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Wetlands perform many important hydrologic and biogeochemical functions; for example, 

they generally improve water quality, provide flood protection and can retain nutrients such as 

phosphorous.  Relatively little is known about wetlands in Central America, although the vital 

nature of tropical wetlands, on both the regional and global scale, is increasingly acknowledged.  

Palo Verde National Park (PVNP), located in Guanacaste Province, Costa Rica, is recognized 

under the Ramsar Convention on Wetlands of International Importance, due to its role as an 

important feeding and breeding ground for resident and migratory birds during the dry season.  

Once part of a large ranching operation, Palo Verde became a national park in the early 1980’s 

and soon, the open marsh known as Palo Verde Lagoon, became overgrown with cattail (Typha 

domingensis).  Many blamed this transformation on the removal of cattle from the area, and 

efforts to restore the marsh are ongoing. 

The purposes of this study were: 1) to conduct a baseline analysis of soil and water 

chemistry in the marshes of PVNP; 2) to analyze plant species composition in relation to water 

and soil characteristics; and 3) to determine if Typha domingensis seeds establish preferentially 

in soils with specific conductivities.  Fieldwork for this study was conducted during June and 
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July 2008.  Soil and water samples were collected and plant species surveys conducted in eight 

different areas of the park. 

Statistically significant differences were found among the areas for many soil and water 

characteristics (for soil: Ca, Mg, N, Cl, EC, sand and clay content; for water, Mg, K, Na, 

phosphate and Na).  Species richness among the different areas was also statistically significant.  

Strong relationships between soil EC, Cl, S and K and species richness were found; water Fe, Na 

and depth were also highly related to species richness.  Multivariate logistic regressions 

performed on the presence and absence of specific species found that soil N, P and K, water 

nitrate, P and depth all had statistically significant and magnitudinous effects.  There were no 

statistically significant or notable results from the germination experiment. 

Alternative hypotheses for the establishment of the extensive Typha marshes are supported 

by the findings of this study.  It is hoped that the results of and synthesis provided by this 

research will raise additional research questions to further evaluate the cattle-grazing hypothesis, 

which is strongly established in the local community. 
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CHAPTER 1 
INTRODUCTION 

The Palo Verde area wetlands are recognized to be of international importance to resident 

and migratory waterfowl.  After becoming a national park, some of the marshes within Palo 

Verde National Park (PVNP) experienced dramatic changes in vegetative community structure 

and no longer provide desirable habitat for avifauna.  The restoration of the Palo Verde marsh 

has been a priority of the Costa Rican conservation agenda for over a decade.  The basis of the 

restoration efforts, however, is a scientifically unfounded hypothesis that the previous presence 

of cattle in the marshes helped control the growth and spread of Typha domingensis, and that 

their removal has allowed this invasive species to become dominant. 

Given the ecological significance of these wetlands, an effort to determine verifiable 

causes of the changes observed in the wetland plant communities should be made.  Any efforts 

made now are hindered by a lack of historical information and baseline data for almost every 

aspect of the system.  Therefore, in addition to any conclusions drawn, any data collected will 

serve as a baseline dataset and will increase knowledge of the biophysical aspects of this system. 

The studies conducted in PVNP were based on hypotheses that the factors more likely to 

have influenced the establishment of Typha domingensis are soil and water chemical 

characteristics, rather than the presence or absence of cattle.  The knowledge gained about this 

system, through both field and experimental research, will increase understanding of the 

ecological framework within which the management and scientific communities must operate.  

Armed with greater knowledge of the biotic and abiotic interactions taking place within the park, 

more effective and scientifically based restoration techniques can be researched and 

implemented. 
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Research Objectives and Proposed Hypotheses 

 Objective 1: To conduct a baseline analysis of water and soil chemistry throughout the 
marshes of PVNP. 

o Hypothesis: There will be statistically significant differences in 
concentrations of the major nutrients and cations between the marshes located 
in the Typha-dominated areas and those not in that area. 

 Objective 2: To analyze area plant species composition in relation to water or soil 
characteristics. 

o Hypothesis: There will be statistically significant relationships between 
certain chemical components in soil and water, specifically the major cations 
and electrical conductivity, and plant species composition. 

 Objective 3: To determine if Typha domingensis seeds will establish preferentially in 
soils with specific conductivities. 

o Hypothesis: Typha domingensis seeds will have higher rates of germination 
in soils of mid-range conductivity (1-3 mS/cm). 

Background Information 

Importance of Wetlands 

Throughout history, wetlands have been viewed as menacing and gloomy places, offering 

little or no value to society or to industry.  These perceptions have infiltrated everything from 

literature to historical representation, from language connotations to recent popular culture, 

where wetlands have been portrayed as miserable, dirty and ominous (Mitsch and Gosselink 

2007).  Today, we know that wetlands perform important functions in hydrologic and 

biogeochemical cycles, such as cleansing polluted water, preventing floods, recharging ground 

water aquifers and retaining sediment and nutrients (Zedler and Kercher 2005).  They are also 

downstream receivers of human and natural waste and are essential in shoreline protection.  

Wetlands support an extensive and widely varied food web that services many industries and 

have also been recognized as vital in sustaining biodiversity (Gibbs 2000).  Moreover, they are a 
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source of cultural and historical identity that is often important to local economies in the form of 

recreation or tourism (Barbier 1994). 

Central American Wetlands 

For millennia, the resources provided by inland freshwater wetlands have been used for 

agriculture, timber and hunting throughout Central America (Ellison 2004). In Guanacaste 

Province, Costa Rica, the land that once supported the agricultural economies of indigenous 

tribes (Helwig 1969) became the heartland of the logging, farming and cattle ranching industries 

in Costa Rica at the outset of the 20th century (Becker 1943). As the ecological functions and 

economic reliance on these systems have become more widely recognized, the vital nature of 

tropical wetlands to their respective regions has become even more pronounced (Aylward and 

Barbier 1992, Barbier 1994). 

In contrast to the many well-studied wetland areas in North America and Europe, the 

wetlands of Central America are, in many ways, terra incognita.  Despite all Central American 

countries having adopted the 1971 Convention of Wetlands of International Importance, 

especially as Waterfowl Habitat (the “Ramsar Convention”), total wetland area within this region 

is still unknown and there is no universal wetland classification system defined among these 

countries (Finlayson and van der Valk 1995, Ellison 2004). The paucity of research in Central 

American wetlands has been greatly influenced by two factors: the lack of adequate access to 

these areas and the harsh, unwelcoming and sometimes even threatening environments. 

This lack of knowledge is particularly acute when it comes to seasonal wetlands, which 

experience extreme conditions, exacerbating even further the limiting factors mentioned above 

(Sarmiento et al. 2006).  The seasonal wetland areas within Palo Verde National Park (PVNP) 

are no exception, since no literature regarding the wetlands themselves has been published in 

scholarly journals and very little research conducted within them.  Moreover, the Organization 



 

14 

for Tropical Studies (OTS), which manages the biological station within the park, classifies all 

the surrounding marsh areas as ‘lagoons’ and has no data on the soils in these areas.  This is in 

stark contrast to the numerous studies and plethora of information available on the tropical dry 

forest system, also located within the park (e.g., Wetterer et al. 1998, Gillespie 1999, Gillespie 

and Walter 2001, Frankie et al. 2004). 

Palo Verde National Park 

The land now contained within the Palo Verde National Park was once part of a large 

hacienda network owned by David Russell Stewart (a.k.a. George Wilson) and later, his sons, 

Donald and David Stewart Bonilla.  This hacienda of nearly 30,000 ha was part of a 133,000 ha 

estate, which comprised approximately 13% of all of Guanacaste Province (Edelman 1992). 

From 1926 onwards, this land was primarily used for cattle ranching (Quesada and Stoner 2004). 

During the dry season, 10-15,000 cattle would roam and graze the low-lying areas of the 

hacienda, resulting in the overgrazing and trampling of marsh vegetation (McCoy and Rodríguez 

1994). Consequently, during the wet season, floating vegetation and low-growing sedges would 

dominate the Palo Verde wetland.  This open marsh with almost no tall emergent vegetation, in 

combination with its slow exsiccation, became an important breeding and feeding ground for 

approximately 60 species of both resident and nearctic migratory avifauna during the harsh dry 

season (McCoy and Rodríguez 1994, Ellison 2004). 

In 1975, the Costa Rican government expropriated much of the Stewart land and later 

donated some of it to the Costa Rican Wildlife Service (McCoy and Rodríguez 1994, Quesada 

and Stoner 2004).  On April 18, 1977, President Daniel Oduber Quirós declared 4,800 ha of this 

land the Dr. Rafael Lucan Rodríguez Caballero National Wildlife Refuge, the first national 

wildlife refuge in Latin America, and the Stewart family removed the last of the cattle from the 

former Palo Verde hacienda in 1979 (McCoy and Rodríguez 1994, Quesada and Stoner 2004). 
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In June of 1980, President Rodrigo Carazo Odio declared that nearly 10,000 ha adjacent to 

the Refuge would become Palo Verde National Park, put into executive order on July 2, 1981 

(Evans 1999, Quesada and Stoner 2004).  By November 1990, the park was expanded to include 

the Refuge and the neighboring Lomas Barbudal Biological Reserve, resulting in approximately 

20,000 ha of land contained and protected within the park boundaries (Quesada and Stoner 

2004).  Palo Verde National Park, and other surrounding wetland areas, became recognized as 

wetlands of international importance under the Ramsar Convention in 1991 (Quirós et al. 2001). 

After the Refuge and National Park were designated, a dramatic change in the vegetative 

community structure within the 6,000-ha Palo Verde wetland was observed.  What had once 

been an open marsh, dominated by floating vegetation and almost no tall emergent vegetation, 

became the largest cattail (Typha domingensis) marsh in the region within a few years (McCoy 

and Rodríguez 1994).  The thousands of birds that once graced the waters and skies of Palo 

Verde became displaced as Typha filled the marsh.  The rapid changes in this well-known 

wetland were cause for alarm within the scientific and conservation communities.  The 

hypothesis that occurred to many people, including renowned ornithologist F.G. Stiles, was that 

the cattle had been instrumental in sustaining the desired open water characteristics of the Palo 

Verde marsh (Hartshorn 1983). 

The idea of this connection between the presence of the cattle and the state of the marsh 

quickly became accepted into the local scientific, conservation and ranching communities; after 

all, the correlation seemed obvious.  As a result, in 1986, the Costa Rican Wildlife Service 

signed a five-year contract with a private cattle rancher that allowed them to graze up to 1,000 

cattle in the Palo Verde Lagoon (McCoy and Rodríguez 1994, Quesada and Stoner 2004).  

Although the reintroduction of cattle into the area wetlands did not curtail the Typha-domination, 
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this idea attracted continued support because of the notion that such means would provide 

environmentally sustainable and steady income for local people (Quesada and Stoner 2004).  In 

1991, a group of private ranchers was given permission to graze cattle within the park and 

released approximately 4,000 more cattle into the area; the contract was renewed in 1998 and 

persists to this day (Quesada and Stoner 2004). 

Typha as Invasive Species 

Species of the genus Typha are found all over the world in freshwater marshes, from 

Europe to the Everglades to Australia.  Although in most cases specific species are native to a 

certain region, they are often considered invasive because their ability to rapidly colonize large 

areas and overtake other native plant habitat (Grace and Wetzel 1982).  The genus is generally 

very resilient, some species being able to withstand extreme flooding (~2 m) and drought (~2 

cm) for up to two months (Grace 1989, Fickbohm and Zhu 2006) and tolerating increased soil 

salinities (Miklovic and Galatowitsch 2005).  Typha have also been documented to thrive under 

conditions of eutrophication and those otherwise intolerable to most plant species, such as acid 

seeps in coal mine drainage areas (Mitsch and Gosselink 2007). 

Nutrient availability, specifically that of nitrogen, phosphorous and potassium, typically 

controls plant growth in wetland ecosystems.  When one or any combination of these nutrients is 

increased, a positive response in plant growth, for many species, will be observed (Shardendu 

and Ambasht 1991, Verhoeven and Schmitz 1991, Sarmiento et al. 2006).  Typha, however, 

exhibits exceptionally increased plant growth in response to nutrification (Newman et al. 1996).  

Typha are also allelopathic plants, meaning they produce phytotoxins that inhibit the germination 

of seedlings (McNaughton 1968, Gallardo et al. 1998), which serves as yet another enhancement 

of the species’ aggressive properties. 
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An individual cattail head can produce up to 250,000 seeds (Sojda and Solberg 1993), 

which have the capability to successfully germinate and establish under flooded conditions of up 

to 75 cm (Yeo 1964), though they are unlikely to do so outside of controlled experiments (Shay 

and Shay 1986).  Typha can germinate surprisingly well in the presence of NaCl and Na2SO4 

(Choudhuri 1968); Typha latifolia was observed to germinate very well (63% ± 10.2) in NaCl 

solutions with an osmotic pressure of 0.50 atm (0.735 ppt; 1.10 mS/cm).  However, germination 

rates decreased rapidly with increased osmotic pressure, reaching only 35% ± 9.0 in a solution of 

1.0 atm (1.470 ppt; 2.19 mS/cm) (Choudhuri 1968).  Although Typha germination may be 

negatively affected by mildly brackish conditions (0.5-3 ppt), once a plant has successfully 

established it can flourish under the same, or even more extreme, conditions (Choudhuri 1968, 

Zedler et al. 1990, Miklovic and Galatowitsch 2005). 

Zedler et al. (1990) found that Typha orientalis seedlings had an increased growth rate 

when treated with a 5 ppt (7.46 mS/cm) sea salt solution at 4 and 5 weeks, rather than a 0 ppt 

solution; plants under these brackish conditions also had higher survival rates (83%) than those 

treated with the 0 ppt solution (28%) at 28 weeks.  In an experiment that observed biomass 

response to varying concentrations of NaCl solution (0-1000 mg L-1) combined with species 

competition, dramatically increased levels of Typha angustifolia biomass were recorded at the 

highest levels of NaCl concentration (Miklovic and Galatowitsch 2005).  Consequently, once a 

Typha community is established it will be able to survive despite elevated levels of salinity, 

having a negative effect on species richness (Miklovic and Galatowitsch 2005, Jin 2008).   The 

findings of Choudhuri (1968) and Zedler et al. (1990) formed the basis for the germination 

experiment hypothesis. 
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The robust nature of the Typha species allows it to withstand and flourish under conditions 

that result in the death of most species.  Because of this, in the event of ecological disturbance, 

be it fire, flooding by fresh or saline water or eutrophication, the dominant vegetative community 

may perish and provide Typha with an opportunity to establish.  Given the history of hydrologic 

and ecological manipulation of Palo Verde Lagoon, there is considerable certainty that it was 

these alterations that allowed for the easy establishment of Typha throughout the marsh. 

An Unproductive Restoration Based on an Unsubstantiated Hypothesis 

An important fact, not often considered, is that until 1979 the Palo Verde Lagoon was 

connected to the Tempisque River by five ‘natural’ canals, which employed weirs that were used 

to maintain flooding within the lagoon during the dry season (Quesada and Stoner 2004).  

Although the Tempisque carries freshwater down from the plains of Guanacaste into the Gulf of 

Nicoya, it is often mixed with the Gulf’s saline waters due to strong tidal influence (McCoy and 

Rodríguez 1994).  After the cessation of the ranching operation, the weirs were removed and the 

canals filled in with sediment and the transformation of Palo Verde Lagoon into a Typha-

dominated marsh began.  Five years later, the cattle-grazing restoration method was put into 

place (McCoy and Rodríguez 1994, Quesada and Stoner 2004). 

A number of other issues are associated with the development of this restoration program.  

One is that the cattle were never directly observed to graze on the cattail (Quesada and Stoner 

2004), but consume the more herbaceous species both in the wetlands and the surrounding 

tropical dry forest (pers. obs.).  It has also been shown that moderate grazing in tropical flooded 

savannas, a similar system with regard to seasonality and vegetative community structure, does 

not have a substantial effect on plant production (Sarmiento et al. 2004).  Additionally, the 

restoration efforts for Palo Verde marsh were implemented without having predetermined 
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monitoring methods in place to ascertain impacts or changes within the system (Quesada and 

Stoner 2004). 

Today, two methods of Typha control are employed within Palo Verde National Park.  The 

first is the cattle grazing technique, which is utilized in all areas of the park, not just those 

dominated by Typha.  The second technique is the use of fangeo, the mechanical crushing of 

cattails with paddle wheels.  This method is effective in delaying Typha regrowth for a few 

seasons, but is expensive and produces short-term results.  In fact, for the past several years, the 

scientific director of the OTS Biological Station has had to use the bulk of his research budget to 

fund the fangeada of the Palo Verde marsh (J. Zúñiga pers. comm.).  Additionally, because there 

has been no rigorous or long-term research conducted regarding this restoration method, there 

may be unknown effects on the desired plant community, soil characteristics and decomposition 

dynamics. 

In the case of Palo Verde National Park, there is no known documentation of the state of 

the wetland areas before its time as a cattle ranch; there is no record as to whether Typha was 

absent, present or dominant in this system.  Also, other than the area known as Palo Verde 

marsh, there is no knowledge of purposeful hydrologic or other system manipulation before, 

during or after the hacienda era, yet there are extensive Typha-dominated marshes in the 

southern half of the park (Catalina sector).  Given the history of the Palo Verde wetland and the 

nature of Typha species discussed above, the hypothesis of cattle grazing having controlled 

cattail growth is unfounded. 

Moreover, in the northern part of the park, an area known as la Varillal, there is no Typha 

present at all.  There is, however, a considerable amount of Mimosa pigra in that area, another 

plant that is often viewed as invasive and indicative of disturbance.  It is interesting that two 
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areas, with no real barriers between them, could both experience such extensive disturbance that 

each would be overrun by a very distinctive invasive species. 

With this in mind, the questions raised are: What was the historical vegetative species 

composition of the area wetlands?  Why has cattail invaded other areas of the park (i.e., Catalina 

sector)?  Is it even invasive?  Why did it not establish throughout the entire park?  Are the 

restoration efforts currently employed effective?  Given that the system is no longer 

hydrologically altered or managed, is it even possible to eradicate the cattail? 

Summary 

While this study will not deal with all of the questions mentioned above, the two relevant 

questions are: Why has cattail invaded other areas of the park? and; why did it not establish 

throughout the entire park?  This research was focused on beginning to answer these questions.  

It is hoped that these answers will help the scientific and management communities begin to 

understand the dynamics of this system.  As greater appreciation of biogeochemical influences, 

outside environmental impacts and system parameters develops, more effective and efficient 

restoration methods can evolve and be implemented. 

Chapter 2 of this thesis provides a thorough description of the study area, Palo Verde 

National Park, and detailed information on the field, laboratory, experimental and statistical 

methods used throughout this study.  Results addressing each of the objectives of this study – 

information on soil and water chemistry, analysis of plant community composition and outcome 

of the germination experiment – are described in Chapter 3.  The final chapter of this thesis will 

attempt to provide explanations of the potential mechanisms underlying the patterns, and 

exceptions, seen in the results.  These interpretations will be used to assess the hypotheses 

proposed for this study; these conclusions will be related back to the overarching concept of 

restoration. 
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CHAPTER 2 
METHODS 

A number of different methods were used to collect and analyze data for this study.  Field 

methods included plant species surveys and the collection of soil and water samples.  These 

samples were sent to the University of Costa Rica, where the majority of the chemical analysis 

took place.  Some of aspects of the analysis, however, were conducted in the laboratory at Palo 

Verde.  The statistical analysis of each dataset varied.  For soil and water chemistry data, basic 

descriptive statistics, analysis of variance and t-tests were applied.  Several regression models 

were used to analyze plant community and germination experiment data. 

Study Area 

This study was conducted in the seasonally flooded freshwater marshes of Palo Verde 

National Park (10° 20'N, 85° 20'W).  PVNP, in Guanacaste Province, Costa Rica, has its 

southern border at the convergence of the Tempisque and Bebedero Rivers, approximately 8 km 

north of where the Tempisque flows into the Gulf of Nicoya (Figure 2-1).  The Tempisque River 

valley is characterized by savannah plains between the mountainous, forest-covered Nicoya 

Peninsula to the west and a volcanic mountain range, la Cordillera del Guanacaste, to the east 

(Helwig 1969). The river itself is subject to strong tidal fluctuations, having a range of nearly 3 

m between high and low tides (McCoy and Rodríguez 1994); it is not known how far up the 

Tempisque River the saline waters of the Gulf of Nicoya travel. 

This region of Costa Rica has two seasons – wet and dry.  The wet season, usually 

beginning in mid-May and lasting until mid-November (Figure 2-2), is typified by clear blue 

skies in the morning and heavy afternoon thunderstorms.  While average annual rainfall 

throughout the province is upwards of 1700 mm, the lower Tempisque is the driest area, 

receiving average rainfall of only 1200 mm (Helwig 1969, McCoy and Rodríguez 1994). 
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Temperatures average between 25°C and 30°C throughout the year, but can reach up to 38°C 

during the peak of the dry season (March-April) (Helwig 1969, McCoy and Rodríguez 1994). 

These dramatically fluctuating environmental conditions are what drive the seasonal 

changes within the wetlands of Palo Verde National Park.  Before the rains set in, apart from a 

few permanently flooded areas, the freshwater marshes around the park are dry, with their 

Vertisols exposed and cracked (McCoy and Rodríguez 1994, Gallaher and Stiles 2003), much 

like the hyperseasonal savannas of South America (Sarmiento et al. 2006). When the wet season 

arrives, the marshes quickly become inundated and remain so until the beginning of December 

when they gradually start to dry down.  By March, most of the area wetlands no longer retain any 

water.  Vertisols have very high clay content to depth, show evidence of movement, for example 

in the form of slickensides, and are present under such conditions that allow them to crack during 

the dry season and swell when saturated during the wet season (Comerma 1999).  Each of these 

characteristics has either been previously documented or is presented here (McCoy and 

Rodríguez 1994, Gallaher and Stiles 2003). 

The area known as the Palo Verde marsh exsiccates much more slowly than many of the 

other marshes in the area and is able to support many species of migratory and resident 

waterbirds during the dry season when other area marshes cannot (McCoy and Rodríguez 1994, 

Ellison 2004).  It was this unique feature that was the primary driver behind the continued and 

expanding protection of this area as a national park and, eventually, its recognition under the 

Ramsar Convention. 

Field Methods 

All field research was conducted between June 10 and July 16, 2008 at eight transects 

throughout the park, each being 2.5 – 5 km apart (Figure 2-3; Appendix A for a complete listing 

of study dates). 
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Plant Species Community Composition Surveys 

A nested design was used in conducting the plant surveys.  At each transect location, 4-10 

plots were chosen at random, stratified in linear segments of 100 m (Appendix A for plot 

coordinates).  The start points for each transect and the locations for each plot were all chosen at 

random.  Transects 1, 2 and 3 had 6 plots each; transect 4 had 10 plots; and transects 5, 6, 7 and 8 

each had 4 plots. 

At each plot location, two 1-m2 quadrats, nested in a 20-m2 quadrat, were established.  

After plant surveys for these quadrats were conducted, two satellite plots, at a distance between 

10 and 15 meters on opposite sides of each main plot, were also established (Figure 2-4).  Braun-

Blanquet cover classes (1, < 1%; 2, 1-5%; 3, 6-25%; 4, 26-50%; 5, 51-75%; 6, 76-100%) were 

used to record percent cover for each species. 

Soil and Water Sample Collection 

Within each of the eight transects, composite core soil samples of 100 cm3 were taken, 

using a soil corer, at four plot locations.  For transects 1, 2 and 3, samples were taken at plots 1, 

3, 4 and 6; within transect 4, samples were taken at plots 1, 4, 7 and 10; and for transects 5, 6, 7 

and 8, samples were taken at all four plots.  Soil samples from an additional area were taken (Site 

9; Figure 2-3) and used for in-house laboratory analysis and the germination experiment only. 

A 2” soil corer was used to obtain 5-7 cm of soil; loose organic matter was removed from 

the tops of the cores.  Each composite consisted of 4-5 cores taken from within a 2.5-m radius of 

the initial plot locations.  Two 50-ml water samples were taken at the same locations as the soil 

samples. 

Typha domingensis Seed Collection 

Seeds from 20 Typha domingensis seedheads were harvested from all transect areas where 

Typha was present (transects 1, 2, 3 and 4). 
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Laboratory Methods 

Soil Sample Analysis 

Prior to being dried, soil samples were stored in a laboratory refrigerator; each sample was 

oven dried at 105°C until a consistent weight was reached.  After the soil samples were dried, 

50-ml of each sample was hand-ground with mortar and pestle and passed through a 0.2-mm 

sieve.  The remaining dried soil was bagged and stored.  Using a volumetric flask, two 25-ml 

replicates of each sample were measured out and combined with 25-ml of distilled water in 50-

ml centrifuge tubes; the samples were then mixed for one minute on a Vortex Maxi Mix II.  All 

samples remained saturated for 24 hours before being spun in a Sorvall GLC-1 Bench Top 

Centrifuge.  Due to the age and condition of the centrifuge the maximum frequency of rotation 

was approximately 1200 rpm, thus samples were spun for two hours at this speed.  Once the 

samples had been centrifuged, the extracted pore water was measured for pH and conductivity 

using a Hanna HI9813 Grocheck Combo Meter.  Before each laboratory session, the meter was 

calibrated for both pH and conductivity, using solutions with a measured pH of 7.0 and total 

dissolved solids of 1500 ppm, respectively. 

Water Sample Analysis 

Of the two water sample replicates from each plot, one was refrigerated after collection 

and tested within 48 hours, while the other was frozen.  Before testing, all samples were spun for 

15 minutes in the Sorvall GLC-1 Bench Top Centrifuge in order to isolate any particulate 

organic matter.  pH and conductivity were measured using the Hanna HI9813 Grocheck Combo 

Meter.  Nitrate and phosphate were measured using a Hach DR/2010 Portable 

Spectrophotometer.  Nitrate was analyzed following mid-range (0 to 4.5 mg/L NO3
-) protocols 

with NitraVer 5 Nitrate Reagent Powder Pillows (Hach Company 2000).  Reactive phosphorus 

(0 to 2.50 mg/L PO4
3-) was analyzed following the ascorbic acid method using PhosVer 3 
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Powder Pillows; in several cases, phosphate levels were out of range for this method and the 

amino acid method (0 to 30.00 mg/L PO4
3-) protocols were thus followed (Hach Company 2000). 

University of Costa Rica Sample Analysis 

The unanalyzed soil and water samples were sent to the Center for Agronomic 

Investigation at the University of Costa Rica in San José for analysis of nutrient content and 

other characteristics.  Soil samples were analyzed for the following using Modified KCl-Olsen 

extraction solutions: pH, acidity, Ca, Mg, K, P, Zn, Cu, Fe, Mn and S.  Cl, %N and soil texture 

were also analyzed.1  Due to costs, soil samples were combined, resulting in two composite 

samples per transect rather than four.  Each composite sample represents the soil chemical make-

up of a subtransect (Figure 2-4).  Water samples were analyzed for pH, NH4
+, NO3

-, Ca, Mg, K, 

P, Fe, Zn, Cu, Mn, Na and electrical conductivity (EC). 

Experimental Methods 

The soils previously prepared and used to measure pH and conductivity were remixed and 

15-ml of each rewetted soil sample were put in a Petri dish.  While the soils were being prepared, 

the Typha domingensis seeds were soaked in distilled water to separate the viable seeds from the 

attached bristle hairs.  Once the viable seeds were separated and gently dried using paper towels, 

they were counted out in groups of 100.  Each of the 48 soil samples were planted with 100 of 

the Typha seeds and then placed in the station shade house.  When necessary, equal amounts of 

                                                 
1 The following is a description of the procedures utilized at the Center for Agronomic Investigation (CIA) at the 
University of Costa Rica, translated from a description provided with the results report.  The codes in parentheses 
refer to procedural sections within the CIA manual:  pH procedures were conducted with water of pH 5.5 (CIA-
SC09-01-02-P02).  Acidity, Ca and Mg procedures were conducted with a KCl 1M solution; P, K, Zn, Fe, Mn and 
Cu procedures were conducted with an Olsen Modified pH 8.5 solution (CIA-SC09-01-02-P04). Acidity was 
determined by valuation (CIA-SC09-01-02-P05); P was determined by UV-Visual Spectrophotometer (CIA-SC09-
01-02-P07); and all other elements were determined by Atomic Absorption Spectrophotometer (CIA-SC09-01-02-
P06). 

The values listed with each element indicate the general ‘critical levels’ of the extracting solutions used for the 
respective procedures: Acidity, 0.5; Ca, 4; Mg, 1; K, 0.2; P, 10; Zn, 3; Cu, 1; Fe, 10; Mn, 5; S, 12. 

Please see (Silver et al. 1994) for more detail on Modified KCl-Olsen solutions. 
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distilled water were put into each dish in order to maintain a reasonable level of soil moisture.  

Germination was observed and recorded every 48 hours over a two-week period. 

Statistical Methods 

Categorization and Exclusion of Transect 5 from Some Analysis 

Although the soil and water samples from transect 5 were used during analysis to establish 

the general trends of soil and water chemistry throughout the park, the data collected from plant 

community surveys were not used.  Because of the “active” restoration of the Palo Verde Lagoon 

(the area where transect 5 was located), the plant communities cannot be said to accurately 

reflect the edaphic and hydrologic conditions of the area.  These restoration activities may also 

have unknown effects on the seed bank, but since the data collected from transect 5 soil samples 

could not be determined as outliers, they were used in analysis of the germination experiment 

results. 

Transects were grouped into southern and northern sites for some analysis.  The southern 

site included transects 1, 2, 3 and 4; the northern site included transects 6, 7 and 8.  The divisions 

were based on location and general plant community composition, the marshes in the southern 

site being dominated by Typha domingensis and those in the northern site by Mimosa pigra, 

another species associated with disturbance and often considered to be invasive.  Transect 5 

would have been grouped within the southern site, but was excluded from all categorized 

analysis. 

Analysis of Soil and Water Chemistry 

For baseline soil and water data analysis, a number of descriptive statistics were applied to 

all components using Microsoft Excel.  In order to become familiarized with the data, frequency 

histograms were constructed and measures of central tendency (mean, median, mode) and 

dispersion (range, variance, standard deviation, coefficient of variation) were calculated. These 
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calculations were applied to each transect (1-9) as well as to the site groupings (northern and 

southern).  This suite of statistics will elucidate biogeochemical trends on a spatial scale and may 

indicate environmental influences, such as impacts from agriculture, ranching or proximity to the 

Tempisque River and Gulf of Nicoya.  Pearson correlation coefficients were calculated, using the 

R statistical package, to determine whether any linear relationships existed between variables; 

these results could reinforce any inferences made regarding environmental influences. 

To determine statistically significant differences between groups, ANOVAs were 

conducted on all variables among transects and T-tests between the northern and southern sites.  

Any statistically significant differences for specific variables among transects may highlight and 

reiterate the trends and influences revealed through basic statistical analysis.  As variations in 

soil and water chemistry throughout the park are established and corroborated, an understanding 

of the system dynamics will begin to develop. 

Analysis Plant Species Community Composition 

Linear regression analysis of species richness 

Species richness was calculated by counting the number of species found in each quadrat; 

averages were taken when species richness was needed for a different scale (i.e., by plot, 

subtransect or transect).  These species richness values were used, in conjunction with soil and 

water chemistry data, to create scatter plots in Excel, which became the basis for regression 

equations and related coefficients of determination.  Evaluating these data in such a manner 

allows for any tendencies of species richness to be revealed; that is, whether samples of high or 

low relative species richness are associated with high, low or mid-range concentrations of 

specific nutrients or other characteristics.  How much of the variation in the response data 

(species richness) is explained by the independent variable (soil or water chemical variable) is 
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demonstrated through the coefficient of determination (R2); the higher the R2 value, the more 

variation is explained by the independent variable. 

Using R, fixed-effects ANOVAs were conducted, based on multivariate linear models 

(lm), for several variable combinations.  In order to minimize any issues of multicollinearity, all 

variables within a model equation had correlation coefficients of less than ±0.20.  Once initial 

regressions were run, those variables whose coefficients were not statistically significant (p > 

0.15) were removed and ANOVAs calculated for the new iteration of regressions.  These 

regressions were performed because, whereas single-variable regression can reveal interesting 

trends, plant species are not affected by only one chemical component.  Multiple variables must 

be included in one instance to reflect more accurately potential reactions in nature. 

There are assumptions made, substantiated by data, associating Typha-dominated areas 

with low species richness.  Since the results of these regressions will provide information about 

which chemical components are associated with high, low or mid-range species richness, 

inferences can then be made regarding these chemical components and the predominance of 

Typha in certain areas. 

Logistic regression analysis of the most abundant species 

The most abundant species, common to both the northern and southern sites, were 

ascertained by tallying each cover category for each species.  The tally total was then multiplied 

by its cover category number (i.e., 1-6) and the results for each category added together.  The 

species with the highest final numbers were determined to be the most abundant and were those 

used in further analysis.  The presence or absence of each of these species within each 

subtransect was established; if a species was present in a quadrat, it was scored ‘1’, and if it was 

absent from a quadrat, it was scored ‘0’.  For each subtransect, the total number of present or 

absent occurrences for each species was totaled. 
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The determined presence or absence of each species and the initial variable combinations 

used in the multivariate linear models, binomial logistic regressions were preformed in R (glm, 

binomial logit family).  Two additional variable combinations were used for logistic regression; 

the first, containing all the variables noted to have high R2 values in the species richness analysis, 

and the second, based on the results of Sarmiento et al. (2006) and Caraco et al. (1989).  As 

above, after the initial regressions were run, non-statistically significant variables were removed 

and the models were run again. 

The results of these model iterations are presented in the form of variable coefficients, their 

levels of significance, likelihoods and graphic output that plots actual data and model fit.  That 

is, on the x-axis of the graph, the actual number of occurrences for a species is plotted and on the 

y-axis, the model-predicted number of occurrences for a species given the independent variable 

data is plotted.  G2, the likelihood-ratio-chi-squared statistic, is used to compare the observed (x-

axis) and expected (y-axis) of the response variable to assess the goodness of fit of the model. 

Analyzing the presence or absence of specific species with respect to chemical components 

will build upon and help evolve the interpretations of biogeochemical interactions occurring 

within the system.  The results from these models considering multiple variables for individual 

species will provide indications as to which elements in soil or water have the most influence on 

whether that species can successfully survive in an area.  Having these specific results will allow 

for the definition of niche differentiation among plant species in this system.  This kind of 

information can be essential in developing restoration goals and methods, as it often shapes or 

limits what can be done and in what manner. 

Analysis of Germination Experiment 

As with the rest of the data gathered, the germination experiment data were subject to a set 

of descriptive statistical analysis in Excel and several regressions in R.  A simple linear model, 
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based on ‘site’, ‘transect’ and conductivity, was the initial effort, using up to third order 

polynomials in the regression and then comparing model fits.  A model using ‘site’ and ‘transect’ 

as nested random variables was subsequently used, also employing first and second order 

polynomials.  These models were used to ascertain any relationships between the area within the 

park the soil was collected from, the specific location it was collected from, conductivity and 

Typha germination. 



 

31 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1.  Location of Palo Verde National Park in Guanacaste Province, Costa Rica.    

Image source: University of Texas Libraries, Perry-Castañeda Library Map 
Collection, http://www.lib.utexas.edu/maps/americas/costa_rica.gif [Accessed 
October 9, 2009]. 

http://www.lib.utexas.edu/maps/americas/costa_rica.gif�
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Figure 2-2.  Average total monthly rainfall recorded at the Palo Verde marsh, OTS Biological 

Station.  Data source: Organization for Tropical Studies, September 1996 – October 
2007. 
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Figure 2-3.  Palo Verde National Park boundary and transect locations 
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Figure 2-4.  Transect design and layout.  Figure is not to scale. 
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CHAPTER 3 
RESULTS 

The results presented in this chapter are organized to address the specific objectives of this 

research.  Generally, results are for analysis on the transect-level (1-8) are described, followed by 

those on the site-level (southern and northern).  The first section describes patterns of different 

component groupings seen in the soil and water chemistry throughout the park.  The second 

section gives the results of the regression models generated to analyze species richness and 

abundance.  The final section details the outcome of the germination experiment. 

Soil and Water Chemistry 

Salinity Markers 

The analysis of soil and water samples conducted by the University of Costa Rica showed 

some marked trends across both transects and sites.  Samples from transects 1, 2, 3, 4 and 5 

showed substantially higher concentrations of soil Cl, soil S and water Na, all of which are 

salinity markers (Figure 3-1).  ANOVA tests demonstrated statistically significant differences 

amongst transects for soil Cl (p = 0.0065) and water Na (p = 0.0082); although soil S did not 

prove to have statistically significant differences among transects (p = 0.3940), the general trend 

in elemental concentration was present.  These findings are supported by the higher electrical 

conductivity (EC) found in both the soil and water samples from transects 1, 2, 3, 4 and 5 (Figure 

3-2).  Transect 1 had the highest soil conductivity of these areas (5.03 mS/cm ± 0.73 (1 SD)), 

followed by transect 5 (3.81 mS/cm ± 0.95); transects 6, 7 and 8 all had average soil 

conductivities of 0.87 mS/cm (transect 6, ± 0.15; 7, ± 0.16; 8, ± 0.11).  Water conductivity, 

however, was highest at transect 4 (0.380 mS/cm ± 0.272). 

Some of these trends seen across transects were shown to be statistically significant 

between sites using Student’s t-test, while others were not.  Soil Cl (p = 0.008) was statistically 
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significant and soil S (p = 0.101) slightly so, with higher levels being in the southern site (Cl, 

130.16 mg  kg-1 ± 79.50; S, 87 mg L-1 ± 61.55) rather than in the northern site (Cl, 20.85 mg kg-1 

± 4.83; S, 44 mg L-1 ± 12.73).  The tendency was the same for both soil and water EC (soil, p = 

0.001; water, p = 0.018; Appendix B for complete ANOVA and T-statistic tables).  Conversely, 

water Na (p = 0.980) showed no statistically significant differences between sites, presumably 

because of the large variance among the southern site transects (29.32 mg L-1 ± 34.84). 

Cations 

Concentrations of cations (Ca, Mg, K) in water had some statistically significant 

differences among transects (Ca, p = 0.1712; Mg, p = 0.0044; K, p = 0.0006) and tended towards 

the same general trend seen in the salinity markers, with lower concentrations observed from 

transects 6, 7 and 8 (Figure 3-3).  The measured effective cation exchange capacity (ECEC) of 

soil samples did not have the same tendency, however.  Although concentrations of the specific 

cations varied significantly across transects (acidity, p = 0.1304; Ca, p = 0.0019; Mg, p = 0.0400; 

K, p = 0.0884), and the proportional concentrations were different amongst transects, the lowest 

cation concentrations were at transect 1 (26.02 cmol+ L-1 ± 6.43) and the highest at transect 8 

(51.47 cmol+ L-1 ± 1.41).  The concentrations found at all other transects ranged between 31 and 

38 cmol+ L-1 (Figure 3-3). 

Although water Ca was not statistically significant among transects, it was statistically 

significant between the northern and southern sites (p = 0.028), as was water Mg (p = 0.072).  

Water K, on the other hand, was highly statistically significant among transects, but not between 

sites (p = 0.506).  Overall soil ECEC (p = 0.026) was statistically significant between sites, even 

though the significance of individual cations diverged greatly (acidity, p = 0.440; Ca, p = 0.036; 

Mg, p = 0.534; K, p = 0.005).  As with the transect averages, cation concentrations in water were 

higher at the southern site transects (S-Ca, 14.34 mg L-1 ± 4.30; N-Ca, 11.22 mg L-1 ± 1.97) and 
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higher in soil at the northern site transects (S-ECEC, 32.04 cmol+ L-1 ± 5.77; N-ECEC, 40.65 

cmol+ L-1 ± 7.50). 

Nitrogen and Phosphorous 

Total N (TN) and P (TP) concentrations in the soil samples showed some interesting 

results as well. TN was highest at transect 5 (0.539 % ± 0.069), followed by transects 7 and 8 

would have the next highest levels of TN (0.422 % ± 0.083 and 0.322 % ± 0.025, respectively; 

Figure 3-4).  Similarly, TP concentration was highest at transect 6 (19 mg L-1 ± 1.41), followed 

by transects 1, 4 and 5, all of which had average concentrations of 11.5 mg L-1 (1, ± 2.12; 4, ± 

13.43; 5, ± 6.36; Figure 3-5).  For soil samples, TP did not have statistically significant 

differences among transects (p = 0.2683), while TN did (p = 0.0018).  These results are 

intriguing because it would be expected that the highest levels of these important nutrients would 

be found in the most productive areas: those dominated by Typha. 

For related concentrations found in water samples, the reverse was true.  Nitrate did not 

have statistically significant differences amongst transects (p = 0.1691) and ammonium was 

slightly statistically significant (p = 0.0779; Figure 3-4); phosphorus (p = 0.0594) and phosphate 

(p = 0.0010), on the other hand, both show statistically significant differences among transects 

(Figure 3-5).  Yet, between sites, nitrate was the only component in either water or soil that was 

even close to statistically significant (p = 0.119). 

pH 

Individually, neither soil nor water pH showed any obvious trend among transects (Figure 

3-6), although water pH did prove to be statistically significant (p = 0.0507).  Soil pH for all 

transects was circumneutral, ranging from 5.5 to 6.6, and water pH slightly more basic, ranging 

from 6.7 to 7.5.  It is noteworthy, however, that the differences between soil and water pH are 

greatest at transects 6 and 7 and least at transects 8 and 5. 
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The differences, or lack thereof, in pH among transects was reiterated by the absence of 

significance between the northern and southern sites for both soil and water pH.  The differences 

seen in transect water and soil pH was masked in the site averages, showing slightly higher pH 

for both in the southern site (S: water, 7.14 ± 0.58; soil, 6.05 ± 0.53.  N: water, 6.92 ± 0.35; soil, 

5.73 ± 0.30.). 

Texture 

A final soil characteristic of interest is texture.  There were statistically significant 

differences in all components of soil content (sand, p = 0.0174; silt, p = 0.0623; clay, p = 

0.0209).  Sand content decreased and clay content increased on the northern route from transect 

1 to transect 4; for transects 6, 7 and 8, texture differences came from increases in sand content 

and decreases in silt content (Figure 3-7).  Surprisingly, transect 5 had the highest level of sand 

content (41.9 % ± 3.5) and, consequently, the lowest level of clay content (34.7 % ± 1.8). 

When comparing texture between the northern and southern sites, the overall differences in 

soil composition become quite clear.  While there is no statistically significant difference in silt 

content (p = 0.245) between sites, there are in both sand (p = 0.036) and clay content (p = 0.016).  

Following the trends seen among transects, the sand content in the southern site was higher than 

that in the northern site (S, 24.02 % ± 8.32; N, 15.75 % ± 4.60), and conversely for clay content 

(S, 52.68 ± 9.53; N, 63.09 ± 3.04).  Despite any differences in specific soil content, all soil 

samples were classified by the UCR-CIA, using the American texture triangle, as either clay (n = 

14) or clay loam (n = 3). 

Correlations 

Salinity markers 

A number of interesting and statistically significant correlations were found between soil 

and water components (Appendix C for complete correlation matrix).  The salinity markers 
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discussed above (soil Cl, S and EC; water Na and EC) generally have some kind of correlation 

between them.  Soil Cl, S and EC are all statistically significantly and positively correlated with 

one another.  Water Na and EC have a strong, positive correlation; soil EC is positively 

correlated with the two as well.  However, neither soil Cl nor S is well correlated with water Na; 

soil Cl is positively correlated with water EC, though not highly.  

Cations 

Water Ca has a positive correlation with water Mg and K, although it is not a very strong 

correlation, and with sand content; water Mg and K are positively and very statistically 

significantly correlated.  Water Mg also has a strong, positive correlation with water Na and EC; 

water K is statistically significantly and positively correlated with water and soil P.  There were, 

however, very few correlations between the cation concentrations in soil.  Soil Ca has a strong 

negative relationship with soil K and silt content; soil Mg and ECEC both have strong positive 

correlations with clay content. 

Nitrogen, phosphorus and pH 

Soil P and water PO4
3- both have relatively strong, positive correlations with silt content.  

Soil N and Mg are statistically significantly and negatively correlated.  Water NH4
+ has very 

strong and positive relationships with water Mn and Fe; water NO3
- has a statistically significant, 

positive relationship with soil Mn.  The salinity markers and some of the major cation in the 

water (Na, EC, Mg, K) have statistically significant, positive relationships with water pH; soil 

pH has a negative correlation with both soil Mn and Fe. 

Plant Species Community Composition 

Linear Regressions of Species Richness 

Analysis of species richness on the subtransect, transect and site scales all showed highly 

statistically significant differences between their respective areas (Table 3-1).  Before beginning 
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regression analysis, comparing species richness summary statistics with those of specific 

variables, visual patterns begin to emerge (Figures 3-1, 2, 3 & 8).  In relation to species richness, 

the variables whose models had the highest coefficients of determination were primarily salinity 

markers: soil Cl, EC and S and water Na.  Soil K, water Fe and water depth also had higher R2 

values. 

The variable with the highest R2-value was soil EC (0.67357), followed by water depth 

(0.49409), soil Cl (0.48364), water Fe (0.4729), soil K (0.46802), water Na (0.36625) and soil S 

(0.32061).  Most of these statistical models were based on polynomial equations; only soil K and 

S were exponentially-based (Figure 3-9).  For soil EC, soil Cl, water Fe and water Na, there was 

a trend of high species richness in areas of low elemental concentration, with a gradual decrease 

in species richness with increase in concentration, and eventually an increase is species richness 

with further increase in concentration.  For water depth, soil K and soil S, there was a decrease in 

species richness with an increase in the respective variables. 

When multiple variables were placed in a linear model, the components that seemed to 

have the largest effects on species richness were not centered on salinity markers.  The final 

regression equations were 

Sp.Rich ~ -3.077 + 0.209 * clay + -0.207 * soil Cu + 0.012 * soil Fe + 28.384 * soil N + 
0.152 * water Fe + -0.021 * water Na + -2.935 * water NO3

- + 0.692 * water P + -0.050 * 
water depth (3-1) 
 
Sp.Rich ~ -1.040 + -6.313 * soil K + 11.734 * soil N + -0.302 * soil Cu + -0.206 * sand +  
-0.009 * soil S + 0.110 * water Fe + 2.310 * water pH + -0.005 * water depth (3-2) 
 
Soil N had a strong positive effect on species richness, while soil K had a strong negative 

effect (Table 3-2).  Water pH had a positive effect and soil acidity a negative effect on species 

richness.  Although water depth, water Fe, sand content and clay content were consistently 

statistically significant in the regression models, their coefficients were quite small. 
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Logistic Regressions of the Most Abundant Species 

Of the 51 plant species surveyed in the marshes (Appendix D), the most abundant species 

found in both the small (1 m2) and large (20 m2) quadrats were 

 Typha domingensis 
 Mimosa pigra 
 Eleocharis spp. 
 Hymenachne amplexicaulis 
 Nymphaea spp. 
 Aniseia martinicensis 
 Echinodorus paniculatus 
 Sarcostemma clausum 
 Croton argenteus 
 Thalia geniculata 
 Cyperus articulatus 
 Oryza latifolia 
 Paspalidium germinatum 
 

Despite these species being those generally most abundant, some of them were present 

only in a few subtransects.  Because of this, some species did not return any successful 

regressions, including some of the more focal species such as M. pigra.  A number of the 

regressions had several statistically significant variables, but only a few had this in addition to 

low residual deviance.  T. domingensis, Eleocharis spp., Nymphaea spp., A. martinicensis, E. 

paniculatus, S. clausum and T. geniculata all returned statistically significant and good-fitting 

results for at least one model (Figure 3-10).  The regressions for M. pigra, H. amplexicaulis, O. 

latifolia and P. germinatum all had at least one model run successfully, but the results were far 

from statistically significant.  C. argenteus and C. articulatus did not have any successful 

regression output.  The final regression equations for the successful models (Figure 3-10) on the 

presence or absence of these species were 

Ani.mar ~ -5.276 + -0.138 * sand + 0.021 * soil Fe + 36.249 * soil N + -0.010 * soil S +       
-5.596 * water NO3- + 1.561 * water pH + 0.390 * water PO4

3- (3-3) 
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Ech.pan ~ 32.404 + -30.761 * soil N + -0.847 * soil P + -17.596 * soil K +-0.119 * soil S + 
0.010 * (soil P * soil S) (3-4) 
Ele.spp ~ -8.233 + -0.062 * soil Fe + -0.019 * soil Mn + 0.014 * water Na + 4.483 * water 
NO3

- + -0.069 * water depth (3-5) 
 
Nym.spp ~ 21.318 + 34.825 * soil N + -3.436 * soil P + 7.718 * soil K + -0.914 * soil S + 
0.076 * (soil P * soil S) (3-6) 
 
Sar.cla ~ 34.340 + -0.379 * clay + -8.226 * soil K + 0.219 * soil P + -5.049 * water EC +   
-0.505 * water Fe + -2.041 * water PO4

3- + -0.134 * water depth (3-7) 
 
Tha.gen ~ 35.790 + -0.510 * soil Mg + -3.18533 * soil pH + -3.008 * water NO3

-  + 0.595 
* water PO4

3- + -0.104 * water depth (3-8) 
 
Typ.dom ~ -10.586 + 0.060 * soil Cl + 5.610 * soil EC + -0.048 * soil C + 0.843 * water 
Fe + -0.327 * water Na + 0.124 * water depth (3-9) 
 
Because of the variation in inputs and response variables, it is difficult to note any general 

trends.  However, there were a few consistencies observed.  As seen in the species richness 

regressions, soil K had a strong negative effect on the presence or absence of E. paniculatus and 

S. clausum, and soil N had a strong positive effect on the presence or absence of A. martinicensis 

and Nymphaea spp. (Figure 3-10).  While higher soil pH had a negative effect on T. geniculata 

presence, water pH had a positive effect on the occurrence A. martinicensis and E. paniculatus, 

as well as species richness.  Water depth had a small negative, though generally statistically 

significant, effect on the presence of the modeled species, except for T. domingensis, which had 

a positive coefficient for water depth.  Water nitrate, water P and clay content all varied in their 

effects on the presence or absence of specific species, but the coefficients were consistent in 

magnitude and statistical significance. 

Germination Experiment 

While mean soil EC showed great variation among transects, average Typha seed 

germination did not have the same tendency (Figure 3-11).  T-tests between southern and 

northern site conductivity and germination provided the same results: statistically significant 
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differences in EC (p < 0.001) but none in germination (p = 0.664).  Plotting the conductivity and 

germination data did not reveal any obvious patterns either. 

The simple linear model did not show any differences between the distinct polynomial 

regressions (2nd order, p = 0.6462; 3rd order, p = 0.9363), although all three models presented 

statistically significant coefficients for site and multiple transects (Table 3-3).  Additionally, 

there was a substantial difference in the magnitude and significance of coefficients for transects 

from the southern versus the northern site.  The linear mixed-effects model showed no 

statistically significant results, for the first or the second order polynomial regressions.  Inputting 

‘site’ and ‘transect’ as random nested variables did not provide for any results of note either. 

Summary of Results 

Analysis of the soil and water chemistry data provided some very intriguing results, which 

may be explained by a number of different hypotheses.  It can be concluded, however, that there 

are distinct differences in the soil and water chemistry between the southern and northern 

marshes.  Whether these distinct characteristics are directly or indirectly responsible for 

variations in species richness and composition is unknown, but it can be said that there are 

definite connections between soil and water chemistry and plant species community 

composition.  It is unfortunate that there were no viable results from the germination experiment.  

It could have given some insight into why Typha domingensis was able to initially establish in 

these marshes. 
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Figure 3-1.  Transect averages.  For salinity markers, ± 1 SD.  For soil Cl, the calculated F-statistic = 7.1 (p = 0.0065); for soil S, F = 

1.2 (p = 0.3940); for water Na, F = 3.6 (p = 0.0082).  Unless otherwise noted, sample sizes for variables in all figures are as 
follows: soil components, n = 2 for all transects except transect 7, where n = 3; water components, n = 4 for transects 1, 2, 
4, 5, 6 and 8, n = 5 for transect 3, and n = 6 for transect 7.
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Figure 3-2.  Transect averages.  For electrical conductivity for soil and water, ± 1 SD.  For soil 

EC, the calculated F-statistic = 100.4 (p < 0.0001); for water EC, F = 2.9 (p = 
0.0247).  For soil measurements, n = 4 for transects 1, 2 and 3, n = 3 for transect 4, n 
= 8 for transects 5, 6 and 8, and n = 16 for transect 7. 
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     A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3.  Transect averages.  A) For dissolved cations in water and B) effective cation 

exchange capacity in soil, ± 1 SD.  For soil ECEC, the calculated F-statistic = 5.8 (p = 
0.0123); for water Ca, F = 1.6 (p = 0.1712); for water Mg, F = 4.1 (p = 0.0044); for 
water K, F = 5.6 (p = 0.0006). 
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Figure 3-4.  Transect averages.  A) For nitrogen compounds in soil and B) in water, ± 1 SD.  For soil TN, the calculated F-statistic = 

10.5 (p = 0.0018); for water NO3
-, F = 1.7 (p = 0.1691); for water NH4

+, F = 2.1 (p = 0.0779). 
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Figure 3-5.  Transect averages.  A) For phosphorous compounds in soil and B) in water, ± 1 SD.  For soil TP, the calculated F-statistic 

= 1.6 (p = 0.2683); for water P, F = 2.3 (p = 0.0594); for water PO4
3-, F = 5.2 (p = 0.0010). For water phosphate, n = 8 for 

transect 7 and n = 7 for transect 8; all other sample sizes are the same.
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Figure 3-6.  Transect averages.  For water and soil pH, ± 1 SD.  For soil pH, the calculated F-

statistic = 1.4 (p = 0.3286); for water pH, F = 2.4 (p = 0.0507). 
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Figure 3-7.  Transect averages.  For soil content and texture.  For sand content, the calculated F-

statistic = 5.1 (p = 0.0174); for silt, F = 3.2 (p = 0.0623); for clay, F = 4.8 (p = 
0.0209). 



 

51 

 

Table 3-1.  ANOVA and T-test table for species richness (# of species/1 m2) at multiple scales. 
 df(b) df(w) F/T-statistic p-value 
Subtransect 13 226 29.40 <0.0001 
Transect 6 233 29.46 <0.0001 
Site 238 -7.99 <0.0001 
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Figure 3-8.  Box plot of species richness (per 1 m2) by subtransect. 
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A               B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-9.  Trends in species richness.  A) With respect to soil EC, B) water depth, C) soil Cl, D) water Fe, E) soil K, F) water Na and 
G) soil S. 
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Figure 3-9. Continued. 
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Table 3-2.  Linear model and ANOVA output for final regression equations for the response 
variable ‘Species Richness.’  Statistically significant coefficients: ***, p < 0.005; **, 
p < 0.01; *, p < 0.05. 

 Coefficient F-Statistic p-value  
Clay 0.20946 10.1830 0.0051 *** 
Soil Cu -0.20685 3.9745 0.0616 * 
Soil Fe 0.01149 0.2872 0.5986  
Soil N 28.38421 17.8656 0.0005 *** 
Water Fe 0.15184 3.7008 0.0703 * 
Water Na -0.02063 0.6673 0.4247  
Water NO3

- -2.93477 6.4816 0.0202 ** 
Water P 0.69215 2.1029 0.1642  
Water depth -0.04981 5.4732 0.0310 ** 
 Sum Sq Mean Sq df  
Residuals 71.337 3.963 18  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Coefficient F-Statistic p-value  
Soil K 27.8673 4.28e-05 *** 
Soil N 5.8280 0.0260 * 
Soil Cu 3.4978 0.0769 * 
Sand 19.4115 0.0003 *** 
Soil S 0.4265 0.5216  
Water Fe 0.1549 0.6983  
Water pH 6.3321 0.0210 * 
Water depth 0.0583 0.8119  

 Sum Sq Mean Sq df  
Residuals 62.680 3.299 19  
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Figure 3-10.  Output for logistic regressions.  A) For the presence of A. martinicensis, B) E. 

paniculatus, C) Eleocharis spp., D) Nymphaea spp., E) S. clausum, F) T. geniculata 
and G) T. domingensis, with accompanying model equation output.  Likelihoods are 
log values.  # - Terms added sequentially, first to last.  Statistically significant 
coefficients: ***, p < 0.001; **, p < 0.01; *, p < 0.05; °, p < 0.1. 

 Coefficient P (<|Chi|)# P (<|z|)  
Sand -0.1377 0.008 0.0718 ° 
Soil Fe 0.0207 0.341 0.07908 ° 
Soil N 36.2490 1.485e-05 8.98e-05 *** 
Soil S -0.0098 7.535e-06 0.0257 * 
Water NO3

- -5.5958 5.680e-07 0.00284 ** 
Water pH 1.5612 0.038 0.17002  
Water PO4

3- 0.3903 0.154 0.17965  
     
Residual 
deviance 

3.6853  Df 6 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-80.3385 -41.2684  78.1404  

 Coefficient P (<|Chi|)# P (<|z|)  
Soil N -30.7614 0.638 0.00691 ** 
Soil P -0.8468 0.468 0.00867 ** 
Soil K -17.5957 1.760e-13 0.00381 ** 
Soil S -0.118996 0.024 0.00836 ** 
Soil P:S 0.0098 0.011 0.01248 ** 
     
Residual 
deviance 

11.609  Df 8 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-71.5289 -38.2606  66.5365  
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Figure 3-10. Continued. 

 Coefficient P (<|Chi|)# P (<|z|)  
Soil Fe -0.0619 0.770 0.1784  
Soil Mn -0.0194 0.570 0.0855 ° 
Water Na 0.01398 9.971e-08 0.37885  
Water NO3

- 4.4833 1.4323-07 0.00657 ** 
Water 
depth 

-0.0690 0.076 0.08007 ° 

     
Residual 
deviance 

4.6084  Df 8 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-62.7188 -32.9159  59.6057  

 Coefficient P (<|Chi|)# P (<|z|)  
Soil N 34.82451 0.002 0.00104 *** 
Soil P -3.4356 0.331 3.79e-05 *** 
Soil K 7.71836 5.149e-07 0.03948 * 
Soil S -0.9136 0.246 3.01e-05 *** 
Soil P:S 0.07635 6.89e-12 2.99e-05 *** 
     
Residual 
deviance 

2.6851  Df 8 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-79.3876 -37.4478  83.8795  
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Figure 3-10. Continued. 

 Coefficient P (<|Chi|)# P (<|z|)  
Clay -0.3790 0.018 0.0017 ** 
Soil K -8.2265 0.011 0.0014 ** 
Soil P 0.2190 0.347 0.1419  
Water EC -5.0493 0.143 0.0606 ° 
Water Fe -0.5048 0.515 0.0496 * 
Water PO4

3- -2.0411 1.189e-06 0.0004 *** 
Water 
depth 

-0.1314 0.005 0.0163 * 

     
Residual 
deviance 

13.271  Df 6 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-81.8226 -58.4409  46.7634  

 Coefficient P (<|Chi|)# P (<|z|)  
Soil Mg -0.51009 0.024 0.00556 ** 
Soil pH -3.1853 0.002 0.0097 ** 
Water NO3

- -3.0081 0.687 0.0031 ** 
Water PO4

3- 0.5948 3.183e-06 0.0192 * 
Water 
depth 

-0.1038 4.995e-04 0.0099 ** 

     
Residual 
deviance 

8.300  Df 8 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-66.3592 -42.2474  48.2237  
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Figure 3-10. Continued. 

 Coefficient P (<|Chi|)# P (<|z|)  
Soil Cl 0.0600 0.810 0.02623 * 
Soil EC 5.6099 0.002 6.08e-05 *** 
Soil S -0.0480 4.932e-08 0.0006 *** 
Water Fe 0.8425 0.146 0.3042  
Water Na -0.3274 7.580e-18 0.0056 ** 
Water 
depth 

0.1240 0.001 0.0071 ** 

     
Residual 
deviance 

16.708  Df 7 

     
Likelihood 
(HO) 

Likelihood 
(HA) 

 G2  

-83.1777 -20.1465  126.062  
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A              B 
 
 
 
 
 
 
 
 
 
 
 
 
 
            C 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11.  Transect averages.  A) For soil electrical conductivity and B) Typha seed germination, ± 1 SD, and C) scatter plot of soil 

EC and total germination.  For soil EC, the calculated F-statistic = 67.48 (p < 0.0001; excluding transect 5); for seed 
germination, F = 0.59 (p = 0.7562; excluding transect 5).  For soil measurements, n = 18 for transect 2, n = 16 for transect 
7, n = 12 for transects 1 and 3, n = 11 for transect 4, n = 8 for transects 5, 6 and 8, and n = 6 for transect 9.  For 
germination, n = 9 for transect 2, n = 6 for transects 1, 2, 3 and 7, n = 4 for transects 5, 6 and 8, and n = 3 for transect 9. 
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Table 3-3.  Model output for first order polynomial regression of Typha seed germination.  
Multiple R2 = 0.2143; adjusted R2 = 0.02944.  F-statistic = 1.159 (p = 0.3514). 

 Coefficient p-value  
Site(S) -35.739 0.0588 * 
Transect(2) 40.551 0.0113 **
Transect(3) 20.317 0.1516  
Transect(4) 23.938 0.0650 * 
Transect(6) -1.264 0.9316  
Transect(7) -3.989 0.7670  
Transect(8) NA NA  
Transect(9) -17.329 0.4016  
mS (1st) 104.156 0.0573 * 
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CHAPTER 4 
DISCUSSION 

Review of Results 

Higher levels of salinity markers in soil and water were found in the southern area (Figure 

3-1).  These transects also had higher cation concentrations in the water, but the greatest 

concentrations of cations in soil were observed within the northern transects (Figure 3-3).  In 

fact, the greatest concentration level in soil was found at transect 8, which had the lowest cation 

concentration in water; the lowest cation concentration in soil was found at transect 1, which had 

the second highest concentration level in water.  Within the southern site transects, sand content 

decreased and clay content increased with increased distance from the river mouth.  For the 

northern site transects, sand content increased and silt content decreased with distances further 

upstream. 

N and P levels were high at some of the southern site transects, but were also surprisingly 

elevated for some of the northern site transects.  Transects 7 and 8 had the second and third 

highest levels of total soil nitrogen, respectively (Figure 3-4), and transect 6 had the highest level 

of total soil phosphorus (Figure 3-5).  Although there were no trends or statistically significant 

differences between pH levels of water or soil for the transects, there were great differences 

between the water pH and soil pH; that is, water pH was substantially higher than soil pH at each 

transect (Figure 3-6).  

Soil Cl, S, K, EC and water Na, Fe and water depth explained much of the variation in 

species richness among subtransects using single-variable regressions (Figure 3-9).  Multivariate 

linear models of species richness showed that the variables of soil N, K and water P, pH, EC and 

depth were both large in magnitude and statistically significant (Table 3-2). 
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Results from the logistic regressions run on the most abundant species produced strong 

models for several of the species, most of them containing some form of N, P or K in the 

variable selection (Figure 3-10).  The presence or absence of Typha, however, was best modeled 

using salinity markers; none of the regressions run on Typha resulted in statistically significant 

and magnitudinous effects for nitrogen or phosphorus compounds. 

The Typha domingensis germination experiment did not provide any statistically 

significant or noteworthy results.  Although there were statistically significant differences among 

the specific soil porewater conductivities for the transects, there were no differences in 

germination totals.  A scatter plot of these data revealed no patterns or trends of any kind (Figure 

3-11). 

Soil and Water Chemistry 

Environmental Influences 

Seasonal variation 

When looking at the soil and water chemistry of wetlands, one must always keep in mind 

that the numbers of interest are concentrations.  Concentrations change, often varying with the 

volume of water present in the wetland.  This is especially true when considering seasonal 

wetlands (Sarmiento et al. 2004), whose dynamic hydrology results in continual changes in soil 

conditions and available nutrients. 

Although this study did not address the seasonal variation that occurs in the area marshes, 

it is important to recognize these cyclic trends with regard to timing of sample collection.  A 

study conducted in a tropical freshwater wetland in India, with similar climatic patterns to those 

seen in the Palo Verde region, found that, during the months of June and July, NO3
-, PO4

3- and 

Ca concentrations in water were very high, K very low and Mg concentrations were on the rise 

(Shardendu and Ambasht 1991).  Sodium showed no distinct seasonal pattern.  These exact 
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trends would probably not be observed in the marshes of Palo Verde National Park, because of 

their hyperseasonality, but we would expect something quite similar. 

Since this study made no effort to track seasonal changes within the Palo Verde wetlands, 

it is impossible to know whether these trends in concentrations would be present or not.  

However, K concentrations found in the water around Palo Verde seem to be particularly high, 

relative to Ca and Mg concentrations (Figure 3-3).  This is the opposite of what was found by 

Shardendu and Ambasht (1991).  While it may be the case that K concentrations would have 

continued to increase over the following months, K is typically not more dominant than Mg in 

tropical wetlands (Shardendu and Ambasht 1991, McDowell and Asbury 1994). 

Beyond the flux of water due to seasonality, such dynamics may bring about other 

responses.  For example, the continual wetting and drying of soil can result in mineral 

accumulation (Johnson and Steingraeber 2003), which will lead to higher electrical conductivity.  

These seasonal changes could partially explain why soil ECs are much higher at some transects 

than their corresponding water ECs (Figure 3-2) and do not tend to follow the same spatial 

pattern. 

Soils throughout the park were found to be slightly acidic relative to water (Figure 3-6), 

which is a trend also seen in calcareous mires (Johnson and Steingraeber 2003); these differences 

might be intensified by seasonal variation.  During the wet season, soil sulfur will reduce to S2-; 

once the marshes dry out the sulfur will oxidize into SO4
2-.  Increased sulfate concentrations have 

been shown to dramatically decrease pH in wetlands (Mossmark et al. 2008).  Since many of the 

marshes had been flooded for less than a month and pH can be slow to change, this may still be a 

reasonable explanation for the low pH levels, even though soil samples for this study were taken 

during the wet season. 
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Geology 

It is not unusual to find differences in concentration levels when comparing elemental 

compositions of soil and water.  Some of those noted within PVNP might be due, in part, to 

seasonal variation.  Although it is not immediately obvious, there is a vast difference in the 

overall concentrations of Ca and Mg in soil and water (Figure 3-3).  Throughout the park, 

calcium constitutes approximately 58% of the total cation concentration (Ca, Mg, K) in both soil 

and water; Mg, on the other hand, comprises nearly 39% of soil cation concentrations but only 

20% in water.  While these findings are in accordance with the results of the study carried out in 

the tropical freshwater wetland in India, they might be altered by rainwater runoff from the large 

limestone ridges that dominate the central area of the park.  Presumably, such a considerable 

influx of calcium carbonate could skew the results of this study, making it appear to reflect those 

of the Shardendu and Ambasht (1991) study, even if they do not. 

Unexpected patterns in spatial variation of cation concentrations in soil might also be 

explained by runoff from the limestone ridges within the park.  The lagoons of the south are 

large and, in some places, very far from the limestone outcroppings that dominate the skyline.  

The marshes of the north, on the other hand, are much smaller and are much closer to the ridges.  

Higher cation concentrations in water within the southern marshes could be accounted for by 

their proximity to the river; higher cation concentrations in soil, particularly Ca, within the 

northern marshes could be accounted for by their proximity to the limestone ridges. 

Differences in soil texture might also contribute to varying levels of cation concentration 

throughout the park.  Higher clay content in soil results in higher total surface area of the soil 

particles, allowing for the adsorption of more cations onto soil particles (Mengel et al. 2001).  

Soil from transect 1 was found to have one of the lowest clay contents within the park (Figure 3-

7); this could easily explain the low concentrations of cations in this area, despite the proximity 
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of both the Tempisque and the Gulf of Nicoya.  The extremely high concentrations of cations in 

soil found at transect 8 could be the result of both high clay content and its location between two 

limestone ridges. 

Tempisque River and Gulf of Nicoya 

Proximity to the Tempisque River and the Gulf of Nicoya could explain some of the spatial 

patterns seen in soil concentrations of specific elements, particularly in the southern area 

marshes.  The natural levees along the Tempisque River generally keep its waters, the recipient 

of nitrogen-loaded runoff from agricultural fields to the north and the saline waters from the Gulf 

of Nicoya to the south (McCoy and Rodríguez 1994, Kress et al. 2002, Tabash Blanco 2007), 

from flowing into the Palo Verde marshes.  During extreme rain events or tropical storms, the 

river will flood and overtop the levees.  There is also speculation that the Palo Verde and 

Nicaragua Lagoons, where the southern marshes are located, were previously the main channel 

of the Tempisque River (E. González, pers. comm.). 

Elevated levels of salinity markers, such as sulfur and chloride, and phosphorus (Figures 3-

1 and 3-5) in the southern marshes could be explained by the presence of relict marine deposits.  

Inland saline lakes and wetlands often exist due to the remnants of their former marine 

landscapes (Strehlow et al. 2005).  High levels of P are also found in areas known to have been 

previously inundated by marine waters (Hein 2004, Benito et al. 2005, Kametaka et al. 2005).  

Although very specific conditions are required for major phosphate deposits to occur (Orris and 

Chernoff 2004), the concept of marine sedimentary deposits of phosphate is plausible in the 

setting of Palo Verde due to a presumably slow sedimentation rate, warm climate and stable 

basin conditions (Hein 2004, Orris and Chernoff 2004).  Given that S is often deposited with P in 

such situations (Nathan and Nielsen 1980, Hein 2004), this hypothesis could explain the high 

levels of both P and S in the southern area of the park. 
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Higher levels of N in the northern marshes (Figure 3-4) might be explained by occasional 

inundation by the nitrified waters of the Tempisque River.  Relatively recent flooding of the 

southern marshes by the Tempisque could be the source of elevated concentrations of soil Cl, S 

and water Na as well.  What is curious, however, is that Cl concentrations were highest for 

transects 1 and 5, while transect 3 had the highest S concentration and the highest Na levels were 

found at transect 4.  These discontinuities may be explained by more localized hydrologic and 

biogeochemical interactions. 

Potential Impacts of the Former and Current Ranching Operations 

Because of the dominant presence of Typha domingensis in Palo Verde Lagoon and 

Catalina sector (the southern site), it would be expected that the highest levels of nitrogen and 

phosphorus compounds would be found there (McCormick et al. 1996, Newman et al. 1996, Noe 

et al. 2001).  This, however, was not the case (Figures 3-4 and 3-5).  As discussed previously, 

there is active cattle-grazing throughout the marshes of Palo Verde.  Some of the shallower 

marsh areas are also used as pastures for the caballeros’ horses; the marsh where transect 6 was 

located is one of these areas.  Continuous deposition of nutrient-rich organic matter (in the form 

of feces) could potentially be the cause for such elevated levels of phosphorus compounds in this 

area.  Soil P concentrations throughout the park were generally high and could be justified under 

the same hypothesis: that more than 50 years of grazing cattle in the marshes of Palo Verde has 

dramatically altered soil chemistry through the continual deposition of such nutrient-rich organic 

matter. 

Plant Species Community Composition 

There are several interesting points with regards to the analysis of species composition 

throughout the park marshes, the first of which is the marked trend seen in salinity markers and 

species richness (Figure 3-9).  Most of the trendlines show the opposite of what is typically 
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observed in species richness response to nutrients (Pausas and Austin 2001).  Generally, species 

richness is low at low nutrient levels and begins to increase when nutrient levels are increased; 

once a ‘critical point’ is reached, species richness will start to decline as nutrient levels continue 

to rise.  The contrary trend seen here may be due, in part, to the elements of focus, the 

concentration range and this Typha-dominated system.  Moreover, even though single variable 

regressions can give us insight into simple patterns and trends observed throughout a landscape, 

ecosystems and biogeochemical dynamics are much more complex than one dimension is 

capable of capturing (Bedford et al. 1999, Pausas and Austin 2001).  

The Typha species’ numerous and vigorously productive properties, including resilience in 

the presence of salinity (Zedler et al. 1990) and the ability to colonize rapidly (Grace and Wetzel 

1982), have been discussed previously.  These factors, combined with data that show the 

subtransects with only one or two species (T. domingensis dominated; Figure 3-8) have high 

concentrations of chloride, sulfur or sodium (Figure 3-1), support the hypothesis that the soil and 

water characteristics in the different marshes do indeed influence plant species composition.  

These areas give Typha a competitive advantage over other species because of its robust nature.  

The fact that the transect area with the most Typha (transect 3) has the lowest concentration of 

soil P (Figure 3-5) may be a very important factor in determining the biogeochemical dynamics 

of this specific system.  Additionally, the successful iteration of a salinity-centric model for 

Typha abundance, rather than one related for P, reinforces the idea that these characteristics 

have, in one way or another, allowed Typha to establish and become the dominant species. 

The pattern seen between species richness and soil K concentration is easily interpreted in 

support of this hypothesis as well.  The areas dominated by T. domingensis, an emergent 

macrophyte, will generally be much more productive and have much higher biomass per unit 
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area than the areas dominated by herbaceous or even small shrub species, such as H. 

amplexicaulis or M. pigra (Brinson et al. 1981).  In European wetlands, higher species richness 

has been associated with lower levels of biomass in K- or K/N-limited systems (Venterink et al. 

2003).  If higher aboveground biomass is associated with the Typha dominated areas, then the 

validity of the continuously decreasing trend of species richness with greater soil K 

concentrations seen in these data (Figure 3-9) is upheld. 

Multivariate logistic regressions performed on the presence and absence of specific species 

demonstrated the strong influence of nitrogen and phosphorous components (Figure 3-10).  The 

combination of variables that yielded the most exciting results was that inspired by the work of 

Sarmiento et al. (2006) and Caraco et al. (1989).  In a flooded savanna in Venezuela, areas 

fertilized with N, P or N and P showed little to no increase in primary and biomass production; 

however, when a fertilizer combining N, P, K and S was used, the observed increases in 

production were remarkable (Sarmiento et al. 2006).  A review of aquatic systems suggests that 

relative phosphorus release from sediment may in part be regulated by the concentration of 

sulfate present (Caraco et al. 1989).  The high and frequent levels of significance for all of the 

terms, including the interaction between S and P, demonstrates that this is a first-generation 

model for understanding the biotic and abiotic reactions occurring in this system. 

Germination Experiment 

Unfortunately, the results of the germination experiment provided no results to support the 

hypothesis presented here.  It is interesting to note, however, that there was equally high levels of 

germination throughout the park, other than at transect 5 (Figure 3-11).  The measured soil 

conductivity for the samples from transect 5 was lower than that from transects 1 and 9, but 

higher than all the other transects.  This low level of germination implies that there are other 

factors at work in that particular marsh.  It could be that the continued fangeada does have long-
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term effects either on the viability of T. domingensis seeds or through the rapid release of toxic 

compounds (McNaughton 1968) into the soil through the crushing process. 

These effects might have been easily captured by having control samples of unplanted soil 

from several of the different soils.  Limitation in necessary supplies in field situations is an 

unfortunate reality and one that is central to the lack of controls in this experiment.  All available 

resources were used to obtain the maximum amount of data possible.  Retrospectively, a few 

samples could have been foregone in order to allow for control samples. 

Overall Synthesis 

Although this study did not address the cattle-grazing restoration method utilized within 

Palo Verde National Park, evidence that contradicts its foundations has been provided.  To begin 

with, the removal of the weirs that connected Palo Verde Lagoon to the Tempisque River 

certainly had more to do with the establishment of Typha than the removal of the cattle.  

Secondly, cattle do not eat Typha; they prefer to consume the more herbaceous species.  Finally, 

since there is no historical information on the plant community structure of these marshes before 

they were used as cattle grazing pastures, it is impossible to know whether these wetlands even 

need restoring. 

Data that point to other possible hypotheses for the invasion of Typha domingensis have 

also been provided.  That many areas of the marshes in both the southern and northern areas of 

PVNP have a dominant invasive species present (T. domingensis or Mimosa pigra) suggests that 

the entire park has seen some kind of disturbance, which gave these plants an opportunity to 

establish, and that there are underlying reasons why Typha flourished in the south and Mimosa in 

the north.  The most obvious reasons for this, supported by the data presented in this thesis, are 

differences in soil and water chemistry between the two areas. 
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The southern area of PVNP has been shown to have much higher concentrations of 

elements indicative of marine influences – chloride, sulfur and sodium – in the soil.  Even though 

the soils of the northern area marshes have higher cation concentrations – another salinity 

indicator – these can be explained with higher clay content in soil and proximity to limestone 

outcroppings.  The water of the southern area, however, has much higher cation concentrations 

than those found in the north.  This is congruous with the hypothesis that the southern area 

marshes are subject to much greater marine influences, whether current or relict, than the 

northern area marshes. 

It is difficult to draw direct conclusions from some of the analysis conducted on the plant 

species communities.  It is unlikely that variations in soil and water chemistry have directly 

caused species richness to decline.  What is more likely is that such conditions inhibited 

regrowth rates of other species after a disturbance event and that Typha was able to quickly 

establish and colonize the area rapidly.  Thus, the question remains how specific soil and water 

chemical characteristics influence the establishment of Typha domingensis in Palo Verde 

National Park. 

Despite this, and the lack of results from the germination experiment, it is hoped that this 

research will begin the process of debunking the cattle-grazing hypothesis and restoration 

technique.  Unfortunately, because the McCoy Rodríguez (1994) paper is one of the few 

published works specifically addressing the Palo Verde wetlands, its unsubstantiated hypothesis 

continues to receive recognition and support, even by some of the most well-known wetlands 

ecologists of today.  In the most recent edition of their renowned book Wetlands (4th edition), 

Bill Mitsch and James Gosselink (2007) state, in their section discussing Palo Verde National 

Park, that “[c]uriously, the diversity of birds was partially maintained because of cattle grazing” 
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(76).  This demonstrates how powerful one publication can be.  The results from this research 

will begin to counteract the pervasiveness of illogical hypotheses and ineffective restoration 

methods.  However, continued research will be necessary to reinforce and develop these 

findings. 

Recommendations for Future Research 

While the research presented in this thesis lays out the initial fundamentals necessary to 

understanding the biogeochemical dynamics within the marshes of Palo Verde National Park, it 

is not yet complete.  Many other aspects with respect to the system and associated research need 

to be addressed.  It is now known that there are considerable differences in soil and water 

chemistry in the different areas of the park.  What needs to be undertaken next is research that 

begins to address ‘why.’  The distinct characteristics of the salinity markers are readily explained 

by the proximity of the southern area marshes to the mouth of the Tempisque River.  However, it 

may be relevant to know to what extent the river, rather than the degree to which relic deposits, 

is currently influencing these characteristics.  There were also statistically significant differences 

found in concentrations of the major cations, nitrogen, copper and manganese in soil and water 

samples.  Further research into system specific biogeochemical or hydrologic functions should 

be pursued in order to understand not only the origin of these differences, but also their effects. 

It should be recognized that there was a lack of specificity in the chemical analysis 

conducted for this research.  While it is important to have the baseline knowledge of elemental 

composition in soil and water, it is also essential that the concentrations of different compound 

forms be measured.  For instance, there were no statistically significant differences found in soil 

phosphorous, an element that is known to have a large influence on plant growth and plant 

community structure.  But it was total phosphorous that was measured in soil samples, rather 
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than bioavailabile phosphorous, which is what actually influences plant productivity (Grunwald 

et al. 2006). 

Other components integral to system dynamics and function that are not addressed in this 

thesis are the use of historical data, such as flooding and fire history, and overall hydrology 

(Sarmiento and Pinillos 2001).  This is primarily because this information is inexistent.  There 

are data, however, that could be used to create pseudo-historical data.  Water level data for the 

Palo Verde marsh are available for the past several years; these could be used to generate a 

benchmark for comparative water levels throughout the park.  Unfortunately, for some years, 

data for the critical period of the onset of the rainy season are missing.  Information regarding 

fire history of the park is also available; these data, however, are on a very coarse scale and give 

no details other than the dates of the fires.  The scale of these data are very important, as was 

noted this summer when fire spread throughout Catalina sector, but the roads functioned as large 

firebreaks and protected large areas of this sector from the fire (pers. obs.). 

Besides this research, there are two other, ongoing projects involving Palo Verde National 

Park.  The first is doctoral research being conducted by Michael J. Osland, at Duke University, 

studying the response of plant communities to seasonal flooding, grazing and the mechanical 

crushing of cattails.  This study will be the first scientifically rigorous research conducted on the 

effects of the current restoration techniques employed in the park.  The second is a fire ecology 

study that was carried out this summer, in conjunction with the research presented here, by 

Steven J. Hall, of the University of Wisconsin and UCLA-Berkeley, and myself.  This project 

was focused on studying the seedbank and re-emergent plant communities after intense fire and 

subsequent flooding in the Typha marshes of Catalina sector.  It is hoped that the results from 
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this and future research will be used to inform conservation policy and restoration efforts within 

Palo Verde National Park. 

Conclusions 

The marshes within Palo Verde National Park have been the subject of ongoing restoration 

efforts for over two decades.  The results have been far from desirable.  The broader aim of this 

research was to provide objective information on the ecological conditions of these marshes, 

intending to demonstrate to the management and conservation agencies involved with PVNP that 

the restoration methods currently employed need reevaluating.  This study has successfully 

shown that: 

 Differences in soil and water chemistry between the northern and southern areas of the 
park are statistically significant. 

 Specific soil and water characteristics are related to species richness and the presence 
or absence of specific plant species. 

These initial findings, combined with continued research into the ecological history, and 

hydrologic and biogeochemical characteristics of this system will provide a scientifically based 

foundation for management of the park and the development of a long-term restoration plant. 
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APPENDIX A 
METADATA 

Table A-1.  Plot locations and sample collection and processing dates.  P = plant; S = soil;          
W = water. 

Transect Plot Latitude 
(10°) 

Longitude 
(85°) 

Data Collection Sample Processing 
(W) 

Sampling Drying 
(S) 

1 1 19.195’ 13.481’ P, S, W – 6/12/08; 
S – 6/20/08 

6/14/08 6/19/08; 
7/15/08 

1 2 19.075’ 13.490’ P – 6/20/08   
1 3 18.993’ 85.488’ P, S, W – 6/12/08; 

S – 6/20/08 
6/14/08 6/17/08; 

7/13/08 
1 4 18.929’ 13.503’ P, S, W – 6/12/08; 

W – 6/20/08 
6/21/08 6/19/08 

1 5 18.957’ 13.595’ P – 6/20/08   
1 6 18.935’ 13.658’ P, S, W – 6/12/08 6/14/08 6/19/08 
2 1 18.999’ 14.878’ S, W – 6/11/08; 

P, S – 6/25/08 
6/13/08 6/19/08; 

7/9/08 
2  18.952’ 14.964 S – 6/11/08  6/19/08 
2  18.943’ 14.987’ S – 6/11/08  6/17/08 
2 2 18.928’ 15.046’ P – 6/25/08   
2  18.902’ 15.103’ S – 6/11/08  6/17/08 
2 3 18.887’ 15.149’ S, W – 6/11/08; 

P, S – 6/25/08 
6/13/08 6/17/08; 

7/9/08 
2 4 18.935’ 15.167’ S, W – 6/11/08; 

P, S – 6/25/08 
6/13/08 7/9/08 

2 5 18.983’ 15.287’ P – 6/25/08   
2 6 18.990’ 15.329’ S, W – 6/11/08; 

P, S – 6/25/08 
6/13/08 7/13/08 

3 1 19.759’ 16.368’ S, W – 6/11/08; 
P, S – 6/23/08 

6/13/08 6/17/08; 
7/9/08 

3 2 19.749’ 16.449’ P – 6/23/08   
3 3 19.754’ 16.478’ S, W – 6/11/08; 

P, S – 6/23/08 
6/13/08 6/19/08; 

7/9/08 
3 4 19.738’ 16.570’ S, W – 6/11/08; 

P, S – 6/23/08 
6/13/08 6/17/08; 

7/9/08 
3 5 19.732’ 16.609’ P – 6/23/08   
3 6 19.728’ 16.706’ S, W – 6/11/08; 

P, S – 6/23/08 
6/13/08 7/13/08 

4 1 19.733’ 18.068’ P, S, W – 6/14/08 6/16/08 7/13/08 
4 2 19.690’ 18.129’ P – 6/14/08   
4 3 19.664’ 18.160’ P – 6/14/08   
4 4 19.653’ 18.190’ P, S, W – 6/14/08 6/16/08 7/13/08 
4 5 19.630’ 18.263’ P – 6/14/08   
4 6 19.585’ 18.300’ P – 6/13/08   
4 7 19.559’ 18.327’ P, S, W – 6/13/08 6/16/08 7/9/08 
4 8 19.533’ 18.355’ P – 6/13/08   
4 9 19.509’ 18.379’ P – 6/13/08   
4 10 19.496’ 18.418’ P, S, W – 6/13/08 6/16/08 7/13/08 
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Table A-1.  Continued. 
Transect Plot Latitude 

(10°) 
Longitude 

(85°) 
Data Collection Sample Processing 

(W) 
Sample Drying 

(S) 
5 1 20.607’ 20.370’ P, S, W – 7/8/08 7/10/08 7/17/08 
5 2 20.533’ 20.365’ P, S, W – 7/8/08 7/10/08 7/17/08 
5 3 20.485’ 20.360’ P, S, W – 7/9/08 7/10/08 7/17/08 
5 4 20.433’ 20.349’ P, S, W – 7/9/08 7/10/08 7/17/08 
6 1 20.543’ 21.934’ P, W – 6/17/08; 

S – 6/18/08; 
W – 7/16/08 

6/19/08; 7/20/08 7/17/08 

6 2 20.571’ 21.884’ P, W – 6/17/08; 
S – 6/18/08 

6/19/08 7/17/08 

6 3 20.602’ 21.855’ P, S, W – 6/18/08 6/19/08 7/17/08 
6 4 20.577’ 21.959’ P, S, W – 6/18/08 6/19/08 7/17/08 
7  21.836’ 24.141’ S, W – 6/10/08 6/13/08 6/19/08 
7 1 21.811’ 24.161’ P, S, W – 7/16/08 7/20/08 7/18/08 
7 2 21.891’ 24.192’ P, S, W – 6/26/08; 

W – 7/16/08 
6/27/08; 7/20/08 7/9/08 

7 3 21.931’ 24.234’ P, S, W – 6/26/08 6/27/08 7/9/08 
7 4 22.001’ 24.251’ P, S, W – 6/27/08 6/27/08 7/9/08 
7  22.034’ 24.186’ S, W – 6/10/08 6/13/08 6/19/08 
7  22.146’ 24.251’ S – 7/16/08  7/18/08 
7  22.210’ 24.231’ S, W – 6/10/08 6/13/08 6/17/08 
8 1 22.630’ 22.581’ P, S, W – 6/15/08; 

W – 6/26/08 
6/16/08; 6/27/08 7/17/08 

8 2 22.650’ 22.629’ P, S, W – 6/15/08; 
W – 6/26/08 

6/16/08; 6/27/08 7/17/08 

8 3 22.671’ 22.697’ P, S, W – 6/15/08 6/16/08 7/17/08 
8 4 22.707’ 22.746’ P, S, W – 6/15/08; 

W – 7/16/08 
6/16/08; 7/20/08 7/17/08 

 
Notes on Soil and Water Sample Processing 

Beyond the risk of the typical potential sources of error – sampling, equipment or 

statistical error – in this study there was the added risk of error due to sample processing.  When 

storing soil and water samples, there is the potential that properties of chemical components will 

change.  Any microbes within the samples themselves will continue do what they do best – 

reduce nitrogen, sulfur, phosphorous, etc., perhaps transforming them into gaseous forms that are 

easily released from the samples when exposed to air or when dried (Carter and Gregorich 2008).  

While certain procedures can be used to help minimize these changes, some alterations in sample 

chemistry are inevitable. 
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Length of, temperature of and moisture levels during storage can affect the amounts of 

extractable nutrients and cations from soil (Allen and Grimshaw 1962, Shuman 1980, Meyer and 

Arp 1994, Silver et al. 1994).  The degree and type of drying, whether air-dried or oven-dried at 

105°C or at an intermediate temperature, will also have an effect on microbial activity or other 

soil properties (Carter and Gregorich 2008).  Once dried, even the method and intensity of 

grinding can impact the extractable levels of some nutrients (Neary and Barnes 1993, Silver et al. 

1994).  For this study, many of these issues are not of particular concern because the type of 

analysis conducted was for total elemental composition.  Despite the damaging effects of drying 

soil at 105°C, it was necessary under the humid conditions to obtain the reference standard for 

moisture content (Carter and Gregorich 2008). 

The accuracy of field equipment is always in question, though they provide for very timely 

testing of samples.  The portable spectrophotometer used to measure nitrate and phosphate levels 

was calibrated regularly and used with as much precision as possible.  It would have been more 

accurate to use the low-range procedures for nitrate measurements, but the only available reagent 

was that for the mid-range procedures.  These measurements, however, were not used in 

analysis, since the University of Costa Rica analysis included nitrate concentrations.  Phosphate 

measurements were used in analysis and are in accordance with the phosphorus levels found in 

soil, though water phosphorous concentrations reported by UCR were much lower than those 

observed for phosphate.  This may be, in part, due to bacteria or plankton present in the water 

that could change phosphorus concentrations during sample storage (Worsfold et al. 2005). 
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APPENDIX B 
ANOVA AND T-TABLES 

Table B-1.  ANOVA table for soil variables. 
 df(b) df(w) F-ratio p-value 
pH 7 8 1.4 0.3286 
Acidity 7 8 2.3 0.1304 
Ca 7 8 10.4 0.0019** 
Mg 7 8 3.8 0.0400* 
K 7 8 2.8 0.0884 
ECEC 7 8 5.8 0.0123* 
% AS 7 8 2.6 0.1066 
EC 8 44 100.4 <0.0001***
P 7 8 1.6 0.2683 
Zn 7 8 2.8 0.0847 
Cu 7 8 6.9 0.0069** 
Fe 7 8 1.0 0.4749 
Mn 7 8 8.6 0.0035** 
S 7 8 1.2 0.3940 
Cl 7 8 7.1 0.0065** 
% N 7 8 10.5 0.0018** 
% Sand 7 8 5.1 0.0174* 
% Silt 7 8 3.2 0.0623 
% Clay 7 8 4.8 0.0209* 

 
Table B-2.  T-table for soil variables. 

 df TOBS p-value 
pH 13 1.4 0.183 
Acidity 13 0.8 0.440 
Ca 13 -2.3 0.036* 
Mg 13 -0.6 0.534 
K 13 3.3 0.005** 
ECEC 13 -2.5 0.026* 
EC# 14 4.3 0.001***
P 13 -0.3 0.793 
Zn 13 0.3 0.784 
Cu 13 -1.1 0.290 
Fe 13 0.03 0.972 
Mn 13 -2.9 0.013* 
S# 6 1.9 0.101 
Cl# 6 3.9 0.008** 
% N 13 -1.5 0.153 
% Sand 13 2.3 0.036* 
% Silt 13 1.2 0.245 
% Clay 13 -2.8 0.016* 



 

79 

Table B-3.  ANOVA table for water variables.  All groups have df(b) = 7, df(w) = 24. 
 F-ratio p-value 
pH 2.4 0.0507 
Ca 1.6 0.1712 
Mg 4.1 0.0044**
K 5.6 0.0006**
EC 2.9 0.0247* 
P 2.3 0.0594 
PO4

3- 5.2 0.0010**
NH4

+ 2.1 0.0779 
NO3

- 1.7 0.1691 
Fe 1.1 0.4116 
Na 3.6 0.0082**

 
Table B-4.  T-table for water variables. 

 df TOBS p-value 
pH 26 1.3 0.205 
NH4

+,# 11 0 1 
NO3

- 26 -1.6 0.119 
PO4

3-,# 11 -1.2 0.255 
Ca 26 2.3 0.028**
Mg 26 1.9 0.072* 
K 26 0.7 0.506 
EC# 11 2.8 0.018**
P# 11 0.4 0.667 
Fe# 11 -1.0 0.332 
Na# 11 0.03 0.980 

 
# - Unequal population variances.  ***, p < 0.001; **, p < 0.01; *, p < 0.05 
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APPENDIX C 
PEARSON CORRELATION COEFFICIENTS 

Table C-1.  Correlation coefficient table for soil and water elemental variables. 

 
 
Table C-1.  Continued. 

 
 
Table C-1. Continued. 

 
 
***, p < 0.01; **, p < 0.05; *, p < 0.1. 
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APPENDIX D 
PLANT SPECIES LIST 

Plants species found while conducted surveys in PVNP, listed by life-form and function. 
*, multiple listing. 
See (Crow 2002) for more information on individual species. 
 
Trees, shrubs or suffrutescent 
 Bactris guineensis 
 Coccoloba venosa 
 Crateva palmeri 
 Croton argenteus 
 Ipomoea carnea 
 Ludwigia spp. (L. erecta, L. octovalvis) 
 Mimosa pigra 
 Pithecellobium lanceolatum 
 Tabebuia rosea 
 
Plants free-floating on surface 
 Azolla microphylla 
 Eichhornia crassipes 
 Lemna aequinoctialis 
 Limnobium laevigatum 
 Pistia stratiotes 
 Salvinia spp. (S. auriculata, S. minima) 
 Spirodela polyrhiza 
 Wolffiella welwitschii  
 
Rooted plants, with leaves and/or stems floating on surface 
 Neptunia natans 
 Nymphaea spp. (N. amazonum, N. prolifera, N. pulchella) 
 Paspalum repens 
 
Emergent plants 
 Ammannia coccinia 
 Canna glauca 
 Caperonia palustris 
 Echinodorus paniculatus 
 Heliotropium indicum 
 Kosteletzkya depressa 
 Ludwigia spp. (L. erecta, L. octovalvis)* 
 Malachra spp. (M. alceifolia, M. radiata) 
 Neptunia natans* 
 Polygonum segetum 
 Thalia geniculata 
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 Typha domingensis 
 Vigna longifolia 

Family Cyperaceae 
o Cyperus articulatus 
o Cyperus spp. (C. digitatus, C. gigantean) 
o Eleocharis spp. (E. elegans, E. mutata, Eleocharis sp. (round)) 
o Fimbristylis spadicea 

Family Poaceae 
o Echinochloa colona 
o Hymenachne amplexicaulis 
o Leersia hexandra 
o Oryza latifolia 
o Paspalidium germinatum 
o Paspalum repens* 

 
Facultative wetland plants and terrestrial plants with high flooding tolerance 
 Aniseia martinicensis 
 Cayaponia attenuata 
 Chamaesyce thymifolia 
 Croton argenteus* 
 Echinochloa colona* 
 Ipomoea piurensis 
 Sarcostemma clausum 
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