1998) recommended that drift sampling be included with benthic sampling 

in standard biological assessments of tropical streams. Similarly, this study found differences in 

macroinvertebrates assemblages based upon the habitat sampled. 

Benthic macroinvertebrates 

Benthic aquatic macroinvertebrates in this study did show a response in abundance and 

community structure to the lack of canopy cover.  Macroinvertebrate abundances were highest in 

the Open zone, consistent with other studies showing higher abundances or densities in stream 

reaches with decreased forest canopy cover (Hawkins et al. 1982, Paaby et al. 1998, Bojsen and 

Jacobsen 2003).  In a light manipulation experiment that held water temperature constant, 
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primary consumer abundance positively correlated with light and periphyton (Kiffney et al. 

2004).  Another light manipulation experiment compared periphyton and chironomids in New 

Zealand streams with 0, 60, 90, and 98% photosynthetically active radiation.  Periphyton 

productivity progressively decreased with increasing shade, and total invertebrate and 

chironomid densities decreased significantly as shade increased from 60 to 90% (Quinn et al. 

1997).   

The Open zone also differed from the other zones by greater Ephemeropteran dominance.  

Ephemeroptera were primarily Caenis and the Leptohyphidae genus Haplohyphes, followed by 

Baetidae, Farrodes, and Leptohyphes to a much lesser extent.  Diptera was the next most 

abundant order, but considerably less represented.  Tolerant and generalist Ephemeroptera 

families, such as Caenidae and Trichorythidae, were bioindicators of agricultural sites in Uganda 

(Kasangaki et al. 2008), along with Diptera, Hemiptera, and Coleoptera. Compared to other 

orders, Hemiptera and Coleoptera were not well-represented in this study, but despite their lack 

of representation, the Coleoptera family Corixidae was an indicator taxon in the Open zone.   

By affecting food resources, riparian vegetation also influences representation of 

functional feeding groups within the community (Gregory et al. 1991), which was seen in this 

study.  The dominant functional feeding groups in the Open zone were collector-gatherers-

scrapers-shredders and collector-filterers, followed by predators.  Other zones had a lower 

representation of collector-gatherers-scrapers-shredders but greater representation of predators.  

All zones lacked Plecopteran shredders and lack of shredders, such as these, is common in the 

tropics (Wantzen et al. 2008).  Similar to this study, streams in Oregon with open canopies had 

higher abundances of collector-gatherers, filter feeders, and predators, as well as no notable 

difference in scrapers relative to canopy cover (Hawkins et al. 1982).  Generalist collector-
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gatherers, mostly Ephemeroptera, also dominated sites with less canopy cover in Madagascar 

(Benstead et al. 2003, Benstead and Pringle 2004), which was attributed to greater algal growth 

present.  Low levels of riparian deforestation in headwater streams in Georgia reduced consumer 

dependence on allochthonous resources, implicating canopy cover as a primary driver in food 

web changes through its influence on heterotrophy and autotrophy (England and Rosemond 

2004).  This helps explain the greater representation of collector-gatherers-scrapers-shredders in 

the Open zone that are capable of consuming both allochthonous and autochthonous food 

resources.  However, changes in riparian conditions and the food resource base only weakly 

affected the macroinvertebrate community and functional feeding guild organization in New 

Guinea streams (Dudgeon 1994).  Community composition was similar across those New Guinea 

streams, irrespective of shading, and was dominated by Baetidae, Leptophlebiidae, 

Orthocladiinae, Elmidae, and Hydropsychidae. 

The findings from the Open zone in this study were not fully consistent with findings from 

other studies of streams lacking riparian canopy.  Reduced canopy cover over coastal streams in 

British Columbia resulted in greater algal biomass and decreased total invertebrate and 

Ephemeroptera biomass, as well as decreased community diversity, compared to heavily shaded 

reaches (Kelly et al. 2003).  Diptera, rather than Ephemeroptera, had highest abundances in 

pasture reaches in southeastern Costa Rica streams (Lorion and Kennedy 2009), and chironomids 

dominated New Zealand pasture streams after a spate (Collier and Quinn 2003).  Non-forested 

sites had lower Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa richness in Brazil 

(Nessimian and Venticinque 2008) and showed declines in sensitive EPT taxa in Washington 

state, Madagascar, and New Zealand (Benstead et al. 2003, Quinn et al. 2004, Jackson et al. 

2007).  However, this study revealed no striking difference in taxon richness between zones, 



 

121 

similar to a study of Oregon streams that showed no influence of canopy cover or substrate on 

taxa richness (Hawkins et al. 1982).  Both macroinvertebrate diversity and collector density 

decreased with diminishing canopy cover in Ecuadorian Amazon streams, while 

macroinvertebrate density, periphyton biomass, and predator density increased (Bojsen and 

Jacobsen 2003), demonstrating some differences and similarities with this study. Tanypodinae 

positively related to canopy cover or litter detritus (Bojsen and Jacobsen 2003), which was also 

found in this study, with Tanypodinae representing only 5% of taxa in the Open zone versus 

between 13%-25% in the forested zones (Above: 20%, Below: 25%, CI: 13%).   

Macroinvertebrates characteristic of non-forested stream reaches have included 

Chironomidae, Baetidae, Gastropods, and Oligochaeta (Collier and Quinn 2003, Dudgeon 2006, 

Jackson et al. 2007, Lorion and Kennedy 2009), and deforested streams in Madagascar had a 

higher abundance and biomass of Ephemeroptera primarily due to the generalist Ephemeroptera 

families Baetidae and Leptohyphidae (Benstead et al. 2003).  This study also found greater 

dominance of Baetidae and Leptohyphidae taxa (Leptohyphes and Haplohyphes) in the Open 

zone than other zones, but this zone did not have notable differences in Gastropods or 

Oligochaeta.   

The Open zone actually shared similarities with macroinvertebrate communities 

characteristically found in forested streams, often to a greater extent than the forested Above 

zone.  Ephemeroptera dominated forested streams in New Zealand (Collier and Quinn 2003), 

which this study found for the Open zone, even more so than the forested zones.  The 

Ephemeropteran families Leptophlebiidae and Baetidae dominated forested sites, while several 

Trichopteran famlies (Leptoceridae, Hydropsychidae, and Calamoceratidae), and Tipulidae were 

considered good bioindicators of forested streams in Uganda (Kasangaki et al. 2008).  Farrodes 
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(Family Leptophlebiidae) and Tricorythodes (Leptohyphidae) had higher abundances in forested 

streams than pasture streams in southeastern Costa Rica (Lorion and Kennedy 2009).  While 

Farrodes was better represented in Above zone than the Open zone, the zones were not 

strikingly different. No clear distinctions in Trichoptera representation emerged for the benthos.  

Tipulidae was actually an indicator group for the Open zone, suggesting good water quality 

despite lack of canopy cover.  High species richness of EPT taxa and Diptera, consisting of 

shredders, collector-gatherers, and collector-filterers characterized Madagascar forested streams 

(Benstead et al. 2003).  Collector-filterers and the generalist collector-gatherers-scrapers-

shredders dominated the Open zone, along with the other zones. 

Riparian vegetation and canopy cover influence benthic macroinvertebrate community 

composition by affecting instream conditions (Nessimian and Venticinque 2008) and 

allochthonous and autochthonous food resources (Aguiar et al. 2002, Benstead et al. 2003, 

Benstead and Pringle 2004). Macroinvertebrate assemblage and abundance responses to riparian 

canopy removal have been attributed to subsequent increases in periphyton biomass and water 

temperature resulting from greater stream lighting (Benstead and Pringle 2004, Quinn et al. 

2004, Kasangaki et al. 2008).  Differences in the macroinvertebrate community between the 

Open zone and the Above and Below zones most likely reflect exploitation of more abundant 

autochthonous food resources in the Open zone, as shown by the generally greater levels of 

periphyton chlorophyll-a and AFDM, and possibly the greater temperatures in the Open zone. 

Although the Canal-influenced zone had perennial flow, macroinvertebrate relative 

abundance was not markedly different from other forested zones, indicating that the seasonal 

stream can develop a community similar to perennial streams, and a perennial stream can 

maintain a similar community to that found in seasonal streams.  This was found also to be the 
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case for first-order tropical dry forest streams (Chapter 2).  Overall, taxa richness was slightly 

less, which suggests that perennial streamflow may inhibit the presence of certain benthic taxa.  

However, the Canal-influenced zone did have two benthic indicator taxa, whereas the forested 

zones did not; so the influence of perennial streamflow on taxa richness is unclear. 

Stone macroinvertebrates 

The Open zone had the greatest abundance of macroinvertebrates on stones.  Diptera 

dominated in all zones, particularly in the Open and Below zones, and Chironomini and 

Orthocladiinae were the dominant Dipterans in all zones.  Ephemeroptera had greater 

representation in the Above zone, and the dominant Ephemeroptera in all zones were Baetidae 

and Haplohyphes.  Overall, relative abundance of the Canal-influenced zone most closely 

resembled the Above zone despite different streamflow regimes and much lower total abundance 

in the Canal-influenced zone, and the Canal-influenced zone had slightly more diverse 

representation.  The dominant functional feeding groups in the Above, Open, and Below zones 

were collector-gatherers and collector-gatherers-scrapers-shredders, followed by collector-

filterers. The Canal-influenced zone differed in having a more even spread of functional feeding 

groups, reflecting the slightly more even distribution of taxa. Despite this, overall taxa richness 

was lower in the Canal-influenced zone, along with the Below zone, indicating that a factor other 

than streamflow may influence taxa richness.  

Similar communities have been found in other systems where stones were sampled.  

Diptera and Ephemeroptera were the dominant orders of macroinvertebrates that recolonized 

stones in Costa Rican tropical rainforest streams (Boyero and Bosch 2004).  Simuliidae and 

Baetidae were the most abundant families that recolonized stones, followed by Chironomidae 

and Leptohyphidae.  The primary stone recolonizers in tropical island streams in Panama were 

Ephemeroptera, Diptera, Trichoptera, Coleoptera, Lepidoptera, and Hydracarina. The dominant 
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Ephemeroptera families were Baetidae, Leptophlebiidae, and Leptohyphidae, while the dominant 

Diptera families were Chironomidae, Simuliidae and Ceratopogonidae.  Odonata, Oligochaeta, 

and Mollusca were not found on stones (Boyero and DeLope 2002).  Aquatic insects in 

Caribbean slope Costa Rican streams effectively reduced algal biomass, even when grazing fish 

were present in moderate abundances. Grazing Ephemeroptera, particularly Tricorythidae and 

Baetidae, and Chironomidae significantly reduced periphyton abundance on stones in riffle 

habitats in Costa Rica (Barbee 2005).  Other physical characteristics of stones that influence the 

macroinvertebrate community density and richness included water depth (strong negative effect), 

current velocity (positive effect), horizontal position, embeddedness, and surface area (Jacobsen 

2005).  Canopy cover and water temperature were among the factors that influenced 

Ephemeroptera, Plecoptera, and Trichoptera taxa richness on New Zealand stones, which led to 

the suggestion of retaining and planting trees in riparian areas to decrease water temperatures and 

light exposure to enhance macroinvertebrate biodiversity (Collier 1995). 

It should be noted that several characteristics of stones may affect their taxa richness and 

abundance. Increased surface area of stones has been related to increased taxa richness, with 

stones having larger surface areas supporting more large predators, likely due to higher prey 

densities. This relationship has been attributed to enhanced habitat diversity on larger stones 

(Douglas and Lake 1994).  However, stones were not significantly different in size among zones, 

so surface area likely did not influence differences in richness or abundance between zones.  

Stones with rougher texture also support higher species richness and abundance (Downes et al. 

1995, Downes et al. 2000), and greater stone stability has been related to greater total 

macroinvertebrate density, taxa richness, and chironomid densities after spate disturbances than 

unstable stones (Matthaei et al. 2000).  However, densities of hydropsychids on fixed and 
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unfixed bricks were similar to each other and to natural stones, suggesting that stone stability 

does not always influence macroinvertebrate communities (Bond et al. 2000).  Stone texture and 

stability were not directly measured in this study.  

Drift macroinvertebrates 

The drift community was very similar upstream and downstream of the Open zone, and 

was dominated by Ephemeroptera, Trichoptera, and Diptera. The Ephemeroptera consisted 

mainly of Haplohyphes, Farrodes, and Baetids.  The Trichoptera were primarily Hydropsychidae 

taxa (Smicridea or Leptonema) and Neotrichia (Hydroptilidae).  Chironomini and Orthocladiinae 

constituted most of the Diptera.  Above and Below zones had similar trends over time, as well, 

until the beginning of the dry season when Ephemeroptera remained dominant in the Above 

zone, while Diptera became dominant in the Below zone.  Divergence in community assemblage 

for the Above and Below zones in late-November and January likely reflects conditions within 

the Below zone rather than taxa drifting downstream and conditions in the Open zone, since 

Diptera was more dominant in the benthos in the Below zone than in the zones upstream and 

Diptera representation on stones was similar among the Above, Open, and Below zones.  In 

contrast, the Below zone had much greater Diptera dominance for both substrates than the Above 

and Open zones, which likely explains the greater representation by Diptera in drift in this zone.  

The Canal-influenced zone also had greater dominance of Diptera, as well as larger 

representation of Coleoptera and Hydracarina. Drift total abundance was lower, yet taxa richness 

similar, compared to other zones, suggesting that seasonal streams are able to develop 

macroinvertebrate communities similar to perennial streams, with only small differences in 

dominant taxa. 

Other drift studies have revealed similarities and differences in dominant 

macroinvertebrate orders and taxa compared to this study.  As in this study, dominant taxa in 
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Caribbean slope tropical streams in Costa Rica have included Ephemeroptera of the families 

Baetidae and Leptohyphidae, Diptera in the family Chironomidae, and Trichoptera in the 

families Hydropsychidae and Hydroptilidae (Pringle and Ramirez 1998, Ramirez and Pringle 

1998a, 2001, Boyero and Bosch 2002).  Larval shrimp, Simuliidae, and Elmidae were also major 

components of those streams, but absent or not well represented in drift in this study.  Larval 

shrimp have been found in low-order mountain streams and have dominanted drift more than 

aquatic insects in lowland forest streams draining the Caribbean slope of Costa Rica (Pringle and 

Ramirez 1998, Ramirez and Pringle 1998a), which starkly contrasts with this study, since no 

larval shrimp were collected in any zone.  Research on the drift community in southeastern 

Brazilian streams revealed that Chironomidae and Ephemeroptera represented 80% of total 

density of macroinvertebrates in drift.  Drift sampling in these Brazilian streams also allowed 

collection of taxa not normally sampled in the benthos, such as Veliidae and Gerridae taxa, and 

added new or rare taxa to the macroinvertebrate collection, as well as additional knowledge of 

Chironomidae pupae (Callisto and Goulart 2005). 

This study also had high representation of Chironomidae and Ephemeroptera.  

Furthermore, the only two macroinvertebrates exclusively found in drift in this study were 

Chironomidae pupae, and several Hemiptera families, among other taxa, were exclusively found 

only in the benthos and drift (not on stones), supporting the benefit of drift collection noted by 

Callisto (2005).  Canopy cover had an indirect negative effect on macroinvertebrate drift density 

in Ecuadorian Amazon streams due to increased riparian cover associated with a decline in fish 

and benthic macroinvertebrate abundance (Jacobsen and Bojsen 2002). Drift in these streams 

was dominated by Leptophlebiidae, Baetidae, Tricorythidae, Hydropsychidae, and 

Chironomidae. 
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Only a few studies have compared the drift macroinvertebrate communites to those of the 

benthos. In this study, drift showed little difference in composition to the benthos, which was 

also the case for streams in New Zealand (Collier and Quinn 2003) and Indonesia, but 

agricultural streams showed greater differences (Dudgeon 2006).  Simuliidae and Baetidae, 

followed by Leptohyphidae and Chironomidae, were the most abundant families that recolonized 

stones in Costa Rican streams on the Caribbean slope, and these same families dominated drift 

except that Chironomidae was less represented likely due to the large mesh size of the drift nets 

(Boyero and Bosch 2004).  Benthic and drift taxa from forested sites in New Zealand were 

dominated by Ephemeroptera after floods, while pasture sites were dominated by Chironomids, 

terrestrials, Hydroptilidae, and Molluscs (Collier and Quinn 2003).  Although this study may not 

have always had the same taxa found in other studies, it did show similarities between the drift 

and benthic macroinvertebrate communities like other studies.  

Overall lack of differences between the drift community in the Above zone and the Below 

zone suggest that characteristic taxa from the Open zone generally either did not enter drift or did 

not drift far.  Mean drift distances are generally short, 10-20 m at moderate current speeds (Allan 

1995), but distances traveled can vary based on length of larval life span considered (Malmqvist 

2002) and seasonal streamflow (Jackson et al. 1999).  Jackson, McElravy & Resh (1999) found 

that most larvae drifted less than 4 m in the dry season and no more than 222 m in the wet 

season, although 18 m was the median dispersal distance during the wet season. Drift distance 

was limited by reduced flows in streams in New Zealand, and few larvae drifted more than 1 to 2 

m under reduced flows. (James et al. 2009). The amount and arrangement of obstacles and dead 

water zones (backwaters and pools) also decrease drift distance due to forced lateral movement 

and settling (Bond et al. 2000). 
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Overall 

As a whole, the zones had very few indicator taxa, and ordinations did not reveal distinct 

groupings by zone, demonstrating the large degree of taxonomic overlap among zones. This does 

not seem related to any shortfall in the power of the analysis due to the level of taxonomic 

identification, given that ordination of family-level data was considered a promising method for 

rapid bioassessment of stream conditions in Southeast Asia and had advantages when dealing 

with a fauna that has received limited taxonomic study (Dudgeon 2006).  Instead, the similarity 

in taxa among zones despite differences in physical-chemical parameters likely reflects a linkage 

among macroinvertebrate communities through upstream movement by flying adults or 

downstream drift.  These linkages would aid taxa resiliency after less optimum conditions or 

disturbances occur within a given zone and they demonstrate aspects of patch dynamics 

(Townsend 1989).  Floods may enhance downstream transport links, while droughts may 

fragment stream continuity, but both have the ability to destroy and create abiotic and biotic 

patches in streams (Lake 2000).  

Over time, benthos, stones, and drift showed similar succession trends among all zones, 

which mirrored streamflow patterns, as shown by taxa total abundances, relative abundances, 

and ordinations.  The increase in total abundance in each zone in late-November and January was 

likely related to a decrease in storm related spates and high flows from the wet season, with the 

large increase in January likely reflecting a lag time in recruitment, hatching, and development 

since the end of the wet season. 

As far as general trends in relative abundances for all the zones, Diptera and Oligochaeta 

dominated in the early wet season, Ephemeroptera and Trichoptera grew in dominance as the wet 

season progressed then decreased in the dry season, when Diptera regained dominance. The 

increasing trend in Ephemeroptera and Trichoptera over the course of the wet season in the three 
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adjacent zones of the seasonal stream section (Above, Open, & Below zones) of Quebrada 

Barbudal corresponds with increases in stream discharge and flow persistence, as well as 

increases in dissolved oxygen, over the course of the wet season. The decrease in dominance of 

these orders in the Above and Below zones in November and January reflect decreases in stream 

discharge and dissolved oxygen. The maintenance of Ephemeroptera dominance in the Open 

zone could be attributed to the higher average dissolved oxygen levels in the Open zone resulting 

from a burst of algal primary production related to a decrease in streamflow and water depth.  

Greater availability of algal biomass as a food source in the Open zone may also have 

contributed to the presence of more Ephemeroptera.  The similar trend found between the zones 

in the seasonal stream section and the Canal-influenced zone in the perennial stream section 

demonstrated that the perennial stream was still influenced by the same aquatic insect cycles of 

recolonization, colonization, and development as the Above, Open, and Below zones in the 

seasonal section of Quebrada Barbudal.  However, the trend in the Canal-influenced zone was 

not as pronounced as the other zones, likely due to its perennial flow regime. The trend of 

colonization and succession in these zones also mirrors patterns observed in first-order tropical 

dry forest intermittent streams (Chapter 2).   

Dominant taxa differed based on the habitats sampled. Ephemeroptera, particularly Caenis, 

and Diptera dominated the benthos. Drift was dominated by these, as well as Trichoptera. Stones 

were dominated by Diptera, followed by Ephemeroptera.  Interestingly, Caenis was not notably 

represented in drift or on stones compared to the benthos.  These differences likely relate to life 

history characteristics and feeding guilds, and support the value of sampling multiple habitats. 

Streamflow influences macroinvertebrate communities in other studies, as well.  Along 

with canopy cover, the average number of flowless summer months was a significant predictor 
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of variations in macroinveterbrate assemblages in streams in Portugal (Aguiar et al. 2002).  

Intermittent streams had greater taxa richness than ephemeral streams with shorter flow periods, 

indicating the effects of flow permanence on the macroinvertebrate community in Zimbabwe 

streams (Chakona et al. 2008). Substrate disturbance from streamflows and periphyton 

abundance influenced macroinvertebrate diversity in New Zealand forest streams, with species 

richness decreasing as disturbances increased and increasing as periphyton abundance increased 

when left undisturbed by streamflow (Death 2002).  Macroinvertebrate community structure and 

functional feeding groups in Ecuadorian highland streams differed in wet and dry seasons, with 

the dry season having higher numbers of individuals and species due to the unstable environment 

in the wet season related to stream discharge (Jacobsen and Encalada 1998). During both 

seasons, Baetidae, Simuliidae, Chironomidae, and Elmidae were most common.  Collector-

gatherers were most common with filterers, predators, and shredders of lesser importance. 

Macroinvertebrate consumers in Oregon streams were influenced primarily by autotrophic 

production, even when allochthonous detritus was abundant, and stream current had a greater 

impact on macroinvertebrates abundance than the quality of detritus, with the abundances of 

scrapers, shredders, and filter feeders increasing as current velocity increased (Hawkins et al. 

1982).  Collectors and filter-feeders appear to play a larger role in the processing of organic 

matter than shredders in aseasonal, flashy tropical streams due to spates flushing out intact 

leaves, leaving only finer particles instream (Wantzen et al. 2008).  However, recent studies on 

Hong Kong streams suggest that algae could be either a more important food resource than 

detritus, or nearly as important, in small tropical streams (Salas and Dudgeon 2001, 2003, Lau et 

al. 2009).  Growth rates of Ephemeroptera were enhanced by algal food, and the importance of 
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algal food grew in the dry season when spates stopped depleting algal standing stocks. The 

trophic base of mayflies was autochthonous, but detritus was more important in the wet season. 

Thus, both canopy cover and streamflow influence patchiness in streams.  Each stretch of 

stream is patchy on some scale due to particular disturbances, colonizers, biotic interactions, and 

physical characteristics of that patch (Townsend 1989).   Disturbances can be characterized as 

pulses, presses, and ramps. Pulses are considered short-term and concentrated events, like floods. 

Presses are typically characterized by quickly arising disturbances that reach a constant level, 

often as a result of human activities (Lake 2000), such as channelization and deforestation. 

Ramps are disturbances that increase in intensity over time, such as drought or the spread of 

invasive species. The type of disturbance can depend on the biota in question (Lake 2000). 

At the same time, these linkages between patches due to streamflow did not seem to 

supercede the influence of the open canopy on the macroinvertebrate assemblage during most of 

this study, as shown by the Above and Below zones having more similar macroinvertebrate 

relative abundances than with the Open zone.  The Below zone showed no clear intermediate 

community relative to Above and Open zones that would indicate export of conditions or taxa. In 

the absence of substrate disturbances, resource levels most likely determine species richness 

once they are established by immigration (Death 2002).   

Fish 

Astyanax aeneus was the most abundant species in each zone.  Species had access to each 

zone, and the zones were immediately adjacent to one another, except for the Canal-influenced 

zone, which was approximately 100 m downstream of the Below zone.  Astyanax aeneus took 

advantage of high stream discharge in September and October to migrate upstream then 

dominate the fish community in each zone, demonstrating their tolerance of high streamflow and 

of varied habitat conditions thereafter.  However, the other species seemed to select for habitats 
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since the second most relatively abundant fish differed among zones:  Brachyrhaphis olomina in 

the Above zone, Poecilia gillii in the Open zone, and Archocentrus nigrofasciatus in the Below 

and the Canal-influenced zones. The Above zone had a forested riparian area, the shallowest 

average depth (16 cm), second smallest average width (350 cm), and primarily stony substrate.  

The Open had a deforested riparian zone, the second shallowest average depth (24 cm), second 

greatest average width (411 cm), and substrate of stones and fine sediment.  The Below zone had 

a forested riparian area, the greatest average depth (30 cm), greatest average width (460 cm), and 

more fine sediment deposits than other zones.  The Canal-influenced zone had a forested riparian 

area, the second greatest average depth (28 cm), smallest average width (219 cm), and mixture of 

stone and fine sediment substrate. 

Habitat unique to each zone may have influenced the distribution of species within 

Quebrada Barbudal, but exactly what factors are most important is unclear.  Habitat can have the 

greatest influence on fish distribution and community structure, with mesohabitat characteristics, 

such as water depths and velocity, having the next greatest influence (Arrington and Winemiller 

2006).  Water depth influenced presence and distribution of fish species in New York (Singkran 

and Meixler 2008), West Africa (Kouame et al. 2008), Texas (Ostrand and Wilde 2002), and 

Mediterranean streams (Moran-Lopez et al. 2006), where habitat size (depth) had the greatest 

influence on species distribution in assemblage structure during stressful summer months. 

However, differences in stream depth among zones were not particularly great. 

Stream width does not appear to be a major factor since A. nigrofasciatus was the second 

most abundant fish in both the narrowest and widest zones.  No clear preference for a particular 

substrate was evident either, since substrate type did not differ greatly between the Above, Open, 

and Canal-influenced zone, such that no striking difference in fish relative abundances would be 
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expected among these zones.  The Below zone clearly had more fine sediment depositions, but 

that did not appear to influence A. nigrofasciatus.  Changes in instream thermal regime can 

influence fish distribution and survival (Pusey and Arthington 2003), but given the wide 

tolerance range of the species present, temperature was unlikely the primary influence.  While 

streamflow permitted colonization of the seasonal stretches of Quebrada Barbudal, it did not 

seem to play the greatest role in fish distribution and abundances, since the Below and Canal-

influenced zones had nearly identical total and relative fish abundances. 

Canopy cover could have influenced fish distribution.  Lack of canopy cover may have 

caused P. gillii to prefer the Open zone.  Light, periphyton chlorophyll-a, and AFDM were much 

greater in the Open zone than other zones, providing P. gillii with a greater quantity of key 

elements of its diet: filamentous algae and ooze.  The lack of P. gillii in the Below compared to 

the Open zone, suggests that the Open zone did not export conditions or foods favored by P. 

gillii.  Open canopy stream reaches enhance fish densities and biomass (Murphy et al. 1981, 

Wilzbach et al. 2005), as well as enhance growth rates of most age classes (Wilzbach et al. 2005) 

and prey capture for some species (Wilzbach et al. 1986). These may have been factors that 

contributed to dominance of P. gillii in the Open zone. However, fish diet and the influence of 

light on prey capture were not directly investigated in this study. The effects of canopy cover 

were species and age-class dependent in Alaskan streams (Keith and Bjornn 1998).  A study of 

Southern Appalachian stream fish communities suggested that streams with reduced forest cover 

have lower fish assemblage structural and functional diversity and/or richness (Burcher et al. 

2008). 

Food availability likely influenced fish distribution, as well.  Total abundance of 

macroinvertebrates in the benthos and on stones combined was much greater in the Above 
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(8,970) and Open (11,481) zones compared to the Below (5635) and Canal-influenced (4372) 

zones.  When adding drift to the total, the Above zone had a substantially higher abundance of 

macroinvertebrates (19,286) than Below (13,758) and Canal-influenced zones (9538).  Thus, 

Above and Open zones would provide more food for the insectivorous B. olomina, which may 

have caused the species to have greater relative abundances in these two zones. 

In terms of total fish abundances, the size of deforested patches is influential.  As the 

length of the riparian removal upstream increased in Appalachian streams, fish abundance 

immediately downstream decreased, but assemblage diversity did not change significantly. This 

suggested that riparian deforestation less than 1 km in length may only create minor disturbances 

in fish communities if the watershed upstream is largely forested (Jones III et al. 1999).  In 

another study, riparian canopy removal along a 100 m stretch of stream increased salmonid 

biomass, density, and growth, except for young-of-the-year fish that likely had trouble 

competing with older fish for resources (Wilzbach et al. 2005).  In Washington, increased 

primary production and slightly elevated temperatures from open canopy, created by a clear-cut, 

were suggested as causes of increased fish production (Bilby and Bisson 1992). Since the Open 

zone in this study had intermediate fish abundances between the forested Above zone and the 

Below and Canal-influenced zones downstream, the size of the Open zone was unlikely a major 

factor influencing fish species abundances and distribution. 

Although minnow traps are capable of providing information about fish populations, it 

should be noted that they also have two notable limitations.  The first limitation is the size of fish 

that can enter the trap, but visual observation revealed that very few fish would be excluded 

based on size.  The second limitation is the behavior of fish, particularly convict cichlids, which 

are territorial (Wisenden 1995), and preferred defending their territory rather than explore and 
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enter minnow traps.  However, this behavior would be the same across zones, so lower collection 

would have occurred in every zone. 

Conclusion 

Stream communities can be affected by human disturbances, such as impacts from climate 

change, forestry practices, and construction (Malmqvist 2002).  Effects from canal management 

were seen in this study, as shown by changes in abiotic characteristics and biotic community 

structure of stream zones due to changes in riparian cover and streamflow. Although the effects 

may be detrimental to some biota, differences between zones also created a greater diversity of 

habitats that benefited certain macroinvertebrate taxa and fish species, as demonstrated by the 

presence of indicator taxa in particular zones and differentiation of fish species relative 

abundances among zones.  In spite of effects from canal management, zones still showed 

similarities in macroinvertebrate taxa richness and relative abundances, as well as fish species 

richness, suggesting that the effects may be limited.   

Riparian restoration has been suggested to decrease the negative effects of deforestation on 

endemic stream taxa (Benstead et al. 2003, Benstead and Pringle 2004, Urban et al. 2006, 

Ramirez et al. 2008).  While that may be an appropriate action for larger scale deforestation, this 

study suggested that loss of riparian canopy cover of less than 35m may not have severe 

detrimental effects on the stream community. The small deforested patch in this tropical dry 

forest stream may actually provide greater diversity of niches, resources, and habitats for biota to 

exploit, influencing their distributions, abundances, and presence in ways that maintain, if not 

enhance, aquatic macroinvertebrates taxa richness and fish species richness. 

The perennial discharge into Quebradal Barbudal from the canal may also support a source 

of colonizers for the seasonal stream reaches and may provide refuge for macroinvertebrates and 

fish in the dry season.  The primary concerns associated with direct canal discharge are likely 
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occasional floods from excess canal flows and potential introduction of species from other 

regions of Costa Rica into these streams. 
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Figure 3-1.  Riparian Patch Study site map. 
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Figure 3-2.  Photos of Open zone.  A) Inverted siphon at Canal Oeste and Quebrada Barbudal 

crossing, and B) Deforested Open zone. 
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Figure 3-3.  Aerial view of sampling site showing sampling lengths and site dimensions. 
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Figure 3-4.  Stream light and primary production averages.  A) Canopy cover, B) 
Photosynthetically active radiation (PAR), C) Periphyton chlorophyll-a, and D) Ash-
Free Dry Mass (AFDM).  CI=Canal-influenced. 
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Figure 3-4.  Continued 



 

142 

 
A 

 

 
B 
 
Figure 3-5.  Physical-chemical characteristics over time, by zone.  A) Stream discharge, B) 

Water temperature, C) Dissolved oxygen, and D) Conductivity.  CI=Canal-
Influenced. 
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Figure 3-5.  Continued 
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Figure 3-6.  Total macroinvertebrate abundance over time.  A) Benthos, and B) Stones. 
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Figure 3-7.  Macroinvertebrate relative abundance, entire study, by zone. A) Benthos, and B) 

Stones. 
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Figure 3-8.  Benthic macroinvertebrate relative abundance, by sampling round.  A) Above zone, 

B) Open zone, C) Below zone, and D) Canal-Influenced zone. 
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Figure 3-8.  Continued 
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Figure 3-9.  Stone macroinvertebrate relative abundance, by sampling round.  A) Above zone, B) 

Open zone, C) Below zone, and D) Canal-Influenced zone. 
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Figure 3-9.  Continued 
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Figure 3-10.  Functional feeding group relative abundance, by zone.  A) Benthos, and B) Stones.  

Coding: PRED=Predators; SC=Scrapers; CG=Collector-gatherers; CG-SH, CG-
SC=Collector-gatherers-scrapers-shredders; CG-CF=Collector-gatherers-filterers; 
CG,CF,SC,SH=Collector-gatherers-filterers-scrapers-shredders; ALL=All feeding 
modes; and OTHER=FFG with less than 5% representation. 
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Figure 3-11.  Drift macroinvertebrate relative abundance, entire study, by zone. 
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Figure 3-12.  Drift relative abundance, by order.  A) Above zone, B) Below zone, and C) Canal-

Influenced zone. 
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Figure 3-12.  Continued 
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Table 3-1.  Taxa richness, by zone:  Benthos.  CI=Canal-Influenced. 
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Table 3-2.  Taxa richness, by zone:  Stones.  CI=Canal-Influenced. 
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Table 3-3.  Taxa richness, by zone:  Drift.  CI=Canal-Influenced. 
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Table 3-4.  Top twelve most abundant taxa, by zone:  Benthos. 
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Table 3-5.  Top twelve most abundant taxa, by zone:  Stones. 
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Table 3-6.  Top twelve most abundant taxa, by zone:  Drift. 
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Table 3-7.  Taxa exclusivity, by habitat. 
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Figure 3-13.  Relatived ordinations, by sampling round.  A) Benthos, and B) Stones.  Coding: 

ALISOTR=Alisotrichia, BAET=Baetidae (Non-Baetodes), BAETOD=Baetodes, 
CAENIS=Caenis, CERATO=Ceratopogoniinae, CHRMINI=Chironomini, 
DO_mgL=Dissolved oxygen (mg/l), FARRODES=Farrodes, HAPLO=Haplohyphes, 
LEPTOHY=Leptohyphes, LEUCOTR=Leucotrichia, LperS=Discharge (l/s), 
OLIGO=Oligochaeta, ORTHOCL=Orthocladiinae, PHYSID=Physidae, 
SMI_LPT=Smicridea/Leptonema, TANYPOD=Tanypodinae, TDS=Total Dissolved 
Solids (TDS), and uS_cm=Conductivity (uS/cm). 
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Figure 3-13.  Continued 
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Figure 3-14.  Fish abundance.  A) By zone and B) Over time.  CI=Canal-Influenced. 
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CHAPTER 4 
CANAL CONTINUUM STUDY 

Introduction 

Water resources development is common in semi-arid regions and such projects may 

include reservoir storage, small farm dams, groundwater pumping, and inter-basin water 

transfers (Hughes 2005).  One such semi-arid region is the province of Guanacaste in 

northwestern Costa Rica, which has fertile soils, but experiences distinct wet and dry seasons 

that limit agricultural production. Irrigation water initially came from river withdrawals, but 

supplies were limited and variable (Pineda 2007).  To expand agriculture and improve water 

supply dependability, the government began an irrigation canal system called the Tempisque-

Arenal Irrigation Project (PRAT) in 1980, which conveys water from Lake Arenal in the 

highlands to agricultural lowlands of Guanacaste (Pacific 2002). This water transfer and 

subsequent conversion of wetlands and tropical dry forest enabled agricultural expansion, such 

that approximately half of all rice and sugar cane produced in Costa Rica comes from the region 

(Jimenez et al. 2001). The PRAT irrigation canals now crisscross much of Guanacaste, but 

neither the structure and function of the freshwater ecosystem potentially created by these canals 

nor how the canals may contribute to regional freshwater diversity have been investigated. 

Many agricultural water distribution and drainage systems can support fish and 

macroinvertebrates (Katano et al. 2003, Rizo-Patrón 2003, Hicks et al. 2006, Herzon and 

Helenius 2008), or convey water to fields that support fish (Katano et al. 2003) and 

macroinvertebrates (Leitao et al. 2007, Wilson et al. 2008).  Ditches provide valuable habitat for 

aquatic and terrestrial taxa, including rare species or species not typically found in agricultural 

habitats.  They also provide resources in places that otherwise would be dry, and enhance 

connectivity within the landscape (Herzon and Helenius 2008).  Ditches in England support 
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aquatic biodiversity, including unique taxa, due to such factors as a unique physical-chemical 

environment, slow flow, connection to a major river, and structural complexity of riparian 

vegetation (Armitage et al. 2003).  Although ditches had the least species-rich habitat compared 

to rivers, streams, and ponds in Britain, they still constituted valuable habitat that supported 

uncommon species and contributed to overall macroinvertebrate diversity (Williams et al. 2003).  

Williams (2003) defined ditches as man-made channels created for agricultural purposes that 

typically have a linear planform, follow field boundaries that involve right angle turns, and show 

little relationship to the contours of the natural landscape, which is a description that corresponds 

with the canals in this study.  Aquatic insects supported by ditches, particularly Odonata and 

Chironomidae, constituted a major component of bird diets upon reaching the adult stage in the 

United Kingdom, further increasing the habitat and biodiversity value of ditches (Bradbury and 

Kirby 2006). 

In addition to providing important habitat, canals and ditches are considered good model 

systems for research and ecology as they are generally abundant, contain a gradient of clearly 

delineated and accessible habitats, support relatively simple community structures compared to 

natural systems, and can be easily altered by human actions, which make it easier to evaluate 

how environmental factors affect the aquatic community (Chlyeh et al. 2006, Herzon and 

Helenius 2008).   

Adjacent to Palo Verde National Park are rice and sugar cane fields with an irrigation 

water distribution system fed by Canal Oeste, a major canal within PRAT.  This system provides 

habitat and has very clear changes in physical features along its gradient, making it a useful 

subject for testing both predictions of structural and functional succession of the River 

Continuum Concept (RCC) and for exploring biodiversity within irrigation canals in the tropics. 



 

166 

The RCC states that physical parameters display a predictable gradient of conditions from 

a river headwater to its mouth, which include stream width, depth, velocity, discharge, and 

temperature.  The conditions along that gradient in turn influence the biotic community.  Stream 

sizes, or orders, each have their own predictable set of conditions and biotic assemblages.  Low-

order streams are considered allochthonous driven with relatively low biological diversity and 

are dominated by shredders and collectors that gather or filter particulate organic matter.  Mid-

order streams are considered autochthonous driven with high diversity and dominated by grazers 

and collectors.  High-order streams (rivers) are considered allochthonous based with lower 

diversity than mid-order streams and dominated by collectors.  Predators change little with 

stream order (Vannote et al. 1980). 

The RCC has been refined further to address human regulation of rivers via the ‘Serial 

Discontinuity Concept’ (Stanford and Ward 2001), multiple spatial dimensions and a temporal 

dimension (Ward 1989), and regional and local environmental influences, such as climate, 

geology, riparian conditions, tributaries, and geomorphology (Minshall et al. 1983).   

Few investigations into applicability of the RCC have occurred in the tropics.  In Puerto 

Rico, the RCC prediction that changes in stream size determine changes in basal resources and 

consumers generally held (Greathouse and Pringle 2006), and algal resources were found to be 

very important to stream consumers along the longitudinal stream gradient, even in forested 

headwaters, which was attributed to high algal availability and algal assimilation efficiency of 

shrimp (March and Pringle 2003).  In Bolivia, altitude in combination with longitudinal stream 

gradient position determined functional feeding group structure in streams (Tornanoval et al. 

2007).  In Brazil, macroinvertebrate richness only weakly followed a hump-shaped curve along 

the stream size gradient, because smaller streams (1st and 2nd-order) had greater taxa richness 
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than mid-sized streams (3rd-4th order) (Melo and Froehlich 2001).  However, species richness and 

composition strongly correlated with stream size, indicating that both were related to 

characteristics of the physical habitat and presence of fine sediments on rocks.   

In canal systems, predictions of the RCC would be expected to be reversed in accordance 

with channel size.  Like stream systems, irrigation water distribution channels change physically 

in width and flow from source to outlet.  Unlike natural watersheds, irrigation channels start 

large and become increasingly smaller heading downstream to the fields, resulting in a reversed 

channel size configuration (Fig. 4-1).  This raises the question:  Does the irrigation water 

distribution system near Palo Verde National Park follow the tenets of the River Continuum 

Concept, but in reverse, starting large and becoming smaller?  Specifically, does 

macroinvertebrate community structure change according to such physical variables as flow and 

channel size, and if so, how does it change?  Answering these questions contributes to the 

understanding of the effects of physical variables on biotic components in streams, as well as 

awareness and management of biodiversity in irrigation canals in the tropics. 

Methods 

Study Area 

Sampling occurred in an irrigation canal system located in agricultural lowlands between 

Palo Verde National Park and a range of foothills within the Lomas Barbudal Reserve in the 

Guanacaste province of Costa Rica (Fig. 4-2). Water for the irrigation canal system comes from 

the principle irrigation canal for the region, Canal Oeste, which runs along the base of these 

foothills, and irrigation water is distributed through a series of laterals that support rice and sugar 

cane production.  
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Sampling Strategy 

Irrigation water distribution laterals coming off of Canal Oeste were sampled according to 

their “stream” order, which was determined by their size and position within the water 

distribution system.  The first lateral off Canal Oeste was termed the Secondary canal (2), and it 

ran perpendicular to the agricultural fields (Fig. 4-2).  The next smallest lateral, which came off 

the Secondary canal, was termed the Tertiary canal (3), and it ran parallel to the agricultural 

fields.  The smallest lateral, which came off the Tertiary canal, was termed the Quarternary canal 

(4), and it ran between fields.   

Sampling occurred in July 2007.  Three samples were taken at 5 m intervals in three 

different sections of the only Secondary canal, which had no replicates of similar size and 

position in the water distribution system.  Three samples were taken at 5 m intervals in four 

separate Tertiary canals, each coming off the Secondary canal at different points.  Three samples 

were taken at 5 m intervals from four separate Quarternary canals, each coming off a sampled 

Tertiary canal.   

Field Sampling 

Physical-chemical 

For channel dimensions, channel width was collected during during streamflow 

measurements and considered equivalent to bankfull width, and channel depth was measured at 

bankfull.  Canal slope was determined using a laser level.  Dissolved oxygen (% and mg/l), water 

temperature (°C), and conductivity (uS/cm-adjusted for 25°C) were measured using a YSI 556 

Handheld Multiparameter Instrument (YSI, Inc. Yellow Springs, OH, U.S.A.).  

Photosynthetically Active Radiation (PAR) was measured using a LICOR-190 (terrestrial PAR 

meter) and LICOR-192S (underwater PAR meter) (Li-COR, Inc., Lincoln, NE, U.S.A.).  Canal 

water velocity was measured using a Marsh-McBirney© flowmeter at three equidistant points 
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across the width of the stream channel.  In stream depths less than 20 cm, velocity was measured 

at 60% of the depth from the stream surface.  When depth was 20 cm or greater, velocity was 

measured at 20% and 80% of the depth from the stream surface and then averaged.  Discharge 

was calculated using the velocity, depth, and channel width measurements.  All data were 

collected in the daytime. 

Biological 

Benthic macroinvertebrates were semi-quantitatively collected using a 243 um dip net to 

make a 20-second sweep of the canal bottom.  All macroinvertebrate samples were transferred to 

a labeled plastic bag and preserved with ethanol in the field. 

Algal biomass was estimated as both periphyton chlorophyll-a and Ash Free Dry Mass 

(AFDM), but periphyton chlorophyll-a analysis only estimates algal biomass whereas AFDM 

includes both algal biomass and a mixture of biomasses from bacteria, fungi, small fauna and 

detritus.  Periphyton chlorophyll-a was collected from the surface of three tiles placed in each 

canal type for 29 days.  Tiles were placed on the bottom of Quarternary canals and on a 

submerged portion of the canal wall in Tertiary and Secondary canals.  Tiles were removed from 

the stream while using a Surber sampler net to collect any dislodged macroinvertebrates.  A 

hollow rubber disc with internal area of 24.6 cm^2 was then placed on each tile to isolate the 

sampling area and to prevent loss.  Periphyton within the rubber disc area was scraped from the 

tiles using a nylon bristled brush.  Next, the periphyton collected on the brush was cleaned in 50 

ml of water, creating a concentrated periphyton solution, which was then stored in the dark 

inside a cooler containing cold packs.  The procedure employed to collect periphyton 

chlorophyll-a was repeated on a different part of the same tile for AFDM analysis (Steinman and 

Lamberti 1996). 
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Laboratory Methods 

Benthic macroinvertebrate samples were put through 1 mm and 250 um sieves in the 

laboratory.  Both size classes were examined under a dissecting microscope, and 

macroinvertebrates were removed and placed into dated and labeled vials containing 70% 

ethanol.  Samples were then shipped to the United States for identification.  Macroinvertebrates 

were generally identified to Family or Genus, except for the families Chironomidae and 

Ceratopogonidae, which were identified to Sub-Family.  Non-insect macroinvertebrates, such as 

Oligochaeta, Nematoda, Hydracarina, and Hirudinea, were identified to Order.  Identification of 

tropical aquatic macroinvertebrates to the species level is difficult due to lack of taxonomic 

tropical literature (Jacobsen et al. 2008).  Identification utilized Merritt & Cummins (Merritt and 

Cummins 1996), assistance from M. Springer and P. Hanson at the University of Costa Rica, and 

Roldan (Roldán 1996). 

Periphyton chlorophyll-a and AFDM samples were filtered separately through Whatman 

pre-ashed and weighed filter-disks on the day of collection.  These samples were then frozen for 

preservation and shipped to the University of Florida for analysis.  Periphyton chlorophyll-a 

samples were corrected for pheophytin and measured with a spectrophotometer using standard 

procedures (APHA 1998).  AFDM filter samples were dried in an oven at 60°C for 48 hours, 

weighed, then ashed in a muffle furnace for five hours at 550°C and weighed again.  

Data Analysis 

To test for differences in variables between canal sizes, ANOVAS using PROC MIXED 

were run in the program SAS (SAS Institute, Inc 2006).  To test for correlations between 

different variables, Pearsons Correlations using PROC CORR were run in the program SAS. 

Water temperature, dissolved oxygen, canal discharge, PAR, periphyton chlorophyll-a, and 

AFDM were log-normalized.  When differences were significant, post-hoc analysis was 
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conducted using Tukey’s test and Bonferroni corrections.  Taxa richness was used rather than 

species richness since not all identifications were made to the same taxonomic level.  Taxa 

richness was calculated by summing the number of different taxa found to the level of 

identification chosen in this study.  To investigate relationships of abiotic and biotic components 

to canal type, non-metric multidimensional scaling ordinations using Sorenson’s metrics (i.e. 

Bray-Curtis) and Monte Carlo tests were created in PC-Ord (McCune and Grace 2002).  Taxa 

data were logged and relativized.  Biplots with a cut-off of P=0.2 were used to define 

associations between the sample and taxa distributions.  Indicator species analysis using Monte 

Carlo tests was conducted in PC-Ord. 

Results 

Physical-Chemical Parameters 

Channel width and depth (height) were determined to characterize canal dimensions.  

Average channel width and height was greatest in the Secondary canal, intermediate in the 

Tertiary canals, and smallest in the Quarternary canals (Fig. 4-3).  The difference in average 

channel width between the Secondary and Tertiary canals was nearly 1.5 times greater than the 

difference in average width between the Tertiary and Quarternary canals.  The difference in 

average channel height was similar between Secondary and Tertiary canals (21 cm) and between 

Tertiary and Quarternary canals (20 cm). 

Average discharge was greatest in the Secondary canal (518.39 + 94.59 l/s) and decreased 

with decreasing canal size (Tertiary canals: 132.74 + 83.41 l/s, Quarternary canals: 36.56 + 22.22 

l/s) (Fig. 4-4A). Canal discharge in the Secondary canal was significantly greater than both the 

Tertiary (t=4.24, p=0.0006) and Quaternary canals (t=-6.18, p=<0.001), but there was no 

significant difference between the Tertiary and Quaternary canals. 
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Average canal water temperature was lowest in the Secondary canal (27.02 + 0.07°C), 

intermediate in the Quaternary canal (28.13 + 1.05°C), and highest in the Tertiary canals (28.38 

+ 0.61°C).  Canal water temperature in the Secondary canal was significantly different from both 

the Tertiary (t=-4.24, p=0.0006) and Quaternary canals (t=3.45, p=0.005). 

Average dissolved oxygen in canal water increased as canal size decreased (Secondary: 

8.06 + 0 .23 mg/l, Tertiary: 8.91 + 1.83 mg/l, Quaternary: 9.50 + 1.86 mg/l), but there were no 

significant differences between canal sizes. 

Average conductivity was similar between the Secondary (106 uS/cm) and Tertiary 

(106.33 + 4.34 uS/cm) canals, while conductivity in the Quaternary canals was much higher and 

varied widely (190.83 + 153.51 uS/cm).  However, there was no significant difference in 

conductivity relative to canal sizes. 

Several correlations were found within the canal network.  In the Secondary canal, water 

temperature negatively correlated to discharge (F=-0.833, p=0.005).  In the Tertiary canal, the 

water temperature positively correlated to dissolved oxygen (F=0.627, p=0.029).  In the 

Quaternary canal, the water temperature negatively correlated to conductivity (F=-0.894, 

p=<0.0001) and positively correlated to dissolved oxygen (F=0.987, p=<0.0001). 

Averages of both terrestrial and underwater photosynthetically active radiation (PAR) were 

greatest in Tertiary canals (terrestrial: 667 + 490 umol, underwater: 618 + 478 umol) and similar 

between the Secondary (terrestrial: 261 + 100 umol, underwater: 263 + 103 umol) and 

Quaternary (terrestrial: 369 + 243 umol, underwater: 255 + 214 umol) canals, but the Tertiary 

and Quaternary canals had high variability (Fig. 4-4B). No significant difference was found for 

terrestrial PAR, but Tertiary and Quaternary canals had significantly different underwater PAR 

(t=-2.92, p=0.018). 
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Biotic Parameters 

Algal biomass 

Average periphyton chlorophyll-a levels were much greater in the Secondary canal (4.54 + 

3.77 g/m^3) than Tertiary (0.65 + 0 .85 g/m^3) and Quaternary canals (1.13 + 1.08 g/m^3), but 

values varied widely for all stream sizes. Despite this variability, periphyton chlorophyll-a in the 

Secondary canal was significantly greater than both Tertiary (t=4.27, p=0.0005) and Quaternary 

canals (t=-2.57, p=0.04).  

Average Ash-free Dry Mass (AFDM) levels were also much greater in the Secondary canal 

(16.784 + 13.719 g/cm^3) than the Tertiary (1.399 + 2.293 g/cm^3) and Quaternary canals 

(2.182 + 3.596 g/cm^3). Although values varied widely for all stream sizes, the Secondary canal 

had significantly greater algal biomass than the Tertiary (t=4.98, p=<0.0001) and Quarternary 

canals (t=-3.71, p= 0.002). 

Aquatic macroinvertebrates 

Total macroinvertebrate abundance was much greater in Tertiary (10,391), than Quaternary 

canals (3203) and the Secondary canal (1179) (Fig. 4-5A).  In the latter, Diptera (50%) was the 

most common order, followed by Gastropoda (30%) (Fig. 4-5B).  Oligochaeta (8%) and 

Trichoptera (6%) were the next most represented orders.  Gastropoda was by far the dominant 

order in the Tertiary and Quaternary canals, representing 62% and 55% of all macroinvertebrates 

collected, respectively. The next dominant order in Tertiary canals was Oligochaeta (14%), 

followed closely by Diptera (10%) and Ephemeroptera (9%).  In the Quaternary canals, Diptera 

(16%), Oligochaeta (11%), and Ephemeroptera (8%) were other notable orders. 

The dominant taxa in the Secondary canal were the gastropod Thiaridae (30%) and several 

chironomids (Chironomini: 20%, Tanytarsini: 13%, Orthocladiinae: 9%, and Tanypodinae: 3%), 

which comprised nearly all of the Diptera collected (Fig. 4-5C).  Oligochaeta (8%) and 
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Neotrichia (5%) also had notable representation.  Thiaridae was the dominant taxon in Tertiary 

(45%) and Quarternary (50%) canals, as well as the most dominant Gastropoda.  The other 

notable Gastropoda was Hydrobiidae, but much more so in Tertiary canals (15%) than 

Quaternary canals (2%).  Other notable taxa in the Tertiary canal were Oligochaeta (14%), 

Baetidae (non-Baetodes) (8%), and Tanypodinae (6%).  In the Quaternary canal, Oligochaeta 

(11%), Chironomini (6%), Tanypodinae (5%), Baetidae (non-Baetodes) (5%), and 

Orthocladiinae (3%) were well-represented. 

Of Ephemeroptera, the dominant taxa in each canal type were Baetidae (Secondary: 65%, 

Tertiary: 95%, Quarternary: 63%), followed by Farrodes (Secondary: 0%, Tertiary: 2%, 

Quarternary: 24%), Haplohyphes (Secondary: 22%, Tertiary: 2%, Quarternary: 6%), and Caenis 

(Secondary: 9%, Tertiary: 1%, Quarternary: 4%).  Of the Trichoptera, the dominant taxa were 

Neotrichia (Secondary: 81%, Tertiary: 29%, Quarternary: 42%), Hydroptilidae sp. (Secondary: 

16%, Tertiary: 20%, Quarternary: 4%), Oxyethira (Secondary: 0%, Tertiary: 47%, Quarternary: 

7%), Smicridea-Leptonema (Secondary: 0%, Tertiary: 1%, Quarternary: 35%), and Leptoceridae 

(Secondary: 1%, Tertiary: 3%, Quarternary: 13%).  Of the Diptera, the dominant taxa in each 

canal type were Chironomidae (Secondary: 89%, Tertiary: 88%, Quarternary: 95%), followed by 

Chironomidae pupae (Secondary: 3%, Tertiary: 7%, Quarternary: 2%), and Ceratopogoninae 

(Secondary: 7%, Tertiary: 5%, Quarternary: 2%).  The Chironomidae sub-family distribution in 

the Secondary canal was Chironomini (45%), Tanytarsini (28%), Orthocladiinae (19%), and 

Tanypodinae (9%) (Fig. 4-5D).  Tertiary canal distribution was Tanypodinae (64%), 

Chironomini (17%), Orthocladiinae (12%), and Tanytarsini (6%). Quarternary canal distribution 

was Chironomini (41%), Tanypodinae (33%), Orthocladiinae (21%), and Tanytarsini (4%). 
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Dominant functional feeding groups in the Secondary canal were collector-gatherers-

scrapers-shredders (41%) and collector-gatherers (31%), as well as collector-gatherers-filterers 

(13%), scrapers (5%), and predators (4%) to a much lesser extent (Fig. 4-6).  Tertiary and 

Quaternary canals had similar representations of functional feeding groups, with collector-

gatherers-scrapers-shredders dominating (57%, 62%), followed by collector-gatherers (16%, 

19%) and scrapers (16%, 5%).  Predators comprised only 4% of all taxa in the Secondary canal 

and 7% of all taxa in Tertiary and Quaternary canals. 

Taxa richness was nearly identical in Tertiary and Quaternary canals, with 38 taxa and 37 

taxa, respectively. Taxa richness in the Secondary canal was less, with only 28 taxa. 

The NMDS ordination provided a two-dimensional solution with a stress value of 13.963, 

and these axes accounted for 87% of the variation (axis 1=58%, axis 2=29%).  It revealed that 

Secondary canal grouped apart from Quaternary canals, and Tertiary canals grouped primarily 

with the Quaternary canals, but did have some similarities to the Secondary canal (Fig. 4-7).  

Canal discharge associated with the Secondary canal, along with Diptera taxa (Ceratopogininae, 

Orthocladiinae, and Chironomini) and the Trichopteran Neotrichia.  Canal water temperature, 

dissolved oxygen, and both terrestrial and underwater PAR associated with Tertiary and 

Quaternary canals.  Several families of Gastropoda (Hydrobiidae, Thiaridae, and Physidae), 

Oligochaeta, Coengrionidae, Chironomidae pupae, and Ephemeropteran taxa Farrodes and 

Haplohyphes all associated with these two canal sizes, as well. 

Only the Secondary canal and Tertiary canals had indicator taxa.  Two Chironomids were 

indicators in the Secondary canal: Chironomini (IV: 54.3, p= 0.001) and Tanytarsini (IV: 62, p= 

0.005).  The indicator taxa in the Tertiary canal were Hydrobiidae (IV: 53.2, p= 0.006), 



 

176 

Oxyethira (IV: 45.2, p= 0.006), Coengrionidae (IV: 49.3, p= 0.009), and Libellulidae (IV: 33.3, 

p= 0.025). 

Discussion 

The reverse trend of the River Continuum Concept was evident for certain physical-

chemical canal water parameters. Canal size had a similar influence as stream size on discharge 

and dissolved oxygen.  Average canal discharge decreased as canal size decreased, just as stream 

discharge decreases as stream size decreases.  Average dissolved oxygen increased as canal size 

decreased, which resembles higher oxygenation of headwater streams compared to larger rivers.  

However, only the Secondary canal was significantly different from the other canal sizes in 

discharge and dissolved oxygen, which likely reflects the greater similarity in channel size 

between the Tertiary and Quaternary canals than the Secondary canal with the Tertiary canals.   

Meanwhile, canal water temperature did not follow a gradient according to canal size, but 

was actually greatest in Tertiary canals. This likely corresponds to the much higher light 

penetration in Tertiary canals compared to other canal sizes, as shown by the highest average 

PAR values in Tertiary canals. Stream lighting regimes can influence stream temperatures 

(Hetrick and Brusven 1998, Johnson and Jones 2000).  The RCC predicts that greatest species 

richness would be at the sites experiencing the widest diel temperature changes, which provides 

more taxa an opportunity to encounter their optimum temperature (Vannote et al. 1980). 

However, Melo and Froehlich (2001) found the greatest species richness in second order streams 

that had the smallest temperature variations, indicating that temperature may not necessarily be a 

factor that determines richness in the tropics (Melo and Froehlich 2001).  This study found that 

the Secondary canal had low water temperature variability and distinctly low taxa richness 

compared to Tertiary and Quaternary canals, which had similarly high variability and higher taxa 
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richness. Thus, this study agrees with the RCC prediction that greater temperature variability 

supports greater taxa richness. 

Despite higher light penetration in Tertiary canals than other canals, the Secondary canal 

had the highest values of periphyton chlorophyll-a and AFDM whereas Tertiary canals had the 

lowest.  While these findings were surprising, they could be explained by total abundance of 

macroinvertebrate communities in each canal size.  Tertiary canals had a substantially higher 

abundance of macroinvertebrates than other canal sizes, such that more individuals were present 

to consume algae. In addition, 62% of those macroinvertebrates were Gastropods, which 

consume algae exclusively or as part of their diet (Brown 2001), and Gastropoda dominated the 

macroinvertebrate community to a greater extent in the Tertiary canal than the others canal sizes. 

Although high autochthonous production typical of mid-sized streams described by the RCC 

could not be shown directly for Tertiary canals, high macroinvertebrate abundances and 

dominance by grazing gastropod suggest high primary productivity.  At the same time, the 

finding that collector-gatherer-scrapers-shredders (57%) and scrapers (16%) combined were 

proportionally greatest in Tertiary canals follows the expectation of the RCC that grazers 

(scrapers in some form) characterize mid-sized streams.  Consequently, this study contradicts a 

New Zealand study that found that epilithic periphyton pigment concentration best predicted 

invertebrate density (Death and Winterbourn 1995). 

An alternative explanation for high levels of both periphyton chlorophyll-a and AFDM in 

Tertiary canals could be that another substrate besides sediment was supporting the 

macroinvertebrate community, such as thick growth of macrophytes, which was observed on the 

bottom of Tertiary canals.  Macroinvertebrate abundance and richness positively related to 

aquatic plant diversity in ditches in England (Armitage et al. 2003), and macroinvertebrate taxa 
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richness was related to the diversity and quantity of submerged plants in Japanese wetlands 

(Takamura et al. 2009). Macrophytes provide cover and habitat structure for algal diatoms on 

which macroinvertebrates feed (Shannon et al. 1994).  A New Zealand study demonstrated that 

macroinvertebrates were associated with aquatic macrophytes in canals (Hicks et al. 2006).  

Grass carp additions to a canal resulted in an 80% reduction in aquatic macrophytes, which 

caused a large reduction in the macroinvertebrates they supported, particularly gastropods. 

Besides gastropods, macroinvertebrates found on macrophytes included back swimmers, 

chironomids, Odonata larvae, leeches, tubificids, and water boatman, while the sediments 

contained chironomids, leeches, and Oligochaeta.  The gastropod Bulinus truncatus inhabiting a 

Moroccan concrete canal was positively associated with macrophytes (Chlyeh et al. 2006), and 

filamentous green algae, Cladophora glomerata, covering a canal in Poland likely increased 

collector-gatherer densities by reducing current velocity, providing substrate, and allowing fine 

detritus to accumulate in algal mats (Fleituch 2003). 

Not only does the presence of submerged vegetation influence the macroinvertebrate 

community, the structure of that vegetation does, as well.  Vegetation with more complex 

architecture (complex filamentous mats and submerged plants versus simple emergent stems) 

harbored higher biomass of epiphyton and macroinvertebrates in a fluvial lake in the St. 

Lawrence River, Quebec (Tessier et al. 2008).  Periphyton biomass and macroinvertebrate 

community abundance and diversity were greater on more structurally complex aquatic 

vegetation in a Tasmanian river, suggesting that the surface area of macrophytes provided the 

macroinvertebrate community with more habitat and food resources (Warfe and Barmuta 2006). 

Emergent vegetation removal by grazing cattle caused a decrease in Odonata abundance and 

reproductive effort in Canadian prairie pothole wetlands, and vegetation structure (height and 
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density) was more important than species composition of the plant community (Foote and 

Hornung 2005).  Chironomidae and Oligochaeta were dominant macroinvertebrate taxa 

inhabiting aquatic macrophytes in a slow-flowing channel in Croatia, particularly in macrophytes 

with dissected leaves (Bogut et al. 2007).  Consequently, submerged macrophytes in Tertiary 

canals in this study likely had a great influence on macroinvertebrates abundance.  The 

intermediate channel size with high light penetration and intermediate canal water discharge and 

depth would have contributed to the ability of Tertiary canals to support these macrophytes, 

following RCC predictions. 

Complimenting the RCC emphasis on the importance of streamflow, a literature review of 

ditches found that aspects of streamflow had the greatest effect on species composition (Herzon 

and Helenius 2008). These aspects included depth, discharge, and water chemistry, and they 

determined ditch type and size.  Factors that contributed to aquatic biodiversity in ditches in 

southern England included distinct water chemistry, slow flow, connection to rivers, and a 

vegetation management regime that left ditches mostly open and capable of supporting a variety 

of ecological niches (Armitage et al. 2003).  Stream stability was the best predictor of the 

number of species, with reduced stability resulting in a decline in the number of species, and 

important factors influencing stream stability included depth, current velocity, substrate and 

channel stability, and water temperature (Death and Winterbourn 1995). In South Carolina, 

stream width (1st-4th order) positively related to the total number of taxa, number of 

Ephemeroptera-Plecoptera-Trichoptera (EPT) taxa, and total number of organisms per sample, 

and stream width was inversely related to biotic index values, such that organism tolerance 

decreased as stream size increased (Paller et al. 2006).  Aspects of streamflow also seemed to 

have major effects on the macroinvertebrate communities within each canal type in this study.  
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Macroinvertebrate taxa richness and abundance both appeared to be influenced by discharge, 

channel depth, and channel width, all of which affect light penetration to the benthos, 

macrophyte growth, dissolved oxygen, and stream temperature variability, as previously 

mentioned.   

Beyond comparisons to the RCC, the macroinvertebrates community in this study shared 

similarities and differences with other canal and ditch studies. A literature review of ditches 

found that common aquatic macroinvertebrates include Gastropods, Diptera larvae, water 

beetles, and crayfish, and that larger ditches may support a variety of fish species (Herzon and 

Helenius 2008). The canals in this study were dominated by gastropods and Diptera larvae 

followed by Oligochaeta, and fish and shrimp also were collected in minnow traps from the 

canals.  A stream canal in Poland had the highest representation of collector-gatherers, ranging 

from 87 to 96% of the taxa, along with some scrapers and a few predators.  Cluster analysis 

based on taxa abundance showed that the stream canal was dominated by Baetidae, 

Rhyacophilidae (Trichoptera), and Chironomidae (Fleituch 2003).  After collector-gatherers-

scrapers-shredders, collector-gatherers had the highest representation in each canal size, and 

predators constituted a relatively small percentage in this study.  As in the Polish stream canal, 

this study found that Baetidae was the dominant Ephemeroptera and that Chironomidae was the 

dominant Diptera. 

A study of an adjacent irrigation project to the one in this study found that an irrigation 

canal had primarily Trichoptera and Ephemeroptera and that most of the Odonata and Coleoptera 

collected, whereas a moderately stable and more contaminated drainage ditch had mostly 

Trichoptera and Gastropods, and the most contaminated drainage ditch had mostly Gastropods 

and Veneroida bivalves (Rizo-Patrón 2003).  Overall, most Ephemeroptera were Fallceon 
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(Baetidae), Tricorythodes (Leptohyphidae), and Traverella (Leptophlebiidae), which was similar 

to the finding in this study that Ephermeroptera were primarily Baetidae, Haplohyphes 

(Leptohyphidae), and Farrodes (Leptophlebiidae).  Most Trichoptera were Neotrichia, with a 

few other genera in the families Hydropsychidae and Hydroptilidae, as was found in this study.  

Most Odonata were in the families Protoneuridae, Libellulidae, Gomphidae, and Coenagrionidae, 

all of which were found in this study, except Protoneuridae, and Libellulidae and Coengrionidae 

were considered indicator taxa of Tertiary canals.  Of the Diptera, dominant taxa were 

Chironomidae (68%) and Simuliidae (31%), and the families (Ceratopogonidae, Empididae, 

Stratiomyidae, and Tipulidae) representated less than 1% of the remaining Diptera.  Chironomids 

were found in almost the same quantity in spite of differences in water quality.  This study also 

found that Chironomidae larvae (90%) and Chironomidae pupae (5%) dominated the Diptera, 

but that Ceratopogoninae, Empididae, Stratiomyidae, Psychodidae, Simuliidae, and Tipulidae 

comprised less than 5% of the remaining Diptera.  Chironomidae dominance was high in each 

canal size, though slightly greater in the Quarternary canal.  As in this study, gastropods were 

dominated by Hydrobiidae, a family particularly abundant in places with considerable aquatic 

vegetation (Roldán 1996), and Thiaridae, an introduced taxon resistant to contamination (Rizo-

Patrón 2003).  The combination of these two studies provides a clearer picture of the 

macroinvertebrate community that can be expected in different types of irrigation canals and 

drainage ditches in the dry tropics. 

Streams associated with sugar cane cultivation showed similar findings to those of canals 

and ditches.  Primary productivity supported the macroinvertebrate community in sugar cane 

streams in Australia, and the microalgae living on macrophytes most likely served as a more 

important component of the diet of grazers and collector-gatherers than the macrophytes 
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themselves (Bunn et al. 1997).  Brazilian sugar cane streams had fewer taxa and were dominated 

to a greater extent by tolerant Chironomidae than streams in areas with riparian vegetation (Corbi 

and Trivinho-Strixino 2008). Other dominant macroinvertebrates in the sugar cane streams 

included Libellulidae, Dytiscidae, Ceratopogonidae, Polycentropodidae, Annelida, Oligochaeta, 

and Hirudinea. 

Some aspects of the macroinvertebrate communities in the canals did not follow tenants of 

the RCC.  Macroinvertebrate diversity is expected to be greatest for mid-sized streams under the 

RCC, but taxa richness was almost identical in Tertiary and Quaternary canals.  This lack of a 

hump-shaped curve in taxa richness could reflect too much similarity in canal size for clear 

differentiation.  A study in South Carolina found that taxa richness and biotic assessment metrics 

were significantly affected by stream size, but results showed a linear rather than a hump-shaped 

curve in species richness expected under the RCC (Paller et al. 2006). This linear trend was 

attributed to sampling only a small to medium-sized streams.  Consequently, Paller et al. (2006) 

concluded that their findings were compatible with the RCC predictions for small to mid-sized 

streams, recognizing that relationships between taxa richness and stream size can be obscured by 

the range in stream sizes sampled. 

The similarity in taxa richness between Tertiary and Quaternary canals could also reflect 

the influence of or interaction with the macroinvertebrates community in the rice fields, to which 

Quaternary canals directly connect.  Macroinvertebrates moved from rice fields to adjacent 

irrigation canals in Japan, but whether a canal was strongly or weakly connected to rice fields did 

not significantly affect the number of macroinvertebrates (Katano et al. 2003), suggesting that 

proximity of Quaternary canals to the rice fields would not necessarily explain the structure of 

the macroinvertebrate community. 
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Although this study did not sample macroinvertebrates within rice fields fed by the canals, 

other studies provide an idea of what macroinvertebrates could inhabit them. Portuguese rice 

fields contained Chironomidae, Gastropoda, Oligochaeta, and Hirudinea, as well as Hemiptera, 

Coleoptera, and other Diptera larvae (Leitao et al. 2007).  Macroinvertebrates larger than 1 mm 

in length found in water draining from rice fields included Gerridae, Diptera adults, gastropods, 

Chironomidae larvae, and Odonata (Katano et al. 2003).  Australian rice fields included 

Chironomidae, Dytiscidae, Hydrophilidae, Culicidae, Oligochaeta, Planorbidae, Libellulidae, 

Coengrionidae, and adult Veliidae (Wilson et al. 2008).  Thus, the rice fields may have 

contributed to taxa richness in the Quarternary stream. 

Additionally, the RCC predicts dominance by shredders in small streams, but no 

Plecopteran shredders were found in any of the canal sizes, reflecting the general paucity of 

shredders in the tropics rather than any stream size effects (Wantzen et al. 2008). 

Trends in the Chironomidae community were also notable. Representation of sub-families 

differed between canal sizes.  Orthocladiinae and Chironomini were dominant in Secondary and 

Quaternary canals whereas Tanypodinae dominated Tertiary canals.  Average water temperatures 

were lower in Secondary and Quarternary canals than in Tertiary canals, suggesting that this 

chironomid distribution may be influenced by water temperature.  Flow regime, water 

temperature, and substrate composition were considered main factors influencing Chironomidae 

distribution in a Canadian river (Ward and Williams 1986).  Orthocladiinae dominated in 

headwaters, while Chironomini dominated farther downstream, which was attributed to stream 

temperature (Ward and Williams 1986, Rossaro 1991).  A study in an Argentine river found that 

Orthocladiinae generally dominated upland stream reaches, while Chironominae dominated 

lower reaches, and aquatic vegetation was one of the main factors influencing the distribution of 
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Chironomids in lowland reaches.  Substrate character and current velocity appeared to influence 

the Chironomid distribution (Principe et al. 2008).  Orthocladiinae were most common in 

Secondary and Quarternary canals, and least common in the Tertiary canals, a grouping that 

corresponds with increasing average temperature, but does not follow a longitudinal pattern.  

Orthocladiinae and Tanytarsini were more common Chironomidae taxa at lower sites along a 

longitudinal gradient of an alpine glacial stream in Switzerland (Burgherr and Ward 2001), 

which corresponds with these two groups dominating in the Secondary canal. Tanytarsini 

generally showed an increasing trend in percent abundance from headwaters downstream in a 

relatively pristine river in Trinidad (Helson et al. 2006), which aligns well with the finding that 

Tanytarsini were only well-represented in the Secondary canal.  However, a study examining 

longitudinal zonation patterns of chironomids found that no single factor accounted for species 

richness patterns of Chironomidae in a physically complex spring system in Kansas (Ferrington 

et al. 1995).  Instead, Ferrington et al. (1995) concluded that analyzing each habitat as its own 

system and looking for factors influencing taxa richness within that particular system would 

provide better understanding of Chironomidae patterns.  This suggested approach may be more 

appropriate for analyzing the Chironomidae community in this canal system. 

Another potential influence on the macroinvertebrate community worthy of consideration 

is the presence of fish in the canals.  Ditches may provide important habitat for fish (Katano et al. 

2003, Hicks et al. 2006).  Chironomid larvae were an important food resource for fish in 

experimental streams that simulated temporary ditches around irrigated rice fields in Japan 

(Katano et al. 1998).  Hicks et al. (2006) noted that the loss of gastropods from canals in New 

Zealand represented a loss of food resources for fish and wildfowl (Hicks et al. 2006).  The 

majority of fishes in irrigation ditches in Japan consumed aquatic macroinvertebrate larvae, such 
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as Ephemeroptera, Chironomidae, and Trichoptera, with a few other fish consuming adult insects 

and benthic algae.  Smaller fishes (<4 cm standard length) consumed more Chironomidae, while 

larger fishes consumed more Trichoptera. These findings demonstrated that temporary waters, 

such as irrigation ditches in rice paddy fields, can provide habitat important for fish growth, 

survival, and reproduction due to the presence of abundant food resources, particularly 

Chironomidae larvae (Katano et al. 2003).  Although fish and freshwater shrimp were not 

sampled in this study, they were present. 

Conclusion 

This study demonstrated that each canal size within this Costa Rican irrigation water 

distribution system contains unique physical-chemical characteristics and macroinvertebrate 

community structures, some of which correspond with predictions of the River Continuum 

Concept, but in reverse order.  The largest canal size had the highest canal water discharge, 

lowest dissolved oxygen, lowest taxa richness, lowest total number of individuals, and highest 

periphyton chlorophyll-a and AFDM levels. The mid-sized canal had intermediate canal water 

discharge, intermediate dissolved oxygen, lowest periphyton chlorophyll-a and AFDM levels, 

highest total abundance, and greatest relative abundance of gastropods. The smallest canal size 

had the lowest canal water discharge, highest dissolved oxygen, and had similarly low total 

abundances as the largest canal size, but similarly high taxa richness as the mid-sized canal.  

Canal water discharge and dissolved oxygen patterns, prevalence of scrapers (exclusive or in 

part) in mid-sized channels, and higher taxa richness in the smaller to mid-sized channels 

corresponded most closely with the RCC. 

Although this irrigation canal network in Costa Rica was compared to stream networks, the 

two networks are not true equivalents.  Canal Oeste is concrete lined along the majority of its 

course, unlike high-order rivers that have varied substrate.  The Secondary, Tertiary, and 
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Quarternary canals have similar substrates composed primarily of earth and fine sediments.  In 

contrast, natural streams have substrates composed of a combination of stones, gravel, and fine 

sediments that vary from headwaters to high-order reaches.  In addition, this canal network 

lacked extensive canopy cover in the Quarternary canal and had no progression in light 

penetration along its course, while natural stream headwaters are typically forested and light 

penetration progressively increases as stream order increases.  Consequently, limitations exist 

when comparing the networks.  Yet despite differences and limitations, a major characteristic 

that this canal network and stream networks do share is a size gradient along their course, 

specifically for the first few stream orders (1st-4th).  Thus, channel size was used as the basis to 

compare the ecosystem structure and function of these canals and streams. 

This investigation of the ecosystems within each canal size also provides information to 

canal managers.  As a whole, the largest canal showed strong differences with the other canal 

sizes, while the smallest and mid-sized canals showed much weaker differences with each other. 

Consequently, management practices for these canal sizes could be grouped into two canal size 

categories, such that one set of practices is developed for the largest canals, while another set of 

practices is developed for the mid-sized and smallest canals. However, special consideration of 

the value of macrophytes for the macroinvertebrate community in the mid-sized canals should be 

made. 

Finally, this study showed that irrigation canals in Costa Rica are not completely different 

from streams.  Like streams, canals do support an aquatic macroinvertebrate community that is 

influenced by the discharge, depth, channel width, stability, and light penetration in the canals, 

which shape the instream habitat.  The canals also supported a fish and shrimp community, but 
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their diversity, distribution, and influence on the aquatic macroinvertebrate community remain to 

be explored. 
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Figure 4-1.  River Continuum Concept versus Canal Continuum. 
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Figure 4-2.  Canal Continuum Study site map. Coding: 2=Secondary canal, 3=Tertiary canal, and 
4=Quarternary canal. 
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Figure 4-3.  Canal dimensions, by canal size. Coding: 1=Canal Oeste, 2=Secondary canal, 
3=Tertiary canal, 4=Quarternary canal. 
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Figure 4-4.  Physical-chemical parameter averages, by canal type.  A) Average canal discharge, 

and B) Average photosynthetic active radiation (PAR). 
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Figure 4-5.  Macroinvertebrates community structure by canal size.  A) Total abundance, B) 

Relative abundance, by order, C) Relative abundance, by taxa, and D) Relative 
abundance, by Chironomidae taxa. 
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Figure 4-5.  Continued 
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Figure 4-6.  Macroinvertebrate functional feeding groups, by canal type.  Coding: 

PRED=Predators; FILT=Filterers; SC=Scrapers; CG=Collector-gatherers; CG-SH, 
CG-SC=Collector-gatherers-scrapers-shredders; CF=Collector-filterers; CG-
CF=Collector-gatherers-filterers; CG-SC-SH-CF=Collector-gatherers-filterers-
scrapers-shredders; and ALL=All feeding modes. 
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Figure 4-7.  Relativized Ordination, by canal type.  Triangle=2 (Secondary), Square=3 (Tertiary), 

and Diamond=4 (Quarternary.  Coding: ANCYLID=Ancylidae, BAET=Baetidae 
(Non-Baetodes), CHIR_P=Chironomidae Pupae, CHRMINI=Chironomini, 
COEN=Coengrionidae, FARRODES=Farrodes, HAPLO=Haplohyphes, 
HYDROBI=Hydrobiidae, LperS=Discharge (l/s), NEOTRICH=Neotrichia, 
NL=Hydroptilidae sp., OLIGO=Oligochaeta, ORTHOCL=Orthocladiinae, 
PHYSID=Physidae, SPHAERID=Sphaeridae, T=Temperature (C), 
TANYPOD=Tanypodinae, TANYTAR=Tanytarsini, T_umol=Terrestrial PAR 
(umol), and THIARID=Thiaridae. 
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CHAPTER 5 
STUDY CONCLUSION 

Ecohydrology 

The semi-arid Guanacaste region of Costa Rica contains some of the few protected tropical 

dry forests remaining in the tropics of Central America, whose streams have received little 

scientific study. A recently constructed large irrigation canal intersects some of these streams, 

adding streamflow year-round to the typically intermittent headwater streams. This provided an 

opportunity to investigate: 1) the ecohydrology of intermittent (T) and perennial (P) tropical dry 

forest streams, and 2) the impacts of canals on tropical dry forest stream structure and function. 

Sampling occurred from May 2007 to January 2008, spanning the wet season and seasonal 

transitions.  Physical-chemical characteristics, aquatic macroinvertebrates, and fish were sampled 

mostly on a 4-6 week basis. 

Residual, isolated pools in T streams were found during drier periods, which served as 

refugia for macroinvertebrates, primarily Diptera (76%) and the tolerant Ephemeroptera family 

Caenis (14%), and fish, particularly the poecilids Brachyrhaphis olomina and Poecilia gillii.   

Streamflow was recorded in T streams on three occasions during the wet season, and 

streamflow was sustained in most P streams for the duration of the study, with fluctuations in 

discharge generally reflecting changes in canal water level.  P streams had significantly greater 

water temperature and conductivity. 

The benthic macroinvertebrate community changed dramatically over time in T streams.  

At the start of the wet season, Oligochaeta dominated, and Diptera only had a small 

representation, but by the end of the wet season, T and P stream communities were very similar 

due to increased dominance of Diptera and Ephemeroptera in T streams.  Caenis and 

Chironomidae were the dominant taxa, and collector-gatherers-scrapers-shredders was the 
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dominant functional feeding group in both stream types.  Taxa richness was similar between the 

two stream types, and NMDS ordinations revealed both that taxa with lower water quality 

demands associated with T streams and that the two stream types became more similar over the 

duration of the wet season. The number of indicator taxa for each stream type decreased over 

time, indicating increasing similarity in macroinvertebrates communities.  

Total abundance of macroinvertebrates in drift was similar between the two stream types 

despite their distinct streamflow patterns and showed patterns of change similar to benthic 

macroinvertebrates. T stream drift was characterized by more Terrestrials and Coleoptera, while 

P streams had greater dominance of Ephemeroptera, Diptera, and Bivalvia.  

More fish were collected from P streams, but there was no difference in species 

composition. Poecilia gillii dominated T streams, while B. olomina dominated P streams, likely 

reflecting their feeding habits and tolerance levels.   

This study assessed the aquatic community of tropical dry forest streams and demonstrated 

the strong influence of streamflow on the colonization, development, and succession of aquatic 

biota.  It also revealed impacts of irrigation canals on tropical dry forest streams, such as 

increased habitat during the dry season, habitat fragmentation, channel scouring, and water 

quality changes. 

Riparian Patch Study 

A large irrigation canal crosses a second-order seasonal stream in Costa Rica via an 

inverted siphon, and the riparian vegetation within that crossing site is maintained deforested for 

canal management purposes.  This deforestation created a gap in riparian canopy cover along a 

stretch of a tropical dry forest stream, resulting in three distinct environments within the stream: 

a deforested zone where the canal passes (Open zone), a forested zone upstream of the Open 

zone (Above zone), and a forested zone downstream of the Open zone that could receive inputs 
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from the Open zone (Below zone). In addition, a fourth zone existed further downstream that 

receives both seasonal streamflow and directs canal water discharge year-round (Canal-

influenced zone).  This raised the questions: 1) Do canals influence stream structure and 

function, and 2) Do patches in riparian vegetation affect macroinvertebrate and fish community 

structure within tropical dry forest streams?  The physical-chemical characteristics and biological 

communities of these zones were analyzed and compared to answer those questions. 

Physical-chemical analysis revealed that canopy cover and photosynthetically active 

radiation were significantly greater in the Open zone compared to other zones, and average 

levels of periphyton chlorophyll-a and AFDM were also greater in the Open zone.  Streamflow 

influenced the effects of canopy cover on water temperature and dissolved oxygen.  

For aquatic macroinvertebrates overall, the zones had few indicator taxa, and NMDS 

ordination revealed no clear distinctions between zones.  The benthos, stones, and drift 

macroinvertebrate communities showed similar trends in succession over time among the zones, 

and these trends followed streamflow patterns. Diptera and Oligochaeta generally dominated in 

the early wet season, Ephemeroptera and Trichoptera grew more dominant as the wet season 

progressed then decreased in the dry season, at which point Diptera regained dominance. This 

succession corresponded with stream discharge and dissolved oxygen patterns. However, the 

Canal-influenced zone showed less dramatic changes. The Above and Below zones showed great 

similarity, suggesting that conditions in the Open zone did not have strong downstream effects.  

The three habitats sampled also had different community composition with benthos dominated 

by Ephemeroptera and Diptera, stones dominated by Diptera, and drift dominated by 

Ephemeroptera and Trichoptera, but few taxa were exclusive to any one habitat.  Benthic and 

stone macroinvertebrate total abundances were greatest in the Open zone, and taxa richness was 
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slightly greater in the Above and Open zones than the Below and Canal-influenced zones.  Drift 

macroinvertebrate total abundance and taxa richness was greatest in the Above zone. 

For fish, all zones were dominated by Astyanax aeneus, but the second most abundant fish 

species differed among the zones:  Brachyrhaphis olomina in the Above zone, Poecilia gillii in 

the Open zone, and Archocentrus nigrofasciatus in the Below and Canal-influenced zones.  This 

distribution was likely due to the influence of water depth, stream channel morphology, and 

canopy cover. 

Although some differences were found between zones due to canal management, small 

scale riparian deforestation (< 35 m) may not have had severe detrimental effects on the stream 

community and may actually have provided a greater diversity of habitats and resources capable 

of potentially enhancing biotic richness. Perennial discharge from the canal into the stream may 

provide refugia and a source of colonizers for the seasonal stream reach in the dry season.  

Future research that analyzes macroinvertebrate and fish diet would provide valuable additional 

information. 

Canal Continuum Study 

Irrigation canals serving sugar cane and rice fields provide freshwater habitat in the 

seasonally dry Guanacaste province of Costa Rica.  The canals diminish in size over their 

longitudinal gradient between the primary canal serving the region and the fields the canals 

locally irrigate, creating three size classes: Secondary (largest), Tertiary (mid-sized), and 

Quarternary (smallest) canals.  Sampling of the physical-chemical characteristics and aquatic 

macroinvertebrates occurred in each of these three canal sizes both to determine their structure 

and function and to examine whether the canals follow the predictions of the River Continuum 

Concept (RCC), but in reverse order due to the size structure of the canals compared to natural 

streams. 
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This study revealed that canal discharge decreased and dissolved oxygen increased as canal 

size decreased, and scrapers (exclusive or in part) dominated Tertiary canals more so than the 

other sizes, all findings in accordance with RCC predictions.  However, taxa richness was 

equally high in the Tertiary and Quarternary canals compared to the Secondary canal rather than 

highest in the Tertiary canal, which may reflect greater similarity in size among the Tertiary and 

Quarternary canals or macroinvertebrate movement from rice fields into the small canals that 

directly feed them.  Periphyton chlorophyll-a and AFDM levels were highest in the Secondary 

canal rather than Tertiary canals, and total abundance was far greater in Tertiary canals than 

other canal sizes, which may reflect the presence of thick submerged vegetation in Tertiary 

canals providing additional habitat and food resources that support a larger population capable of 

consuming more algae.  The dominant macroinvertebrates in each canal size were Gastropoda, 

Chironomidae, and Oligochaeta. 

As a whole, the canals did support an aquatic community whose structure and function did 

change over its longitudinal gradient, and the canals did follow some predictions of the RCC, but 

in reverse order.  The greater similarity between Tertiary and Quarternary canals suggests that 

two separate canal management practices should be developed, one for the Secondary canal and 

one for Tertiary and Quarternary canals.  Future research should address fish and shrimp use of 

the canals and their influence on the macroinvertebrate community. 

Holistic Perspective 

This entire study demonstrated that the large irrigation canal, Canal Oeste, did affect the 

structure and function of tropical dry forest streams through altering the hydrology and riparian 

vegetation of those streams.  Impacts include additional habitat during the dry season and 

differing biotic assemblage structures, but these were not necessarily negative and may have 

contributed positively to stream diversity.  The study also demonstrated that irrigation canals 
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share similarities with streams through providing freshwater habitat and following some tenets of 

the River Continuum Concept. 
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