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ABSTRACT OF DISSERTATION

SOIL-PLANT-HERBIVORE INTERACTIONS AND NUTRIENT DYNAMICS 
IN SEMI-ARID GRAZING SYSTEMS IN NORTHEASTERN BRAZIL AND WESTERN USA

Nutrient cycling, availability, and use efficiency are key issues o f sustainability 

and control important aspects of ecosystem function. In the series of studies in this 

dissertation, we evaluate how human-induced disturbances and interactions between soil, 

plants, and herbivores influence nutrient cycling, productivity, and ecosystem structure in 

semi-arid grazing systems in northeastern Brazil and Colorado, USA. W e found that the 

presence of tree species within pastures of C. ciliaris in northeastern Brazil led to 

increases in soil nutrient levels, cycling rates, and availability in comparison to areas 

where all trees were removed. In Rocky Mountain National Park (RMNP), Colorado, we 

found that herbivores had a significant influence on nutrient pools, fluxes between pools, 

and also on ecosystem structure by possibly reducing the ability of Salix shrubs to take up 

N from the groundwater, which may affect the regeneration of Salix communities in that 

site. Overall, our findings indicate that the presence and preservation of trees or shrubs in 

the semi-arid grazing systems in northeastern Brazil and RMNP contributed to the 

maintenance of ecosystem function by increasing the capture, retention, and availability 

of nutrients and plant productivity in comparison to disturbed systems where the density 

of trees or shrubs was reduced.

Romulo Simoes Cezar Menezes 
Soil and Crop Sciences Department 
Colorado State University 
Fort Collins, CO 80523 
Fall 1999
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INTRODUCTION

Human-induced disturbances are significantly altering Earth’s ecosystems, and 

the management of an ever-increasing human population requires an understanding o f 

how terrestrial ecosystems function (Aber and Melillo 1991, Schlesinger 1997). Nutrient 

cycling and availability are key issues of sustainability and control important aspects of 

ecosystem function (Elliott et al. 1993, Lugo et al. 1999). The study o f multiple 

elements, particularly those that have the potential to limit ecosystem processes, gives a 

more complete understanding of how nutrient cycling may influence ecosystem 

sustainability (Hunt et al. 1983, Stewart et al. 1983, Aber and Melillo 1991, Elliott et al. 

1993, Lugo et al. 1999). Among the elements of interest, nitrogen is usually one o f the 

most limiting in terrestrial ecosystems (Aber et al. 1989, Nadelhoffer et al. 1999), but the 

availability of P, and other nutrients may also often limit ecosystem processes, 

particularly in tropical ecosystems (Aber and Melillo 1991, Hunt et al. 1993, Stewart et 

al. 1993, Sampaio 1995. Schlesinger 1997, Nandwa and Bekunda 1998, Wortmann and 

Kaizzi 1998, Lugo et al. 1999).

Vegetation plays an important role in controlling soil formation and development 

(Jenny 1941), and significantly affects ecosystem nutrient dynamics and productivity 

(Vitousek 1984, Young 1989, Sanchez 1995, Rhoades 1997, Schlesinger 1997). A t the 

forest stand or individual stem scale, trees alter chemical, physical,

1
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and biological soil properties through their impact on nutrient fluxes within ecosystems 

(Rhoades 1997), and the knowledge o f the influence of different tree species on 

ecological processes is fundamental to the understanding of ecosystem functioning 

(Garcia Montiel and Binkley 1998). Several studies have demonstrated the effects of 

some species of trees and shrubs on silvopastoral systems and savannas, which often 

correspond to improvements in soil nutrient, soil moisture, and increases in herbaceous 

understory biomass production in comparison to open grass areas (Tiedemann and 

Klemmedson 1973. Farrel 1990, W eltzin and Coughenour 1990, Belsky et al. 1993, 

Rhoades 1997). These resource-rich areas beneath tree canopies are known as resource 

islands (Reynolds et al., 1990), isles o f fertility (West, 1981), or fertile islands (Halvorson 

et al., 1995).

Similarly, grazing affects many ecosystem constituents and may play a significant 

role in regulating ecosystem nutrient flow (Holland et al. 1992), mostly by influencing 

plant community structure and biogeochemical cycles within the soil-plant system (Frank 

et al. 1994, Frank and Groffman 1998, Hamilton et al. 1998, Schuman et al. 1999, Wijnen 

1999). Herbivores can influence nutrient cycling by removing plant biomass and 

returning more readily available nutrients to the soil (McNaughton et al. 1988, Frank et 

al. 1994, Hamilton et al. 1998), increasing soil N mineralization rates and plant N uptake 

(Frank and Groffman 1998, Wijnen et al. 1999), and spatially redistributing nutrients 

within the landscape (McNaughton 1985, Afzal and Adams 1992, Russelle 1992). 

Whether herbivory has a positive or negative influence on ecosystem structure and 

function depends in part on the specific characteristics o f each system (Georgiadis et al. 

1989, Hamilton et al. 1998, Mazancourt et al. 1998, Alstad et al. 1999).

2
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In the series o f studies included in this dissertation, we evaluate how human- 

induced disturbances and interactions between soil, plants, and herbivores influence 

nutrient cycling, productivity, and ecosystem structure in semi-arid grazing systems in 

northeastern Brazil and Colorado, USA. These two systems differ significantly in certain 

characteristics, such as climate and the nature and dynamics of major disturbances. For 

instance, in the tropical semi-arid region of northeastern Brazil, native and exotic trees 

are sometimes preserved or introduced within artificial pastures that are established after 

the slash and bum of the native dry forest called ’Caatinga’ (Sampaio 1995). On the 

other hand, the temperate natural grazing system in Rocky Mountain National Park 

(RMNP), Colorado, have reportedly been affected by increasing elk (Cervus elaphus) 

numbers, due to previous human-induced disturbances to the Park’s ecosystems and on­

going alterations of surrounding areas (Singer et al. 1998b).

The first three chapters of the dissertation correspond to studies related to the 

sustainability of land use systems in semi-arid northeastern Brazil. Chapter I describes 

the current land use systems in the region and includes a discussion about potentially 

sustainable alternative systems. Among these alternative systems, silvopastoral systems 

present great potential to increase the sustainability of land use systems in semi-arid 

northeastern Brazil. Previous studies conducted in the region have reported that 

silvopastoral systems contribute to increases in livestock productivity and biodiversity of 

plant communities (Araujo Filho 1990, Silva et al. 1995). Based on these previous 

studies, we established several working questions with the objective of increasing our 

understanding of the influences of tree species on ecosystem processes in silvopastoral 

systems in northeastern Brazil: (1) Do trees have a significant influence on the patterns of

3
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soil nutrient levels and herbaceous productivity within silvopastoral systems in semi-arid 

northeastern Brazil? (2) Do different tree species influence these characteristics in 

different ways? (3) How do tree species affect microclimatic conditions and nutrient 

cycling and availability in silvopastoral systems in northeastern Brazil? Based on 

questions (I) and (2), we conducted an observational study (Chapter II) to investigate the 

influence of different tree species on the patterns of soil nutrient levels and herbaceous 

biomass productivity in a silvopastoral system in semi-arid northeastern Brazil. 

Subsequently, question (3) was approached by conducting an experimental study 

(Chapter III) in which we investigated the effects of tree species on microclimate 

conditions and nutrient dynamics in that silvopastoral system.

The fourth and fifth chapters of the dissertation correspond to studies conducted 

in RMNP. These studies were based on the concerns by park managers and the public 

that the recent increases in elk herbivory and changes in hydrology have contributed to 

declines in willow (Salix spp.) communities in RMNP. We addressed these concerns by 

conducting field experiments to investigate: ( 1 ) the effects of elk herbivory and changes 

in hydrology on the dynamics of C and N in these ecosystems (Chapter IV), and (2) how 

elk herbivory and changes in hydrology may affect the availability o f different N sources 

for plants (Chapter V). Based on this research work, we present the management 

implications from our findings, which give support to park managers during the 

formulation of policies that may help to preserve ecosystem structure and function in the 

winter ranges for elk in RMNP.

Despite some of the differences between the two grazing systems in semi-arid 

northeastern Brazil and Colorado, we expected that the interactions between soils, plants,

4
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and herbivores are going to influence nutrient cycling and ecosystem structure in a 

similar way in both systems. Overall, we expect that the presence and preservation of 

trees or shrubs in both grazing systems will contribute to the maintenance of ecosystem 

production by increasing the capture, retention, and availability of nutrients in 

comparison to heavily disturbed systems where trees or shrubs are absent.
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CHAPTER I

Sustainable land use systems for semi-arid northeastern Brazil1

Romulo S.C. Menezes2 and Everardo V.S.B. Sampaio

1 Manuscript submited for publication in the proceedings o f the workshop ‘Sustainable 
Cropping Systems for the Semi-arid Region of Brazil’, XII Brazilian Meetings on Soil 
and Water Management and Conservation, Fortaleza, July 12 to 17, 1998. In Press.

2 Research Fellow of Brazilian CNPq. Soil and Crop Sciences Department and Natural 
Resource Ecology Laboratory, Colorado State University, Fort Collins, CO, USA. E- 
mail: romulo@nrel.colostate.edu

3 Professor, Departamento de Energia Nuclear, UFPE, Av. Prof. Luis Freire 1000, Recife, 
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1 - Abstract

The semi-arid region of northeastern Brazil covers an estimated area o f 6  to 9 x 

105 km2, which corresponds to nearly 10% of the Brazilian territory. Rainfall 

precipitation, which ranges from 300 to 1000 mm y' 1 in different areas of the region, is

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrated in 3 to 5 months, but drought years are common and severe drought periods 

lasting 3 to 5 years have occurred every 3 or 4 decades. Irrigation is not feasible in at 

least 95% of the total area of the region, due to the lack of water and/or poor water 

quality. For this reason, dryland systems are the only alternative for most farmers, but the 

high climatic variability characteristic of the region significantly affects productivity of 

dryland systems and leads to socio-economic and environmental degradation. In this 

paper we present a brief discussion about adaptations of plants to arid environments, 

followed by a description of the current dryland land-use systems in semi-arid 

northeastern Brazil, and an analysis o f the influences of management techniques and 

abiotic factors on the sustainability of these systems. We describe and discuss the 

sustainability of the three main land use practices in semi-arid northeastern Brazil: (1) 

agriculture; (2) pastoralism; and (3) gathering systems. These three land use activities are 

generally integrated and practiced simultaneously within each farm, but each may 

generate a different proportion of the farm income across the four main landscape patch 

types within the region: ( 1 ) hillslopes and plateaus of volcanic origin; (2 ) hillslopes and 

plateaus o f sedimentary origin; (3) valleys; and (4) high altitude microclimates. 

Throughout the paper, we suggest alternative management practices and point the need 

for future studies that could help on the development of sustainable land use systems in 

semi-arid northeastern Brazil.

2 -  Introduction

8
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Both ‘sustainable’ and ‘semi-arid northeastern Brazil’ are terms that define a 

broad range of ideas and that have been widely used in the scientific literature in Brazil.

A recent review on sustainable management of soils in northeastern Brazil (Sampaio and 

Salcedo 1997) summarized the basic concepts around these terms. Among the many 

definitions of sustainable systems, the authors chose ‘systems that maximize the socio­

economic benefits fo r  the current generation, while preserving natural resources and the 

production potential fo r  future generations'. Furthermore, the semi-arid region of 

northeastern Brazil, which comprises hundreds of thousands o f km2, is defined primarily 

by the condition of water stress for plant growth during part o f the year. Several 

parameters are used as indicators to define the boundaries of the region, such as rainfall 

averages and/or evapotranspiration and temperature averages (Reddy 1993). Regardless 

of the indicator chosen, it is implicit that the potential evapotranspiration (PET) exceeds 

rainfall precipitation during most months in a year and for the overall annual average.

For this paper, we will consider as the semi-arid region the area defined in SUDENE 

(1997) as the “Drought Polygon”, which includes portions of the nine states of the 

northeastern region and from the state of Minas Gerais.

Considering the temporal scale, the concepts of ‘sustainability’ and ‘semi-arid 

region’ may appear to be mutually exclusive within land use systems: sustainability 

implies stability in production and semi-aridity is closely associated with climatic 

variability and instability. However, the productivity o f landuse systems in semi-arid 

regions may need to be evaluated using longer time scales, preferably based on

9
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mechanisms that aim to increase the resilience of production to climatic variability.

Based on this rational, in this paper we present a detailed analysis of the development of 

sustainable land use systems in semi-arid northeastern Brazil, including a discussion on 

aspects of water availability for plants, plant adaptability to water stress, and the 

implications o f these factors on biomass production. Following this analysis, we relate 

this discussion to the current production systems in semi-arid northeastern Brazil and 

suggest alternative practices that may lead to more sustainable landuse systems.

2.1 - Water availability

Optimum plant production requires a steady water supply throughout the growing 

period, in order to replace plant water losses through transpiration. W ater availability 

will depend on water supply to the soil-plant system and the soil water storage capacity 

(Hillel 1998). In natural systems, water is supplied by rainfall, which is a phenomenon of 

stochastic pattern, during events that may last minutes to hours reoccurring at a time scale 

of minutes to months within annual cycles. Within each system, there may be spatial 

transferences along slope gradients with water moving from higher to lower landscape 

positions. Water storage in soil helps to reduce the temporal variability o f rainfall 

patterns, extending the water availability for the plants, and depends mostly on the 

rooting depth and soil water holding capacity, which is closely related to soil texture.

Values of daily rainfall and temperature for several decades are available for 

hundreds of counties throughout the semi-arid northeastern Brazil, and regional

10
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precipitation and temperature maps are available (FIBGE 1985). These detailed data sets 

have been used often for climate studies, but very little for studies related to agricultural 

production in a regional scale. A limited amount of work on the identification o f soil 

water storage capacity at a regional scale has been done to the present day. There have 

been a few localized studies, but no generalization is possible from this work. Therefore, 

it is not possible to overlay rainfall and soil water storage capacity maps for the region 

and, consequently, there are no regional maps of soil water availability for plant 

production. Research and survey work with the objective of constructing such maps 

should be prioritized and established as a long-term goal, in order to support decisions on 

regional land use planning.

One of the simplest soil water availability indicators is the relationship between 

rainfall precipitation and PET. Because PET does not vary much across the semi-arid 

region, (1500-2000 mm year'1), rainfall averages have been used as an indicator of soil 

water availability and were also used to define the boundaries of the semi-arid region. 

Rainfall averages range from 300 mm per year, at the driest areas of the region, to 1000 

mm per year, which is considered the upper limit of the rainfall for the semi-arid region. 

The majority of the semi-arid region (54% of the area) receives between 500 and 750 mm 

of rainfall per year, while 29% receive between 750 and 1000 mm per year, and the 

remaining 17% receive less than 500 mm per year. Soil water stress is not uniform 

throughout the year, because rainfall precipitation generally occurs for only 2 to 4 months 

per year (FIBGE 1985), which leads to 6  to 10 months of soil water stress (FIBGE 1977).

11
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Therefore, considering the losses due to evapotranspiration and without taking into 

account water redistribution within the landscape, plant growth is limited by soil moisture 

for most o f the year, which limits both agricultural and livestock production.

W ater availability is not limited only by low levels of rainfall precipitation and 

high PET, but also by the high spatial and temporal variability of the rainfall events 

within the region, and this variability may strongly affect the dynamics of ecosystem 

processes. Caughley et al. (1987), working on arid and semi-arid environments in eastern 

Australia, identified the coefficient of inter-annual variation (CV) as a good indicator of 

ecosystem dynamics. Environments that had CV’s higher or near 30 %, were dominated 

by variability rather than by average conditions, whereas in areas with CV ’s bellow 20 %, 

animal populations were relatively stable and developed a strong feedback with plant 

productivity (Ellis, 1994). In certain areas of semi-arid northeastern Brazil, the CV ’s for 

annual rainfall averages are greater then 50% (FIBGE 1977). However, despite the high 

variability in most of the region, there are no studies in semi-arid northeastern Brazil that 

relate rainfall variability with agricultural or livestock productivity.

W ater availability is also affected by the redistribution o f water within landscapes. 

Runoff from upper landscape positions flows to lower landscape areas and eventually 

escapes through drainage channels. The partition between runoff and infiltration will 

depend on the intensity of the rainfall events, infiltration rates, and topography. There are 

available data on the infiltration rates of the soil types within the northeastern Brazil, and 

also on the intensity o f rainfall patterns across the region (FIBGE 1977). The

12
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combination of these data sets with topography maps could yield maps of the 

susceptibility of soils to rainfall erosion (Leprun 1983). In general, the water infiltration 

rate in soils of semi-arid northeastern Brazil is fairly high, with the exception o f Non- 

Calcic Brown soils (Ustalf), Vertisols (high content of shrink and swell clays), and 

Solonetz-Solodizados (high sodium content), which have average infiltration rates o f 32, 

24, 8  mm h '1, respectively. For this reason, runoff rates are usually low, as demonstrated 

by the data from the main watersheds of the semi-arid northeastern Brazil, in which 

surface runoff ranges from 3 to 13% and sub-surface runoff ranges from 1 to 5% of total 

rainfall precipitation (Gondim Filho 1994). Therefore, more than 80% of the rainfall 

precipitation returns to the atmosphere through evapotranspiration, and less than 2 0 % 

could be diverted to increase the water inputs in other areas through irrigation. However, 

because the runoff data cited above corresponds to data from major rivers within the 

region, the redistribution within landscapes is not included. Therefore, the availability of 

water in hillslopes will certainly be limited by surface runoff losses, which diminishes 

water availability and the potential for agricultural production in the hillslopes.

Due to runoff and water redistribution within landscapes, the valleys are the 

patches of landscape that receive the most water. Mainly for this reason, but also because 

the soils in the valleys are often deeper than in the hillslopes, the valleys are the prime 

land for agriculture in the semi-arid northeastern Brazil (Sampaio and Salcedo 1997). It 

is estimated that the area of valleys within the semi-arid northeastern Brazil should 

correspond to approximately 15% of the total area of the region (Sampaio and Salcedo

13
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1997). However, to this day, there are no available maps describing the extent o f the area 

and distribution of valleys within the semi-arid northeastern Brazil, even though all the 

necessary information (such as topography and land-use maps) is available in the 

government institutions responsible for remote sensing operations. These maps are 

essential for supporting land-use planning and agricultural operation within the region, 

therefore every county should be mapped at a scale of at least 1:50,000 or 1:100,000.

A portion of the water lost through runoff eventually accumulates in artificial 

reservoirs or infiltrates to the groundwater table at different depths, and the remaining 

water eventually reaches the ocean. The reservoirs can be used to support the water 

supply to crop plants through irrigation. Large irrigation project sponsored by 

government agencies can be found next to the major rivers and reservoirs within the 

semi-arid northeastern Brazil. Currently, these large projects cover an area of 

approximately 1 % of the total area of the region. Even if all potential areas are put under 

irrigation, only 5% of the area o f semi-arid northeastern Brazil can be irrigated, due to 

soil and/or water quality limitations (Sampaio and Salcedo 1997). In all the areas where 

irrigation projects were implemented, agricultural productivity is extremely high and the 

overall quality of life of the population has increased (Gomes and Vergolino 1995). For 

these reasons, most government resources towards agriculture have been allocated to 

these small areas. However, because these systems are not characteristic of the majority 

of the area o f the semi-arid region, we will not further discuss it in this paper.

14
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Redistribution o f water within a field or between adjacent fields also has potential 

to increase water availability for crops. Such systems are utilized in arid and semi-arid 

regions around the world, and the proportion between the area that captures and area that 

receives water depends on the water demand and soil infiltration rates (Silva and Porto 

1982, Reij et al. 1988). The estimation of the amount of runoff to be redistributed within 

the landscape must take into account the probabilities of different intensities of rainfall 

events, water infiltration rates for the soil, and topography. W ater infiltration rates will 

depend on several aspects, such as soil texture, the presence and type of crop residue or 

cover crop, soil moisture content, and the occurrence, or not, of crusting at the soil 

surface. The length and degree of the slopes are the main variables related to topography 

and, within the semi-arid northeastern Brazil, these variables are used to divide hillslopes 

into two categories: ‘short’ and ‘long’ hillslopes (Reij et al. 1988). Short hillslope 

systems (also called microcapture watersheds) vary between 25 and 100 m in length, 

according to different authors, and are usually easier and less costly to build. They 

include structures such as small holes dug with a hoe at the time of sowing, wider 

trenches or walls built in “V” or “W ” shape that direct runoff water to the plants, or 

contour walls and terraces. Long hillslope systems (macrocapture watersheds) generally 

include a hillslope for water capture and a lower area (valley) that receives the captured 

water. These systems require the construction of walls using soil, bricks, or stones, and 

often also include contour walls and terraces. Generally, long hillslope systems are built 

in areas with slopes less than 5%. All these systems have a relatively simple design,

15
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but may require a considerable amount of labor for construction and maintenance, 

therefore there has not been much acceptance by the farmers. One of the problems with 

the government extension programs that promoted such systems, was the lack of 

incentives for the maintenance of the structures, which did not encourage farmers to keep 

the systems functioning properly long enough to experience the long-term benefits of 

these systems. The choice of crops is critical for the success of these systems, and usually 

better results have been obtained with trees and shrubs rather than with annual crops.

Systems for capture of water in the subsoil of riverbeds can be found in some 

semi-arid regions around the world (Reij et al. 1988), and are commonly found in semi- 

arid northeastern Brazil. Also know as “dry reservoirs” these systems have underground 

dams, with variable permeability to water, that retain the underground flow of water in 

confined areas. Usually, the area of the reservoirs silts up and forms sites with reasonably 

deep soils that retain water for long periods, due to the considerably low evaporation 

rates, when compared to reservoirs that store water above the soil surface. Deep-rooted 

crops can usually develop well and produce good yields even in years of lower rainfall 

levels. These systems, most o f the time, require a relatively high initial investment but 

last long and are potentially profitable. In semi-arid northeastern Brazil, the work by 

Padilha (1994) has demonstrated the viability of such systems.

2.2 -  Plant adaptations to arid environments
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M ost of the dry matter of plants is formed from fixation o f atmospheric COi 

through photosynthesis. The photosynthetic process only works when the plant tissues 

present a relatively high degree of hydration. Therefore, terrestrial plants, specially those 

developed in water limited environments, usually present structures to avoid dehydration 

in the form of external tissues or waxes that reduce water losses. However, the necessary 

uptake o f CO2 uptake through the stomata is also coupled with water losses. Whenever 

water availability to the plants is reduced, the stomata close to avoid further water losses, 

but in the same process CO? uptake stops. For this reason, plant productivity in semi-arid 

regions is usually lower than in more mesic areas (Schlesinger 1997).

In semi-arid environments, plants usually present adaptive mechanisms to coup 

with water stress. These mechanisms, according to Boyer (1996), are of three main types: 

(I) rapid growth during the wet season, avoiding water stress; (2 ) increase in the ability to 

take up soil water; and (3) tolerance to water stress. We can also add: (4) reduction of 

water losses during non-photosynthesizing periods; and (5) increase in water use 

efficiency during photosynthesis. In this paper, we do not intend to discuss in detail any 

of these processes, but we will briefly comment and give examples o f each of these 

mechanisms by plants found in semi-arid northeastern Brazil.

Even when plants are not photosynthesizing and the stomata are closed, a small 

amount o f water is lost due to the incomplete closure o f stomata or by diffusion through 

the external plant tissues. In the case o f plants from mesic environments (some found in 

irrigated areas in semi-arid northeastern Brazil), these losses could be considerably high
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and dehydration may occur if water is not replenished constantly. In plants from drier 

environments these losses are reduced, and could be substantially small, such as for some 

Cactaceae (Opuntia ficus-indica), Bromeliaceae (Ananas comosus), and Agavaceae 

(Agave spp). These plants present modifications in the external tissues (waxes, hairs, and 

position of stomata) that reduce water losses at low metabolic costs.

The reduction of water losses during the process of photosynthesis is characteristic 

of plants that utilize the crassulacean acid metabolism (CAM) for CO2 fixation, such as 

the three families cited above. Essentially all CAM plants evolved in water-limited 

environments such as in deserts or tree canopies without access to large volumes o f soil 

(Mizrahi et al. 1997). The photosynthesis process of CAM plants is divided in two 

stages: CO2 fixation at night, when temperatures are lower and relative humidity is 

higher, and conversion of CO2 into carbohydrates during the day. This mechanism has 

high water use efficiency (WUE), in some case allowing the production of 1 g o f dry 

biomass per 50 g of water used (Boyer 1996). Even though the separation o f the two 

processes may lead to an overall low net primary production, which is generally 3 to 5 

times lower than C 3 or C4 plants, it may allow for survival under water limiting 

conditions.

Plants that develop exclusively during the wet season are usually annual 

herbaceous plants that avoid water stress by finishing the cycle within 2 to 4 months. 

Usually, these plants allocate a great portion o f their resources to reproductive structures
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and very little in mechanisms to coup with water stress. In semi-arid northeastern Brazil 

these plants are represented by some annual crops and several native species.

The ability to increase the uptake of water from the soil usually involves the 

development of rooting systems deep into the soil, such as Ziziphus joazeiro, or well 

developed laterally, which is the case of O. ficus-indica. Well developed rooting systems 

do not imply high WUE, but allows the exploration of larger volumes of soil and the 

utilization of soil water outside the rooting depth of many other plant species growing in 

the same site. In general, plants from drier environments present a higher proportion of 

belowground biomass when compared to plants from mesic areas (Holbrook et al. 1995). 

This mechanism can be observed in plant species with annual cycles, such as pearl millet 

{Pennisetum glaucum  (R.) Br.), but it is more commonly found in perennial species, 

since it requires a high allocation of biomass into the rooting system. Deep rooting 

systems will only be viable in soils with deep profiles, and it will be more efficient in 

lower landscape areas with accessible groundwater tables.

Tolerance to dehydration can involve mechanisms such as leaf abscission during 

the dry season. Some non-deciduous plants can be found in semi-arid northeastern 

Brazil, but generally the leaves of these species can be shed if water stress becomes more 

intense (Holbrook et al. 1995). Non-deciduous plants usually have leaves that are 

adapted to water stress, low osmotic potential in the vacuole, low nutrient concentration, 

and high weight (M edina 1995).
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2.3 -  Land use systems in highly variable environments

All the mechanisms of plant adaptation to tropical semi-arid environments 

indicate a great evolutionary diversity of vegetation in these regions. Tropical semi-arid 

environments present a greater diversity of life forms than vegetation in tropical humid 

environments, even though the species diversity is higher in humid regions (Medina 

1995). This diversity of life forms allows for the use of resources in different niches, 

under varied scales of time and space, and leads to a greater stability than in less diverse 

systems, such as agricultural fields (Chapin et al. 1997, Coughenour et al. 1985).

Generally, the greater the functional diversity of a system, the greater the energy flux and 

the resilience to environmental disturbances (McNaughton 1977). Coughenour et al.

(1985) studied energy extraction and use by the Ngisonyoka, a group of nomadic 

pastoralists of Kenya, and found that the pastoralists could persist in a droughty 

environment through the diversification of primary and secondary producers. The 

Ngisonyoka harvested solar energy from a relatively diverse assemblage of energy flow 

channels, and this diversity allowed them to tolerate abiotic variability and stabilize 

energy flow during severe droughts, even though energy utilization and conversion 

efficiencies were generally low. However, because that is a maintenance-oriented rather 

than a production-oriented system, it promoted ecological stability.

The data on water availability and plant WUE available in the literature for semi- 

arid northeastern Brazil allow us to perform a gross estimation o f the maximum 

production in the region. In plateaus and hillslopes, rainfall levels minus the losses due to
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runoff define the water inputs. The greater portion of these areas receives less than 750 

mm of rainfall precipitation per year and loses 1 0  to 2 0 % of this amount as surface 

runoff. Therefore, only 650 mm or less would be available for evapotranspiration, which 

corresponds to 6500 Mg ha ' 1 year'1. Assuming an average WUE of I g of biomass to

1 , 0 0 0  g of water, in order to account for evaporation and other losses, the maximum 

production in these areas would be around 6.5 Mg ha ' 1 y ea r1, including belowground 

biomass. There is little data on the productivity of agricultural and natural systems in the 

region, but the published studies report productivities ranging from 0.5 to 5.0 Mg ha ' 1 

year ' 1 (Sampaio 1995).

In the valleys and lower landscape areas, water availability would be higher due to 

transfers of water within the landscape, therefore the productivity in these patches would 

range from at least the same productivity of the slopes to the productivity of areas with no 

water limitation. There is no available data to describe the range of productivities in 

these areas, therefore we will estimate the amount of water that would be necessary to 

irrigate a patch of land in a valley for the whole year. If we want to deliver water at the 

same rate as the PET by collecting runoff water from adjacent fields, the runoff from 

approximately 1 0  ha would be required to permanently irrigate an area of 1 ha, which 

means that approximately 10% or less of the total area of semi-arid northeastern Brazil 

could be irrigated using runoff from rainfall events. In these irrigated areas, the 

production of biomass using C4  plants (sugarcane, for instance) could reach 50 Mg ha' 1 

year'1. These very rough estimates may be useful for the establishment of minimum and
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maximum limits of productivity in systems within semi-arid northeastern Brazil. They 

are supported by previous estimates that the total area that can be irrigated is under 1 0 % 

of the area (Sampaio and Salcedo, 1997; Silva Filho, 1988) and that maximum 

productivity in the non-irrigated areas will be around 5 Mg ha ' 1 year'1.

The levels of productivity mentioned above refer to the total net primary 

productivity. Most agricultural products represent just a portion o f  the net primary 

production, generally the reproductive structures (maize, beans, cotton), roots (cassava), 

or leaves (Agave). The ratio between the biomass harvested and the total biomass 

produced is the harvest index (HI). This index may be higher in herbaceous forage plants 

and can be 0 (zero) when water stress keeps grain crops from Finishing the cycle. The so- 

called “green-droughts” are common in semi-arid northeastern Brazil, in which grain 

crops produce a considerable amount of biomass, but end-up with an HI o f zero due to 

severe water stress at a critical period of the reproductive stage. Sampaio and Salcedo 

(1997) reported Hi’s of 0.3 for maize and beans in the sub-region o f the “Cariris-Velhos”, 

PB. However, as mentioned above, environmental variability can significantly affect the 

H i’s of agricultural crops in semi-arid northeastern Brazil.

In fact, high environmental variability must be accepted as an intrinsic 

characteristic of semi-arid northeastern Brazil. Until recently, views o f community and 

ecosystem patterns were based on the assumption that these systems were at or close to 

equilibrium, that is, were stable and had the ability to return to some previous state 

following perturbation (Wiens, 1984). This view was, in part, a legacy from the ideas o f
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the “balance of nature” from the ancient Greeks (Boecklen and Price, 1990). However, 

several recent studies have identified non-equilibrium conditions in many ecological 

systems throughout the globe (Wiens, 1977; Ellis and Swift, 1988; Boecklen and Price, 

1990; Strange et al., 1992; Ellis, 1994). As a consequence, the dominant paradigm of 

stability may lead to the failure of equilibrium-based land use management in systems 

that are rather dominated by stochastic events (Ellis and Swift, 1988).

For the farmers in semi-arid northeastern Brazil, a relative regularity in 

agricultural production and economic return is desirable but it is unlikely to be achieved 

based on the current land use systems. Irrigation may provide such stability, but only in a 

small area of the region where irrigation systems can be implemented. In the areas where 

dryland agriculture is the only alternative, the management of cropping systems will only 

ameliorate the fluctuations caused by environmental variability.

3 -  Current land use systems

Currently, most land use systems in semi-arid northeastern Brazil are based on 

three main activities, which most of the times occur simultaneously within farms: (I) 

agriculture, based on a few subsistence crops; (2 ) pastoralism, based mostly on cattle, but 

also on goats, sheep, and small amounts of other animals; and (3) gathering systems, 

based mostly on wood gathering for fuel. These activities can be classified into more 

detailed production systems, according to the scale o f production within different areas of 

semi-arid northeastern Brazil, as described by Sampaio et al. (1987). Each activity may
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occur within four main types of landscape patches that can be found across semi-arid 

northeastern Brazil (Silva et al. 1993), namely: (1) hillslopes and plateaus of volcanic 

origin; (2) hillslopes and plateaus of sedimentary origin; (3) valleys; and (4) high altitude 

humid microclimates or “Serras”(Sampaio et al. 1997).

Agricultural fields in the valleys and Serras are permanent or semi-permanent, 

while in the hillslopes and plateaus, slash and bum and shifting cultivation is the main 

type of agriculture. The classification of fields as permanent or not, is based on the 

frequency of cultivation. Fields that are cultivated for at least 70% of the time and are left 

fallow for 30% or less of the time are considered to be permanent (Norman et al. 1984). 

The main crops that are grown in the region are maize (Zea mays), beans (Phaseolus 

vulgaris), cassava (M anihot esculenta), and cotton (Gossypium  spp.) (SUDENE 1997).

In the Serras, sugarcane and vegetables are also common. No official survey of the area 

currently occupied by agriculture in the semi-arid northeastern Brazil has been done, but 

estimates usually report that less than 1 0 % of the total area is used for agriculture 

(Sampaio and Salcedo 1997). Since the economic return of agricultural operations is very 

low, the area planted with crops seems to be decreasing in the less productive landscape 

patches, such as the hillslopes and plateaus, during the last decades. Pastoralism is 

one of the main activities in most farms and is ubiquitous to the whole region. Generally, 

livestock operations are extensive, with low animal density per area and low productivity. 

A few areas, mostly in the transition from the semi-arid to the more humid regions that 

surround it, present more favorable conditions for livestock operations and are
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responsible for most o f the milk production within the region. In addition, a few 

relatively more intensive dairy operations can be found around the cities. A small but 

growing area of artificial pastures can be found, even though livestock grazes mostly on 

native vegetation. The use of cultivated 0 . ficus-indica  as a dry-season forage is very 

common. In the valleys and some areas of hillslopes, cultivated forage grasses and 

Prosopis juliflora  can be found, and crop residues are almost always used as animal 

fodder.

The gathering of wood for fuel used to be integrated with the shifting cultivation 

cycle. The wood from slashed trees was sold at the beginning of the cultivation cycle to 

help paying for the cost of slashing and planting. However, due to the increase in 

population and lack o f new areas to slash, in combination with a decrease in the time left 

for fallow, agriculture and wood production are becoming increasingly disconnected.

Even though it does not currently happen in a large scale, the slash of forests for the sole 

purpose of wood gathering (without subsequent cultivation of crops) is expected to 

increase, as a way to obtain some economic return from the areas in which agriculture is 

not economically viable. The extraction of waxes from some native trees and fruit 

production by Spondias tuberosa also represent gathering operations within the region 

that are of relative economic importance.

4 -  Sustainability of agricultural systems

4 .1 -  Agriculture in the hillslopes and plateaus of volcanic origin
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Among the three main economic activities within the semi-arid northeastern 

Brazil (agriculture, pastoralism, and gathering systems), agriculture is the least 

sustainable, based on the current techniques of production. The total area used for 

shifting cultivation in the hillslopes and plateaus is likely to decrease in the near future. 

Agricultural pressure in the past has degraded large portions of these areas, especially 

those that are unsuitable for cropping but were put under cultivation. Therefore, we may 

observe an increase in the areas left for fallow, allowing regrowth of native vegetation. 

Water availability in the hillslopes and plateaus is generally low, which limits crop yields. 

Since no animals or tractors are used in most of these fields, the economic return per 

capita is also low. and this low inherent productivities is worsened by the periodic 

droughts. The productivity of maize and beans, the main crops grown, averages 800 and 

390 kg ha '1, respectively, in non-drought years, and small farmers generally do not 

cultivate more than 2 or 3 ha. Cotton used to be a traditional crop for the hillslopes and 

plateaus, but decreases in productivity due to soil erosion, and the arrival of boll weevil 

has lead to a significant reduction in the area planted with cotton. There used to be 

significantly large areas planted with Agave for fiber production, but the low 

productivities associated with the competition by synthetic fibers has practically 

eliminated the cultivation of this Cactaceae (Sampaio et al. 1987).

Therefore, unless innovative techniques or crops are introduced into the region, 

agricultural productivity and economic return in the hillslopes and plateaus will remain 

low. Consequently, cultivation of subsistence crops may decrease sharply in these areas,
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because ( 1 ) the improvement of roads and transportation in the region will guarantee the 

supply of low cost, government subsidized subsistence food products; (2 ) improvements 

in education opens new opportunities for young people in the cities stimulating migration 

to the urban centers; and (3) the increasing number of rural workers under government 

welfare programs will tend to be less likely to venture into the high-risk and labor 

demanding subsistence cropping operation. In many cases, subsistence cropping in 

hillslopes and plateaus is only maintained due to the need to secure land tenure by leaving 

some family members living in the farm, while the others, generally the young men, 

migrate to the cities to find jobs.

Very little can be done to increase the sustainability of the current agricultural 

systems in the hillslopes and plateaus. Most of the cultivated crops, especially maize and 

beans, are not adapted to the environmental conditions of semi-arid northeastern Brazil. 

Maize is particularly sensitive to water stress during the flowering period (Norman et al. 

1984), and not much can be expected from any genetic improvement to improve its 

resistance to water stress (Boyer 1996). Cultivation of sorghum (Sorghum bicolor) and/or 

pearl millet or at least the rotation o f maize and beans with these and other crops such as 

pigeon pea (Cajanus cajart), could increase agricultural productivities. The main 

problems in the cultivation of sorghum are the higher susceptibility to diseases and 

insects within the region and the low acceptance by farmers.

Intercropping o f alternative crops would increase the diversity o f agricultural 

systems, which could lead to more stability, but no data in semi-arid northeastern Brazil
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is available regarding such effects. In general, more diverse systems are less likely to be 

susceptible to diseases and insects. Agrosilvopastoral systems could also have potential 

for increasing the sustainability and economic return of these systems (Sanchez 1995). 

However, when intercropping trees with food crops and pastures, it is important to assess 

if the effects of competition do not overcome the advantages of the presence of the trees 

(Rhoades 1997). Since most soils in the hillslopes and plateaus are quite shallow, it is 

likely that agrosilvopastoral systems in semi-arid northeastern Brazil would work best in 

the valleys.

Increases in the use of tractors could allow the cultivation of large areas per capita 

and maybe bring increases in the economic return o f the operations, but the depth of the 

soils and the presence of stones in the soil surface limits the area where tractors could be 

used. In addition, mechanization in these shallow soils could lead to serious erosion 

problems (Leprun and Silva 1985. Sampaio and Salcedo 1997). The construction of 

stone walls and contour terraces could help reduce runoff and soil erosion (Reijntjes et al. 

1994). However, these structures require intensive labor and may break under the high 

intensity rainfall events that are common in the region.

Losses of P during the burning of the native vegetation at the beginning of the 

cropping cycle (Kauffmann et al. 1993) is a problem that may not be noticed in a short 

term scale, but could significantly affect the sustainability of these systems (Sampaio et 

al. (1997).
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4.2 -  Agriculture in the hillslopes and plateaus of sedimentary origin

A great portion of the area of the hillslopes and plateaus of sedimentary origin has 

sandy soils, which generally have low water retention capacity and low fertility. In the 

areas with lower rainfall precipitation, agriculture has never been very significant due to 

the lack of adequate amounts of water for annual crops. In the more mesic areas, cassava 

and cashew (Anacardium occiden ta l. L.) are commonly found and, on average, produce 

10,500 and 250 kg ha ' 1 year'1, respectively. The soils in these areas are generally P 

deficient, but fertilizers are not used either because of the ignorance of their existence or 

because of the perception that they do not bring any benefit (Sampaio et al. 1995). 

Considering the residual effects of the application of chemical fertilizers, the application 

of small amounts could potentially be profitable, but long-term field trials are still need to 

determine the extent of these benefits (Sampaio et al. 1995). Application of animal 

manure generally improves soil fertility and water retention. However, due to the limited 

availability of manure, usually only small gardens next to the homes receive significant 

amounts of manure. Areas with flat relief are predominant and are adequate for the use of 

tractors. In the more hilly areas, the construction of terraces may help reduce runoff and 

soil erosion (Reijntjes et al. 1994).

The choice of crops to be adopted will depend on the combination o f soil fertility 

and rainfall precipitation of each specific site. In areas of lower soil fertility, such as the 

Chapada do Araripe, for instance, low soil fertility levels make it impossible to grow 

successful crops of maize and beans. In these areas, the main crop is cassava, which can
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produce well in conditions of low soil fertility and moderate water (Norman et al. 1984). 

Cassava has several characteristics that make it a suitable crop for that area, such as a 

well developed rooting system, and the option to delay the harvest without deterioration 

of the roots. Even though cassava grows well in low fertility soils, it responds well to 

fertilization and removes a significant amount of potassium. Pigeon pea and pumpkin are 

also grown during the first year after the slash of the native vegetation, when soil fertility 

levels are still high. Intercropping sorghum or, more importantly, pearl millet with maize 

and beans could increase the productivity of these systems, due to the higher ability of 

these plants to grown on dry. low fertility soils (Norman et al. 1984).

Cashew trees are grown in the more mesic areas of sedimentary origin, mostly in 

the zones of transition to more humid regions. It is grown as a monoculture or 

intercropped with some grain crops or in association with livestock. Cashew nuts are a 

valuable commodity, but the cost of transportation and price fluctuations in the 

international market can be serious obstacle to the profitability of this crop.

Some patches within the areas of sedimentary origin are originated from 

calcareous parent material and present soils with good fertility and moderate water 

retention capacity. One example of these patches is the region of Irece, in the state of 

Bahia, where beans are the dominant crop. Productivities could possibly be increased by 

the application of chemical fertilizers or by an improvement in the efficiency o f Nt 

fixation by the main cultivars utilized.
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4.3 -  Agriculture in the valleys

The suitability of dryland agriculture in the valleys depends on the amount of 

water transferred from the slopes and retained in the soils in the valleys within each 

watershed. There are no official numbers on the total area or distribution of valleys 

within semi-arid northeastern Brazil, even though these represent the best soils for 

agriculture. Despite the higher availability of soil water, agriculture is generally 

performed in the valleys mostly during the wet season. However, a small portion o f the 

valleys may present the necessary conditions for continuous agriculture.

Usually, a relatively high diversity of crops may be found in the valleys, but the 

main crops are maize and beans, and also dwarf cotton, which has an average yield o f 480 

kg ha '1. Further increases in the diversity of crops could increase the sustainability of 

these systems, if competition for soil moisture is not very intense between the 

intercropped plants, and the introduction of N fixers may increase soil fertility. Maybe 

the introduction of sorghum or millet could increase yields, because of the relatively high 

productivity of these crops under conditions of water stress. The diversification of 

functional groups with the introduction of trees or shrubs could also increase the 

productivity of these systems, by increasing the capture o f water and nutrients from 

deeper soil layers (Rhoades 1997. Sanchez 1995). Moderate densities of trees and a 

regular pruning regime could allow for the increase o f soil organic mater levels in these 

systems (Menezes and Salcedo 1999, Sanchez 1995). Trees should always be preserved 

along the river and streams, in order to reduce the risks o f soil erosion. Oiticica (Licania
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rigida . Benth.) trees were, in the past, preserved along the rivers, mainly in the states of 

Ceara and Rio Grande do Norte, but nowadays are being eliminated from the landscape.

An alternative to increase water availability could be the adoption of techniques to 

redistribute the intercepted rainfall within the fields (Silva and Porto 1982, Reij et al.

1988, Reijntjes et al. 1994). Some of these techniques are: (1) deeper and wider sowing 

pits; (2) clearing and impermeabilization of the soil in the areas of water capture; (3) 

construction of large ridges with a “V” or "W ” shape to direct water to the sowing pits; 

and (4) construction of *‘dry" reservoirs, as discuss previously in this paper. In addition, 

soil cover usually helps preventing water evaporation. Several materials may be used as 

soil cover, such as crop residues, plastic, or stones. Usually, farmers do not apply any soil 

cover, mostly because of the high value of crop residues as animal fodder and the high 

labor intensity or cost required by other materials.

The soils of the valleys are usually moderately fertile, but can be limited by the 

availability of N and P. especially under continuous cultivation (Sampaio et al. 1995).

The levels of soil organic matter are generally low, and practices such as the utilization of 

crop residues as animal fodder and the failure to return animal manure to the fields 

contribute to further decreases in soil organic matter levels. The use of fire to eliminate 

regrowth of native vegetation should be avoided, in order to preserve the C and N in the 

aboveground material within the system, and the use of residues as soil cover, or cover 

crops should be encouraged.
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Tractors are used, but only rarely and in a limited number of farms. Increases in 

mechanization could increase productivity per capita but would likely decrease the 

demand for hired labor within farms and increase unemployment in some areas of the 

region.

An important factor related to the sustainability of agriculture in the valleys is the 

integration of crops and livestock and the ‘competition’ between forage or crop 

production. The partitioning of the area used for food crops or for forage production 

depends on the size of the total area of valley available within a farm. Small valleys in 

large farms are usually used for forage production, while valleys in small farms are 

primarily dedicated to agricultural crops. Large valleys in large farms usually have both 

food crops and forages, but the partition between these depends on the water availability 

and the main type of activity within the farm (agriculture or livestock production).

4.4 -  Agriculture in the high altitude humid microclimates

High altitude humid microclimates (Serras) receive significantly higher amounts 

of rainfall precipitation than the surrounding areas. Agriculture is usually practiced 

continuously or semi-continuously and population densities are quite higher than the 

remaining areas of semi-arid northeastern Brazil. The Serras are usually located in the 

areas of transition between the semi-arid region and more mesic areas of other regions, in 

areas of sedimentary as well as volcanic origin. However, there has not been yet a precise 

demarcation o f all these areas in the maps of the semi-arid northeastern region.
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These areas tend to be hilly and, because soils are generally shallow, soil erosion 

may become a serious problem (Sampaio and Salcedo 1997). The use of soil 

conservation practices is not common, but there have been reports of farms that used 

large stone walls to contain soil erosion. Fruit trees, which provide permanent soil cover, 

and vegetables grown with intensive labor in small plots, have demonstrated to decrease 

erosion rates in those areas (Freitas et al. 1981). Policy makers, through market 

incentives, should encourage increases in the area grown with these crops.

5 -  Sustainability of pastoral systems

Livestock production was the basis for the colonization of semi-arid northeastern 

Brazil by Europeans, and to this day it continues to be the most significant economic 

activity. Livestock production is less affected by water stress than agriculture, being 

primarily dependent only on the amount of water necessary for the animals to drink.

Forage production also depends on water availability, but several mechanisms contribute 

to increase the resilience of livestock operations to water stress: ( 1 ) the reduction in the 

availability of forage may lead to animal weight loss, but weight gain may compensate 

these losses with the arrival of rains; (2 ) the harvest index of forage crops is usually high, 

and biomass production by these plants do not depend on water availability during any 

specific developmental stage; (3) at any given time when rain stops, the forage biomass 

produced can be used, therefore droughts may reduce forage yields but not as 

dramatically as for grain production; (4) a great diversity o f plants may be used for forage
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production in semi-arid northeastern Brazil, including several genetically improved 

herbaceous or woody native species, which allows for a more efficient use of the 

available resources; and (5) forage can be imported or animals can be exported to other 

areas in the years of very severe droughts.

Mostly for these reasons, livestock production is a more sustainable system than 

agriculture in semi-arid northeastern Brazil. The stability of livestock operations in this 

region is usually increased by the presence of more than one species of animal, such as 

cattle, goats, sheep, horses, and donkeys. In addition, pigs and poultry are also commonly 

raised in farms in the region, but generally only in a small scale, next to the house, to 

serve as a supplement to the diet of the family. Livestock production is the main activity 

in the hillslopes and plateaus of volcanic and sedimentary origin. The majority of the 

non-cultivated area within the semi-arid northeastern covered with native vegetation, 

which corresponds to 90% of the total area, is used as rangeland. Stocking rates are low, 

due to low production of forage biomass by the native vegetation. Forage production can 

be increased in the native vegetation by selective thinning and pruning, as demonstrated 

by the studies of Araujo Filho and Carvalho (1996). The implementation of artificial 

pastures after the slash of the native vegetation is common, since it can be easily done 

with tractors. However, areas that have been completely cleared of trees for pasture 

implementation may have severe decreases in productivity after a few years after the 

clearing, due to sharp decreases in soil organic matter and nutrients (Tiessen et al. 1994).
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In addition to forage grasses, O. ficus-indica  is also cultivated in slopes and 

plateaus of volcanic origin to be used as a forage reserve during the dry-season. The use 

of O. ficus-indica  significantly increases the resilience of livestock operations to 

fluctuations in water availability, and can produce relatively high amounts o f biomass 

(Mizrahi et al. 1997). The cultivation of 0 . ficus-indica  in large scale will depend on the 

creation of a permanent market for this forage, which could be supported by companies 

that produce animal feed in search of an alternative cheaper than com.

Chemical fertilization of artificial pastures is not common, and native pastures 

never receive any type of fertilization. It is likely that, similar to the response o f crop 

plants, pastures could respond to the application of P in the areas of sedimentary origin 

with low soil fertility. Usually, the animals need to receive supplements of P and Ca, 

otherwise severe deficiencies of these elements may occur.

Crop residues from valleys or other areas are used as animal fodder in the farms 

that carry both livestock and agricultural production and, in the exclusively agricultural 

farms, they are sold to pastoralists. The removal of crop residues may lead to a reduction 

on the levels of soil organic matter, but there are no studies on the dynamics of soil 

organic matter under different land-use types in semi-arid northeastern Brazil.

6 -  Sustainability of gathering systems

The harvest o f wood for fuel is usually not as affected by the inter-annual rainfall 

variability characteristic of semi-arid northeastern Brazil, since it integrates the growth of
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plants during several years. The ability of the native vegetation to alternate periods of 

growth and stagnation depending on water availability, and to withstand long periods of 

water stress, allows the constant production of biomass under severely stressful 

conditions. The vigorous resprouting after the slash of native vegetation contributes to 

the rapid regrowth after a cropping cycle (Sampaio et al. 1998). The sale of wood as fuel 

corresponds to the second most profitable use of the native vegetation, after the use o f the 

vegetation as forage for cattle. In the past, wood extraction was associated with the 

shifting cultivation cycle, and was an important income to help paying the initial costs of 

planting. However, in the last few years, the demand for fuel wood by cement and brick 

factories, along with other types of industry, has led to an increase in the rates of wood 

extraction from native forests. Shorter fallow periods have led to decreases in wood 

productivity in the last few years. In several states, studies about the extent of the use of 

wood as fuel have been conducted and this data is available (PNUD - FAO - IBAMA - 

SUDENE 1993).

After most of the wood is removed from a site, the small branches and litter are 

burned if agriculture or the implementation of pastures will follow. The fire facilitates the 

operations of planting, but may lead to significant losses o f C, N, and P from the above 

ground biomass (Kauffman et al. 1993). Vegetation regrowth and input from N fixation 

can replenish losses of C and N. but the losses of P are less reversible. Short-term effects 

of P losses are difficult to detect within the few cropping cycles during the lifetime o f a 

farmer, but in the long-term these losses may affect the sustainability of these systems.
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Controls on the frequency and intensity of wood harvesting and burning should be 

imposed through policy regulation. The frequency of fires and wood gathering should be 

determined based not only on the subsequent biomass production or the preservation of 

soil P during the fire, but should also allow the full regeneration of the native plant 

communities to a late succession stage in some areas, as a way to guarantee the 

maintenance of the biodiversity of plant species. Late succession vegetation patches 

present plant communities with varied phenological states throughout the year (Machado 

et al. 1997). which may benefit faunal diversity and ecosystem structure and function in 

the region.

7 -  Conclusions

Due to the extremely high variability of inter-annual rainfall precipitation levels, 

the productivity of dryland agriculture and livestock production systems in semi-arid 

northeastern Brazil is characterized by sharp fluctuations. These fluctuations negatively 

affect the sustainability of those systems, leading to decreases in human development 

levels and environmental degradation. Alternative land-use systems should aim at the 

increase in the resilience of the production systems, reducing the impacts of abiotic 

disturbances on the productivity of such systems.

In a general way, the first steps toward the development o f alternative systems, 

should aim at the implementation of techniques to increase water capture and reduce 

water losses, in order to increase water availability for plants. Productivities may also be
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increase by the adoption of crops with high water use efficiency, and that are tolerant of 

water stress periods within the growing season that are common in semi-arid northeastern 

Brazil. Increases in the functional diversity o f plant and animals communities may also 

contribute to increase the resilience of land use systems to abiotic disturbances, by 

allowing an optimization in the use of resources available at different points in time and 

space.

In a more detailed analysis, the specific techniques that could increase the 

sustainability o f the three main economic activities in semi-arid northeastern Brazil 

(agriculture, pastoralism, and gathering systems) may vary within the four main landscape 

types (valleys, hillslopes and plateaus of volcanic or sedimentary origin, and high altitude 

microclimates), depending on the socio-economic and environmental characteristics of 

each landscape type.

The current dryland agricultural systems represent the least sustainable economic 

activity within semi-arid northeastern Brazil, mostly due to the susceptibility o f the 

currently grown subsistence crops to rainfall variability. Very little can be done to 

increase the sustainability of such systems, but the adoption of crops more adapted to 

conditions of water stress, such as sorghum, pearl millet, or pigeon pea, may improve 

yields. Increases in the diversity of crop plants through intercropping of drought resistant 

plants and traditional crop plants may be a viable option in terms of acceptance by the 

farmers.
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Agrosilvopastoral systems may also contribute to increases in economic return to 

the farmers and help to preserve soil organic matter and fertility in production systems in 

the region. However, additional studies are needed to determine the effects of 

complementarity and competition by different tree species when intercropped with 

pastures or food crops.

Usually, pastoral systems are not as affected by the inter-annual variability of 

rainfall precipitation. Because of this characteristic, pastoralism is the main economic 

activity in the hillslopes and plateaus of volcanic and sedimentary origin, which 

correspond to the driest patches within semi-arid northeastern Brazil. The majority of the 

90% of the area of semi-arid northeastern Brazil that is not cultivated with food crops 

each year are utilized as range for livestock. Due to current declines in the area destined 

to shifting cultivation every year, the area used as rangeland may increase even further in 

the future. The establishment of artificial pastures is common, as well as the cultivation 

o f Opuntia. This Cactaceae has good potential as a reserve forage crop to be used during 

the dry-season, due to relatively high productivity and quality of the cladodes as animal 

feed.

W ood gathering from native vegetation also represents an economic activity that 

is fairly resilient to the high rainfall variability, since it integrates the vegetation growth of 

many years. It is based on the ability of the native plants to stop growing during periods 

of water stress and recuperate quickly and grow fast when conditions are favorable. 

However, the sustainability of wood gathering systems will depend on the environmental
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characteristics and management practices within each specific landscape patch o f semi- 

arid northeastern Brazil. Policy controls should be implemented in order to guarantee the 

appropriate regeneration of the vegetation during fallow, in order to allow the 

maintenance of ecosystem structure and function.

Policy-making will play an important role in the implementation and control of 

more sustainable land use systems in semi-arid northeastern Brazil. However, a tight 

integration between farmers, extensionists, scientists, and policy makers is essential for 

the success and adoption of alternative techniques. Different mechanisms, such as 

incentives to the creation of markets for new products, along with price controls for new 

and traditional products, and the establishment of environmentally sound rules for 

controlling land use practices, will positively influence the sustainability of land use 

systems in semi-arid northeastern Brazil.
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Abstract

Studies from some semi-arid regions of the world have shown that trees promote the 

formation of resource islands and increase the sustainability of silvopastoral systems. No 

data is available in this respect for tree species o f common occurrence in semi-arid NE 

Brazil. In the present study, three tree species (Ziziphus joazeiro, Spondias tuberosa, and 

Prosopis juliflora) found within Cenchrus ciliaris pastures were selected to evaluate 

differences on herbaceous understory and soil chemical characteristics between samples 

collected beneath tree canopies and in open grass areas. Transects extending from the tree 

trunk to open grass areas were established, and soil (0-15 cm) and herbaceous understory 

(standing live biomass in I m ': plots) samples were taken at 0 ,25 , 50, 100, 150, and 

200% of the canopy radius. Higher levels of soil C, N, P, Ca, Mg, K. and Na were found 

under the canopies of Z  joazeiro  and P. juliflora trees compared to open grass areas.

Only soil Mg and organic P were higher under the canopies of S. tuberosa trees, in 

comparison to open grass areas. Herbaceous understory biomass was significantly lower 

under the canopy of S. tuberosa and P. juliflora  trees (107 and 96 g m '\  respectively), 

relatively to open grass areas (145 and 194 g m‘2). No herbaceous biomass differences 

were found between Z. joazeiro  canopies and open grass areas (107 and 87 g m ': , 

respectively). Among the three tree species studied, Z  joazeiro  was the one that 

presented the greatest potential for the establishment of sustainable silvopastoral systems 

in our study site, since it promoted nutrient accumulation in the soil without negatively 

affecting herbaceous understory biomass, relatively to open grass areas.

Index terms: Prosopis juliflora, Zyziphus joazeiro, Cenchrus ciliaris, Spondias tuberosa.
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Introduction

The semi-arid region of northeastern Brazil covers an estimated area of 6 to 9 x 

103 km: (Sampaio et al., 1995), which represents nearly 10% of the Brazilian territory.

The main vegetation type is deciduous thorn forest or thorn bush savanna known as 

caatinga. Rainfall precipitation, which ranges from 300 to 1000 mm y '1 in different areas 

o f the region, is concentrated in 3 to 5 months, but drought years are common and severe 

drought periods lasting 3 to 5 years have occurred every 3 or 4 decades (Sampaio et al., 

1995). The most common land use practices are based on shifting cultivation, 

establishment of livestock pastures, and fuel wood harvest (Kauffman et al., 1993), but 

productivity is usually very low (Sampaio et al., 1995).

Low agricultural productivities are mostly a consequence of practices such as the 

slash and bum of the native vegetation, applied by the majority of the farmers in the 

region. The use of fire to eliminate vegetation residues leads to significant decrease in 

soil nutrients (Salcedo et al., 1997). As a consequence of these nutrient losses, after two 

or three years the depletion of yields forces the farmers to abandon the land and clear 

another area to keep fanning. The area left to fallow eventually recovers its natural 

fertility after several years (Tiessen et al., 1992). However, due to the increase in 

population and reduction of land availability, several farmers return to the cultivated areas 

before allowing enough time of bush fallow. This fact helps to increase environmental 

degradation, because crop development is poor and the soil gradually loses its capacity to 

support vegetation growth.

The preservation o f trees during the slash of the native vegetation may lead to
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more sustainable dryland cropping systems for the semi-arid northeastern Brazil, where 

“sustainability” is used to define systems capable of supporting the local population while 

maintaining biodiversity and soil productivity for future generations. Based on studies 

from other semi-arid regions of the world, it seems that agrosilvopastoral systems have 

potential to fulfill these requirements. These studies have shown the beneficial effects of 

trees on agropastoral systems, represented by an improvement in soil nutrient and 

moisture levels, which resulted in an increased herbaceous understory biomass production 

under trees in comparison to open areas. These differentiated areas are known as 

resource islands (Reynolds et al., 1990), isles of fertility (W est, 1981), or fertile islands 

(Halvorson et al., 1995). Several mechanisms are involved in the formation of these 

differentiated zones, including increased litterfall, reduction o f soil temperature, and 

inputs via animals (Rhoades. 1995; Belsky et al.. 1993; W eltzin & Coughenour, 1990; 

Farrel, 1990; Tiedemann & Klemmedson, 1973). However, in some cases, trees do not 

have any significant effect on soil and herbs (Belsky et al., 1993), due to either the 

characteristics of the tree species, which is related to aspects such as the ability to 

associate with nitrogen fixing organisms, or the characteristics of the environment, such 

as amount o f rainfall.

In the last few years, some studies in the semi-arid region o f Brazil have been 

conducted in order to determine optimum tree density when thinning the caatinga to 

establish pastures for livestock (Araujo Filho, 1990; Silva et al., 1995). Higher plant 

biomass production was observed with a tree density corresponding to 30% of ground 

cover, resulting in significant increases in meat production o f goats, cattle and sheep. The
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questions addressed in these studies brought a significant contribution to the development 

of alternative dryland agricultural systems in the semi-arid, particularly regarding the role 

of trees in these systems. However, there are no available data on the dynamics of soil 

characteristics after tree density reduction, which is a crucial aspect to be considered in 

the assessment of sustainability.

The objective of this work was to quantify the differences in herbaceous 

understory characteristics and concentrations of soil nutrients between open grass areas 

and areas under the canopies of Z. joazeiro , P. juliflora , and S. tuberosa , in sites where:

1) native tree species were preserved during slash of the native vegetation for the 

establishment of buffel grass pastures, and 2) native vegetation was completely 

eliminated and buffel grass pastures were established intercropped with P. juliflora  trees.

Material and methods

Three tree species were selected for the study: 1) Spondias tuberosa Arruda, a 

deciduous native species, which is always preserved during the slashing of the caatinga;

2) Ziziphus joazeiro  Mart., a non-deciduous native species, also preserved during 

slashing; and 3) Prosopis juliflora  (SW.) DC., an introduced leguminous species 

intensively cultivated in the region, whose pods are a forage source for animals during the 

dry season.

Description o f  Study Area

The study was conducted in 1996 in a beef cattle ranch at Custodia, PE (8° 14’S
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and 37°45’W). Average rainfall precipitation at the site is 740 mm year'1 (data from  the 

records of the ranch) generally occurring from December to May. The area o f the ranch 

was originally covered with native vegetation, which was slashed with tractors in 1984, 

followed by manual removal o f the remaining bushes and tree stumps. The ranch has a 

total of three thousand hectares o f P. juliflora  orchards planted with a spacing o f 10 x 10 

m, intercropped with buffel grass (Cenchrus ciliaris), which is a perennial, drought 

resistant forage grass native to Africa. There were other large areas of established buffel 

grass pastures not planted with P. juliflora  where some native tree species, such as Z. 

joazeiro  and S. tuberosa, had been spared during the slash of the caatinga and left with an 

average distance of around 30 to 40 m between trees. The P. juliflora  orchards were 12 

years old, and all the native tree species selected were over 50 years old, according to the 

locals. The orchard area and that with native tree species represent different situations in 

terms of potential differences in soil and herbaceous characteristics within each system, 

since P. juliflora  trees were planted at the same time of the pastures while the native trees 

were already present when the pasture was established.

The pastures never received any chemical fertilization and were mowed with 

tractors every two years at the end of the dry season for controlling invasion by woody 

species. No fire is used in the management of the pastures. Animal density in the farm 

fluctuates around 0.17 animal h a '1, which is a relatively low density for buffel grass 

pastures in the region. Low animal density associated with high tree density in the 

pastures helped to reduce potential animal effects on the formation of fertility islands 

under the trees. The dominant soil type in the area is Bruno nao-calcico (Ustalf), with
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extensive patches of Regossolo (Orthent) in the lower parts of the landscape. Both soil 

types have a sandy loam texture in the top layer. The sampling areas were predominantly 

flat, with slopes ranging from 0 to 3%.

Soil and herbaceous understory sampling

Seven trees of each species were selected, giving preference to isolated mature 

trees. The selected individuals of P. juliflora were all located in areas of Bruno nao- 

calcico, while those of Z. joazeiro were in areas of Regossolo. Individuals of S. tuberosa 

are usually found in areas with both soil types, so four trees were selected in areas of 

Regossolo and three in Bruno nao-calcico areas. In each tree, canopy radius was 

determined by averaging the distance measured from the trunk to the canopy edge in four 

different directions. Soil samples were collected with a pickaxe and a shovel to a depth 

of 15 cm, and herbaceous understory samples were collected by clipping all standing live 

biomass in lm 2 plots. Both soil and plant samples were collected in a transect oriented to 

the north at distances which corresponded to 0, 25. 50, 100. 150. and 200% of the canopy 

radius, starting from the trunk. Mean canopy radius was 6.6 ± 0 .5 .4 .5  ± 0.5, and 5.3 ±

0.8 m for Z. joazeiro , P. juliflora, and S. tuberosa trees, respectively.

Herbaceous understory samples were taken at each sampling position of the 

transects in 1 m2(l,4  x 0,7 m) plots positioned transversely in relation to the transect. All 

standing live biomass was clipped to ground level and placed in paper bags. Following an 

oven-dry period of 48 h at 60 °C, forbs and grasses were separated and their individual 

dry matter weights recorded.
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Soil and plant tissue analysis

Soil samples were air-dried and passed through a 2 mm sieve. Organic P was 

estimated from the 0.5 mol L '1 H:SO.i extractable P in a soil sample ignited at 550 °C and 

an unignited sample (Olsen and Sommers, 1982). Inorganic P was extracted using resin 

bags (Sibbesen, 1977) and determined colorimetrically (Murphy and Riley, 1962). 

Exchangeable bases were extracted with 1 mol L '1 NH4CI. Calcium. Mg, and K in the 

filtered extracts were determined by atomic absorption and Na by flame emission 

spectrophotometry. Soil pH was measured in a 2.5:1 (watertsoil) suspension. The sand 

content was determined by passing a dispersed sample through a 0.053 mm sieve, after 

pretreatment with sodium hexametaphosphate solution. In a subsample ground to pass 

through a 0.25 mm sieve, total C was determined by wet oxidation-diffusion (Snyder and 

Trofymow, 1984) and total N by Kjeldahl digestion (Bremner and Mulvaney, 1982). In 

four trees of each species, soil bulk density was measured by taking two additional soil 

cores from both under canopy and open grass areas. The cores were 7.5 cm in diameter 

and 10 cm in height, and were taken from the 2 to 12 cm soil layer. Bulk densities of 

total soil and of soil fines (< 2 mm) were calculated for each soil type and sampling 

position in relation to the tree.

Plant samples were ground and subsamples digested with a sulfuric acid- 

hydrogen peroxide mixture (Thomas et al., 1967). The digests were analyzed for N and P 

by autoanalysis (Thomas et al., 1967), and for Ca, Mg, and K by atomic absorption 

spectrophotometry.
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Statistical analysis

Statistical analyses were performed using the SAS Statistical Package (SAS, 

Version 6.12, SAS Institute Inc., Cary, NC). Within each transect, samples collected at 0, 

25, and 50 % sampling positions were considered as ‘“under canopy", while those at 100, 

150, and 200% were defined as “open grass” . Comparisons of soil and plant 

characteristics between “under canopy" and “open grass" positions were performed by 

tree species through orthogonal contrasts. The dry matter and nutrient stock of the 

herbaceous understory had a log-normal distribution and, for this reason, statistical 

analyses were performed on the log-normally transformed data. Forbs were found mostly 

under the canopies, being almost absent in the open grass areas around the three tree 

species. For this reason, there were many missing points for forbs in the open grass areas, 

and statistical analyses plant for nutrient content were done only for grass samples.

Results and discussion

Soil characteristics

For the three species, there were no differences in soil bulk density or sand 

content between canopy and open grass areas. Average bulk densities for total soil 

(including gravel) were 1.12, 1.1, and 1.07 g cm '3 in the areas of Z. joazeiro, S. tuberosa, 

and P. juliflora, while bulk densities for fines only (<2 mm) were 1.08,0.85,0.93 g cm '3, 

respectively. Sand content averaged 709, 753, and 597 g kg'1 soil in areas of Z. joazeiro, 

S. tuberosa, and P. juliflora  trees, respectively. This lack o f differences allowed for the
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comparison of soil nutrient levels between canopy and open grass areas without the need

for soil texture and bulk density adjustments.

The concentration of all soil nutrients was higher under the canopies of Z. 

joazeiro  and P. juliflora  trees in comparison to open grass areas surrounding these trees 

(Table 1). Only the levels of soil organic P and of exchangeable Mg were significantly 

higher under the canopies of S. tuberosa than in the correspondent open grass areas 

(Table 1). Higher soil nutrient content is commonly observed under trees within tree- 

grass systems (Rhoades, 1997). This pattern likely originates from increased nutrient 

uptake by tree roots at both greater depths under the tree and in the surrounding soil, 

followed by the recycling of these nutrients to the area beneath the tree through litterfall 

and root turnover (Rhoades, 1997).

Concentrations of soil organic P and total C and N were very low in the 

Regossolo soil type, where Z. joazeiro  trees were located, independent of the sampling 

position (Table 1). The Bruno nao-calcico (BNC) soil type, which corresponds to the 

areas of P. juliflora  trees, has higher values of organic matter and exchangeable bases 

than the sandier Regossolo, but has very low concentrations of extractable Pi. The values 

for the S. tuberosa area are intermediate, since these trees were found in areas of both 

Regossolo and BNC. In general, the low values of total N and organic P observed in this 

study agree with reviews about the fertility status of soils in the semi-arid region of NE 

Brazil, that have indicated generalized deficiencies in N (Sampaio & Salcedo, 1997), as 

well as in P and K (Sampaio et al.. 1995).

The differences in soil nutrient content under and outside the canopies were
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converted to a hectare basis according to the soil bulk density of each area, and these 

values were adjusted to a 60% ground cover by the canopies, which was the average 

value observed in the P. juliflora  orchards. Under the assumption of similar tree densities 

for the three species, the differences in soil nutrient concentrations led to a relatively high 

net nutrient accretion under the canopies of Z. joazeiro  and P. juliflora  trees, in 

comparison to buffel grass areas without trees (Table I).

Characteristics such as tree species, age, gender (Rhoades et al., 1994;

Rhoades, 1995; Rhoades, 1997), or soil type (Campbell et al., 1994) may lead to a lack of 

tree effects on soil properties. In the present study, differences in average soil properties 

between samples under the canopy of S. tuberosa trees and open grass areas were very 

small (Table 1). One of the reasons for this lack of differences is the fact that S. tuberosa 

trees were located both in BNC and Regossolo soil types. The collection of samples from 

the two soil types led to a significant increase in the variability within each sampling 

position, and resulted in no significant differences between canopy and open grass areas. 

After analyzing the results of the trees located in the patches of BNC and Regossolo 

separately, we found evidence of the influence of soil type on the effect of S. tuberosa 

trees on soil nutrients. Under the canopy of the four S. tuberosa trees growing in the 

Regossolo. there was significantly more soil total N and organic P than in the open grass 

areas, but no such differences were observed with the three trees located in the patches of 

BNC (Figure I ). The lack of differences in areas of BNC may be a result of the finer 

texture of this soil type, which did not allow for the detection of any eventual tree 

influence, as opposed to the areas o f Regossolo. Sand content in the top soil layer (0-15
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cm) in areas of Regossolo was 25% higher than the areas of BNC, and this proportion 

may be even higher at greater soil depths due to the presence of the argillic horizon 

characteristic of BNC soils. Campbell et al. (1994) found that, in sandier soils, even a 

moderate increase in soil organic matter beneath the tree crowns greatly increased the soil 

exchange complex and lead to a significant tree effect on soil nutrients. Those authors 

also found that, in finer-textured soils, where the exchange complex is dominated by the 

mineral component, rather than by organic matter, trees had a minor effect on soil 

nutrients.

The differences in soil nutrient concentrations found between the areas under 

the canopies o f P. juliflora  trees and open grass developed in a relatively short period of 

time (12 years) after tree planting. Since the trees and grasses were planted immediately 

after the removal of the native vegetation, it is possible that the observed patterns were 

resultant from both an increase in soil nutrient concentration under the canopy and a 

simultaneous decrease in soil nutrient concentration in the grass areas during that period. 

This could also have been the case in the areas of Z. joazeiro and S. tuberosa , with the 

difference that the individuals of these two native species were much older (> 50 years) 

and were preserved during the slash of the native vegetation and the implementation of C. 

ciliaris. However, due to the absence of a control area, no inferences regarding the 

dynamics of the system can be made.

Concentrations of labile forms of soil nutrients in dry tropical forests are 

characterized by strong seasonal patterns (Roy and Singh, 1995) due to the fluctuations in 

soil moisture throughout the year. A strong pulse of available nutrients, such as available
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P or mineral N, may occur early in the rainy season due to mineralization after the rain or 

the release of nutrients mineralized during the dry season (Campo et al. 1998). In the 

present study, because the soil samples were taken in one single occasion, it could be 

possible that soil sampling at different times of the year could have yielded different 

results in the concentrations of mineral N, inorganic P, or exchangeable cations, such as 

K, Ca, Mg, and Na. However, the pools of organic C, N, and P make up the bulk of the 

amount of the three elements in those soils and, under conventional management 

practices, usually do not vary significantly within a year. The patterns observed for 

exchangeable cations were fairly consistent with the patterns of the nutrients in the 

organic forms. Therefore, it is likely that the observed differences in concentration of 

exchangeable cations between under-canopy and open-grass positions would still be 

present in samples taken at different times o f the year.

The two soil types and the three tree species selected for this study are 

representative of large areas in the northeastern semi-arid region. Since the area selected 

for the study was not experimentally manipulated and is under commercial management, 

it seems reasonable to expect that the observed trends will also be present in similar soil- 

tree species combinations. It remains to be determined that the fertility islands observed 

around these trees could potentially benefit the crop or pasture intercropped with them, 

given an adequate tree density is established.

Herbaceous understory characteristics

There were no significant differences in herbaceous aboveground biomass
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(AGB) between canopy and open grass areas for Z  joazeiro  trees (Table 2). However, 

there was significantly less herbaceous AGB under the canopies of S. tuberosa and P. 

juliflora  trees (Table 2). No animals were allowed in the pastures during the period 

between the first rains of the season and the period o f sampling, which was performed at 

the beginning of grass seed production. Therefore, herbaceous AGB results should 

express the values for potential peak standing AGB in the open grass areas and under the 

canopies of the three tree species.

Herbaceous species composition was not identified in this study, but it was 

visually evident that there was more diversity of species under the canopies o f the trees 

than in the C. ciliaris dominated open grass areas. AGB of C. ciliaris corresponded to 

58% to 75% of total herbaceous AGB under the canopies, and 94 to 99% in the open 

areas (Table 2). The lower levels of C. ciliaris AGB under the canopy of S. tuberosa and 

P. juliflora  were responsible for the significant differences in total herbaceous AGB 

between canopy and open areas for these species, since AGB of forbs was significantly 

higher under the canopies of all three species (Table 2). It is likely that understory 

microclimatic conditions or competition between the trees and the herbaceous understory 

for resources such as soil moisture and/or light may have led to the lower levels of C. 

ciliaris AGB under the canopies. The absence of significant differences between grass 

AGB levels under the canopy of Z. joazeiro  and open areas suggest that competition for 

those resources may be less intense under the canopies of Z  joazeiro, when compared to 

the other two tree species.

Forbs were almost absent in the open grass areas, when compared to areas
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under trees, especially in the case of Z. joazeiro  and S. tuberosa (Table 2), which 

indicates that these trees provided an understory environment favorable for the growth of 

forbs in the study site. Therefore, even without increasing soil nutrients or herbaceous 

AGB, which was the case of S. tuberosa, these native trees promoted the establishment of 

areas with increased biodiversity, compared to the low species diversity of C. ciliaris 

stands surrounding each tree.

Higher concentrations of C. ciliaris tissue N were observed under the canopy of 

Z. joazeiro  trees in comparison to open grass areas (Table 3). Similarly, higher C. ciliaris 

tissue Ca was found under Z. joazeiro and S. tuberosa trees. Levels of Ca in C. ciliaris 

tissue were slightly lower under the canopies of P. juliflora, but no differences were 

observed for the other nutrients analyzed. The range of values for C. ciliaris tissue 

nutrient concentration observed in this study is consistent with values from previous 

studies with this species (Pandeya & Lieth, 1993; Esechie. 1992; Havard-Duclos, 1967) 

and other tropical grass species (Malavolta et al., 1986).

Overall, C. ciliaris tissue nutrient concentrations were higher in areas of 

Regossolo, when compared to areas of BNC (Table 3), even though the areas of 

Regossolo had lower soil N. Ca, and Mg levels (Table 1). Individuals of S. tuberosa 

were selected from both areas (Regossolo and BNC) and the tissue nutrient concentration 

values of C. ciliaris found under and around these trees are consistently in between those 

for C. ciliaris found in areas of Regossolo and BNC (Table 3). In the semi-arid region of 

NE Brazil, farmers generally prefer to establish agricultural fields in areas of Regossolo, 

even though these soils are usually sandy and have low concentration o f nutrients in

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



organic forms. This preference by the farmers is usually a result of the higher soil 

moisture availability for the crops found in these sandy soils, due to higher water 

infiltration and lower evaporation rates as compared to finer textured soils (Oliveira et al., 

1992). According to the inverse texture hypothesis (Noy-Meir, 1973), in arid and semi- 

arid regions sandy soils usually store higher amounts of plant available water and, for this 

reason, are considered more fertile than fine textured, nutrient richer soils. As a 

consequence, the higher availability of soil water in sandier soils may also lead to higher 

nutrient availability due to increased soil organic matter mineralization. Salcedo and 

Menezes (1999) conducted a soil N mineralization field study at the same site of the 

present work. The authors found higher amounts of N mineralized in field incubation 

cores in areas of Regossolo than in areas of BNC. even though total soil N was 55 to 

246% higher in BNC areas. These results may explain in part the higher tissue nutrient 

concentration in C. ciliaris from Regossolo areas in comparison to BNC areas (Table 3).

Outside the canopies, forbs were either absent or the AGB was in most cases 

too low to allow the analysis of tissue nutrient content. For this reason, no statistical 

comparisons between canopy and open grass areas were performed (Table 4). Median 

rather than mean values are shown to avoid the influence of extreme values observed in 

some samples. The overall trend in tissue nutrient content of forbs is very similar to the 

trend observed for grasses. With no exceptions, tissue nutrient content o f forbs under the 

canopies of Z. joazeiro  was higher than under the canopies of P. juliflora, while those 

under the canopies o f S. tuberosa were intermediate.

There were no differences in the amount of nutrients immobilized in the
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herbaceous AGB under the canopies and open grass areas in the case o f Z. joazeiro  trees, 

with the exception of significantly higher levels o f Ca under the trees (Table 5). A lower 

amount of nutrients was immobilized in the herbaceous AGB under P. juliflora  canopies, 

with the exception of Ca, when compared to open grass areas. This was primarily a 

consequence of the lower levels of herbaceous AGB under the canopies, since there were 

no differences in C. ciliaris tissue nutrient concentration for this species (Table 3). 

Interestingly, in the case of S. tuberosa trees, even though significantly lower levels of 

herbaceous AGB were found under the canopy in comparison to open areas (Table 2), 

there were no significant differences in the amount of nutrients immobilized in 

herbaceous AGB between the two areas. This pattern was a result o f the higher tissue 

nutrient content of forbs in comparison to C. ciliaris (Table 3 and 4), since forbs made up 

a higher proportion o f the herbaceous AGB under the canopy (42%) as compared to open 

areas (6%) (Table 2).

In our study site, similar to most of the semi-arid northeastern Brazil (Sampaio 

1995), soil moisture seems to be the most limiting resource for plant growth. For this 

reason, we suggest that the lower levels of peak standing herbaceous AGB under the 

canopy of P. juliflora  and S. tuberosa trees were a result of competition between these 

tree species and the herbaceous plants for soil moisture. Recent studies have suggested 

this competitive interaction varies according to the level of rainfall precipitation, and 

competition is stronger at low rainfall sites (Belsky, 1994). There is no available 

information in the literature about S. tuberosa competitive interactions with the 

herbaceous understory, but Parker and Martin (1952) identified a  significant decrease in
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soil moisture under the canopies of P. juliflora  trees. This could be the case of the 

present study, where these two tree species may be decreasing the availability of soil 

moisture under the canopy. If soil moisture levels are lower under the canopies, the 

positive effects of soil nutrient enrichment may be canceled out, specially in 

environments where soil water is a highly limiting factor, such as in the semi-arid region 

of NE Brazil. Additional work in our study site is necessary for testing this hypothesis.

Conclusions

1. The soil under the canopies of Z. joazeiro  and P. juliflora  trees had higher nutrient 

content than the soil within open grass areas, but little difference in soil nutrient levels 

were observed between areas beneath S. tuberosa trees and open grass areas.

2. Herbaceous aboveground biomass was lower under the canopies of P. juliflora  and S. 

tuberosa in comparison to open grass areas, but biomass levels were similar between 

areas under Z. joazeiro  trees and surrounding open grass areas.

3. Under the canopies of the three tree species, aboveground biomass of C. ciliaris was 

lower than in the open areas, but aboveground biomass of forbs was significantly 

higher. The more favorable understory environment for the growth of native forbs 

may contribute to increase the biodiversity of these systems.

4. Significantly higher concentrations of C. ciliaris tissue N were found under the 

canopy of Z. joazeiro  trees in comparison to open grass areas, and of Ca under both Z. 

joazeiro  and S. tuberosa trees. Concentration o f nutrients in C. ciliaris tissue was 

higher in areas of Regossolo, in comparison to areas of BNC, although soil N, Ca, and
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Mg was lower in the Regossolo.

5. These results indicate the potential of certain tree species, such as Z. joazeiro, for 

maintaining soil fertility without negatively affecting herbaceous productivity.

However, there is need for an improved understanding of the tree-herb-soil 

interactions in semi-arid Northeastern Brazil in order to support the development of 

sustainable silvopastoral systems in the region.
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Table 1. Mean values (n=21) of various soil characteristics (0-15 cm) under the canopy
of Z joazeiro , P. juliflora, and S. tuberosa trees and in open grass areas next to the
trees.

Position C N Po(1> Pi(2> Ca Mg K Na pHw

g kg’1 mg kg '1t ____ mmnl /_1_ ] r e r (1:2.5 w:v)

Z  joazeiro

Under canopy 8.3 917 81 26 45 14 10.5 1.5 6.8

Open grass 6.1 673 56 14 31 10 6.6 1.0 6.2

P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Differencet3> 
(kg ha '1)

2138 237 24 12 272 47 148 11 -

P. juliflora

Under canopy 16.8 1552 146 6 83 22 8.7 1.6 6.8

Open grass 12.1 1206 123 3 66 17 5.3 1.1 6.7

P-value <0.01 <0.01 <0.01 0.02 0.03 0.01 <0.01 <0.01 „  , (4 )n.s.

Difference 
(kg h a 1)

3934 290 19 3

S .

285 50 

tuberosa

111 10

Under canopy 11.4 1118 109 10 53 18 7.62 1.1 6.1

Open grass 11.8 1117 86 6 56 15 7.68 1.1 6.5

P-value n.s. n.s. 0.01 n.s. n.s. 0.02 n.s. n.s. 0.04

Difference 
(kg ha'1)

- - 18 - 28 - - -

Organic P .<2) Inorganic P. {M Difference in soil nutrient concentrations between under canopy 

and open grass positions, expressed in an area basis (bulk densities for < 2mm soil = 1.08,0.93 

and 0.85 g cm"' for Z  joazeiro, P. juliflora and S. tuberosa areas, respectively) and with an 

assumption of 60% ground cover by tree canopies.t4) Non-significant at P < 0.10.
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Table 2. Dry matter of herbaceous plants under the canopies of Z. joazeiro, P. juliflora
and S. tuberosa trees and in open grass areas next to the trees. Values represent
means (n=7) and standard errors within parentheses.

Understory vegetation

Position Forbs Grasses Total herbs

u [n

Z. joazeiro

Under canopy 27.5 (6.7) 79.7(18.9) 107.2(19.2)

Open grass 0.99 (0.52) 86.2 ( 7.3) 87.2 (7.4)

P-value <0.01 ni,nins ns

P. juliflora

Under canopy 24.3 (7.2) 71.6(19.2) 95.9 (17.5)

Open grass 0.38 (0.24) 193.2(28.9) 193.6 (29.1)

P-value <0.01 <0.01 0.011

S. tuberosa

Under canopy 44.6 (9.3) 61.9(28.0) 106.5 (26.3)

Open grass 9.2 (5.0) 136.1 (23.1) 145.3 (22.0)

P-value <0.01 <0.01 0.09

'1 ’ Non-significant at P < 0.10
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Table 3. Nutrient content of grasses under the canopies area of Z. joazeiro, P. juliflora,
and S. tuberosa trees and in open grass areas next to the trees. Values represent means
(n=7) with standard errors within parentheses.

Position N P Ca Mg K

------ g Kg ------

Z. joazeiro

Under canopy 15.1 1.73 7.77 2.46 39.2

Open grass 12.5 1.99 6.18 2.19 35.7

P-value 0.023 ns(l) 0.094 ns ns

P. juliflora

Under canopy 10.7 0.90 4.22 1.76 21.8

Open grass 9.0 1.16 4.59 1.91 23.6

P-value ns ns 0.080 ns ns

S. tuberosa

Under canopy 12.3 1.18 6.99 2.45 32.7

Open grass 11.3 1.17 5.62 2.75 29.1

P-value n.s ns 0.039 ns ns

Non-significant at P < 0.10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4. Nutrient concentrations of forb tissue under the canopies of Z. joazeiro, P.
juliflora, and S. tuberosa trees and in open grass areas next to the trees. Values
represent sample medians followed by ranges within parentheses(l>.

Position N P Ca Mg K

------------------g Kg

Z. joazeiro

Under canopy (n=l6)l2) 23
(13-33)

2.3 29 
(1.2-3.5) (12-43)

5.7
(3-14)

36
(14-59)

Open grass (n=4) 18
(17-20)

1.8 26 
(1.1-1.9) (16-29)

P. juliflora

7.7 
(4.8-7.7)

26
(11-30)

Under canopy (n= 14) 13
(10-19)

0.95 18 
(0.6-1.9) (9-37)

3.5
(1-17)

17
(8-35)

Open grass (n=3) 18
(16-19)

1.1 21 
(1.06-1.12) (15-26)

S. tuberosa

5.8 
(3.2-8.5)

25
(11-38)

Under canopy (n=l9) 19
(13-25)

1.7 20 
(1.3-2.5) (11-33)

3.9
(2-12)

29
(13-54)

Open grass (n=7) 29
(21-35)

2.2 25 
(1.7-2.5) (19-30)

7.9
(6-10)

37
(19-65)

(l) Statistical comparisons between positions were not performed due to the 

small sample sizes for open-grass areas. l2)The letter ‘n ’ indicates the 

number of sampling sites where forbs were found from a total of 21 sites 

within 7 experimental replications.
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Table 5. Mean values of nutrient stock in the herbaceous layer under the canopy of Z.
joazeiro, P. juliflora, and S. tuberosa trees and in open grass areas next to the trees.

Position N P K Ca Mg
_2

Z. joazeiro

Under canopy 1287 146 2751 884 246

Open grass 991 155 2821 484 175

P-value idns ns ns 0 . 0 1 ns

P. juliflora

Under canopy 689 61 1250 454 157

Open grass 1287 161 3507 669 280

P-value 0.04 <0 . 0 1 <0 . 0 1 ns 0.04

S. tuberosa

Under canopy 1053 1 0 1 1913 8 6 6 249

Open grass 1365 137 3040 726 318

P-value ns ns ns ns ns

Non-significant at P  <  0.10
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Abstract

There is little available information on nutrient cycling and the controls of ecosystem 

processes in land use systems of dry neotropical regions. In this study, we conducted 

field and greenhouse experiments to investigate the influences of Ziziphus joazeiro  and 

Prosopis juliflora  trees on microclimatic conditions and nutrient dynamics in pastures of 

Cenchrus ciliaris in semi-arid northeastern Brazil. Soil moisture was lower under the 

canopies of P. juliflora  trees during early season, when compared to open grass areas, but 

Z. joazeiro had no effect on soil moisture. Soil and air temperatures were lower under Z. 

joazeiro  trees but P. juliflora  trees had little effect on temperature. Differences in soil 

type between sites seemed to affect the influences of tree species on microclimatic 

conditions. Losses of P from all litter types were lower under the canopies of Z. joazeiro  

trees, but losses of biomass and N from litter were not consistently affected by the 

presence of trees. Soil N mineralization was greater under trees, in comparison to patches 

of C. ciliaris. Similarly, in the greenhouse study, plant biomass production and plant 

nutrient uptake was greater in soil samples collected under the canopies of the two tree 

species, in comparison to soil from patches of C. ciliaris. Our results indicate that the 

preservation of native trees or introduction of exotic tree species in C. ciliaris pastures in 

semi-arid northeastern Brazil significantly affects microclimatic conditions and the 

dynamics of litter and soil nutrients, and contributes to increases in the capture, retention, 

and cycling rates of nutrients in these systems.

Index terms: Prosopis juliflora, Ziziphus joazeiro, Cenchrus ciliaris, caatinga.
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Introduction

Agricultural activities in the semi-arid region of northeastern Brazil are based 

primarily on slash and bum of the native vegetation, followed by shifting cultivation of 

subsistence crops, establishment of livestock pastures, and fuel wood harvest (Kauffman 

et al., 1993). Rainfall, which ranges from 300 to 1000 mm y' 1 in different areas of the 

region, is concentrated in 3 to 5 months, but drought years are common and severe 

drought periods lasting 3 to 5 years have occurred every 3 or 4 decades (Sampaio et al., 

1995). Only 3 to 7% of the land in the region can be irrigated, because of limitations due 

to soil characteristics and/or water quality and availability (Silva Filho, 1988; Sampaio 

and Salcedo, 1997). Due to the irregular rainfall distribution, the use of chemical 

fertilizers in the region is not economical (Sampaio et al., 1995). therefore, the 

management of soil fertility by farmers depends mostly on soil organic matter 

management (Tiessen et al., 1994).

Intercropping trees with pastures or food crops in areas of erratic rainfall, low soil 

fertility, and where farmers have limited land and capital resources may enhance the 

capture and retention of nutrients and increase the productivity and sustainability of such 

areas (Sanchez, 1995). Usually, the presence of single trees in agrosilvopastoral systems 

or savannas may lead to the formation of patches with higher levels of soil organic matter 

and soil moisture, which are called resource islands (Reynolds et al., 1990), isles of 

fertility (West, 1981), or fertile islands (Halvorson et al., 1995). Several mechanisms are 

involved in the formation of these differentiated zones, including increased capture of 

nutrients and litterfall inputs, reduction of soil and air temperatures, and inputs via

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



animals (Tiedemann and Klemmedson, 1973; Farrel, 1990; W eltzin and Coughenour,

1990; Belsky et al., 1993; Rhoades, 1997).

Previous studies conducted in silvopastoral systems in semi-arid northeastern 

Brazil demonstrated that preserving trees during the slash of native vegetation to achieve 

a 30 % ground cover by canopies increased forage and meat production in comparison to 

areas where all trees were removed (Araujo Filho, 1990; Silva et al., 1995). Menezes and 

Salcedo (1999) found that the levels of soil organic matter and nutrients (N, P. K, Ca, and 

Mg) were significantly higher under the canopies of Ziziphus joazeiro  Mart, and Prosopis 

juliflora  (SW.) DC. trees in a silvopastoral system in semi-arid northeastern Brazil, when 

compared to open grass patches. In addition, those authors found that peak standing 

herbaceous biomass was not affected by the presence of Z. joazeiro  trees, but was 

significantly lower under the canopies of P.julijlora  and Spondias tuberosa trees. The 

results from these studies demonstrated that the preservation of trees during the slashing 

o f native vegetation might lead to more sustainable land use systems in semi-arid 

northeastern Brazil. However, additional studies are needed to investigate the 

productivity and cycling o f nutrients in systems with different soil-tree-herbaceous 

combinations.

The understanding of soil organic matter and nutrient dynamics in dry neotropical 

forest systems, as well as the controls over these processes, may contribute to increase the 

long-term productivity of these systems, and may also help to reduce emissions of C and 

N to the atmosphere (Kauffman et al., 1993; Jaramillo and Stanford, 1995). O f the 

nutrients that may influence and limit plant growth, N is of primary interest as it
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constitutes a large part of the photosynthetic apparatus o f higher plants and it is usually 

the most limiting elements in terrestrial ecosystems (Aber et al., 1989; Nadelhoffer et al., 

1999). In addition, the sustainability of land use systems in semi-arid northeastern Brazil 

and in other semi-arid tropical systems may often be limited by the availability of P 

(Sampaio 1995) and other nutrients (Nandwa and Bekunda, 1998; Wortmann and Kaizzi, 

1998).

The influences o f tree species on litter and soil organic matter dynamics and on 

microclimatic conditions in land use systems in semi-arid northeastern Brazil remain 

largely unknown. Based on the available information, we hypothesize that rates of litter 

and soil organic matter mineralization and nutrient availability to plants are greater under 

the canopies of Z. joazeiro  and P. juliflora trees, due to higher litter inputs, higher soil 

moisture levels, and lower soil and air temperatures. In order to test our hypotheses, we 

conducted field and greenhouse studies and investigated the influences of Z. joazeiro  and 

P. juliflora  on soil moisture, soil and air temperature, litter decomposition, soil N 

mineralization, and potential soil nutrient supply in a silvopastoral system in semi-arid 

northeastern Brazil.

Materials and methods

Description o f  the Study Area

The study was conducted during the growing season o f 1998 (January to June) 

in a beef cattle ranch at Custodia, PE (8 ° 14’S and 37°45’W). Average rainfall 

precipitation at the site is 740 mm year' 1 (data from the records o f the ranch) generally
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occurring from December to May. The vegetation within the area o f the ranch, which 

originally consisted of primary growth deciduous dry woodland known as ‘caatinga’, was 

slashed with tractors in 1984. The slash was followed by manual removal of the 

remaining bushes and tree stumps by field workers. The ranch has a total of three 

thousand hectares of P. juliflora orchards planted with a spacing of 10 by 10 m, 

intercropped with buffel grass (Cenchrus ciliaris), which is a perennial, drought resistant 

forage grass native to Africa. Within the ranch, there were other large areas of buffel 

grass pastures not planted with P. juliflora  and where Z. joazeiro and other native trees 

had been spared during the slash of the caatinga and left with an average distance of 

around 30 to 40 m between trees. The P. juliflora orchards were 14 years old at the time 

of this study, and all Z. joazeiro trees selected were over 50 years old, according to the 

locals.

The pastures never received any chemical fertilization and were mowed with 

tractors at the end of the dry season to control invasion by woody species every two years. 

No fire is used in the management of the pastures. Animal density in the ranch fluctuates 

around 0.17 animal ha'1, which is a relatively low density for buffel grass pastures in the 

region. The combination of low animal densities and high tree density within the pastures 

helped to reduce potential effects of animals on the formation of fertility islands under the 

trees as a result of nutrient inputs in excrements. The predominant soil type in the areas 

o f P. juliflora  is Alfisol (Ustalf), while all the selected Z. joazeiro  trees were located in 

patches of Entisol (Orthent). Sand content in top soil layer (15 cm) averaged 71 and 60 % 

in the areas o f Entisol and Alfisol, respectively (Menezes and Salcedo, 1999). The
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sampling areas are predominantly flat, with slopes ranging from 0 to 3%.

Tree Selection and Sampling Design

Within the study area, we selected five individuals of Z. joazeiro  and P. 

juliflora. All selected trees were isolated from other trees within the C. ciliaris matrix.

The average canopy radius of each tree was calculated by measuring the distance between 

the tree bole to the edge of the canopy in four different directions. For each tree, we 

established a north-oriented transect extending from the tree bole to the open patches of 

C. ciliaris up to a distance equivalent to 300 % of the average canopy radius. In each 

transect, we defined three sampling positions: ( I) 50 % of canopy radius (under canopy), 

(2) 150 % of canopy radius (intermediate position), and (3) 300 % of canopy radius (C. 

ciliaris patches).

Microclimatic Conditions

Soil moisture (0 to 28 cm) was determined by Time Dimension Reflectometry 

(TDR) using the Trase System model 6050x1. Measurements were performed every two 

or three weeks from January to May under the canopies of the trees and in patches of C. 

ciliaris along the transects o f the five selected Z. joazeiro  and P. juliflora  trees.

Soil temperature was determined using HOBO data loggers buried in a vertical 

position between 1 and 6  cm of depth. The loggers were wrapped with a thin plastic film 

in order to avoid damage by soil moisture, and were placed under the canopies and in 

patches of C. ciliaris along the transects of four Z. joazeiro  or P. juliflora  trees.
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Temperature measurements were recorded every 15 minutes for a period o f 300 hours.

Simultaneously to the soil temperature measurements, we recorded air 

temperature under the canopies of the two tree species and in patches of C. ciliaris using 

HOBO loggers placed next (1 m of distance) to the soil temperature loggers. In order to 

avoid damage by rain, the loggers were placed inside a small and well-ventilated wooden 

box attached to a metal pole 1 m above the soil surface. We also measured total solar 

radiation under the canopy of one individual of each tree species and in patches o f C. 

ciliaris for a period o f 24 hours. Solar radiation sensors recorded total solar radiation in 

Watts m ': every 20 seconds, integrating the measurements every 30 minutes.

Litter Decomposition

During the dry season of 1997, leaf litter from Z. joazeiro  and P. juliflora  was 

collected by placing nylon cloth traps under the canopies of these tree species, and C. 

ciliaris litter was collected by clipping the standing dead plants from pastures within the 

study area. All litter material was oven-dried at 40 °C and the litter from each plant 

species was homogenized. Litter decomposition bags were prepared by placing four 

grams of litter into nylon cloth ( 1  mm mesh) bags approximately 1 0  by 1 0  cm in size. 

Three litter bags o f each litter type (Z. joazeiro, P. juliflora, and C. ciliaris) were placed 

in each of the three sampling positions (under canopy, intermediate position, and C. 

ciliaris patches) along the transect in each of the five selected Z. joazeiro  and P. juliflora 

trees. One bag o f each litter type was collected from each transect position at 30,60, and 

100 days after the bags were placed in the field. After each bag collection, each litter bag
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was oven dried at 40 °C, weighed, and ground to a fine powder. The concentration o f N 

and P in the initial litter material and decomposed litter was analyzed by auto-analysis 

after digestion with a sulfuric acid-hydrogen peroxide mixture (Thomas et al., 1967).

Final results of losses of biomass, N, and P from litter material throughout the growing 

season were corrected for moisture and ash content.

Soil Nitrogen Mineralization

Soil organic matter net nitrogen mineralization was measured with in situ  field 

soil incubations using open-top aluminum cores. The cores were 15 cm long and 5 cm in 

diameter and were placed both under the canopies of the five selected individuals o f Z. 

joazeiro  and P. juliflora  and in the patches of C. ciliaris associated with each tree. The 

soil was extremely dry and hard, which made it impossible to drive the cores into the soil. 

For this reason, we used a pick-ax to collect soil samples from the area of the canopy and 

the patches of C. ciliaris. The soil samples collected within each position were 

homogenized in a bucket and used to fill four aluminum cores for each treatment 

replicate. In the bottom of the aluminum cores, we placed ion-exchange resin-bags 

containing 15 cm 3 of a mixture o f cation and anion resins, as described in Kolberg et al.

(1997). We dug small trenches (120 cm long, 20 cm wide, and 15 cm deep) under the 

canopies and in the patches of C. ciliaris, placed the four cores inside the trench with a 

spacing of 30 cm between cores, and filled the trench again with soil. The cores were left 

in the field from 28 February 1998 until 20 April 1998. During this period, there was 

only one rainfall event of 36 mm in 14 March. After collection, the cores were kept
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refrigerated, taken to the laboratory, weighed, and inorganic N in sub-samples was 

extracted with 1 M KC1. The resin bags were sequentially extracted with five 30 ml 

aliquots of I M KC1. The extracts from soil samples and resin-bags were analyzed for 

inorganic N by spectrometry. Total soil C was determined by wet oxidation-diffusion 

(Snyder and Trofymow, 1984) and total soil N by Kjeldahl digestion (Bremner and 

Mulvaney, 1982) in sub-samples ground to pass through a 0.25 mm sieve.

Potential Soil Nutrient Supply - Green House Study

During early February 1998, soil samples (0-15 cm) were randomly collected with 

a pick-ax and a shovel from areas under the canopies of the five selected individuals of Z. 

joazeiro  and P. julijlora  and from the patches of C. ciliaris associated with each tree. For 

each canopy area or grass patch, a total of approximately 1 0  kg of soil was collected, 

homogenized, taken to the laboratory, air dried, and passed through a 2 mm sieve. The 

water holding capacity of the samples from each soil type (Entisol and Alfisol) was 

calculated by adding 1 0  ml of water to cylinders containing 2 0 0  g of soil, covering the 

cylinders with saran wrap, and allowing the wetting front to move for 48 hours, after 

which c. 1 0 -g soil sub-samples from the surface of the cylinder were collected, oven- 

dried at 105 °C, and soil water content calculated on a weight basis. Subsequently, three 

500-g sub-samples of each soil sample were placed into three PVC pots (15 cm of height 

and 7.5 cm of diameter). Pearl millet (Pennisetum glaucum  (R.) Br. cv. ‘IP A Bulk 1 ’) 

was sown at a rate of 0.5 g of seeds per pot and the soil was irrigated to reach the water 

holding capacity. The moisture content o f the soil in each pot was maintained near water
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holding capacity by weighing and adding water two times each day during the period of 

the experiment. The plants were harvested 30 days after planting, separated into 

aboveground and belowground tissue, and oven dried at 45 °C. For each pot, the weight 

of aboveground and belowground biomass was recorded and the two samples were 

combined and ground to a fine powder for determination of plant tissue nutrient 

concentration of the total plant biomass in each pot.

Soil and Plant Tissue Chemical Analysis

Soil NOj'-N and N H /-N  were extracted with 1 M KC1, and the extracts were 

analyzed by spectrometry. Soil inorganic P was determined by extractions with both 

resin bags (Sibbesen, 1977) and dilute acid (Olsen and Sommers, 1982), followed by a 

colorimetric determination (Murphy and Riley, 1962). Exchangeable bases were 

extracted with 1 M NH4 CI, and concentrations of Ca+:, Mg+2, and K+ in the filtered 

extracts were determined by atomic absorption and Na" by flame emission 

spectrophotometry. Soil pH was measured in a 2 .5 :1 (watensoil) suspension. In a 

subsample ground to pass through a 0.25 mm sieve, total soil C was determined by wet 

oxidation-diffusion (Snyder and Trofymow, 1984) and total soil N by Kjeldahl digestion 

(Bremner and Mulvaney, 1982).

Plant samples were ground and subsamples were digested with a sulfuric acid- 

hydrogen peroxide mixture (Thomas et al., 1967). The digests were analyzed for N and P 

by autoanalysis (Thomas et al., 1967) and for Ca, Mg, and K by atomic absorption 

spectrophotometry.
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Statistical Analyses

Statistical analyses were performed using the SAS Statistical Package (SAS,

Version 6.12, 1995, SAS Institute Inc., Cary, NC). Litter decomposition and soil 

moisture were analyzed by tree species and sampling date using a randomized complete 

block design with three treatments (canopy, intermediate position, and C. ciliaris patch) 

and five replications. Comparisons of plant biomass and nutrient content from the green 

house study and soil chemical characteristics under the canopy or in patches of C. ciliaris 

were analyzed by tree species using paired t-tests. Results were considered significant at 

P < 0 .1 0 .

Results

Microclimatic conditions

Different from what we hypothesized, Z. joazeiro  trees had no significant 

influence on soil (0 to 28 cm) moisture levels throughout the growing season. In contrast, 

soil moisture levels were lower (P < 0.05) under the canopies of P. juliflora  trees early in 

the growing season, in comparison to patches of C. ciliaris, but no significant differences 

were observed during mid or late season. (Figure 1). The water holding capacity o f the 

soils in the two areas, determined in the samples collected for the greenhouse study, was 

0.13 and 0.10 g g soil'1 for the Alfisol and Entisol, respectively.

Daily minimum soil temperatures were similar between canopy areas and patches 

of C. ciliaris, but maximum temperatures were higher in C. ciliaris patches compared to
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areas under Z  joazeiro  canopies (Figure 2). Daily maximum soil temperature was, on 

average, 16 ± 0.6°C lower under the canopies of Z  joazeiro  trees, in comparison to C. 

ciliaris patches throughout the period of measurements. In contrast, P. juliflora  trees had 

no significant effect on soil temperatures, as indicated by the overlap o f the mean soil 

temperatures under the canopies of this species and patches of C. ciliaris (Figure 2). The 

canopy of Z  joazeiro  intercepted an average of 65 to 70% of the total solar radiation 

between 10 a.m. and 2 p.m., in comparison to the radiation in C. ciliaris patches, while 

the canopy of P. juliflora  intercepted only 20 to 30% of total solar radiation during the 

same period (Figure 3).

During the 10 days in which air temperature measurements were performed, 

minimum and maximum air temperatures in the study area averaged 20.2 ± 0.5 and 36.1 

± 0.8 °C, respectively. Maximum daily air temperatures were, on average, 2.8 ± 0 .1 1 

lower under the canopies of Z  joazeiro  and 1.4 ± 0.10 °C lower under canopies of P. 

juliflora  trees, in comparison to patches of C. ciliaris.

Litter Decomposition

Initial litter concentrations of N were 24.6. 23.2, and 12.0 mg g '1 and of P were 

1.31, 0.95, and 1.27 mg g '1 for P. juliflora  leaf litter, Z  joazeiro  leaf litter, and C. ciliaris 

tissue litter, respectively. Initial C to N ratios of P. juliflora , Z. joazeiro, and C. ciliaris 

litter were 17.6, 18.5, and 35.8, respectively, and initial C to P ratios were 328,452, 338, 

respectively.

Losses of P from the three litter types (P. juliflora, Z. joazeiro, and C. ciliaris)
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were consistently lower (P < 0.05) under the canopies of Z. joazeiro  trees in comparison 

to intermediate positions and patches of C. ciliaris throughout the entire period of the 

experiment (Table 1). Within the areas of Z. joazeiro  trees, a herd of cattle was 

transferred to the area of the experiment one week prior to the last sampling date, and 

most of the remaining litter bags were damaged by animal trampling. For this reason, 

there is no data for the last sampling date (100 days) in the areas of Z. joazeiro  (Table 1).

In addition, concentrations of P in the three litter types under the canopies of Z. joazeiro  

trees at 60 DAP were higher (P < 0.05) than litter P concentration in patches of C. ciliaris 

(data not shown). The presence of Z. joazeiro  trees had no effect on losses of N from 

litter, with the exception of Z. joazeiro litter bags collected 30 days after placement 

(DAP) o f the litter bags in the Field. Different from what we expected, litter biomass 

losses were lower (P < 0.05) under the canopies of Z. joazeiro  trees 30 DAP, but no 

significant differences were observed 60 DAP (Table 1).

The presence of P. juliflora  trees had no significant influence on the losses of N 

and P from litter bags (Table 2). Losses of litter biomass for C. ciliaris and Z. joazeiro  

litter were lower (P < 0.05) under the canopies of P. juliflora  trees 60 DAP, but no 

differences were observed 100 DAP (Table 2).

Overall, the order of the rates of biomass loss from litter was P. juliflora > C. 

ciliaris > Z. joazeiro ; for N loss it was P. juliflora  = C. ciliaris > Z. joazeiro', and for P 

loss it was C. ciliaris > P. juliflora > Z. joazeiro. In general, litter decomposition was 

greater between 30 and 60 DAP, probably because of the only rainfall event that occurred 

during the length of the experiment, which happened within that period, in 14 March.
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Soil Nitrogen Mineralization

Soil nitrogen mineralization was higher (P  < 0.10) under the canopies o f Z. 

joazeiro  and P. juliflora  trees in comparison to patches of C. ciliaris (Table 3), mostly 

due to net increases in the amounts of NO^'-N in both the soil and exchange resins. Total 

soil C and N were higher under the canopies of the two tree species, but the levels of 

significance between canopy and C. ciliaris patches were lower in the areas of Z. joazeiro  

(P = 0.007) as opposed to the areas of P. juliflora  (P < 0.10) (Table 3).

Interestingly, we found no significant differences between the amounts of soil net 

N mineralized per gram of total soil N under Z. joazeiro  canopies and in C. ciliaris 

patches, which averaged 16.3 and 12.4 pg g soil N '1. respectively. In contrast, soil net N 

mineralized per gram of total soil N in the soil was higher (P = 0.067) under the canopies 

of P. juliflora  trees compared to patches o f C. ciliaris, averaging 9.6 and 5.4 ug g soil 

N '1, respectively.

Potential Soil Nutrient Supply - Green House Study

Under the canopies of Z. joazeiro  and P. juliflora , soil nutrient concentrations of 

samples were higher (P < 0.10) than those of samples from C. ciliaris patches, with the 

exception of resin- and extractable-P (Table 4). As expected, biomass production and 

nutrient uptake by pearl millet were significantly higher in plants grown in soils from 

areas under the canopies of the two tree species (Table 5). The concentrations o f N, Ca, 

and Mg in pearl millet tissue were significantly higher in plants grown in soils from Z.
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joazeiro  canopies (15.6, 10.7, and 3.7 mg g‘l, respectively), as opposed to plants grown in 

C. ciliaris soil (13.5, 7.7, and 2.8 mg g '1, respectively). There were no differences in 

pearl millet tissue P and K concentrations between plants grown in Z. joazeiro  canopy 

soil and from C. ciliaris patches. Across these two treatments, tissue P and K 

concentrations averaged 3.8 and 49.8 mg g 1, respectively. In the case o f pearl millet 

plants grown in soil samples from P. juliflora  canopies, the concentration of plant tissue 

N was significantly higher (18.0 mg g 1) in comparison to plants grown in C. ciliaris soil 

(13.3 mg g 1), but no treatment differences were observed for the concentrations o f P, K, 

Ca, and Mg in plant tissue, which averaged 1.4, 9.4, 3.5, and 53.2 mg g 1, respectively.

Discussion

Microclimatic conditions

Menezes and Salcedo (1999) reported that herbaceous biomass production is not 

affected by the presence of Z. joazeiro  trees but, in contrast, herbaceous biomass is 

significantly lower under the canopies of P. juliflora  trees at our study sites. In the 

present study, we found evidence that competition for soil moisture may be reducing 

herbaceous biomass production under the canopies o f P. juliflora trees, since soil 

moisture levels were lower under the canopies of P. juliflora  trees during early season (P 

< 0.05), when compared to patches o f C. ciliaris. Interestingly, no differences in soil 

moisture were observed between areas under the canopies of Z. joazeiro  and patches o fC . 

ciliaris.

The different effects of Z. joazeiro  and P. juliflora  trees on soil moisture,
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relatively to adjacent C. ciliaris patches, could be a result of differences in the rooting 

pattern o f these two tree species. In semi-arid northeastern Brazil, Z. joazeiro  trees are 

commonly found in the lowest landscape positions (Machado et al., 1997) and usually 

develop a deep rooting system to capture water and nutrients from the water table 

(E.V.S.B. Sampaio. pers. comm., 1998). If Z. joazeiro  trees take up a significant amount 

of water from depths inaccessible to the herbaceous plants, the competition for soil water 

in upper soil layers between these two life forms could be reduced.

In contrast, local farmers usually say that herbaceous plants do not grow well 

under the canopies o f P.julijlora  because this tree species may develop a shallow and 

extensive rooting system and 'dry up the upper soil layer’. Previous studies have reported 

lower soil moisture levels under P.julijlora  canopies in comparison to areas outside the 

canopy (Parker and Martin, 1952). In our study site, the Alfisol characteristic of the areas 

where P. juliflora  trees were found, are usually not deeper than I m (Oliveira et al.,

1992), which contributes to restricting root growth to the upper soil layers. In addition, 

the relatively lower interception of solar radiation by P. juliflora  canopies (Figure 3), 

seems to have little effect on the reduction o f soil and air temperatures (Figure 2), when 

compared to Z. joazeiro  canopies, and may not contribute much to reductions in water 

losses by evaporation beneath the canopies.

We suggest that the uptake of water from the water table by Z. joazeiro  trees 

could even benefit the herbaceous plants due to transfers of water from the water table to 

upper soil layers. Several studies have demonstrated that certain plant species can move 

water from relatively moist to dry soil layers using the root systems as conduits in a
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process know as “hydraulic lift’ or ‘hydraulic redistribution’, and these transfers may 

benefit herbaceous neighboring species (Richard and Caldwell 1987, Dawson 1993, 

Caldwell et al. 1998, Burgess et al. 1998). However, additional studies in our sites are 

necessary to test this hypothesis.

Overall, soil moisture levels were lower in areas of Z. joazeiro  when compared to 

areas of P. juliflora, likely because of differences in soil type between the sites where 

these tree species were found. The sand content in the top layer (0-15 cm) of the Entisol 

in the areas of Z. joazeiro  was 20% higher than in the Alfisol in the areas of P. juliflora  

(Menezes and Salcedo 1999). This difference in sand content between the two soils is 

likely to be greater at deeper soil layers due to the presence of the argillic horizon 

characteristic of Alfisols (Oliveira et al. 1992). Differences in texture between soil types 

could play a significant role in the control of soil water availability for plants. In arid and 

semi-arid regions, soils with coarser texture tend to hold more available water when 

compared to finer textured soils, due to the higher infiltration rates, lower evaporation 

losses, and lower matric potential of sandier soils (Noy-Meir, 1973). In our sites, we 

found that the water holding capacity of soil samples from the upper soil layer (0-15 cm) 

of the Entisol is 30% lower than that of the Alfisol, due to the sandier texture of the 

Entisol. Maybe for this reason, the increase in soil moisture content in the areas of 

Entisol after the rainfall in 14 March was not as high as the increase observed in the areas 

of Alfisol (Figure 1).

The effects of different tree species on soil and air temperature is an important 

parameter for the design o f agroforestry systems, since the photosynthesis-respiration
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relationship, which depends largely on ambient temperature, plays a vital role in the 

accumulation of carbohydrates and in the control of the survival o f crops in those systems 

(Sanchez, 1995). Lower temperatures beneath tree canopies may reduce water stress and 

increase biomass o f below-crown species (Amundson et al., 1995), if competition for 

light (Kessler. 1992) or soil moisture does not overcome the benefits of reduced 

temperature to the species beneath the tree canopy. We found that soil and air 

temperatures were, on average, 15.6 and 2.8 °C cooler under the canopies of Z. joazeiro  

trees, respectively, when compared to patches of C. ciliaris. In contrast, the presence of 

P. juliflora  trees had no significant effect on soil temperatures and contributed to a 

decrease of only 1.4 °C in below-crown air temperatures. The different effects on 

temperature by these two tree species may explain in part the different patterns of 

herbaceous biomass found under and around the canopies of these trees reported by 

Menezes and Salcedo (1999). Similar to our results, previous studies have shown that 

soil temperatures were 5 to 12 °C lower under the canopies of Acacia tortilis and 

Adansonia digitata trees in Kenyan savannas (Rhoades, 1997). In addition, Singh et al.

(1998) showed that air temperatures beneath tree canopies in a 7-year old A. tortilis 

plantation during a monsoon season were 0.1 to 2 °C lower than temperatures recorded in 

the open. The different effects of Z. joazeiro  and P. julijlora  on soil and air temperatures 

in our study probably result from the differences in canopy structure between these two 

tree species. We observed that the canopies of Z. joazeiro  trees may intercept an average 

o f 65 to 70% of total solar radiation between 10 a.m. and 2 p.m., while the canopies of P. 

juliflora  may intercept only 20 to 30% of the total solar radiation during the same period
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in the day when the measurements were performed (Figure 3).

Litter decomposition

Surface litter decomposition may be one of the major pathways for nutrient 

cycling in dry forest ecosystems (Jaramillo and Sanford, 1995), and may contribute with 

up to 43 and 46 % of the N and P taken up by plants annually in some tropical dry forests 

(Singh, 1975; Lugo and Murphy, 1986). Several studies available in the literature 

describe the dynamics o f C and N in decomposing litter but few studies describe the 

dynamics of P (McLaughlin et al., 1988a, b, and c; Sharpley and Smith, 1989; Buchanan 

and King, 1993; Schomberg and Steiner, 1999).

In our study, we found that the presence of Z. joazeiro  and P. julijlora  trees had a 

significant effect on the nutrient dynamics of surface litter throughout the growing 

season. Losses of P from all litter types were consistently lower under the canopies o f Z. 

joazeiro  trees than P losses in C. ciliaris patches, indicating that transfers of P by 

microbes from soil to litter may be greater under the canopy of this tree species than in C. 

ciliaris patches. Transfers of nutrients from soil to surface litter may occur through 

hyphal bridges between soil and residues to allow the use of nutrients from the soil and C 

from litter (Holland and Coleman, 1987; Schomberg and Steiner, 1999). In this study, we 

found that resin P levels were not significantly different (the P value for this comparison 

was equal to 0.12) between soil samples collected under the canopies o f Z. joazeiro  and 

in patches of C. ciliaris (Table 4). However, previous studies conducted in the same 

location as our study site, reported greater soil P availability (P < 0.05) under the
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canopies of Z  joazeiro  trees, in comparison to patches of C. ciliaris (Menezes and 

Salcedo, 1999; W ick et al., 1999). We suggest that, in our study, losses of P from 

surface litter were lower under the canopies of Z. joazeiro  trees maybe because o f greater 

soil P availability and/or more favorable conditions for microbial activity (lower 

temperature) under the canopy of this species throughout the growing season.

Usually, litter decomposition rates are faster at the beginning o f the 

decomposition period, due to the initial losses of soluble C and other components that 

serve as sources of energy for the breakdown of more complex compounds (Schomberg 

and Steiner, 1999). However, since moisture is usually the main control of 

decomposition processes in dry tropical systems, losses of mass and nutrients from litter 

in our study were generally greater during the 30 to 60 day period because of the rainfall 

event that occurred during that period. Different from what we expected, losses of litter 

mass were lower under the canopies of both tree species early in the season, but these 

losses became non-significant toward the end of the season (Tables I and 2). The 

observed slower rates of litter decomposition under the canopies of P. julijlora  trees at 60 

DAP, when compared to patches of C. ciliaris, could be due to the significantly lower 

levels o f soil moisture observed under these trees early in the season (Figure 1). In 

general, losses of litter biomass were greater for P. juliflora  litter, compared to litter from 

Z. joazeiro  and C. ciliaris, maybe due to the higher litter quality (lower C to N and C to P 

ratios, and considerably smaller leaf size) of P. juliflora  compared to the other two litter 

types.
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Soil nutrient availability

In agreement with our hypothesis, we found that average net N mineralized in the 

top 15 cm soil layer was higher under the canopies o f Z  joazeiro  and P. juliflora  trees 

(218 and 129 %, respectively) than in the associated C. ciliaris patches. These results are 

supported by a previous study, which found higher tissue N concentrations in C. ciliaris 

plants growing under the canopies of Z  joazeiro  trees, as opposed to C. ciliaris plants 

growing in open areas outside the canopy (Menezes and Salcedo 1999). Interestingly, 

there were no differences in the amount of N mineralized per gram of total soil N 

between canopies of Z  joazeiro and C. ciliaris patches, which indicates that the greater 

amounts of N mineralized may not be derived from faster N cycling, but rather from 

higher soil N concentration due to greater leaf litter nutrient inputs under the canopies of 

this tree species, when compared to patches of C. ciliaris (Wick et al. 1999). In contrast, 

the amount of net N mineralized per gram of total soil N was 77 % greater (P = 0.067) 

under the canopy of P. juliflora trees, indicating that the cycling of N may be faster under 

the canopy of this tree species due to higher litter quality (lower C to N, C to P. and 

smaller leaf size). P. juliflora is a potentially N-fixing tree (Babos and Cumana, 1992), 

and this fact may contribute to increases in N availability under the canopy of this tree 

species. Similar to our findings, Garcia-Montiel and Binkley (1998) reported that N 

cycling under the N-fixing Albizia was faster when compared to non N-fixing species, 

maybe due to higher litter quality. Our findings demonstrated a significant effect of P. 

juliflora  trees on soil N availability and cycling rate only 14 years after the orchards were 

established.
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In the soil samples collected for the green house study, nutrient concentrations 

were significantly higher under the canopies of the two tree species, when compared to 

open grass patches, with the exception of resin-P or extractable P (Table 4). Similar to 

our findings, previous studies have reported higher concentrations of soil nutrients in soil 

samples collected under the canopies of P. juliflora  and Z. joazeiro  trees, in comparison 

to adjacent open areas (Tiedemann and Klemendson, 1973; Menezes and Salcedo, 1999; 

Wick et al., 1999). Interestingly, the levels of available P were generally lower in the 

areas of Alfisol, when compared to the areas of Entisol, even though organic P levels are 

significantly higher in the areas of Alfisol in our sites (Menezes and Salcedo 1999). The 

lower P availability in the areas of Alfisol in our study site may be due to higher amounts 

of oxy-hydroxides of Fe and Al in these soils, when compared to the Entisol (Oliveira et 

al. 1992), which may lead to greater rates of P-sorption (Frossard et al. 1995).

Plant biomass and uptake of N, K. Ca, and Mg in our green house study were 

greater in plants grown in soils collected under the canopies of the two tree species than 

in plants grown in soil from C. ciliaris patches, but no differences in plant P uptake were 

observed (Table 5). In agreement with our field N mineralization study, plant tissue N 

concentrations in this green house assay were significantly higher for plants grown in soil 

from under the canopies of the two tree species, indicating that N availability under field 

conditions may be higher in canopy soil when compared to soil from C. ciliaris patches.

In Kenyan savannas, fertilizer experiments demonstrated that plants grown in open sites 

were more nutrient limited than plants grown under tree canopies (Rhoades, 1997;

Belsky, 1994). As expected, tissue P concentration and P uptake were generally lower in
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plants grown in samples from the Alfisol, when compared to plants grown in samples 

from the Entisol, due to the lower levels of available P in the Alfisol. Since nutrient 

levels were higher under tree canopies, we suggest that, in our study site, herbaceous 

plants could benefit from the increased nutrient supply under the canopies of Z. joazeiro  

trees, since soil moisture is not affected by the presence of this tree species. However, the 

effect of competition for other resources, such as light, still remains unknown.

In conclusion, our findings indicate that the preservation o f native tree species or 

the introduction of exotic tree species in C. ciliaris pastures in semi-arid northeastern 

Brazil may affect microclimatic conditions and the dynamics of litter and soil nutrients, 

and contribute to an increase in the capture, retention, and cycling rates o f nutrients in 

these systems.
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Table 1. Losses of total biomass, nitrogen, and phosphorous from litter decomposition bags containing litter from P.julijlora, Z. 
joazeiro, or C. ciliaris. The bags were placed under the canopies o f Z. joazeiro  trees, in intermediate positions right outside the 
canopies, or in open patches of C. ciliares, and collected at 30, 60, or 100 days after placement in the field. Values represent means (n 
= 5) followed by standard errors within parentheses. Soil moisture was higher during the 30-60 day period.

Biomass loss (%) Nitrogen loss {%) Phosphorous loss (%)

0-30 days 30-60 days 60-100days 0-30 days 30-60 days 60-100 days 0-30 days 30-60 days 60-100 days

Z  joazeiro canopy 11.1 (2.1) 37.5(1.7) n/a *

P. julijlora leaf litter 

6.7 (2.8) 28.6(8.2) n/a 7.8 (2.8) b* 28.1 (3.8) b n/a

Intermediate 14.4(1.4) 40.1 (5.0) n/a 12.2(2.0) 40.6(7.3) n/a 21.4 (3.0) a 52.2 (6.4) a n/a

C. ciliaris patch 15.6 (0.9) 48.0 (3.9) n/a 8.7 (2.1) 44.9(3.9) n/a 19.6 (2.2) a 55.0 (4.4) a n/a

Z. joazeiro canopy 6.4 (0.4) b 14.5 (0.7) n/a

Z  joazeiro leaf litter 

15.5 (0.9) b 21.8(2.6) n/a -0 .9  (1.9) b 5.6 (2.6) a n/a
Intermediate 7.2 (0.3) ab 21.2(1.1) n/a 23.4 (1.8) a 32.3(2.4) n/a 13.6 (2.2) a 28.2 (1.8) b n/a

C. ciliaris patch 8.5 (0.5) a 17.7(3.9) n/a 20.3 (2.8) ab 29.3(4.8) n/a 11.0 (2.0) a 33.1 (7.0) b n/a

Z  joazeiro canopy 4.3 (0.7) 22.1 (0.8) n/a
C. ciliaris tissue litter 

27.8(8.4) 34.5(5.1) n/a 18.7 (6.8) b 49.0 (2.5) b n/a

Intermediate 3.1 (0.8) 29.3 (4.3) n/a 25.8 (4.5) 46.7 (5.4) n/a 35.5 (3.6) a 63.5 (3.1) a n/a

C. ciliaris patch 5.6(1.1) 21.4(3.3) n/a 34.2 (4.0) 45.4 (2.0) n/a 40.8 (3.3) a 60.7 (2.9) a n/a

T Means followed by different letters are significantly different at P < 0.05. 
* Data not available because o f litter bag losses due to animal trampling.



Table 2. Losses of total biomass, nitrogen, and phosphorous from litter decomposition bags containing litter from P. juliflora, Z. 
joazeiro, or C. ciliaris. The bags were placed under the canopies of P. juliflora  trees, in intermediate positions right outside the 
canopies, or in open patches o f C. ciliares, and collected at 30, 60, or 100 days after placement in the field. Values represent means (n 
= 5) followed by standard errors within parentheses. Soil moisture was higher during the 30-60 day period.

Biomass loss (%) Nitrogen loss (%) Phosphorous loss (%)

0-30 days 30-60 days 60-100 days 0-30 days 30-60 days 60-100 days 0-30 days 30-60 days 60-100 days

P. juliflora leaf litter

P. juliflora canopy 8.3 (0.7) b f 45.7(1.1) 48.2 (0.8) 0.9 (1.4) 32.9(2.7) 43.5 (3.7) 18.0 (4.8) 37.4 (4.3) 36.6 (5.7)

Intermediate 10.4 (1.6) ab 46.5 (0.8) 49.7(1.2) 0.2(1.1) 31.3(1.5) 37.0 (2.6) 20.3 (5.9) 34.2(1.8) 42.0 (3.0)

C. ciliaris patch 11.3 (0.9) a 38.7(3.5) 45.6 (4.6) 3.7 (3.3) 24.9 (4.0) 34.9 (6.0) 18.6(5.3) 18.9(9.9) 36.9 (6.2)

Z. joazeiro leaf litter

P. juliflora canopy 5.5 (0.1) 17.8 (1.6) b 23.3(1.2) 9.0(3.2) 23.8(1.8) 27.9 (4.8) 17(1.8) 8.1 (3.8) 23.1 (9.4)

Intermediate 6.8 (1.5) 22.0 (1.1) a 24.2(1.1) 9.2 (2.2) 25.7(1.3) 25.6 (6.0) 1.7 (3.5) 14.8 (2.6) 32.9 (9.9)

C. ciliaris patch 7.1 (0.8) 22.8 (1.5) a 23.9 (2.0) 14.5(2.1) 30.1 (2.3) 19.6(6.4) 26(2.4) 11.5 (6.0) 29.3(10.9)

C. ciliaris tissue litter

P. juliflora canopy 3.9 (0.7) 27.2 (2.9) b 28.3 (3.8) 16.7 (5.1) 25.2 (3.7) 27.2 (9.2) 27.8 (2.0) 41.3 (3.0) 44.5 (2.4)

Intermediate 6.2 (0.8) 29.1 (1.1) b 30.6 (3.6) 11.0(7.1) 38.7 (2.6) 40.3 (7.7) 21.4(3.2) 47.9 (2.5) 53.9 (4.0)

C. ciliaris patch 4.9 (0.7) 36.8 (1.6) a 32.4 (2.6) 9.1 (3.7) 36.1 (5.0) 28.3 (4.5) 18.7(6.4) 53.1 (4.0) 44.0 (8.4)

T Means followed by different letters are significantly different at P  < 0.05.



Table 3. Soil (0 to 15 cm) net nitrogen mineralized in a seven-week field incubation and total soil C and N concentrations under the 
canopies of Z. joazeiro  and P .julijlora  and in C. ciliaris patches in a silvopastoral system in semi-arid northeastern Brazil. Values 
represent means (n = 5) with standard errors within parentheses.

N H /-N N H /-N NOj'-N NOj'-N Total net N Total Total
soil resin soil resin mineralized soil C soil N

fig g so il1 mg g soil'1

Under Canopies 0.75 (4.2) 0.50 (0.11) 13.3(4.7)

Z. joazeiro  

3.60 (0.74) 18.1 (8.3) 12.8(2.3) 1.12(0.19)

C. ciliaris patches -0.83 (0.3) 0.37 (0.04) 5.1 (I. l) 1.10(0.22) 5.7 (1.2) 5.2 (0.7) 0.50 (0.05)
P-value NSf NS 0.064 0.006 0.089 0.007 0.007

Under Canopies -3.75(1.1) 0.85 (0.12) 13.8 (3.7)

P. julijlora 

4.06 (0.78) 14.9(4.5) 15.1 (1.3) 1.53(0.15)

C. ciliaris patches -1.31 (0.4) 0.76(0.13) 5.9 (1.0) 1.14(0.22) 6.5 (1.1) 12.7 (0.8) 1.20 (0.12)

P-value 0.035 NS 0.037 0.003 0.051 0.088 0.069
T Not significant at P < 0.10.



Table 4. Nutrient concentrations of soil samples (0-15 cm) collected from areas under the canopies of Z joazeiro  and P. juliflora
trees and from C. ciliaris patches next to the trees in a silvopastoral system in semi-arid Northeastern Brazil. Values represent means
(n = 5) with standard errors within parentheses.

Total C Total N N H /-N  NOj'-N Resin P Extr. P1 K+ Ca+2 Mg+2

g kg soil'1 pg g so il1 Pg g so il1 mmol (+) kg soil '*

Z. joazeiro

Under Canopies 14.6(1.5) 1.43 (0.15) 10.8(1.5) 4.06(0.61) 41.1(13.4) 37.0(12.8) 15.7(1.7) 23.3(1.8) 6.68(1.11)

C, ciliaris patches 5.1 (0.7) 0.49 (0.05) 5.8 (0.3) 1.89(0.52) 19.1 (3.6) 30.5(11.1) 6.3 (0.5) 9.3 (1.2) 1.56 (0.18)

P-value 0.004 0.004 0.029 0.023 NS*

P. juliflora

NS 0.002 0.003 0.011

Under Canopies 16.1 (0.8) 1.69 (0.14) 12.9(0.9) 5.30(1.13) 18.9(8.2) 24.5(18.5) 16.9(2.3) 30.6(1.8) 12.74(2.1)

C. ciliaris patches 12.8 (0.8) 1.21 (0.12) 9.3 (0.2) 1.22 (0.22) 12.7(5.7) 5.1 (0.9) 10.6(1.2) 22.8 (2.5) 9.53(1.2)

P-value 0.063 0.055 0.019 0.018 NS NS 0.090 0.006 0.094

* Extractable P (dilute acid).
* Not significant at P  <  0.10.



Table 5. Biomass production and nutrient uptake by pearl millet (Pennisetum glaucum (R.) Br. cv. ‘IPA Bulk 1 ’) plants grown for 
30 days in soil samples collected from areas under the canopies o f Z. joazeiro  and P. julijlora  trees and from C. ciliaris patches next 
to the trees in a silvopastoral system in semi-arid northeastern Brazil. Values represent means (n = 5) with standard errors between 
parentheses.

Plant biomass (g dry matter po t'1) Nutrient uptake (mg p o t ')
Total

Aboveground Belowground biomass_________N__________ P__________ K__________Ca_________Mg

Under canopies 1.80 (0.11) 0.75 (0.05) 2.55 (0.14)

Z. joazeiro  

39.8 (2.72) 9.40(0.77) 135.4(13.7) 27.2 (2.0) 9.44 (0.76)

C. ciliaris patches 1.29 (0.05) 0.75 (0.06) 2.04(0.10) 27.3(1.03) 7.81(2.14) 93.9(18.8) 15.6 (4.5) 5.42(2.51)

P-value 0.003 NS* 0.039 0.018 NS 0.009 0.006 0.004

Under canopies 1.38 (0.05) 0.63 (0.06) 2.01 (0.09)

P. juliflora  

36.5(3.36) 2.60(0.38) 111.8(11.5) 20.2 (2.6) 7.68(1.5)

C. ciliaris patches 1.11 (0.03) 0.52 (0.05) 1.63(0.06) 21.6(2.04) 2.54(0.28) 83.2 (7.8) 14.7(1.8) 5.24(1.1)

P-value 0.001 NS 0.012 0.013 NS 0.009 0.046 0.060

T Not significant at P  < 0.10.
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Abstract

It has been suggested that recent increases in elk herbivory and changes in hydrology 

towards drier conditions have contributed to declines in willow (Salix spp.) communities 

in the winter ranges for elk in Rocky Mountain National Park (RMNP). During the fall of 

1994, we constructed twelve large elk exclosures in two watersheds o f the winter range 

for elk in RMNP, and we conducted field experiments during the growing seasons of 

1995 to 1999 to investigate the effects of herbivory and proximity to surface water on the 

dynamics of C and N. We found that elk herbivory led to increases (P < 0.05) in N 

concentration of willow litter and decreases in litterfall biomass, but herbivory did not 

affect losses of C and N from litter in any of the growing seasons. Soil moisture levels 

were higher in lower landscape positions, which probably lead to higher (P  = 0.001) C 

losses from litter, in comparison to upper landscape positions. In plots where N fertilizer 

was added, we observed an increase (P < 0.05) in willow shoot length, shoot biomass, 

and the average amount o f N in the shoots, indicating that availability of N is limiting 

plant growth in our study sites. Elk herbivory had no effect on soil inorganic N 

availability and in situ net N mineralization rates, maybe because of the short time since 

treatment establishment (4 years). However, we estimated that the return of N to the soil 

in grazed plots could be as much as 265% of the N return in exclosed plots, perhaps due 

to N transfers from the summer range to the winter range. Our results demonstrate that 

elk herbivory and proximity to surface water had significant influences on the 

biogeochemical cycles o f the winter ranges for elk in RMNP. Greater return of N to the 

soil combined with increased litter quality in the grazed plots indicate that elk could
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contribute to increases in N cycling rates and availability in the long-term, which could 

lead to changes in ecosystem structure and function in the winter range for elk in RMNP. 

Index words: W illow, SalLx, Carex, litter, nitrogen availability, grazing, browsing.

Introduction

Since 1968, elk (Cervus elaphus) numbers in Rocky Mountain National Park 

(RMNP), Colorado have been managed under a policy of natural regulation, which rests 

on the assumption that density-dependent mechanisms would result in an equilibrium 

between large ungulate herbivores and plant resources. During this period, elk numbers 

have increased from approximately 1,000 to about 3,300 animals, and park managers are 

concerned about the effects of these increases on the soils and vegetation of the elk winter 

range within the park (Singer et al. 1998b).

Willow (SalLx spp.) communities have reportedly been declining in elk winter 

ranges of RMNP during the last few decades (Hess 1993: Singer et al. 1998b), and similar 

declines have also been reported for Yellowstone National Park (Chadde and Kay 1991, 

Kay and W agner 1994, Singer et al. 1998a). In addition to increased elk herbivory, two 

other factors have been proposed to explain these declines in willow communities: (1) 

climates are warmer and drier this century, possibly resulting in lowered stream flows and 

less water availability to plants (Singer et al. 1998b); and (2) beaver populations have 

declined on the eastern slope of RM NP (Stevens and Christianson 1980), which may 

further contribute towards the drying of these ecosystems.

Large herbivores can significantly influence plant community structure and 

biogeochemical cycles within the soil-plant system (Frank et al. 1994, Frank and
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Groffman 1998, Hamilton et al. 1998, Schuman et al. 1999, Wijnen 1999). Herbivores 

can influence nutrient cycling by removing plant biomass and returning more readily 

available nutrients to the soil (McNaughton et al. 1988, Frank et al. 1994, Hamilton et al. 

1998), increasing soil N mineralization rates and plant N uptake (Frank and Groffman 

1998, Wijnen et al.1999), and spatially redistributing nutrients within the landscape 

(McNaughton 1985, Afzal and Adams 1992, Russelle 1992). In some N-limited systems, 

herbivory may lead to slower rates of nutrient cycling due to increases in the dominance 

of non-browsed plant species, which may produce litter with low nutrient concentrations 

or with high concentrations o f secondary compounds (Pastor et al. 1993, Ritchie et al. 

1998). In addition, herbivory can influence plant growth and physiology (Toft et al. 1987, 

Welker and Briske 1992, Fahnestock and Detling 1999, Singer et al. 1998a, b) and alter 

carbon and nitrogen allocation within plants (Welker et al. 1987, 1985, Holland and 

Detling 1990, Singer et al. 1998a. Alstad et al. 1999). Changes in the root to shoot ratio 

following browsing may lead to improvements in the water balance of plants (Welker and 

Menke 1990), while the removal of meristems (Briske 1986) or overgrazing (Pengelly 

1963, Singer et al. 1998a) may reduce their future growth potential. Whether herbivory 

has a positive or negative influence on plants may depend in part on the specific 

characteristics of each system (Georgiadis et al. 1989, Hamilton et al. 1998, Mazancourt 

et al. 1998, Alstad et al. 1999).

Beaver (Castor canadensis) can also influence plant communities and 

biogeochemical cycles of ecosystems. By building dams, beavers contribute to the 

entrapment of sediment and organic matter and modify nutrient cycling and 

decomposition dynamics (Naiman et al. 1986). Active beaver ponds may increase the
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inputs of N and P to the flooded systems (Naiman and Melillo 1984) and increase water 

availability to plants, which enhance the conditions for willow growth and 

reestablishment of shoots, sprouts, and seedlings (Singer et al. 1998b, Naiman et al.

1986). It has been suggested that the observed declines in beaver populations in the 

eastern slope of RMNP have contributed to a decrease in the surface area of water (ponds 

and streams) within the winter range of elk since the beginning of this century (Singer et 

al. 1998b). These reductions in surface water may alter the biogeochemical cycles of 

those ecosystems, and could further reduce the ability of willow to respond to elk 

herbivory.

Plant-available N is usually a limiting element for plant growth in terrestrial 

ecosystems (Power 1977, Kiehl et al. 1997. Wijnen 1999) and the cycling of N in these 

systems is linked to the C cycle by internal organic matter transfers and positive and 

negative feedback loops between decomposers, plants, and herbivores (Aber and Melillo 

1991, Pastor and Naiman 1992). Therefore, the dynamics of C and N are of critical 

importance to primary productivity and overall ecosystem function (Power 1994,

Schuman et al. 1999). There is no available information about the effects of elk 

herbivory or the reduction in surface water on the dynamics of C and N in the winter 

ranges of elk in RMNP. This information is necessary for helping park managers 

formulate policies that will maintain elk and beaver populations at levels that are 

adequate for preserving the natural functioning of these ecosystems. Therefore, the 

objective of this study was to perform experimental field manipulations to investigate the 

effects o f elk herbivory and proximity to surface water on the C and N cycles in the 

winter ranges o f elk in RMNP.
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Methods

Study Sites

The low elevation winter range for elk in Rocky Mountain National Park (RMNP) 

encompasses about 10,000 ha, which includes land within the eastern side of the park and 

private and national forest lands outside the park in the town of Estes Park and Estes 

Valley, Colorado (Singer et al. 1998b). Our study sites were located in two riparian 

ecosystems on the northeastern side of RMNP: Moraine Park (Big Thompson River 

watershed, elevation 2,481 m) and Horseshoe Park (Fall River watershed, elevation 2,598 

m). The two watersheds are within 5 km of each other and have perennial alpine 

snowfields at their headwaters. Mean annual precipitation for the sites is 41 cm (Singer 

et al. 1998b) and peak stream flow usually occurs in early to mid-June (USDA 1995,

1996, and 1997). The 30-year average temperature for the adjacent Estes Valley ranges 

from 9 to 17°C during the five-month growing season of May through September (Alstad 

et al. 1999). The study area consists of wet meadows dominated by willow (S. 

monticola, S. geyeriana, and S. planifolia), other shrubs such as birch (Betula spp.), 

sedges (Care.r  spp.), rushes (Juncus balticus), and grasses (Phleum  spp., Calamagrostis 

spp., Bromus spp., Poa spp.). The elk population of Estes Valley numbers about 3,300 

animals, of which about one third generally spends the winter within the park (Larkins

1997, Singer et al. 1998b).

Experimental Treatments
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In the wet meadows of both parks, twelve 30 m x 46 m exclosures were erected 

within willow communities along the rivers between August and November o f 1994.

Next to each exclosure, 30 m x 46 m plots were chosen and marked off as paired plots 

open to grazing (grazed plots). Each site consisted of an exclosure and a grazed plot.

Eight sites (four in Moraine Park and four in Horseshoe Park) were placed in areas with 

little or no beaver activity, and contained heavily browsed willow (short willow). The 

other four sites (two in each park) were located in wetter areas, generally containing taller 

willow plants subjected to less severe browsing by elk (tall willow). In half o f the short 

willow sites (two in each park), hydro-manipulation treatments were imposed by placing 

sheet metal check dams on ephemeral stream channels both inside the exclosures and in 

the grazed plots. We expected these check dams to catch snowmelt and rain runoff 

through the spring and raise the water table at the sites. Twenty-five dams were installed 

in April and May 1995 and were relatively successful in holding additional water at these 

sites. The dams were intended to add water, but in no way was the treatment able to 

simulate water additions in the amounts accomplished by beaver dams on larger, 

permanent streams (Singer et al. 1997). In each exclosure and associated grazed plot, an 

average of five shallow (0.5 m to 2 m) wells were installed in the spring of 1995 for the 

purpose of monitoring groundwater levels. During early 1996 and 1997, three dams were 

constructed by beaver near two sites within the wetter area of Moraine Park, but these 

dams were washed out during the spring flood of 1996 and 1997.

The area within each exclosure was sub-divided in 15 x 23 m sub-plots and two 

treatments were imposed throughout the period of the study: (1) 75% current annual 

growth (CAG) removal (clipped plots), and (2) no clipping at all (ungrazed plots). The
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75% CAG removal treatment was applied between January and April of 1995, 1996,

1997, and 1998, and consisted of clipping all forage shrubs and herbaceous plants in each 

sub-plot. All clipped plant biomass was removed from the exclosures.

Litterfall

Litter was collected in each experimental plot during the fall of 1995, 1996, and 

1997, through the use o f fifteen greenhouse trays (totaling -  2.3 m: ) arranged in a 5 x 3 

regularly spaced grid (9.1 x 15.9 m). The grids were established randomly within each 

sub-plot before willow senescence began, and each tray was anchored to the ground using 

two or more large spikes. Litter was collected weekly from early September to late 

October until litterfall was complete. The litter was then composited within each 

experimental replication, sorted by genus and litter type, air dried, and weighed. Oven- 

dry corrections were applied within each category by drying a subsample at 60 °C.

Litterfall biomass was calculated as oven dry mass per unit area. Total N and C content of 

litter was determined using a LECO CHN-1000 analyzer.

Litter Decomposition

During September and October of 1994, we collected litter material to generate a 

standard litter that was used in the decomposition experiments. Willow leaf litter was 

collected by locating greenhouse trays directly under willow canopies. Carex litter was 

collected by clipping and collecting dead biomass throughout the study area. We dried all 

litter in a 35 °C forced air oven, and subsamples (2 g) from the two standard litter types 

(willow leaves and Carex tissue) were enclosed in 1 mm nylon mesh bags. The bags

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



were used in litter decomposition experiments to investigate the effects o f herbivory, 

landscape position, and plant cover on the decomposition rates of willow and Carex litter 

during the 1995, 1996, and 1997 growing seasons. In all experiments, the litterbags were 

left in the field during the entire length of the growing season (from late May until mid- 

September), and then collected, air-dried, weighed, ground to a fine powder, and stored 

until analysis. Carbon and N in the decomposed litter were analyzed using a LECO 

CHN-1000 analyzer, and C and N losses were calculated in an ash-free dry weight basis 

by subtracting the amounts in the pre-decomposition from the post-decomposition litter.

During the growing season of 1995, four bags of each litter type (willow leaves 

and Carex tissue) were randomly placed within the exclosures in the ungrazed plots and 

outside the exclosures in the grazed plots for all of the twelve sites. In 1996 and 1997, in 

each of the ungrazed and grazed plots, we selected two willow shrubs located at two 

different landscape positions: (1) lower landscape positions, next to a stream or a pond, 

and (2) upper landscape positions, at least 10 m away from a stream or a pond and 0.5 m 

higher in the landscape than lower landscape positions. Bags of both willow and Carex 

litter were placed under the canopies of the selected willow and in open grass areas next 

(within 2 m) to the shrubs. Two bags of each litter type were placed within each 

treatment replication in order to reduce microsite variability.

Elk Dung Quantification

We estimated the amount of C and N returned to the soil in elk dung by counting 

the number o f scat piles along 30 m transects within our experimental grazed plots, and 

measuring the concentrations of C and N in the dung. The survey was conducted after the
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elk herds left the winter range for the summer range during late spring 1997. We selected 

eight grazed plots (four in each park) and established four randomly placed transects per 

plot. In each transect, we measured the distance from the scat piles to the transect, and 

calculated the density of piles per area. Only scat piles that were visually identified as 

from the previous fall and winter were counted. In order to estimate dry matter and C and 

N content in each dung pile we obtained fifty-one samples (twenty-six from Horseshoe 

Park and twenty-five from Moraine Park) by collecting all dung from fresh piles during 

late Fall of 1997. After collection, the samples were air-dried, weighed, ground to a fine 

powder, and sub-sampled for determination of moisture and ash content. The 

concentrations of C and N in the dung were determined using a LECO CHN-1000 

analyzer and expressed on an ash-free dry weight basis.

Soil Characteristics and N  Availability

Soil samples (0-15 cm) were collected in July 1997 from the grazed, ungrazed, 

and clipped plots. Within each treatment replication, a total of twenty-five to thirty cores 

were randomly collected with a soil core sampler 2 cm in diameter and combined in a 

paper bag. After collection, the samples were taken to the laboratory, air-dried, and 

passed through a 2 mm sieve. Soil particle distribution was measured in each sample 

using the hydrometer method (Gee and Bauder 1986). Sub-samples (10 g) of each 

sample were ground to a fine powder with a ball mill. The sand fraction (>53 p.m) o f each 

sample was ground to a fine powder with a ball mill, for determination of particulate 

organic matter (POM) C and N (Cambardella and Elliott 1992). Total C and N in the 

total soil and sand fraction were determined with a LECO CHN-1000 analyzer.
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In addition, during the summer of 1996 we collected soil samples (0-20 cm) under 

willow trees and in associated open grass areas next (within 2 m) to the trees. A total of 

thirty-three pairs of samples (shrub canopy plus open grass) were taken from the twelve 

ungrazed plots within the exclosures of Moraine Park and Horseshoe Park. The samples 

were air-dried and sieved through a 2 mm screen. Sub-samples (10 g) of each sample 

were ground to a fine powder with a ball mill, and total soil C and N were determined 

using a LECO CHN -1000 analyzer.

Soil moisture (0 to 14 cm) measurements were performed weekly in eight sites in 

Moraine Park and Horseshoe Park (four in each watershed) by Time Domain 

Reflectometry (TDR) (Ledieu et al. 1986) with a Trase System model 6050x1 during the 

growing season of 1997. Within each site and grazing treatment, soil moisture was 

measured under willow canopies and in associated Carex plots next to the willow shrubs 

in both upper and lower landscape positions.

Within three ungrazed plots in each park, soil temperature was measured in using 

HOBO® temperature data loggers during the growing season of 1997. The loggers were 

wrapped with a thin plastic film to avoid damage by soil moisture, and were buried in a 

vertical position from 1 to 6 cm of depth. In each of the sites, we performed comparisons 

of soil temperature between (I) willow canopies and Carex plots and (2) streamside and 

upper landscape positions. The temperature measurements were performed every 15 

minutes for periods of 7 to 14 days.

In 1995, 1996, and 1998 soil in situ N availability in the experimental plots was 

assessed using ion-exchange resin bags. Paired cation and anion resin bags made from 

nylon stockings and containing about 15 cm3 of exchange resins were placed 5 cm
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beneath the soil surface (Binkley 1984). In 1995 and 1996, fifteen pairs of resin bags 

were placed in a regularly spaced grid (9.1 x 15.9 m) within each treatment (grazed, 

ungrazed, clipped) in the twelve sites. In order to analyze the temporal variability o f N 

availability, two sets of bags were placed in each treatment during each of the growing 

seasons of 1995 and 1996. The first set was left in place from mid-June to mid-July, and 

the second set from mid-July to mid-August. A different experimental procedure was 

utilized in 1998, in which six pairs o f resin bags were randomly placed within each of the 

twelve ungrazed and grazed plots, and left in the field from May to October. For all three 

years, after removal of the bags, the N adsorbed in the resins was extracted with 50 ml of 

2 M KC1, and the extracts were frozen until analysis on an Alpkem automated 

spectrometer.

In 1997 and 1998, in situ measurements of net N mineralization were performed 

by conducting field soil incubations as described in Kolberg et al. (1997) using aluminum 

cores 15 cm long and 5 cm in diameter. During the 1997 growing season, cores were 

placed in upper and lower landscape positions within the twelve ungrazed and grazed 

plots o f the two watersheds. Within each landscape position and grazing treatment, cores 

were placed under willow shrubs and in associated Carex patches within 2 m of the 

willow plants. Four cores were placed inside each treatment replicate in order to reduce 

micro-site variability. Cation and anion resin bags were placed in the bottom of each core 

to capture the inorganic N leached from the core. During the 1998 growing season, six 

open-top field soil incubation cores were placed within the ungrazed and grazed plots in 

three different six-week incubation periods (June to July, July to August, and August to 

October). Net soil N mineralized during the incubation periods was calculated by
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subtracting the initial amount of inorganic N in the soil from the final amount of 

inorganic N after the incubations, and the results were expressed in g N m '2.

Nitrogen Fertilization

In each ungrazed and grazed plot in the twelve sites, we placed two paired circular 

subplots (each with 2 m radius) around willow plants at the end of the growing season of 

1998. Within each pair of circular subplots, we applied two fertilization treatments: (1) 

no fertilization, and (2) 10 g N m'2 as ammonium nitrate. During late July 1999, willow 

shoots (current year growth) were collected from the plants inside the subplots, dried at 

60 °C, weighed, and ground to a fine powder. Concentrations of C and N in shoots were 

determined using a LECO CHN -1000 analyzer.

Statistical Analyses

Statistical analyses were performed using the SAS Statistical Package (SAS, 

Version 6.12, SAS Institute Inc., Cary, NC. 1995). There were no significant interactions 

at any level including watershed, willow height, and hydro-manipulations. Therefore, the 

data from the experiments on litterfall, litter nutrient content, soil characteristics, and elk 

dung deposition were analyzed for the effect of elk herbivory using a randomized 

complete block design. The data from the experiments on litter decomposition and soil N 

availability were analyzed using a spiit-plot design with herbivory manipulations as the 

main treatments and landscape position or canopy position as sub-plots.

Results and Discussion
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Litterfall

Litterfall biomass in the ungrazed and clipped plots was greater (P  < 0.05) than in 

the grazed plots for the three growing seasons (Table 1). Across all growing seasons, 

litterfall biomass averaged 65.6 and 33.0 g m': inside and outside the exclosures, 

respectively. On average, willow leaves accounted for 58 % of the litterfall biomass 

followed by herbs (20 %), other shrub leaves (16 %), wood (5 %), and unidentified 

material (1%). However, the use of trays for collecting litterfall may underestimate the 

amount of grass litterfall, since a significant portion of the senescent tillers still remain 

attached to the plant and were not collected and counted as litter. Willow leaf litterfall in 

the ungrazed and clipped plots was greater (P < 0.05) than in the grazed plots during the 

1995 and 1997 seasons, but in 1996 there were no significant differences between clipped 

and grazed plots (Table 1). Leaf litter from other shrubs, mostly birch (Betula spp.), was 

significantly lower in the grazed plots when compared to the clipping treatment inside the 

exclosures, but there were no differences between grazed and ungrazed plots. No grazing 

treatment differences were observed for the amounts o f herb or wood litter during the 

three growing seasons.

Litterfall biomass was lower in the grazed plots, in comparison to the clipped and 

ungrazed plots, due to elk browsing during early fall before leaf senescence. However, 

inside the exclosures, even the removal of 75% of current annual growth in the clipped 

plots did not result in significant differences between the ungrazed and clipped plots 

during the three growing seasons. We suggest this lack of difference between clipped and 

ungrazed plots occurred in part because the artificial clipping o f willow did not 

satisfactorily simulate elk browsing. Other studies have demonstrated the limitations of
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clipping experiments to reflect accurately the natural patterns o f herbivory (Paige 1999). 

Visual observations in our field plots suggested that clipped plants inside the exclosures 

were morphologically similar to the plants in the ungrazed treatment, regarding height 

and canopy structure, while the grazed plants were apparently more suppressed and 

shorter than the plants in the two treatments inside the exclosures. These patterns 

probably result from the additional damage to willow leaders caused by elk when striping 

off leaves from the plants, as compared to artificial clipping. On average, elk may browse 

on more than 70% of the leaders in each plant in our study sites, and may remove nearly 

40% of the length of each leader (Singer et al. 1998b). Additional field observations from 

our experiments demonstrate that an average of 20% of the length of browsed willow 

leaders may die after elk browsing due to bark damage, while only 2% of the length of the 

leader may die in the case of artificially clipped plants (R. Peinetti, pers. comm., 1999).

We suggest that the differences in growth and litterfall observed between grazed and 

clipped treatments in our study may result from: (1) greater leader damage during elk 

browsing, in comparison to artificial clipping, and/or (2) greater increases in plant height 

in clipped plants, in comparison to grazed plants, due to differences in the patterns of 

tissue removal during elk browsing or artificial clipping, which may influence canopy 

architecture. Overall, we suggest that the clipped plants in our study were able to 

overcompensate for the biomass removal and achieve greater fitness, in comparison to 

browsed plants, but additional studies are needed to test this hypothesis.

Willow leaf litter in the ungrazed and clipped plots had lower (P < 0.05) N 

content and higher (P < 0.05) C to N ratio than willow leaf litter in the grazed plots, but 

no significant treatment differences were found in litter from other shrubs, Carex, or forbs
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(Table 2). Similar to our findings, Alstad et al. (1999) reported that early season willow 

tissue N concentration in plants under elk herbivory in our sites was significantly higher 

than in plants protected from herbivory. Often, grazing leads to increases in plant tissue 

N (McNaughton 1985, Holland and Dettling 1990, Coughenour 1991, Hamilton et al.

1998) due to faster nutrient cycling and uptake by plants or a reduction in tissue biomass 

for allocation of N. Higher N concentration and lower C to N ratios in litter may lead to 

faster litter decomposition and greater nutrient availability (Ritchie et al. 1998, Irons et al. 

1991). In our study site, the effects of elk herbivory on willow litter N concentration 

could lead to increases in the rate of litter decomposition and nutrient cycling, which 

could lead to changes in species composition and ecosystem functioning (Aber and 

Melillo 1991, Holland et al. 1992, Ritchie et al. 1998, Stohlgren et al. 1999).

Litter Decomposition

Grazing had no effect on the decomposition of willow and Carex litter in any of 

our experiments, but C and N losses between willow and Carex litter bags were 

significantly different. In the three growing seasons, C losses from willow litter bags were 

higher (P < 0.05) than from Carex litter bags (Table 3). Interestingly, N losses from 

willow litter were lower than from Carex litter (Table 3), maybe because willow litter has 

a higher content o f secondary compounds or promotes greater N immobilization during 

decomposition, when compared to Carex litter. Browsed willow plants may increase the 

concentration of defense compounds, such as tannins, as a response to prevent further 

herbivory (Singer et al. 1994). The standard litter utilized in our decomposition studies 

had a relatively high concentration of tannins, averaging 70.7 mg g ' 1 dry matter ' 1 (Cates,
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R. 1998). Our findings indicate that, even though willow litter has a lower C to N ratio 

when compared to Carex litter, the presence of secondary compounds in willow litter may 

have caused a significant reduction in the losses of litter N when compared to Carex 

litter.

In 1996, C losses from litter bags were higher (P = 0.001) in streamside positions 

than in upper landscape positions, but no significant differences were observed for N 

losses during 1996 or C and N losses during 1997 (Table 4). Soil moisture is usually an 

important factor contributing to decomposition and, in general, litter decomposition 

increases with increasing soil moisture in semi-arid ecosystems (Schlesinger 1997).

Higher C losses observed in streamside positions in our study are likely due to higher soil 

water availability (Figure 1). However, no significant differences in willow or Carex 

litter decomposition were observed between streamside and upper landscape positions 

around the two beaver ponds in 1996. Average C and N losses from litter bags of the two 

litter types placed around the ponds were 36.4 and 2.9%, respectively. The lack of 

consistent differences in litter decomposition between different landscape positions in our 

experiments may have occurred because 1996 and 1997 had higher rainfall levels than the 

long term average for those sites (Alstad et al. 1999). For these reasons, the differences 

in soil moisture may not have been as pronounced between landscape positions as they 

would have been in drier years, especially towards the end of the growing season, as 

indicated by the increases in soil moisture in July 1997 (Figure 1).

Litter bags placed under willow canopies lost significantly more C and N than 

bags placed in Carex plots (Table 5), even though soil moisture levels were slightly lower 

under willow canopies, compared to Carex plots, especially in Horseshoe park (Figure I).
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Average maximum soil temperatures from 1 to 6  cm in depth during the 1997 growing 

season were significantly lower under willow canopies than in Carex plots in both 

Moraine and Horseshoe parks (Figure 2). These results indicate that the presence of 

willow shrubs has a significant influence on microclimatic conditions in our sites, 

contributing to reductions in soil temperature and soil moisture. We suggest that the rate 

of nutrient loss from litter bags was higher under willow canopies because: ( I ) shading by 

willow canopies may decrease soil temperature and help preserve moisture at the top few 

centimeters o f the litter layer and soil, and this may enhance litter decomposition and/or 

(2) Carex plants may have held litter bags off of soil, which may have let them dry out 

more and decompose less than bags placed under willow canopies.

Return o f  N  to the Soil

Based on the biomass and N content of aboveground litter in our sites (Tables 2 

and 3), we calculated that the N return to the soil in litterfall during the 1997 growing 

season was greater (P < 0.05) in the ungrazed and clipped plots (0.83 and 0.82 g N m'2, 

respectively) than in the grazed plots (0.42 g N m'2), excluding the contribution of N in 

wood litter in all treatments. Similar to our findings, Pastor et al. (1993) found that 

moose browsing led to decreases in the amount o f litterfall and nutrient return to the soil 

in litter. In our site, litter from willow, other shrubs, and herbs contributed to 62, 17, and 

21% of the N returned to the soil inside the exclosures, and 51, 16, and 33 % of the N 

returned to the soil in grazed plots, respectively. Elk dung biomass deposited on the soil 

during the 1997-98 season averaged 42.2 ± 6.2 g m ‘2 across all sites. This value is similar 

to those reported by Frank and McNaughton (1992), who found that average herbivore
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dung deposition during the 5 month season in the winter range of Yellowstone National 

Park was 76.9 ± 30.1 g N m'2. In our sites, average elk dung N concentration in the 

samples collected in late fall of 1997 was 2.0 %. Based on our results, we estimated that 

approximately 0.87 ±  0.12 g N m ' 2 returned to the soil in elk dung during the 1997-98 

winter season in our study site. Therefore, the amount of N returned to the soil as elk 

dung plus plant litter averaged 1 .3 g m ' 2 in the grazed plots. The estimated amount of N 

returned to the soil in elk urine in our sites, based on the diet and specific characteristics 

o f the herd, could be approximately 98% of the N returned to the soil in dung (K. 

Schoenecker, pers. comm., 1999). Based on these estimates, after including the potential 

N inputs from urine, the total amount of N returned to the soil in the grazed plots could be 

as high as 2.2 g N m '2, which corresponds to 265% of the N returned as aboveground 

litter in the exclosed plots. Our results are consistent with the findings of Frank and 

McNaughton (1992), who found that elk and bison populations in Yellowstone National 

Park excreted 0.81 to 4.60 g N m'2 yr'1, an amount that corresponded to roughly 4 times 

the amount of N returned in litterfall. In addition, those authors concluded that the 

intensity of herbivory was positively associated with both aboveground net primary 

production and the return of nutrients to the soil. Ungulates usually accelerate nutrient 

cycling by modifying the amount and quality of residues returned to the soil (Hobbs 

1996). Similar to the findings of Frank et al. (1994) in Yellowstone, a portion of the 

excess N returned to the soil by elk in our study sites, may correspond to transfers from 

the summer range. During winter, elk migrate from the summer range to the winter range 

at lower elevations to avoid snow and usually lose weight and N (F. Singer, pers. comm.,

1999). Our results indicate that elk may be promoting a net transfer of N  from the
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summer range to the winter range, and the extent of these transfers are likely related to 

the number of elk in this system. In the long-term, these N transfers could increase N 

availability, which in its turn may affect ecosystem structure and functioning (Aber and 

Melillo 1991, Holland et al. 1992, Ritchie et al. 1998, Stohlgren et al. 1999).

Soil Characteristics and N  Availability

There were no significant differences (P < 0.05) in total soil C and N, POM C and 

N, soil texture, and soil pH between grazing treatments in our sites within the 4 years 

after the establishment of the exclosures (Table 6 ). Similar to our findings, Frank and 

Groffman (1998) found no differences in soil total C and N between grazed plots and 

exclosed plots that had been protected from herbivory for 33 to 37 years in Yellowstone 

National Park. However, those authors found that herbivores improved the quality of soil 

organic matter, increasing the labile fractions and decreasing the recalcitrant fractions. In 

our study, the relatively short time (4 years) since the establishment of the exclosures may 

not have allowed for the development of significant differences in the organic matter 

fractions between herbivory treatments. In addition, we found no differences in total soil 

C and N (0 to 30 cm) between soil samples taken in Carex plots or under willow 

canopies. Total soil C and N averaged 6.2 and 0.44 g kg ' 1 in Carex plots and 5.8 and 0.40 

g kg ' 1 under willow canopies, respectively.

In all experiments with both ion-exchange resin bags and field soil core 

incubations, there were no significant differences in soil N availability between grazing 

treatments during the four years of the study. Several studies have reported increases in 

the rates o f soil N mineralization with herbivory (McNaughton 1985, McNaughton et al.
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1988, Holland and Detling 1990, Frank and Evans 1997). Frank and Groffman (1998), 

reported that N availability in plots grazed by elk was 100% higher than exclosed plots. 

Again, we suggest that the time since the establishment of the exclosures in our study did 

not allow for the development of detectable differences in soil N mineralization and 

availability between grazing treatments.

The assessment of N availability with ion-exchange resin bags during 1995 and 

1996 indicated that, in general, both NH4+-N and NO^'-N availability were higher (P < 

0.05) during early to mid-season and declined afterwards (Table 7). In 1998, there was 

only one resin bag incubation period, and the total amount of N adsorbed to the bags was 

slightly higher than the sum of both periods of either 1995 or 1996, probably because the 

incubation period in 1998 was a few weeks longer. On average, the amount of NH4+-N 

adsorbed to the resin bags was 137 to 412% higher than NO3 -N during the three growing 

seasons. The higher proportions of soil N H /-N  could benefit plant productivity in our 

sites, since plants with an evolutionary history of grazing show elevated growth responses 

to ammonium relative to other inorganic forms of N, particularly when subject to 

defoliation (Ruess 1984, Ruess and McNaughton 1987, Hobbs 1996). Similarly to the 

results from the experiments with ion-exchange resin bags, the amounts of net N H j+-N 

mineralized in the soil cores were usually higher than N O 3 -N (Table 8 ). In addition, total 

inorganic N in the soil was higher during early to mid-season during the 1998 growing 

season (Table 8 ). If plant uptake is higher during early to mid-season when plant growth 

and nutrient requirements are probably greater, the higher availability of nutrients during 

that period may contribute to the synchronization o f nutrient supply and demand and 

enhance primary production and nutrient retention within the system (Myers et al. 1994).

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Interestingly, the presence o f willow had a significant effect on N availability in our 

experiments with ion-exchange resin bags. During both incubation periods of 1996, the 

amounts of inorganic N adsorbed to resin bags located under willow canopies was higher 

(P < 0.05) than in bags placed in Carex plots (Table 9), but no significant differences 

were observed during 1995. The higher N availability may be a consequence of higher 

amounts of litter N inputs and higher rates of N loss from litter under willow canopies, as 

indicated by our findings in 1996.

The data from the N fertilization experiment demonstrated that willow growth in 

the winter ranges for elk is limited by N availability, independently of grazing treatment. 

Both inside and outside the exclosures, N fertilizer additions increased (P < 0.05) willow 

shoot length, shoot biomass, and the amount of N in the shoots (Table 10). We suggest 

that elk herbivory could lead to long-term increases in N availability in our sites, because 

of induced increases in both litter quality and return of N to the soil. Increases in N 

availability could lead to changes in plant species composition and significantly alter 

ecosystem functioning, because of shifts in the competitive interactions between plant 

species (Tilman 1982, 1988, Holland et al. 1992, Sterner 1994, Ritchie et al. 1998). 

Stohlgren et al. (1999) reported that exotic species were more likely to invade landscape 

patches higher soil N and moisture, which could lead to a decline in native plant species 

and ecosystem diversity (Billings 1990, D ’Antonio and Vitousek 1992).

Conclusions

Herbivory by elk significantly influenced the biogeochemical cycles o f the winter 

ranges for elk in RMNP. Losses of C from litter and soil moisture were greater in
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streamside positions, when compared to upper landscape patches, indicating that 

reductions in surface water may lead to lower decomposition rates in our site. Elk 

browsing reduced the amount of litterfall biomass and the amount o f N returned to the 

soil in litter. However, we estimated that the return of N to the soil through elk 

excretions plus aboveground litter in the grazed plots could be as much as 265% greater 

than inside the exclosures, maybe due to transfers of N from the summer range to the 

winter range. Willow litter contributed to 51 to 62 % of the N returned to the soil in 

litterfall, and browsing by elk significantly increased the N concentration and reduced the 

C to N ratio of willow litter. We found no differences in soil total C and N, POM C and 

N, and N availability between grazed and ungrazed plots during the period of our study, 

maybe because there was not enough time (4 years) to develop significant differences 

between herbivory treatments. Nitrogen fertilization significantly increased willow shoot 

length, shoot biomass, and the average amount of N in the shoots, indicating that 

availability of N is a limiting factor for willow growth in our study sites. Greater return 

of N to the soil combined with increased litter quality in the grazed plots indicate that elk 

could contribute to increases in N cycling rates and availability in the long-term in our 

sites. Increased N availability could lead to changes in plant species composition and 

ecosystem functioning.
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Table I. Litterfall biomass in ungrazed, clipped, and grazed plots of Moraine Park and 
Horseshoe Park during 1995, 1996, and 1997. Values represent means (n = 12) with 
standard errors in parentheses. Means within the same group followed by different letters 
are significantly different at P  < 0.05.

Litterfall (g m :)

Treatment
Willow (Salix 
spp.) leaves

Other shrub 
Leaves1 Herbs 2 Wood

Unidentified
material All litter

1995

Ungrazed 32.9 (9.8) a 5.9 (2.7) ab 10.1 (2.4) 3.0 (1.0) 0 . 6  (0 .2 ) 52.5 (10.2) a

Clipped 34.1 (8.5) a 13.2 (6.3) a 8 . 0  ( 1 .0 ) 4.4 (1.4) 0.3 (0.1) 60.0 (8.9) a

Grazed 19.1 (7.1) b 1.7 (0.6) b 6.4 (0.9) 3.1 (1.4) 0.5 (0.2) 30.9 (8.5) b

1996
Ungrazed 55.0 (13.6) a 9.1 (3.9) ab 3.1 (0.6) 3.1 (1.1) 1.4 (0.4) 71.6 (12.6) a

Clipped 47.1 (10.6) ab 18.3 (8 .6 ) a 2.6 90.5) 1.6 (0.4) 0 . 8  (0 .2 ) 70.2 (9.7) a

Grazed 26.6 (8 . 1 ) b 3.7 (0.8) b 3.4 (0.5) 5.1 (2.2) 0.7 (0.3) 39.4 (9.1) b

1997
Ungrazed 45.3 (12.3) a 8.7 (4.0) ab 14.3 (3.3) 3.1 (1.0) - 71.5(11. l ) a
Clipped 41.6 (10.4) a 15.5 (6.3) a 7.2 (0.7) 2.2 (0.7) - 66.4 (10.1) a

Grazed

1 . • r

15.9 (6.0) b 3.0 (0.9) b 7.5 (1.0) 2.4(1.1) - 28.8 (7.1) b

Mostly birch (Betula spp.) leaves.
'  Litter material from forbs and Car ex spp. combined.
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Table 2. Nitrogen content and carbon to nitrogen ratio of different litter types in 
ungrazed, clipped, and grazed plots of Moraine Park and Horseshoe Park in 1997. 
Values represent means (n = 12) with standard errors in parentheses. Means within the 
same group followed by different letters are significantly different at P < 0.05.

Treatment
Willow (Salix 

spp.) leaves
Other shrub 

leaves 1 Carex Forbs

Nitrogen (%)

Ungrazed 1.25 (0.10) b 1.23 (0.15) 1.40 (0.11) 1.79 (0.13)

Clipped 1.27 (0.09) b 1.11 (0.13) 1 . 2 2  (0.08) 1.71 (0.15)

Grazed 1.49 (0.08) a 1.09 (0.11) 1.23 (0.09) 1.82 (0 . 1 2 )

Carbon to nitrogen ratio

Ungrazed 45.8 (3.2) a 48.5(12.0) 37.2 (2.9) 31.0 (3.0)

Clipped 43.0 (4.2) a 53.4(11.6) 42.1 (2.8) 32.6 (2.9)

Grazed 37.7 (3.1) b 49.9(14.3) 43.5(3.1) 31.4 (2.6)

1 M ostly  birch (B etu la  spp.) leaves.
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Table 3. Carbon and nitrogen losses from willow (SalLx spp.) and Carex leaf litter bags in 
Moraine Park and Horseshoe Park during the growing seasons o f 1995, 1996, and 1997. 
Values represent means (n = 12) with standard errors in parentheses.

Litter type % C loss % N loss

1995
Willow 30.2 (2.7) 6.3 (2.0)
Care.r 22.9 (2.6) 10.3 (2.1)

P-value N.S. 1 0.026

1996
Willow 29.0(1.9) 3.4 (5.1)

Carex 22.9 (2.4) 15.2 (4.7)

P-v alue 0.046 0.005

1997
Willow 22.1 (1.4) 2.7 (2.4)
Carex 16.4(1.8) 16.7 (4.3)
P-v alue 0.013 0.005

Not significantly different at P < 0.05.
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Table 4. Carbon and nitrogen losses from litter bags placed in upper and lower landscape 
positions of M oraine Park and Horseshoe Park during the growing seasons of 1996 and 
1997. Values represent means (n = 12) with standard errors in parentheses.

Landscape position % C loss % N loss

1996

Streamside 31.7 (2.3) 5.7 (6.1)

Upper landscape 20.3(1.9) 1 2 . 8  (6 .0 )

P-value 0 . 0 0 1 N.S . 1

1997
Streamside 18.1 (1.9) 6.5 (4.2)
Upper landscape 20.4(1.3) 12.9 (2.7)
P-value N.S N.S.

Not significantly different at P < 0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5. Carbon and nitrogen losses from litter bags placed under willow (Salix spp.) 
canopies and in Carex spp. plots in Moraine Park and Horseshoe Park during the growing 
seasons o f 1996 and 1997. Values represent means (n = 8 ) with standard errors in 
parentheses.

Position % C loss % N loss

1996
W illow canopies 35.7(1.7) 24.2(1.8)

Carex plots 7.7 (2.9') -1.6 (2.4)

P-value 0 . 0 0 1 0 . 0 2 2

1997
W illow canopies 23.1 (1.5) 15.5(1.7)
Carex plots 16.0 (3.5) 3.4 (3.5)
P-value 0 . 0 0 1 0 . 0 1 2
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Table 6. Soil characteristics (0-15 cm) of ungrazed, clipped, and grazed plots of Moraine
Park and Horseshoe Park in July 1997. Values represent means (n = 12) with standard
errors within parentheses.

Treatment
Total C Total N POM C POM N Sand Silt Clay

g kg soil'1 pH 1

Ungrazed 50.3 (9.0) 3.38 (0.63) 15.9(3.5) 0.81 (0.19) 523 (59) 209 (40) 152(19) 4 .64(0 .10)

Clipped 47.7 (7.1) 3.27 (0.54) 13.3(2.0) 0.63 (0.09) 494 (55) 235 (47) 161 (25) 4.67 (0.12)

Grazed

i

42.7 (6.2) 2.82 (0.44) 11.3(2.0) 0 .53(0.12) 549 (37) 234 (29) 118(19) 4 .60(0 .11)

1 Measured in water (2:1, watensoil)
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Table 7. Inorganic nitrogen adsorbed to ion exchange resin bags during different 
incubation periods during 1995 and 1996, and from one incubation period during 1998. 
Values represent means (n = 12) with standard errors within parentheses.

N 0 3'-N N H /-N N 0 3'-N + NH4 +-N

Incubation period mg b a g ' 1

1995
June to July 
July to August 
P- value

1.08 (0.23) 
0.64 (0.32) 

0.0151

4.45 (0.63) 
2.12(0.44) 

0 . 0 0 1

5.53 (1.45) 
2.78(1.29) 

0 . 0 0 1

1996
June to July 
July to August 
P-value

0.95 (0.52) 
1.05 (0.55) 

N.S . 2

3.39 (0.81) 
1.44 (0.53) 

0 . 0 0 1

4.34(1.14) 
2.49 (0.87) 

0 . 0 0 1

1998
July to October

i „ .__ . •

3.01 (0.55) 7.29(1.98) 10.30 (2.43)

1 P-value o f comparisons between means o f incubation periods.
2 Not significantly different at P < 0.05.
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Table 8. Inorganic nitrogen mineralized during field soil incubations (0 to 15 cm) using
aluminum cores during 1997 and 1998. Values represent means for all treatments (n =
12) with standard errors within parentheses.

Incubation period 1

Mineralized nitrogen (g m'-2)

n o 3 N H / N 0 3‘ + NH4+

1997

June to July 0.11 (0.04) 0.55 (0.15) 0 . 6 6  (0.16)

1998
June to July 0.71 (0.44) 0.81 (0.80) 1.51 (0.77)

July to August 1.13(0.38) 1.33 (0.95) 2 .46(1 .17)

August to October
1 , ______. c • i

0.51 (0.23) 0.34 (0.52) 0.85 (0.59)

Length of incubation period: 1997 = 4 weeks; 1998 = 6 weeks each period.
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Table 9. Inorganic nitrogen adsorbed to ion exchange resin bags under willow (Salix  
spp.) canopies and in Carex spp. plots during different incubation periods of the 1995 and 
1996 growing seasons. Values represent means (n = 12) with standard errors within 
parentheses.

Inorganic N (mg bag ')

Position June to July July to August

1995
Willow canopies 5.69 (2.13) 2.87 (1.20)
Carex plots 5.80(1.92) 2.87 (1.11)
P-value N.S. 1 N.S.

1996
Willow canopies 4.98 (0.77) 3.07 (0.55)
Carex plots 4.01 (0.68) 2.42 (0.37)
P-value

1 '• . . . .  , « •  . . r.

0.018 N.S.
Not significantly different at P < 0.05.
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Table 10. Effects o f nitrogen fertilization on willow (Salix spp.) growth and N 
assimilation during the growing season of 1999. Values represent means (n = 12) 
followed by standard errors between parentheses.

Shoot length
Shoot

biomass
Shoot

concentration
Amount of 
N per shoot

Treatment cm g % g

N fertilizer 
(10 g N m'2)

28.6 (1.4) a 1 27.3 (2.5) a 2.25 (0.05) 0.62 (0.06) a

No fertilization

1 w ___

22.5(1. l ) b 20.2 (2.4) b 2.14(0.06) 0.43 (0.05) b

Means followed by different letters are significantly different at P < 0.05.
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Figure 1. Soil moisture (0 to 14 cm) under Salix canopies and in Carex plots in upper 
and lower landscape positions of Horseshoe Park and Moraine Park from early June to 
late August o f 1997. Error bars represent standard error of the means (n = 8).
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Figure 2. Soil temperature ( I to 6 cm) under willow canopies and in Carex plots in 
Horseshoe Park and Moraine park during July 1997. Vertical lines represent 
the range of the 95% confidence interval for the means of maximum 
temperatures (n = 3).
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Abstract

During the last few decades, changes in ungulate browsing and surface water hydrology 

have occurred in elk winter ranges in Rocky Mountain National Park (RMNP). These 

changes may be influencing the biogeochemistry and vegetation structure of these 

habitats, as evidenced by the decline in willow (Salix spp.) communities. Previous 

studies in riparian areas of RMNP demonstrated that Carex spp. and S. monticola utilize 

different proportions of groundwater vs. rainwater across different landscape positions in 

those habitats. However, whether these two plant growth forms differ in their sources of 

N has remained unknown. We conducted field studies in elk winter ranges in RMNP 

during the growing seasons of 1997 and 1998 . In these studies, we utilized ,5N natural 

abundance and non-isotopic techniques to identify the N sources of S. monticola and 

Carex under different herbivory treatments and landscape positions. Based on the 

isotopic evidence, we found that Carex plants seemed to acquire smaller proportions of 

groundwater N in upper landscape positions in comparison to the woody SalLx species, 

suggesting that the deeper rooting characteristics of Salix may allow these plants to access 

more groundwater N. However, grazed S. monticola plants in upper landscape positions 

seemed to acquire less groundwater N as compared to S. monticola plants protected from 

herbivory. Therefore, it appears that herbivory by elk and the shifts in landscape 

hydrology, caused by reductions in beaver activity and a warming and drying trend, could 

have an interacting effect on S. monticola by increasing the frequency of drought stress 

and possibly reducing the availability of nitrogen. The combination o f these factors could
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explain in part the decline of S. monticola communities across riparian habitats in Rocky 

Mountain National Park.

Index words: 15N natural abundance, willow, Salix, Carex, elk, beaver, Rocky Mountain 

National Park

Introduction

Changes in ungulate browsing and hydrology have occurred in the winter ranges 

for elk in Rocky Mountain National Park (RMNP) during the last few decades, and these 

changes may be influencing the biogeochemistry and vegetation structure of these 

systems as evidenced by reductions in willow (Salix spp.) growth (Singer et al. 1998).

Elk numbers have increased by approximately three-fold (Singer et al. 1998) over the last 

30 years, and nowadays a high density of elk (Cervus elaphus) browses these systems in 

winter. Changes in the hydrology of these systems are evident from aerial photographs 

between 1937 and 1996, which indicate that rivers are now less braided and that there is 

less surface water than in the beginning of this century (R. Peinetti, pers. comm., 1999). 

These changes in hydrology are probably a result of the observed declines in beaver 

(Castor canadensis) activity (Stevens and Christianson 1980), which may alter the 

biogeochemical cycles by altering the availability of stream and groundwater 

(Terwillinger and Pastor 1999, Naiman et al. 1994).

Alstad et al. (1999), based on 8 l80  measurements, found that Carex and Salix  in 

the elk winter ranges RMNP utilize water from different sources. Salix appears to rely on 

groundwater (80% of total water uptake) which is recharged by streamwater throughout
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the floodplains. In addition, water sources of Salix seemed to be independent o f 

landscape position and consistent throughout the growing season. In contrast, Carex 

utilized mostly groundwater early in the season but seemed to take up increasing amounts 

o f rainwater (up to 50%) towards the end of the season, especially when located in upper 

landscape positions. These differences in water source between the two plant functional 

groups may result from differences in rooting characteristics, but whether these two plant 

growth forms differ in their sources o f N is unknown. Based on the 8 180  measurements 

o f Alstad et al. (1999), we anticipated that SalLx may be relying more strongly on 

groundwater N in comparison to Carex, especially in the case of plants located in upper 

landscape positions.

The mineral nutrition o f plants in native habitats influences a suite of 

physiological and ecological processes such as carbon exchange, stress resistance, and 

competitive interactions (Nadelhoffer et al. 1999, W elker et al. 1991, Welker et al. 1987, 

Chapin 1980). Of the nutrients that may influence and limit plant growth, nitrogen is 

usually the most limiting element in terrestrial ecosystems (Nadelhoffer et al. 1999, Aber 

et al. 1989). Identifying the sources o f plant nitrogen in terrestrial ecosystems can not be 

easily done, but stable isotope techniques can be employed (Michelsen et al. 1998, 

Nadelhoffer et al. 1996, Garten 1993) specially under controlled experimentation and in 

combination with non-isotopic techniques (Handley and Scrimgeour 1997). Plants may 

acquire two forms of nitrogen mineralized from soil organic matter (N H / and NO3") that 

may have different S15N values due to kinetic effects on isotope discrimination during 

organic matter decomposition (Shearer and Kohl 1986, Evans et al. 1996). In addition, a

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



few studies have reported the uptake of organic forms o f N from soil by some plants in 

artic ecosystems (Chapin et al. 1993, Kielland 1994, Nasholm et al. 1998), but the 

relevance of the uptake of soil organic N forms by plants in other systems, including our 

study sites, is unknown, and still needs further investigation. In riparian habitats, soil 

inorganic N is not the only N source, as ground and stream water may contain inorganic 

N. Therefore, in riparian ecosystems, if the 8 I5N signature of soil and water N sources 

differ, stable isotope techniques could be useful in combination with other approaches to 

characterize the patterns of plant N uptake (Handley and Raven 1992).

The primary questions asked by this study were : (1) Are there differences in the 

N uptake patterns of S. monticola and Carex in different landscape positions? (2) How 

does winter elk herbivory affect the patterns of N uptake by S. monticola and Carex in 

different landscape positions? Based on these questions, we hypothesized that: (1) Carex 

relies mostly on soil inorganic N in upper landscape positions, and on both soil inorganic 

N and groundwater N in lower landscape positions, following the patterns of water 

uptake; (2) regardless of landscape position, S. monticola plants protected from herbivory 

utilize a mixture o f both groundwater and soil inorganic N because these plants, 

independently of landscape position, have access to the groundwater table; and (3) S. 

monticola plants under elk herbivory in upper landscape positions take up less 

groundwater N because herbivory by elk may lead to a reduction in belowground C 

allocation and limit the ability of these plants to reach the groundwater.

In order to test our hypotheses, we conducted field studies on the elk winter 

ranges in RMNP during the growing seasons o f 1997 and 1998. In these studies, we
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utilized both l5N natural abundance and non-isotopic biogeochemical techniques to 

identify the nitrogen sources of S. monticola and Carex plants under herbivory treatments 

and different landscape positions.

Methods

Study Sites

Our study sites were located in two riparian ecosystems on the northeastern side 

of Rocky Mountain National Park: Moraine Park (Big Thompson River watershed, 

elevation 2,481 m) and Horseshoe Park (Fall River watershed, elevation 2,598 m). The 

two watersheds are within 5 km of each other and have perennial alpine snowfields at 

their headwaters (Baron 1992). Mean annual precipitation for the sites is 41 cm (Singer et 

al. 1998) and peak stream flow usually occurs in early to mid-June (USDA 1995 and 

1996). The 30-year average temperature for the adjacent Estes Valley ranges from 9 to 

17°C during the Five-month growing season of May through September (Alstad et al. 

1999). The study area consists of open grasslands and wet meadows dominated by 

sedges (Carex spp.) and Salix (Salix monticola, S. geyeriana, and S. planifolia), with 

some birch (Betula spp.) (Singer et al. 1998). Among the SalLx species, S. monticola is 

dominant in most areas and for this reason it was selected as the target species for this 

study.
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Grazing Treatments

Twelve 30 m x 46 m exclosures were erected to eliminate elk browsing (ungrazed 

plots) at randomly chosen sites within both riparian zones (six sites each in Horseshoe 

Park and Moraine Park) between August and November of 1994. Near each exclosure, a 

30 m x 46 m plot area was marked off as a paired plot that was grazed by elk in winter 

(grazed plots). In each exclosure and associated grazed plot, an average of five shallow 

(0.5 m to 2 m) wells were installed using PVC pipes in the fall of 1994 to monitor 

groundwater levels and groundwater chemistry.

Design o f  Preliminary Experiment in 1997

Eight of the twelve sites in Moraine and Horseshoe Parks were selected (four sites 

in each park), and two S. monticola plants were selected within each grazing treatment 

(grazed and ungrazed) for physiological and biogeochemical measurements. One 

representative plant was chosen in close proximity to streams (“streamside”) and another 

in areas distant from streams (“upper landscape”, which were at least 10 m in a horizontal 

direction from streams and approximately 0.4 to 0.6 m higher in elevation than 

streamside plants), resulting in a total of 32 selected plants and four experimental 

replications in each park. Carex plots (1 m x I m) were marked next to each selected S. 

monticola plant (within 2 m of distance). During August 1997, samples from non­

photosynthetic tissue were collected from current year growth of S. monticola and Carex 

plants, dried at 60°C for 72 hours, ground in a ball mill to pass a 0.5 mm sieve, and stored
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until analysis. Concentrations of carbon and nitrogen in plant tissue were determined 

using a LECO CHN Analyzer.

Surface water samples were collected with plastic vials from the Big Thompson 

and Fall Rivers in June, July, and August. Samples collected at different dates from each 

river, combined in a single sample, and kept frozen until isotopic and chemical analyses.

In July 1997, four-week in situ field soil incubations using aluminum cores (5 cm 

in diameter, 15 cm in length) were conducted according to the methodology described by 

Kolberg et al. (1997). Incubation cores (n = 5) were placed next to plants located at both 

streamside and upper landscape positions. At the end of the incubation period, the soil 

cores were collected, placed in plastic bags, kept refrigerated in coolers, taken to the 

laboratory, and kept refrigerated. Within two days of collection, the total soil weight of 

each sample was recorded, sub-samples (25 g) were extracted with 50 ml of 2 M KC1 for 

one hour, filtered, and the extracts were kept frozen until analysis. The total inorganic N 

( N H / plus NO3 ) in river water samples and soil KC1 extracts were diffused into 5 mm 

acidified filter paper disks according to the methodology described by Khan et al. (1998).

Experimental Design and Sampling in 1998

After observing a sharp contrast in the isotopic signatures o f N sources and plants 

during the growing season of 1997, we established a different experimental design and 

conducted a more detailed study during the growing season of 1998. In this study, a total 

o f 50 S. monticola plants (23 and 27 in browsed and unbrowsed plots, respectively) were 

selected within the 12 research sites o f Moraine Park and Horseshoe Park. All the
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selected plants were located within 3 m from a well, in order to allow groundwater 

sampling and the determination of the exact water table depth next to each selected plant. 

Plants selected within the same site and browsing treatment were located at positions with 

different water table depths. Next to each S. monticola plant (within 1 m), an associated 

Carex plot (0.5 m x 0.5 m) was marked for the purpose of collecting Care.x tissue 

samples. S. monticola and Carex tissue samples (current year growth) were collected in 

both early July and early September, dried at 60°C for 72 hours, and then ground in a ball 

mill to pass a 0.5 mm sieve. Concentrations of carbon and nitrogen in plant tissue was 

determined using a LECO CHN Analyzer.

River water samples were collected from both the Big Thompson and Fall Rivers 

in mid-July, mid-August, and mid-September by immersing a 3.8 L container at different 

points along the river surface in the area of the experimental plots. The water samples 

were kept refrigerated in coolers until the inorganic N was diffused into 5 mm acidified 

filter paper disks as described by Khan et al. (1998).

Groundwater depth was monitored throughout the season by measuring the water 

levels in the wells associated with the plants. Groundwater samples (3.8 L) were 

collected in early August in each well using a small manual pump. A sub-sample (20 ml) 

from each groundwater and river water sample was placed into scintillation vials and 

frozen for the determination of groundwater N concentration using an Alpkem automated 

spectrophotometer. The remaining volume of each groundwater and river water sample 

was passed through a plastic column (20 cm long, 2 cm in diameter) filled with equal 

amounts o f cation and anion exchange resins (US Filter, Pittsburgh, PA). After all the
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water had gone through the column, the resin within each column was placed in a 250 ml 

Erlenmeyer flask and sequentially shaken for 15 minutes with five 30-ml aliquots of 2 M 

KC1 as recommended by Kolberg et al. (1997). After each extraction, the extract was 

drained from the flask by placing a patch of nylon cloth at the mouth of the flask, and the 

five 30 ml aliquots from each sample were poured into a 200 ml plastic container and 

kept frozen until analysis. Before isotopic analysis, the N in river water and groundwater 

samples was diffused into 5 mm acidified filter paper disks, according to the 

methodology described by Khan et al. (1998).

In early August, next to each S. monticola plant and Carex plot, three soil cores 

were collected (2.5 cm in diameter) to the depth of the groundwater. Each core was 

subdivided in 15 cm intervals up to a depth of 60 cm and 30 cm intervals up to a depth of 

120 cm, depending on the depth of the water table. The soil from all three cores was 

combined by depth, placed in plastic bags, transported to the laboratory, air-dried, passed 

through a 2 mm sieve, and ground in a ball mill to pass a 0.25 mm sieve. Concentrations 

of total soil C and N were determined using a LECO CHN Analyzer.

Within and adjacent to the 12 exclosures, field soil incubations using aluminum 

cores (5 cm in diameter, 15 cm of depth) were installed next to 19 5. monticola  plants and 

within the Carex plots, following the same procedure as described above for the 1997 

growing season (Kolberg et al. 1997). For isotopic analysis, the inorganic N in the KC1 

extracts was diffused into 5 mm acidified filter paper disks as described by Khan et al. 

(1998).
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Isotopic Analyses

The isotopic signatures of plant tissue, total soil N, and diffusion disks from water 

samples and extracts were determined using a Carlo-Erba NA 1500 Series 2 Carbon and 

Nitrogen Analyzer attached to a VG-Optima mass spectrometer at the Natural Resource 

Ecology Laboratory, Colorado State University. Natural l3N abundance is expressed as 

delta units (8), which denotes parts per thousand deviations (%c), from the ratio l5N :14N in 

atmospheric Ni,

8 l5N = [(15/,4Rsamp,e - 15/14Rsmndanl)/ ’̂ Rs.andard] X 103, 

where R is the isotopic ratio and the standard is Ni of air, which has a 8 value of 0%c 

(Handley and Scrimgeour 1997, Hogberg 1997).

Statistical Analyses

Statistical analyses were performed using the SAS Statistical Package (SAS 1995, 

Version 6.12, SAS Institute Inc., Cary, NC). During the 1997 growing season, plant 

tissue 8 15N was analyzed using a split-plot design with grazing treatments as the main 

factor and landscape positions as sub-plots. During the 1998 growing season, correlation 

and regression analyses were used to test our a-priori hypotheses regarding the 

relationships between the 8 I5N values of plant, soil or water, and landscape position.

Results

Preliminary Experiment -  1997 Growing Season
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The 8 i5N values of soil inorganic N in the experimental plots o f Moraine and 

Horseshoe parks averaged -6.14 %c (± 0 .5 1) and were significantly (P = 0.003) more 

depleted than river water 8 I5N values from Big Thompson and Fall rivers, which 

averaged -1.00 %c (± 0.52). The sharp contrast between SI5N values of potential plant N 

sources in our sites is very relevant, as it corresponds to the differences in plant tissue 

S15N values in different landscape positions.

Tissue 8 I5N values of Carex plants ranged from -10.6  to +3.2 % c, while for S. 

monticola plants these values ranged from -4.3 to +2.2 %o. There were no significant 

effects of elk herbivory on plant tissue S15N values, but landscape position had a 

significant effect on Carex tissue Sl5N (Table 1). Carex plants located in upper landscape 

positions had 8I5N values similar to the 8 15N values o f soil inorganic N, while the 8 I5N 

values of Carex plants located adjacent to streams were significantly (P < 0.05) more 

enriched. To the contrary, 5. monticola tissue S15N was not affected by landscape 

position and was consistently near the value of stream water 8I5N.

1998 Growing Season

The patterns of S15N values of S. monticola and Carex leaf tissue in 1998 were 

similar to 1997. Carex tissue 8 I5N was significantly influenced by landscape position 

(shallow water table depth is associated with streamside locations and deeper water table 

depth is associated with upland locations), during both July and September (Fig. 1). In 

contrast, S. monticola  8 l5N was not significantly affected by landscape position (water
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table depth), with the exception of grazed plants in July (Fig. 1). For both Carex and S. 

monticola, there were no significant differences between the regression lines o f the two 

grazing treatments in both sampling dates.

The data from our non-isotopic measurements yielded no significant differences 

between treatments. Throughout the growing season, there were no significant 

correlations between plant tissue total nitrogen content and water table depth or total soil 

N. S. monticola tissue nitrogen concentration (% dry weight) was significantly higher (P 

< 0.05) in grazed than in ungrazed plots in both sampling dates, averaging 2.72 % and 

2.27 % in July, and decreasing to 2.23 % and 2.06 % in September, in grazed and 

ungrazed plots, respectively. Carex tissue total nitrogen content was not significantly 

affected by elk grazing in the two sampling dates, and averaged 1.91 % and 1.87 % in 

July and 1.61 % and 1.48 % in September for grazed and ungrazed plants, respectively.

Total soil 8 i5N (0 to 15 cm) ranged from -2 .8  %c to + 8.0 %c, and was 

significantly more depleted in upper landscape positions (Fig. 2a). Soil inorganic nitrogen 

8 I5N (0 to 15 cm) ranged from -10 .4  %c to +5.4 7cc, and also presented a significant 

positive correlation with water table depth, being significantly more depleted in upper 

landscape positions (Fig. 2b). A significant correlation (P  < 0.001, r = 0.73) was 

observed between S15N values of inorganic N and that of total soil N in the upper soil 

horizon and, on average, 8 I5N of inorganic soil N was 2.7 %o more depleted in relation to 

total soil 8 l5N. Because field soil incubations were performed only in ungrazed plots, 

values of 8 I5N of inorganic soil N in grazed plots were estimated with a linear equation, Y
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= -3.71 + 1.77 X (r2 = 0.53), where Y is estimated 8 I5N of inorganic soil N and X  is 8 l5N 

o f total soil N. Groundwater 81SN correlated negatively to water table depth in ungrazed 

plots (Fig. 2c), but no significant correlation (P = 0.164) was observed in the grazed 

plots. River water 8 15N ranged from + 0.58 % c  to + 2.93 %c, and averaged + 1.68 % o  (± 

0.94).

Carex tissue S,5N was significantly correlated to total soil 815N only in the case 

of grazed plants collected in September, but S. monticola tissue 8ISN values of grazed and 

ungrazed plants were correlated to total soil 8 ISN in both sampling dates (Fig. 3). The 

regression lines of the relationships between total soil 8 I5N and tissue 8 l5N from grazed 

and ungrazed Carex plants were significantly different (P < 0.05) in September, which 

suggests that grazed Carex plants may rely relatively more on soil N than groundwater N 

in comparison to ungrazed Carex plants and that the reliance on soil N may increase over 

the course of the summer (Fig. 3).

No significant correlations were observed between Carex tissue 8 I5N and 

groundwater 8 15N. regardless of grazing regime or sampling date (Fig. 4). In contrast, 

there were significant correlations between groundwater 8 I5N and tissue 8 l5N ungrazed S. 

monticola plants in both July and September (Fig. 4). Interestingly, no significant 

correlations were observed in the case o f grazed S. monticola plants (Fig. 4), which 

suggests grazed S. monticola plants may use less groundwater N. Tissue 8 l5N values of 

Carex plants ranged from -  2.6 to + 4.53 %c, while for S. monticola plants these values 

ranged from - 4.0 to + 2.6 %c. On average, 8 I5N values o f S. monticola tissue were 2.4
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and 6.9 %c more depleted than soil 8I5N and groundwater S15N, respectively. Similarly, 

5 ISN values of Carex tissue were 1.8 and 6.7 % c  more depleted than soil 8 I5N and 

groundwater 8 I5N, respectively.

Discussion

The two potential inorganic N sources for riparian plants, being either from soil or 

from groundwater, differed in their 8 l5N values by an average of 5 % c  during the growing 

season of 1997. This difference is an important part of our study as it corresponds to the 

differences in the 8 I5N values of plant tissue under divergent experimental treatments.

The range of plant tissue 8 l5N values observed in our study is consistent with values 

reported for plant tissue in terrestrial ecosystems, which usually vary between -5  to +2 

% c, but in some cases could range between -10 and +10% c  (Virginia and Delwiche 1982, 

Vitousek et al. 1989, Nadelhoffer and Fry 1994, Frank and Evans 1997). In general, the 

differences between plant tissue 8I5N and groundwater SI5N in our study were 

consistently much higher (c. 7 % c) than the differences between plant tissue 8 I5N and total 

soil 8 i5N (c . 2 %o), which suggests that both S. monticola and Carex plants in our sites 

may rely mostly on uptake of soil N as opposed to groundwater N.

Effect o f Landscape Position on (V Sources

During 1997 we found that Carex tissue in lower landscape positions consistently 

exhibited enriched 8 I5N values when compared to Carex plants growing in upland
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positions in the landscape (Table 1). In contrast, 8 15N values of S. monticola tissue were 

not significantly different between landscape positions (Table 1). This evidence suggests 

that the shallow-rooted graminoid may be relying more on soil N and acquiring smaller 

proportions of river-ground water N in upper landscape positions in comparison to the 

woody S. monticola species. This general interpretation is supported by our additional 

finding during 1998, in which a significant correlation was observed for Carex tissue 

8 15N and water table depth (Fig. I), indicating that the lower the water table (i.e., less 

access to groundwater N), the more depleted the 815N values of Carex tissue. To the 

contrary, S. monticola leaf 8 15N values were not associated with water table depth (Fig. 1) 

with the exception of grazed plants in July. These findings suggest that the deeper 

rooting characteristics o f S. monticola may allow these plants to tap groundwater N 

independent of landscape position, but grazing may limit the access to groundwater in 

upper landscape sites. Similar to our results, previous studies have reported higher tissue 

8 l5N values in plants growing in lower landscape positions in comparison to plants in 

upper landscape positions (Garten 1993, Sutherland et al. 1993).

The observations presented here that landscape position influences facets of 

mineral nutrition o f riparian vegetation are corroborated by a previous study conducted by 

Alstad et al. (1999) addressing water sources of these same species in the same 

experiment. Measurements o f Sl80  showed that Carex plants in upper landscape 

positions relied strongly on rain water acquired from upper soil layers, while Carex plants 

located adjacent to streams and S. monticola plants in both landscapes positions,
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primarily use streamwater. The agreement between the patterns of 8 l80  and 8l5N values 

in plant tissue strongly support our hypotheses regarding the patterns of N uptake by S. 

monticola and Carex in our study sites. These findings further demonstrate the 

usefulness of stable isotopes in ecological studies, since we were not able to detect any 

influence of landscape position or herbivory on plant N sources based solely on the non­

isotopic data we collected.

Effect o f herbivory on N  sources

Our findings also suggest that elk herbivory may have a significant effect on the 

patterns of N uptake by S. monticola plants. As indicated by the correlations between 

groundwater 8 I5N and S. monticola tissue 8 I5N (Fig. 4), grazed S. monticola plants may 

have a more limited access to groundwater N than S. monticola plants protected from 

herbivory. These findings were corroborated by a parallel investigation, based on non­

isotopic techniques, of the N balance of Salix plants conducted in our study site, which 

indicate that grazed S. monticola plants may not have as much access to groundwater N 

when compared to ungrazed S. monticola plants. The findings from this parallel study 

demonstrated that ungrazed S. monticola plants could take up at least 7% of the annual 

requirements of N from the groundwater, which was higher (P < 0.001) than that of 

grazed plants, which averaged only 4% (R. Peinetti, pers. comm., 1999).

We suggest that grazed S. monticola plants may have less access to groundwater 

N due to a less developed rooting system. A carbon-balance study conducted in our site 

indicated that grazed S. monticola plants might allocate less carbon to the rooting system,
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in comparison to 5. monticola plants protected from herbivory (R. Peinetti, pers. comm., 

1999). In addition, several previous studies have reported that heavily grazed plants often 

allocate a smaller proportion of their photosynthetically fixed carbon to belowground 

structures than do ungrazed or lightly grazed plants (Detling 1987, Briske and Richards 

1995, Detling 1998).

In nitrogen limited systems, competition for soil N by coexisting plants may cause 

plants to resort to different sources of N in order to meet their physiological requirements 

(Michelsen et al. 1996, Schulze et al. 1994, Welker et al. 1991). Menezes et al. (1999) 

conducted fertilization experiments in our study sites and found that N availability 

significantly limits growth and uptake of N by S. monticola plants. Therefore, the ability 

of plants to use more than one source may be of significant importance for plant growth, 

development, and survival. A reduced ability by grazed S. monticola plants to access 

different sources of N could significantly reduce the ability of SalLx plants to respond to 

herbivory.

Summary and Conclusions

We summarize our findings in Figure 5, which illustrates the suggested patterns of 

N uptake by grazed and ungrazed S. monticola and Carex plants in different landscape 

positions, and shows the average 8 l5N values of N sources and plant tissue under those 

treatments during the growing season of 1998. In conclusion, we suggest that shifts in 

landscape hydrology, due to reductions in beaver activity and a warming and drying trend, 

combined with intense elk herbivory, may have a compounding effect on Salix by
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increasing the frequency of drought stress and possibly reducing the availability of 

nitrogen. Since SalLx growth and uptake of N is limited by N availability in our sites, 

reductions in stream water N sources could increase the limitation of N to these plants 

and lead to lower rates of photosynthesis and growth. We suggest that these effects 

explain in part the sensitivity of SalLx communities to elk browsing and their decline 

across elk winter ranges in Rocky Mountain National Park.
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Table 1. 6 15N values o f S. monticola and Carex tissue in upper landscape and streamside 
positions o f Horseshoe Park and Moraine Park during August 1997. Values represent 
means (n=8) followed by the standard error between parentheses. Means followed by 
different letters are significantly different at P < 0.05.

Plant tissue 6 I5N (%o)

Landscape position Carex S. monticola

Horseshoe Park

Upper landscape -6.10 (2.34) a -1.87 (0.44) a

Streamside -0.74 (0.68) b -1.82 (0.27) a

Moraine Park

Upper landscape -10.84 (1.45) a 0.03 (0.41) a

Streamside -2.28 (3.10) b -0.41 (0.65) a
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Figure 1. Correlations between tissue delta 15N values o f grazed and ungrazed Carex 
and S. monticola and water table depth in Moraine and Horseshoe parks in July and 
September of 1998. Correlations without lines are not significant at P  < 0.10.
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CONCLUSIONS

In northeastern Brazil, the preservation of native tree species or the introduction 

of P. juliflora  in pastures of C. ciliaris had a significant influence on soil and herbaceous 

understory characteristics, microclimate, and nutrient dynamics within our study sites. 

Herbaceous understory biomass was lower under the canopies of P. juliflora  and S. 

tuberosa, when compared to patches of C. ciliaris, but presence of Z. joazeiro  trees had 

no significant effect on herbaceous understory biomass. In general, the amount and 

availability of soil nutrients was greater beneath tree canopies, when compared to areas 

where the trees were removed, but these effects varied between different tree species and 

soil types. These findings indicate the need for a better understanding of the interactions 

between trees, soil, and herbaceous plants in semi-arid northeastern Brazil, which could 

give support to the development of sustainable agrosilvopastoral systems in the region.

In Rocky Mountain National Park (RMNP). Colorado, USA, we found that SalLx 

shrubs had a significant influence on ecosystem processes in the elk winter range. Salix 

shrubs contributed to the majority of both the litterfall biomass and to the amount o f N 

returned to the soil in litter, and also led to increases in N availability and litter 

decomposition rates. Herbivory by elk significantly reduced the amount of Salix litterfall 

and the amount o f N returned to the soil in litter, but the estimated total amount of N 

returned to the soil in elk excrements was 265 % of the N returned in plots without 

herbivores, probably due to transfers of N from the summer range to the winter range. In
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addition, herbivores seemed to reduce the ability of SalLx shrubs to take up N from the 

groundwater, which may negatively affect the ability of this plant species to respond to 

the increases in herbivory and changes in hydrology toward dryer conditions observed in 

those sites in the last few decades. In the long term, continued increases in elk herbivory 

could lead to increases in N inputs and availability in this ecosystem, which could lead to 

alterations in ecosystem structure and functioning.

Overall, we found that the presence and preservation of trees or shrubs in the 

semi-arid grazing systems in northeastern Brazil and RMNP contributed to increases in 

the capture, retention, and availability of nutrients and plant productivity in comparison 

to disturbed systems where the density of trees or shrubs was reduced.
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