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Abstract

The role of soils in sequestering atmospheric carbon (C) and nitrogen (N) can best
be understood from a watershed perspective because the multiple influences of factors
influencing the process can be assessed simultaneously, within a hydrologic unit. It is
important to identify land uses and management practices that maximize soil carbon
sequestration and help a meliorate the effects of CO, emissions to the atmosphere. The
spatial distribution and the effects of soil order, land use and soil phase on the total soil
organic carbon (SOC) and soil organic nitrogen (SON) content were assessed in the Rio
Grande de Arecibo watershed in Puerto Rico (RGA). A Geographical Information
System (GIS) was used to develop the sampling strategy. Soil samples were taken at five
depth increments (0-15, 15-30, 30-50, 50-75, 75-100 cm) from 21 soil series under
diverse land use types within the watershed. Spatial distribution maps of SOC and SON
according to mapping units, soil orders and land use types were generated. The mapping
unit area-weighted mean SOC content was 4.15 kg C m™ and 10.9 kg C m™ in the 0-15
cm and 0-100 cm depths, respectively. In general, the soils sampled in the watershed
(33,322 ha or 84% of the total land area) contain 3.98 x 10° Mg of organic C and 0.38 x
10° Mg of organic N to depth from 0 to 100 cm. The area-weighted mean SON content
was 0.372 kg N m™ and 1.05 kg N m™ for the 0-15 and 0-100 cm, depths respectively.
Forest and pasture soils contained higher amounts of SOC (12.8 and 9.79 kg C m’,
respectively) (P<0.05) than soils under cultivation (7.90 kg C m™) for the 0-100 cm
depths. The SOC was significantly different (P<0.05) among soil orders in the 0-15cm
depth (Oxisols and Ultisols > Inceptisols) and in the 0-100 cm depth (Oxisols > Ultisols >
Inceptisols). These results allow a better understanding of the impacts of land use on soil

C and N stocks at the watershed level.
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Resumen

Es importante identificar los usos de terreno y las practicas de manejo que
maximizan la fijacion del carbono organico del suelo que a su vez ayudan a minimizar el
efecto de emisiones de CO; a la atmoésfera. En este estudio se determiné la distribucion
espacial y el contenido carbono organico del suelo (COS) y nitrégeno organico del suelo
(NOS) en la cuenca del Rio Grande de Arecibo en la parte norte-central de Puerto Rico.
Como estrategia para el muestreo del COS y NOS se desarrolld6 un Sistema de
Informaciéon Geografico (SIG) utilizando varias capas de informacion relevante. Se
muestrearon 21 unidades de mapeo bajo diferentes usos de terreno y a cinco
profundidades: 0-15, 15-30, 30-50, 50-75, 75-100 cm. El promedio del COS ponderado
por el area de mapeo para toda la cuenca fue 4.15 kg C m?y 10.9 kg C m? en 0-15 cm y
0-100 cm de profundidad, respectivamente. El promedio del SON ponderado para toda la
cuenca fue 0.372 kg N m? y 1.05 kg N m? en 0-15 y 0-100 cm de profundidad,
respectivamente. Los suelos bajo cobertura de bosque y pastos tienen un contenido de
COS significativamente més alto (P<0.05) (12.8 y 9.79 kg C m™, respectivamente) que
los suelos agricolas (7.90 kg C m?) a 0-100 cm de profundidad. EI COS fue
significativamente diferente (P<0.05) entre los ordenes de suelo (Oxisoles y Ultisoles >
Inceptisoles) a 0-15 cm de profundidad, y entre Oxisol > Ultisol > Inceptisol a 1 m de
profundidad. Como resultado se obtuvo que el 84% de los suelos de la cuenca tiene 3.98
x 10° Mg de C organico y 0.38 x 10° Mg de N orgéanico a la profundidad de 0 a 100 cm.
Estos resultados ayudan a entender el impacto del uso del terreno en la cantidad de C y N

a nivel de una cuenca hidrografica.
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1. Introduction

Recent environmental concerns have stimulated interest in world-wide estimates
of soil organic carbon (SOC) and soil organic nitrogen (SON) sequestration. Although
these estimates have been generally derived from national resource inventory, there is
little knowledge about soil carbon pools in tropical watershed. This information can
improve our knowledge about carbon dynamics and their spatial distribution. The
objective of estimating carbon and nitrogen pools at a watershed level is to gain a better
understanding of how the SON and SOC is distributed across the watershed area
according to land use and soil type, and how we can use the results to develop
management practices that are conducive to improve the watershed conditions as a
carbon sink. In addition, the spatial distribution of the SOC and SON are important
requirements for understanding the role of soils in the global C cycle. Our capacity to
predict and ameliorate the consequences of climate and land use changes depends, in
part, on baseline description of SOC and SON distributions and the management
practices that control the SOC and SON inputs and outputs (Jobbagy and Jackson 2000).

The Rio Grande de Arecibo (RGA) watershed is one of the most ecologically
important watersheds in Puerto Rico, since it continuously supplies potable water to the
capital city, San Juan. Little is known about the soil properties, environment moderation
capacity (water, air and soil quality), and the potential for soil carbon (C) and nitrogen
(N) storage in the RGA watershed. This information is important because adequate soil
organic matter levels can help improve soil water and nutrient-retention capacity,

structural stability, infiltration rates, and also can decrease runoff and soil erosion (Lal,



2002). Adequate land use and management plans that include soil C and N conservation
within the RGA watershed can help to maintain the quality of water production system as
well as to increase soil C sequestration in tropical areas. The first approach to accomplish
this objective is to quantify soil C and N stocks and their distribution at the watershed
level.
Carbon sequestration implies transferring atmospheric CO; into stable terrestrial
or marine pools and storing it securely so it is not immediately re-emitted (Lal, 2004).
Soil C sequestration typically involves increasing soil organic carbon (SOC) and soil
inorganic carbon (SIC) stocks through judicious land use and recommended best
management practices (BMPs) (Lal, 2004). Net losses of SOC and soil organic nitrogen
(SON) due to land use changes may occur as the result of decreased organic residue
inputs and changes in plant litter composition and increased rates of soil organic
decomposition and soil erosion (Lugo and Brown, 1993). Depletion of SOC degrades soil
quality, reduces biomass productivity, and adversely impacts water quality. Moreover, it
is hypothesized the C depletion may be exacerbated by global warning (Lal, 2004).
The main focus of this research was assess the effects of land use, soil order and soil
phase on to SOC and SON stocks and their distribution within the RGA watershed. This
information can provide a base-line level understanding about the role that a tropical

watershed can play in sequestering atmospheric CO,.



2. Objectives

The general objective of this project is to develop a base-line knowledge on the
status of soil carbon and nitrogen in a tropical watershed that could be later used for
the development of appropriate watershed management plans. The specific objectives

of this thesis are to:

1. Quantify SOC and SON stocks in the Rio Grande de Arecibo watershed.

2. Assess the distribution of the SOC and SON as stratified by soil type and land
use.

3. Determine if and how soil organic carbon and soil organic nitrogen are affected

by soil type, soil phase and land use in the watershed.



3. Literature Review

3.1 Overview of the global carbon and nitrogen cycles

Atmospheric CO;, concentrations have seen increasing since the 1870 (Burke and
Lashof, 1990). This has occurred primarily by burning of fossil fuels in industrialized
countries and reduces C storage in soil and vegetation. The Kyoto protocol of 1997 and
its later international commitments such as the Rio Declaration on Environment and
Development proposed that C reduction could take place by decreasing fossil fuel
emissions, or by accumulating C in vegetation and in soils of terrestrial ecosystems
(United Nations, 1992). Soils of terrestrial ecosystems are valuable C reservoirs, since the
capacity of soils to store and maintain the C pool in the long run is generally thought to
be greater than that of the vegetation (Silver et al., 2000a). Atmospheric concentrations of
CO; and other greenhouse gases (GHGs) can be lowered by reducing emissions or by
transferring CO, from the atmosphere via photosynthesis and sequestering it in different
components of terrestrial, oceanic, and freshwater aquatic ecosystems (Kimble et al.,
2001).

Soil C storage is an important pool of the global C cycle (Lal, 2002). The global C
cycle is presented in Figure 1 which describes the different C reservoirs and the C flows
or fluxes between them. In the context of global warming and C sequestration, the
primary interests are C reservoirs in the atmosphere, land plants and soil, and in the mass
flows of C between these reservoirs.

In this cycle, a global C pool of 25000 gigaton (Gt) includes about 1580 Gt of SOC

and 950 Gt SIC (Lal, 2004). The SOC pool is the largest terrestrial C pool and important



in the long term sustainability of soil and life on earth. It is double the size of the
atmospheric pool (750 Gt) and 3 times the size of the C storage in plants (610 Gt) (Lal.
2004). Small changes in such a large C pool would have a significant impact on the
global climate system. The SOC pool to 1-m depth rages from 30 x Mg/ha in arid
climates to 800 Mg/ha in organic soils in cold regions, and a predominant range of 50 to
150 x Mg/ha (Lal, 2004).

Nitrogen is essential for all living cells and is the major component of the earth’s
atmosphere (78 % N,). It is an essential nutrient for both, plant growth and development
and usually the limiting nutrient for plant production. More than 90% of the total N in
most soils is in the organic form. Organic N in soils occurs as proteins, amino acids,
amino sugars and others complex N compounds. Organic soil N is not available to plants
until it is mineralized into inorganic forms such as NH;" and NO; for plant uptake
(Halvin et al., 1999). Global estimates of N in soils are 63-67 Gt and 133-140 Gt for the
first 30 cm and 100 cm depths, respectively (Batjes and Dijkshoorn, 1999). It enters the
food chain (Figure 2) by means of nitrogen-fixing bacteria, algae, atmospheric deposition
(lightning, rainfall) and fertilization in the soil.

The C and N cycles are linked in such a way that soil C storage requires inputs of N.
The rate and magnitude of stable N retention may also have implications for stable C
sequestration in soils (Kaye et al., 2002). Most mechanisms that promote stable N
formation also stabilize soil C. For example, organic N, NH;", and NO,  can react directly
with soil organic C to form complex molecules (humus) (Kaye et al., 2002). In addition
the NH,4" fixation by clay minerals, NH; and NO," react chemically with organic matter

to form stable organic N complexes.



Figure 1. Conceptual diagram of the global carbon cycle (reproduced from NASA
Earth Observatory, 2004).

When the C in organic materials is used for energy by microorganisms, N is
released in a molecular form that is no longer associated with C. This process of
transformation from organic to inorganic N is called mineralization. Ammonification is
the first step in mineralization that produces ammonium (NHy). Nitrification is the second
step that converts NHy to nitrate (NO;). The opposite of mineralization is immobilization;
the process of inorganic N uptake by microorganisms. Both of these processes occur
simultaneously and provide continuous movement between the organic and inorganic

pools of N in the environment.
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Figure 2. Conceptual diagram of the nitrogen cycle (taken from The National Park
Service, 2004).

3.2 Dynamics of organic carbon in soils

The SOC pool represents a dynamic balance between the inputs of dead plant and
animal material and losses from decomposition (Figure 3). The different C pools existing
in the soil has been described in terms of the different mean residence times, ranging
from years (active fraction), decade to hundreds of years (passive), to thousands of year
(stable) (Carter el al., 2002). For the stable carbon fraction, a distinction is made between
physical and chemical protection. Organic material is physically protected via an
encapsulation of OM fragments by clay particles within soil macro- or microaggregates
and chemically protected due to specific bonds of OM with other soil constituents

(colloids or clays)(Balesdent et al., 2000). The long-term stabilization of C and N in



temperate and tropical soils is mediated by soil biota (e.g. fungi, bacteria, roots and
earthworms), soil structure (e.g. aggregation) and their interactions, and is influenced by
agricultural management (Six et al., 2002).

The different organic carbon and nitrogen pools in soils are influenced by
different factors. Free organic matter particles and microbial biomass in soils are
controlled by residue inputs (management of crop residues or mulching) and climate. For
example, the microbial populations and activities in pasture tends to be higher compared
to the corresponding agricultural soils due to the positive impacts of the surface cover,
vegetation, belowground C allocation via roots, and lack of tillage of pasture (Acosta-
Martinez et al. 2004). Soil aggregation, texture and mineralogy control organic matter in
macro-aggregates. The other pools are less influenced by agronomic factors but mainly
by pedological factors (micro-aggregation, clay composition) (Feller and Beare, 1997).

Decreases in the SOC pools may be caused by three often simultaneous processes:
mineralization, transport by soil-erosion processes, and leaching into the ground water or
subsoil (Lal, 2000a). The mineralization process increases with a rise in temperature. Soil
erosion contributes to a depletion of SOC pools when the natural ecosystem is converted
to agricultural use with inadequate soil management practices (Lugo and Brown, 1993).
Soil erosion can be described as a three-stage process: detachment or breakdown of
aggregates, transport of detached particles and other light fractions, and deposition of the
material whenever the velocity of runoff slows sufficiently (Lal, 2000b). Leaching of the
SOC occurs when the soluble fraction of the SOC pool (dissolved organic carbon) moves
vertically with the percolating water through the soil profile (Lal, 2000a). Some of the

eroded soil carbon is redistributed across the landscape, and some is transported and



deposited to waterlogged environments, such as reservoirs, lakes, wetlands or lost from
the watershed and ultimately deposited in the ocean. (Lal, 2000b; Smith et al., 2001). Lal
(2000Db) estimated that a significant portion of the missing sink of atmospheric CO, (1.2—
2.0 Pg C yr'") could be explained by the SOC eroded and redeposited annually if the
redeposited SOC is replaced by sequestering new SOC from the atmosphere at the

eroding sites.
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Figure 3. Processes affecting soil organic carbon dynamics (Lal, 2004).

3.3 Soil carbon and nitrogen stocks in the tropics

There have been few reports on the status of soil organic C in the island of Puerto

Rico. For example, Beinroth et al, (1992) reported estimates values for the whole island



10

that amount to 14.0 kg C m™ in Oxisols, 12.8 kg C m™ in Ultisols and 12.2 kg C m™ in
Inceptisols. In a study conducted in a secondary forest in the central part of Puerto Rico,
Weaver et al., (1987) partitioned the area into four broad geologic associations based on
geologic origin. They found that SOM content in the top 23 cm was 8.34 for volcanic
clays, 9.93 in shallow volcanic clays, 7.83 in granitic sandier soils, and 9.06 kg C m™ in
limestone soils in subtropical moist forests.

At watershed level (Beinroth et al., 2003) using soil series-specific values and
estimated bulk density values, reported the amount of soil organic carbon stored in the
RGA watershed to a depth of 1 m. They estimated approximately 4.8 x 10° Mg of organic
carbon in this watershed, of which about 62% is contained in the top 30 cm of the soil
profile (Beinroth et al., 2003). However, this study did not compare different land uses.

Another study that provided C and N estimates in tropical soils of the Brazilian
Amazon basin reported values that ranged from 4.0 kg C m™ to a depth of 100 cm for
coarse textured Arenosols (Psamments) to 72.4 kg C m™ for the poorly drained Histosols
(Batjes and Dijkshoorn, 1999). The mean carbon density for mineral soils, excluding
Arenosols and Andosols (Andisols) was 9.8 kg C m™. Mean nitrogen densities to a depth
of 1m ranged from 0.46 kg N m™ for Arenosols to 3.13 kg N m™ for Histosols. On other
hand, Morales et al. (1995) found in the Brazilian Amazon basin, mean soil SOC values
was 10.3 kg C m™ in the top 1 m of soil (Morales et al., 1995). Furthermore, in terms of
spatial variability Batjes and Dijkshoorn, (1999) found high variation in soil C and N.

Li and Zhao (2001) used data from the national soil survey to estimate that about
28.7 + 8.2 Pg of SOC are stored in the upper 1 m of soils in the 215 x 10° ha of tropical

and subtropical China. These broad-scale analyses show that estimates of SOC at national
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and global scales are often accompanied by a large range of SOC due to soil spatial
variability and lack of reliable field measurement (Batjes, 2000).

Estimates of the global mean of SOC content in soils of the tropics are 8.3 for
Ultisols, 9.7 for Oxisols, and 10.4 kg m™ for Inceptisols (Table 16) (Lal, 2002). The data
presented in the Table 1 illustrate the great variation of soil organic carbon stocks in
relation with soil order. These differences between soil orders in the tropics are mainly in
relations to temperature, rainfall, soil texture and land use (Batjes, 2000). About 52% of
this carbon pool is held in the top 30 cm of the soil profile, the layer most susceptible to

land use changes and responsive to management practices (Lal, 2002).

Table 16. Estimates of soil organic C pool in soils of the tropics.*

Mean SOC  All tropical  Tropical forest

Order content Soils soils
(kgm™) (Pg) (Pg)

Alfisols 5.2 30 4
Andisols 18.4 47 25
Aridisols 2.7 29 ND
Entisols 10.2 19 1
Histosols ND 100 100
Inceptisols 10.4 60 2
Mollisols 8.8 2 ND
Ultisols 8.3 85 30
Spodosols 23.6 2 ND
Oxisols 9.7 119 43
Vetisols 6.2 11 1
Miscellaneous ND 2 ND
Total 506 206

* Kimble et al. (1990); Adapted by Lal. 2002
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3.4 Soil carbon and nitrogen sequestration

Given that the 1997 Kyoto Protocol requires a major reduction in CO, emissions
by participating countries by the next decade, more attention has been given to
understand the role of soils in carbon sequestration and storage, and their effect on C
fluxes in the global atmospheric C budget (Kimble et al., 2001). Atmospheric CO; can be
sequestered and stored in soils as soil organic matter (SOM), which in turn mitigates the
increasing atmospheric CO; concentrations.

In most soils, C is organic in nature and constitutes approximately 57% of the
SOM. That includes a wide spectrum of organic compounds, from labile components,
such as relative fresh plants material and microbial biomass, to refractory components
such as charcoal, which accumulate slowly over thousands of years (Trumbore, 1993).
SOM is an important factor that affects soil fertility (Lal, 2002). For example, reduced-
tillage can improve the macro-aggregate structure of soils and increase the capacity of the
soil to sequester organic matter relative to conventional tillage (Cambardella and Elliot,
1994). In addition, the sequestering and long term storage of C within SOM improves soil
structure in terms of both size and stability of soil aggregates, leading to a decrease in soil
erodability.

Improvement of soil structure depends on soil management practices. For
example, when tropical forests are cultivated, SOC losses to a 1 m depth range from 15 to
40% within 2-3 years (Ingram and Fernandes, 2001), reducing soil fertility and crop
productivity. Other factors that have been classified as immediate causes of a decline in
SOC include residue removal, soil erosion, intensive tillage, and bare fallowing (Lal and

Kimble, 2000, Paustian et al., 2000). In addition in tropical and temperate soils, a general
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increase in C levels (= 325+ 113 kg C ha ' yr ') was observed under no-tillage compared
with conventional tillage (Six et al., 2002).

The turnover and cycling of SOC is more rapid in the tropics than in temperate
regions (Trumbore et al., 1995). Six et al., (2002) found on average that the soil C
turnover was twice as fast in tropical compared with temperate regions, but no major
differences were observed in SOM quality between the two regions. One possible reason
is the continuous inputs of fresh organic matter in tropical soil. However, for natural
ecosystems and similar soil and moisture regimes, the quantity and quality of SOC is
similar in temperate and tropical ecosystems (Greenland et al., 1992). The efficiency with
which soils in a watershed can sequester and store carbon depends on land use and
management practices over time (Lal, 2002). Thus, soils under agricultural crops or
forest cover conserve carbon in greater magnitude than eroded areas (Lal, 2002).

Physical fractionation of the soil according to aggregate size has been used to
study the partitioning of organic carbon in the soil (Buyanovsky et al., 1994). A greater
proportion of the SOC pool in large macroaggregates implies greater C losses to the
atmosphere if macroaggregates are broken by soil management practices. Different soils
in similar land uses and management practices within a watershed may contain different
amounts of SOC and SON as a result of changes in the proportion of aggregates sizes,
nutrient availability and texture. Other factors that influence the SOC and SON pools
may be the magnitude and quality of C inputs, disruption of aggregates, or microclimatic
changes within a relatively small area (Six et al., 1999). Also, because SOM is composed

of a series of fractions (varying from very active to passive) of varying degrees of
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decomposability, land use changes will influence the distribution of organic C and N
among the SOM pools.

As reported by Cambardella and Elliot (1993, 1994), changes in land use and
management practices can alter the distribution of organic C and N among labile and
stable pools with kinetically different turnover rates. For example, conversions of
secondary forest to continuous cultivation can decrease the SOM carbon by 44% within 5
years after conversion (Motavalli, 2000). Also, intensive cultivation of grassland reduces
the SOC and SON because the destruction of soil macroaggregates by different levels of
tillage (Cambardella and Elliot 1993). The losses of SOC are in turn associated with
losses in the particulate organic matter (POM) fraction and therefore the amount of

aggregation and aggregate turnover (Six et al., 1999).
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4. Materials and Methods

4.1 Site description

The watershed approach given to this study appropriately allows the integration of
different areas of knowledge into a given management unit (Dwiprabowo and Wulan.,
2003). A watershed can be viewed as an ecosystem of its own, and all its components
(hydrology, soils, geology, land use, and socioeconomic factors) can be described as a
function of this management unit. An understanding of the relationships among these
components can serve as solid basis to formulate management plans and programs
conducive to the preservation of the area as a whole.

The RGA watershed, to the point of interest at Lago Dos Bocas, encompasses an
area of 45,067 ha of which 36,500 ha have slopes greater than 40%. The watershed is
located in the north central part of the island of Puerto Rico and includes five
municipalities: Adjuntas, Arecibo, Ciales, Jayuya and Utuado with an estimated
population of 173,721 (U.S. Bureau of the Census, 2000). The watershed is bordered by
latitudes 18°11°N and 18°20°N to the north and south, respectively, and longitudes
66°32°W and 66°46°W to the east and west, respectively (Figure 4). Before the 1950, the
majority of the land area within the watershed has been farmed with crops such as coffee,
plantains, sugarcane and citrus. Currently much of the land has been abandoned to give
place to secondary rapid growing forests. The watershed has an area of exceptional
natural value like Cafio Tiburones and Reserva Natural Cueva del Indio (both near
Arecibo), Bosque Estatal Rio Abajo (Arecibo/Utuado), Bosque Tres Picachos (Jayuya)
and Terrenos Forestales de la Zona Minera (Utuado and Adjuntas). The municipality of

Arecibo and some parts of the Ciales and Utuado municipalities overlay a limestone
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aquifer that is part of the North Coast Limestone Aquifer System, which is one of the
most productive sources of ground water in Puerto Rico. The landscape of the watershed
is characterized by floodplains, terraces, and strongly dissected uplands. According to the
land use map developed in 2000 (CSA Group — unpubl data, 2000), about 5,706 ha (12.6
%) in the watershed is described as “non-soil”, 32,006 ha (71.2 %) are forest lands, 3,776

ha (8.3 %) are pasture lands and 3,579 ha (7.9 %) are agricultural lands (Table 17).

Table 17. Land use description on the RGA watershed

Area
Land Uses Description (ha)
Forest Mixed Forest Land 28236
o Mixed Rangeland 3770
Pasture Herbaceous Rangeland 3680
oo Shruband Brush Rangeland 96
Confined Feeding Operations 293
Agriculture Orchards, Groves, Vineyards, Nurseries 2323
e Cropland 962
Bare Exposed Rock 1017
Bare Soils 28
Commercial 13
Industrial 79
Lakes and Reservoirs 520
Nonforested Wetlands 49
o soil Recreational and Public Uses 169
Residential High 448
Residential Low Density 2578
Sandy Areas Other than Beaches 5
Streams and Canals 503
Strip mines, Quarries, and Gravel Pit 41
Transitional Land 186

Transportation, Communications 69
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Table 18. Taxonomic classification of the soil series of the RGA watershed

Soil Series Mapplng Taxonomic Classification
Units
Alonso AoF2 Very-fine, parasesquic, isohyperthermic Oxic dystrudepts
Caguabo CbF2 Loamy, mixed, active, isohyperthermic, shallow Typic
Eutrudepts
Consumo CpF, CuF2 Fine, mixed, semiactive, isohyperthermic Typic Haplohumults
HmF, HmF2, .. . .
Humatas HmE, HmE2 Very-fine, parasesquic, isohyperthermic Typic Haplohumults
Lirios LcF2 Fine, mixed, subactive, isohyperthermic Typic Hapludults
LgF, LgE,
Los Guineos LuF,LME, Very-fine , Kaolinitic, isothermic Humic Haplodox
LyFx
Maraguez MaF? Fine-loamy, Mixed, superative, isohyperthermic Typic
Eutrudepts
Maricao MkF2 Fine, mixed, subactive, isohyperthermic Inceptic Hapludults
Mucara MuF, MuF?2 Fine-loamy, mixed, superactive, isohyperthermic Dystric
Eutrudepts
) Fine-loamy over sandy or sandy-skeletal, mixed, subactive,
Pellejas PeF, PeF2 isohyperthermic Typic Dystrudepts
Vivi Vm Coarse-loamy over sandy or sandy-skeletal, mixed, subactive,
isohyperthermic Fluventic Dystrudepts
67°5'0"W 66°40'0"W 66°15'0"W 65°50'0"W 65°250"W
18°45'0"N-{ e +— | —18°450"'N
18°20'0"N- -18°20'0"N
17°55'0"N- -17°55'0"N
N
A 0 810 20 3040
| | | |
67°5'0"W 66°40'0"W 66°15'0"W 65°50'0"W 65°25'0"W

Figure 4. Delineation and location of the Rio Grande de Arecibo watershed.
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The geology is dominated by Cretaceous volcanic rocks and plutonic rocks, Tertiary
limestones and Quaternary alluvial deposits (Beinroth et al., 2003). Within the RGA
watershed there are 35 soil series which are subdivided into 79 mapping units based on
slope and level of erosion (Figure 5) (Acevedo, 1982; Gierbolini et al., 1979). There are
18 mapping units of eleven soil series that represent the most extensive soils of the
watershed, each with an area greater than 453 ha, and with a total combined area of
32,787 ha (81.4% of the land area). There are five soil series that have both eroded and
non-eroded map units with the same slope (Consumo, Humatas, Pellejas and Mucara).
The major soil orders (series in parenthesis) are Ultisols (Humatas,) Oxisols (Los
Guineos) and four Inceptisols (Mucara, Caguabo, Pellejas and Maraguez). The taxonomic
classification of the soil series according to Soil Taxonomy (Soil Survey Staff, 1999) is
presented in Table 18. Most upland pedons are Oxisols and Ultisols. Common features of
the upland soil series in the watershed include high clay content and acid conditions. The
Inceptisols tend to be coarser textured on eroded landscapes, than their contiguous upland

counterparts.
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Figure 5. Spatial distribution of the thirty-five soil series within the Rio Grande de
Arecibo watershed (USDA-NRCS, 2001).

4.2 Soil sampling strategy

A GIS database map was created (Figure 6) by delineating the RGA watershed, with
the point of interest at Lago Dos Bocas. A digital version of the soil mapping units was
obtained from the Soil Survey Geographic Database (USDA-NRCS, 2001), whose
boundaries have been delineated as polygons within the GIS base map. The main and
secondary roads were obtained from the TIGER/Line data file published by the U.S.

Bureau of the Census for the United States (ESRI, 2000), and a Satellite Image from
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IKONOS, 1 meter resolution (Space Imaging, LLC, 2001). The soil mapping units most
representative of the watershed were identified using the GIS base map developed. A
map with 18 soil mapping units (each map unit an area > 453 ha) was developed and
represented 82.8% of the total watershed area. In addition, three different mapping units
less than 453 ha (CuF2, MuF2 and PeF2) were selected to compare eroded and uneroded
phases of the same soil series. A total of 21 mapping units were sampled and they
represent 33,322 ha, or 84.6% of the total land area. This layer of information was

overlapped with the layer containing the main roads.

Main roads layer

Secondary roads layer

Mapping unit layer

RGA watershed boundary layer

Figure 6. Conceptual diagram of the geographic information system of the Rio

Grande de Arecibo watershed.
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There are several polygons for each soil mapping unit. Based on area distribution
of soil mapping units it was decided to sample one pedon for approximately every 500
ha. For example, the Pellejas series (PeF) has a total area of 8,674 ha distributed among
28 soil polygons. A total of 23 samples were collected for this soil unit. The sampling
point for each polygon was selected at random where each number corresponds to the
kilometer marking of the road that intersects the polygon. For example, for mapping
units in which more than one pedon was sampled, the sample points were selected by
choosing random numbers corresponding to the kilometer number of the road that
coincides with the soil polygon. For soils in which one pedon was evaluated, sampling
was performed at any point near the road that geographically coincides with the polygon.
To avoid the disturbance effect of previous or current construction project and to make
sure the intended soil polygon was sampled, a buffer zone between 25 m and no more
that 100 m from trafficable main roads was made.

The geographic coordinates of each sampling site were taken with a GPS (Model
Trimble Pro XR, Trimble Inc. Sunnyvale, CA.) with sub-metric resolution. A data sheet
was developed to record the characteristics of each sampling site (Appendix A). The
record describes the site elevation, slope, aspect, geology, vegetation, relief and land use.
Soil samples were collected using an auger at 0-15, 15-30, 30-50, 50-75, and 75-100 cm
depths or to a lithic or paralithic contact if it is shallower. A total of 524 soil samples
were collected for analysis. Samples were distributed proportionally to the area of the 21

mapping units (Table 19, Figure 7).
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Table 19. Number of samples taken by soil series and mapping units within the Rio
Grande de Arecibo watershed.

Soil Serics Soil MaS[:)[l)ling Area  Number  Number
Order unit (ha) of pedons of samples
Alonso Inceptisol AoF2 766 3 14
Caguabo Inceptisol CbF2 756 3 14
Consumo Ultisol CpF 518 3 15
Consumo Ultisol CuF2 66 3 15
Humatas Ultisol HmF 5203 16 79
Humatas Ultisol HmF?2 2498 10 48
Humatas Ultisol HmE 495 3 14
Humatas Ultisol HmE2 470 3 15
Lirios Ultisol LcF2 4005 9 45
Los Guineos Oxisol LgF 2034 4 20
Los Guineos Oxisol LgE 713 2 10
Los Guineos Oxisol LuF 657 2 10
Los Guineos Oxisol LME 1301 3 15
Maraguez Inceptisol MaF2 2283 4 20
Maricao Ultisol MkF2 770 3 14
Los Guineos Oxisol LyFx 560 2 10
Mucara Inceptisol MuF 1658 4 20
Mucara Inceptisol MuF?2 207 3 15
Pellejas Inceptisol PeF 7867 23 111
Pellejas Inceptisol PeF2 262 3 15
Vivi Inceptisol Vm 233 1 5
Total 33,322 107 524

4.3 Soil handling and sample preparation

Samples were air-dried or put into an oven at 50°C for 48 hours, then gently
sieved to pass through a 4-mm sieve to remove rock fragments. Subsequently, the sample
was divided into two equal parts and stored at 22°C in plastic bags, labeled and stored for
future analysis; the second part was sieved to pass a 2-mm sieve and placed in two

separate plastic bags. One portion was used for the analysis of total organic carbon and
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the second for storage. The sample bags were stored at room temperature in the dark until

analysis.

4.4 Chemical assessment

4.4.1 Total C and N analysis

Total organic C and N content of the bulk soil (< 2 mm size class) were quantified by
automated dry combustion using a LECO C and N analyzer at the Soil, Plant and Water
Laboratory of the College of Agricultural and Environmental Science, University of
Georgia.

4.4.2 Soil pH analysis

Soil pH was measured on the soil fraction samples <2mm using 1:2 soil:water

mixtures. The mixtures were shaken for one hour, and centrifuged for 1 minute at

1000 rpm for pH measurement. The pH was measure in the supernatant.

4.5 Physical assessment

4.5.1 Bulk density

The mean bulk density was obtained from soil characterization data by the Soil
Survey Laboratory of the USDA Natural Resources and Conservation Service (Soil
Survey Staff 2004) (Table 20). If bulk density data were not available for a particular soil
series, it was inferred from the data for a similar soil series. Bulk density was used to

calculate SOC and SON on an area basis.
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Figure 7. Map of soil sampling sites within the RGA watershed.
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Table 20. Bulk density (g/cm3) in RGA soils (Soil Survey Staff 2004).

. Depth (cm)
Series
0-15 15-30 30-50 50-75  75-100
Vivi 1.51 1.65 1.48 1.51 1.50
Maricao 1.31 1.35 1.44 1.38 1.38
Pellejas 1.32 1.43 1.51 1.49 1.54
Mucara 1.25 1.14 1.27 1.43 1.38
Los Guineos 1.09 1.31 1.32 1.44 1.48
Alonso 1.40 1.43 1.47 1.29 1.46
Humatas 1.12 1.40 1.48 1.48 1.49
Maraguez 1.25 1.14 1.27 1.43 1.38
Caguabo 1.25 1.14 1.27 1.43 1.38
Consumo 1.39 1.45 1.21 1.15 1.15

4.5.2 Particle size analysis

Soil texture was determined for 0-15 cm depth using a laser diffraction particle size
analyzer (Model LS-230, Beckman-Coulter Inc, Fullerton CA) at the USDA-ARS Wind
Erosion and Water Conservation unit (WEWCU), Lubbock, Texas. This method requires
estimates of the refractive index of the liquid and solid used in the analysis. The
instrument was controlled with an IBM - compatible PC (Windows 95 operating system)
using Coulter LS series software (v. 3.01). In order to validate and compare the laser
diffraction method with the pipette method, 18 soil samples were analyzed using the
pipette method at the Ward Laboratories, Inc, Kearney, Nebraska, according to the
procedure outlined by the Soil Survey (1996). The data were facilitated by USDA-ARS-

WEWCU staff and correlation analysis was performed.
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4.6 Soil organic carbon and nitrogen calculation

The organic carbon and nitrogen contents were calculated by multiplying
gravimetric organic carbon content, bulk density and depth of sampling of the different

soils layers, using the following equation:

C=%C /100 g soil * BD * SD (1)
where,
%C = percentage of C given by lab results
BD = bulk density expressed in g/cm’
SD = soil depth expressed in cm
The results obtained from this equation were then expressed in kg m™ by using
the appropriate conversion factors. Each layer was calculated separately and later

integrated over depth of 0-15 and 0-100 cm.

4.7 Statistical analyses

The statistical design was a completely randomized design with soil order and
land uses as main effects. The number of replicates for each order/land use varied
proportionally to the land area of each of the effects. To determine significant effects of
soil order and land uses on C and N stocks, analysis of variance (ANOVA) was
performed. To compare eroded and uneroded soil phases a Student’s t-test was used. All
statistical analyses were performed using InfoStat V3.0.2. Statistical significance at level

of P <0.05 was considered.
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4.8 Hypothesis Testing

e H,;: The soil organic C and N contents are similar between land uses, soil
orders and soil phases.
e Hy,: The soil organic C and N content are similar between soil phases

(eroded and uneroded) of the same series.
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5. Results and Discussion

5.1 Soil organic carbon distribution within the RGA watershed

The mapping unit weighted SOC mean for the depths of 0-15 and 0-100 cm was 4.12
and 10.8 kg C m™, respectively. The values measured for the 0-100 cm depth are similar
to those reported by Beinroth et al., (2003) which amounts to 10.9 kg C m™ in the RGA
watershed. The island-wide mean C content was estimated at 10.72 kg C m™ (Beinroth et
al.,1992). Morales et al. (1995) estimated 10.3 kg C m™? for Amazon Basin, and Brown
and Lugo (1982) estimated 8.60 kg C m™ for tropical wet forest soils in Puerto Rico.

From the soils evaluated, approximately 42 to 63 % of the SOC content is stored in
the depths of 0-15 and 0-30 cm of the pedon, respectively. The SOC content of the 21
mapping units at 0-100 cm varied from 1.63 kg C m™ in the Inceptisols under agricultural
land to 34.6 kg C m™ in Ultisols under forest cover. These low and high values can be
explained by the geology of the parent material and management practices. For example,
Plutonic rocks are dominant rock formations that weather to Inceptisols such as the
Pellejas series and volcanic rock weather to Ultisols, such as the Los Guineos and
Humatas series. These soils tend to accumulate carbon over time if the soil aggregates are
maintained or created, and if the through sound management practices, the soil is capable
of forming new aggregates.

In order to prepare a spatial distribution map of soil C for the 0-15 and 0-100 cm
depths of the RGA watershed, different methodologies were considered. First, the mean
of the mapping units was calculated using mean C data of each mapping unit (Figure 8

and Figure 9).
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Figure 8. Soil organic carbon content of the soils of the RGA watershed

(kg C m™, 0-15 cm).

The mean organic C content of the soils of the watershed was 4.65 at 0-15 and
11.9 kg C m™ at 0-100 cm, which are slightly higher than the weighed C average values.
The SOC stock was calculated as the product of the C content of each mapping unit and
corresponding total area, expressed as megagrams (Mg). The 21 mapping units represent
an area of 33,322 ha (84.7%). A mapping unit consists of one or more major soils and
some minor soils and it is named for the major soils (Acevedo, 1982). To complete SOC

data for the remaining 15.4 % of the total watershed area (6,038 ha), we used the data
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provided by the National Soil Survey Laboratory of the NRCS, calculated by Beinroth et

al. (2003) in his RGA watershed study.
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Figure 9. Soil organic carbon content by mapping unit in the RGA watershed

(kg C m%, 0-100 cm). See table 4 for descriptions of abbreviations.

The soils sampled in the watershed (84.7% of the total land area) currently store 3.61
x 10° Mg of C to a depth of 100 cm. Using the data of all mapping units, the watershed
currently sequesters 4.76 x 10° Mg of C to a depth of 100 cm (24.1% greater when
including 15.3 of the area) which is close to the value of 4.80 x 10° Mg of C for the 78
mapping units reported by Beinroth et al. (2003). Their results represent carbon content

for the total area of the RGA watershed for the same soil depths. The differences may be
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due to differences in total soil area sampled for both studies. In addition this report
presents the field-measured status and not the estimated SOC from the Soil Survey (Soil
Survey Staff, 2004) presented by Beinroth et al. (2003).

Another SOC distribution map was developed using ArcMap (v. 8.2) by using the
intersection of the mapping unit and land use layers, and calculating the mean C values
for each mapping unit in a particular land use type (forest, pasture and agriculture)

(Figure 10, Figure 11) (Table 21).

Mean kg C m™
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Figure 10. Soil organic carbon content across mapping units and land use in the
RGA watershed (kg C m?, 0-15 cm).
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Figure 11. Soil organic carbon content across mapping unit and land use in the
RGA watershed (kg C m?, 0-100 cm).
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Table 21. Soil carbon content across map unit and land use in the RGA watershed.

Land use Mapping Unit Mean kg C m”
0-15 cm 0-100 cm

AoF2 1.48 5.11

CpF 6.07 15.76

HmE2 4.64 18.09

HmF 3.55 12.16

HmF2 4.03 13.63

LcF2 3.05 5.39

agriculture  LgF 4.00 12.35
LuF 3.15 12.59

MaF2 1.50 3.95

MuF2 2.87 8.67

PeF 1.98 3.84

PeF2 0.88 3.74

__________________________ vm 073 163

AoF2 5.53 10.80

CbF2 5.20 7.22

CpF 7.75 17.47

CuF2 3.91 14.26

HmE 4.73 12.29

HmF 5.04 14.47

HmF2 6.27 14.39

LcF2 4.00 9.72

forest LgE 5.19 13.96
LgF 6.02 19.25

LME 5.65 17.94

LyFX 9.49 26.94

MaF2 5.13 11.55

MKF2 6.35 17.21

MuF 5.92 12.37

MuF2 4.09 11.08

PeF 2.37 5.08

__________________________ PeF2 376 658

CuF2 4.70 7.45

HmE 4.41 8.67

HmE2 5.46 15.86

HmF 3.39 13.96

pasture HmF2 5.21 16.86
LcF2 3.83 13.60

LuF 4.50 19.01

MKF2 4.27 14.43

MuF 3.81 8.60
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These maps have greater resolution than the ones presented only for mapping units,
indicating that when taking into account land use, we can observe the distribution of C in
greater detail. Thus for example, at the upper eastern part of the watershed, shown in
figure 8 the C content varied mostly between 4.01 and 5.40 kg C m™, but the second map
(Figure 10) shows that this variation ranges from 2.76 to 6.80 kg C m™ when
incorporating land use information. The mean C content for depths of 0-15 and 0-100 cm
was 4.30 and 11.8 kg C m™, respectively. This intersection of layers (for mapping unit
and land use) represents an area of 31,307 ha or 73% of the total watershed area, which is
5,049 ha less than the maps represented only by mapping units. When the intersection of
mapping unit and land use layers is performed, areas of the some mapping units are
eliminated, producing greater detail in the SOC spatial distribution. The estimated SOC
stock for this intersection was 3.55 x 10° Mg to a depth from 0 to 100 cm.

A third representation of the C content was depicted by the mean C of the soil orders
sampled within the watershed (Ultisols, Inceptisols, and Oxisols). The SOC values were
paired with all polygons of the corresponding order. The results of these analyses show
that the mean C content for soil order was 4.60 and 12.1 kg C m™ for depths of 0-15 and

0-100 cm, respectively (Figures 12 and 13).
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Figure 12. Soil organic carbon content by soil order in the RGA watershed
(kg C m?, 0-15 cm).
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Figure 13. Soil organic carbon content by soil order in the RGA watershed
(kg C m?, 0-100 cm).

The estimate of SOC stock for this map representation was 4.06 x 10° Mg to a depth
from 0 to 100cm. The area consider in this estimation is 41,494 ha. When the mapping
units are generalized by soil order, some mapping units that were not sampled are
represented in this estimation.

A final representation of mean soil C content was developed using the land use layer
and the mean C content for each land use type (forest, pasture, and agriculture). The

results shown in Figure 14 and Figure 15 indicate that the mean C content for land use



37

was 3.9 and 10.7 kg C m™, for depths from 0-15, and 0-100 cm, respectively. This map
represents an area of 44,994 ha. The estimated SOC for this watershed is 4.88 x 10° Mg

to a depth from 0 to 100cm.

Legend

Mean kg C m2

I 3.00 (Agricuture)
N 0 125 25 S . 400 (Pasture)
A B 500 o

|:| Non-data

Figure 14. Soil organic carbon content by land uses in the RGA watershed
(kg C m?, 0-15 cm).
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Figure 15. Soil organic carbon content by land uses in the RGA watershed
(kg C m?, 0-100 cm).

A summary of the mean C contents for 0-15, 0-30, 0-100 cm depth is shown in Table
22. As expected the highest SOC stocks were obtained with the land use layer (4.88 x
10° Mg) and the lowest with the combination intersection of map unit and land use layers
(3.55 x 10° Mg). When the mapping unit is generalized to order or land use, the

represented areas increase.
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Table 22. Soil organic carbon in the RGA watershed at different GIS layers.

SOC content kg C m™ Area Carbon
Layers — Depth (cm) — represented  stocks n*
0-15 030 0-100 (ha) (10° Mg)
Map unit 4.13 6.49 10.84 33,322 3.61 22
Map unit & Landuse  4.33 6.80 11.13 31,261 3.48 40
Order 4.21 6.58 10.99 41,494 4.15 3
Land use 4.63 7.19 12.45 44,994 5.02 3

* n is the number of experimental units associated with the analyses.

5.2 Soil organic nitrogen distribution within the RGA watershed

The spatial distribution maps were done in similar form as those developed for the
SOC spatial distribution using ArcMap (v. 8.2) for depths 0-15 and 0-100 cm. First, the
mean of the mapping units was calculated using mean N data of each mapping unit
(Figure 16 and Figure 17). The mean N content for depths 0-15 and 0-100 cm were 0.41
and 1.12 kg C m™, respectively, which are slightly higher than the weighed N average
values. The SON estimate to a depth of 0-100 cm for the soils sampled in the watershed

(84% of the total land area) is 0.38 x 10° Mg of organic nitrogen.
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Figure 16. Soil organic nitrogen content by mapping unit in the RGA watershed

(kg N m™, 0-15 cm). See table 4 for descriptions of abbreviations.

Using the intersection of the mapping unit and land use layers another map was
developed using ArcMap (v 8.2) (Figures 18 and 19) (Table 8). Greater resolution can be
observed in this map compared to the one presented only for mapping unit. The results
for SON follow the same pattern as those presented in the SOC maps. The mean N
content for depths of 0-15 and 0-100 cm were 0.39 and 1.15 kg N m™, respectively. The
SON estimate to a depth of 0-100 cm for the soils sampled in the watershed (84% of the

total land area) is 0.34 x 10° Mg of organic nitrogen.
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Figure 17. Soil organic nitrogen content by mapping unit in the RGA watershed

(kg N m™, 0-100 cm). See table 4 for descriptions of abbreviations.

A third representation of the N content was made by using the mean N of the soil
orders (Ultisols, Inceptisols, and Oxisols). The results of these analyses show that the
mean N content for soil order was 0.40 and 1.09 kg N m™ for depths of 0-15 and 0-100

cm, respectively (Figure 20 and Figure 21). The SON estimate to a depth of 0-100 cm for
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the soils sampled in the watershed (84% of the total land area) is 0.39 x 10° Mg of

organic nitrogen.

Mean kg N m™*
I oo0-025
I 0:26-0.30
B o031-040
N 0.41-0.50
A > : Mies = 0.51-0.60
I o61-0.70
B o7i-0s85
[ ] Non-data

Figure 18. Soil organic nitrogen content across mapping unit and land use in the

RGA watershed (kg N m?, 0-15 cm).
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Figure 19. Soil organic nitrogen content across mapping unit and land use in the

RGA watershed (kg C m~, 0-100 cm).
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Table 23. Soil nitrogen content across map unit and land use in the RGA watershed.

Land use Mapping Unit Mean kg N m*
0-15cm  0-100 cm

AoF2 0.15 0.60

CpF 0.62 1.78

HmE2 0.49 1.93

HmF 0.33 1.21

HmF2 0.43 1.54

LcF2 0.28 0.49

agriculture LgF 0.38 1.16
LuF 0.27 1.17

MaF2 0.16 0.41

MuF2 0.29 1.02

PeF 0.20 0.41

PeF2 0.10 0.44

__________________________ Vm 008 023

AoF2 0.52 1.18

CbF2 0.43 0.78

CpF 0.73 1.53

CuF2 0.39 1.51

HmE 0.43 1.33

HmF 0.46 1.54

HmF2 0.59 1.42

LcF2 0.36 0.87

forest LgE 0.43 1.10
LgF 0.49 1.66

LME 0.31 1.03

LyFX 0.85 2.61

MaF2 0.49 1.10

MKF2 0.57 1.66

MuF 0.58 1.29

MuF2 0.41 1.16

PeF 0.23 0.55

__________________________ PeF2 037 073

CuF2 0.30 0.54

HmE 0.50 0.44

HmE2 0.51 1.64

HmF 0.39 1.68

HmF2 0.50 1.73

pasture

LcF2 0.36 1.21

LuF 0.39 1.78

MKF2 0.40 1.20

MuF 0.34 0.87

PeF 0.24 0.50
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The last representation of mean soil N content was developed using the land use layer
and the mean N content for each land use type (forests, pasture, and agriculture). The
results shown in Figure 22 and Figure 23 indicate that the mean N content for land use
was 0.36 and 0.98 kg N m™ for depths from 0-15, and 0-100 cm, respectively. The SON
estimate to a depth of 0-100 cm for the soils sampled in the watershed (84% of the total
land area) is 0.46 x 10° Mg of organic nitrogen. Table 24 shows a summary of the N

means values for different layers.

Table 24. Soil organic nitrogen in the RGA watershed at different GIS layers.

SON content kg N m’ Area Nitrogen
Layers Depth (cm)—— represented  stocks n¥
0-15  0-30  0-100 (ha) (10° Mg)
Map unit 0.38 0.61 1.05 33,322 0.35 22
Map unit & Landuse  0.39  0.63 1.08 31,261 0.34 40
Order 0.38 0.61 1.05 41,494 0.40 3
Land use 0.42 0.67 1.18 44,994 0.48 3

* n is the number of experimental units associated with the analyses.
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Figure 20. Soil organic nitrogen content by soil order in the RGA watershed
(kg N m?, 0-15cm).
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Figure 21. Soil organic nitrogen content by soil order in the RGA watershed
(kg N m?, 0-100cm).
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Figure 22. Soil organic nitrogen content by land use in the RGA watershed
(kg N m?, 0-15cm).
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Legend
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Figure 23. Soil organic nitrogen content by land use in the RGA watershed
(kg N m?, 0-100 cm).

5.3 Soil organic carbon and nitrogen concentrations

SOC and SON concentration were stratified in the soil profiled by soil order (Figures
24 and 26) and by land use (Figures 25 and 27). As expected, higher organic C and N are
observed levels noted in the top of the profile compared to the deeper soil depths. The
area of greatest variations was in the top three soil depths (0-15, 15-30 and 30-50 cm),
with highest changes observed in both SOC and SON concentration. Below 50 cm, few
differences were observed within soil depths among different land uses. In contrast, large

differences were observed for SOC and SON concentration by soil order. This suggests
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that Oxisols and Ultisols have greater SOC and SON concentration than the Inceptisols in

this watershed.
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Figure 24. Soil organic carbon concentration by soil orders in the RGA watershed
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Figure 25. Soil organic carbon concentration by land use in the RGA watershed
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Figure 26. Soil organic nitrogen by soil order in the RGA watershed
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Figure 27. Soil organic nitrogen by land use in the RGA watershed
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5.4 Soil organic carbon and soil order

The soil organic carbon was affected significantly by soil order (P<0.05) (Table 25).
None of the interactions were significant. Oxisols showed higher levels of SOC than
Ultisols (16.93 and 13.03 kg C m™, respectively), which were in turn higher than
Inceptisols (6.21 kg C m?) at a depth of 0-100 cm (Figure 28). At the depth of 0-15 and
0-30 cm, the Oxisols and Ultisols showed similar values and both orders had higher
values of SOC than the Inceptisols. For Oxisols (Udox and Ustox) of the Amazon region
Morales et al., (1995), reported values between 8.9 and 10.51 kg C m™ at a depth of 0-
100 cm in undisturbed tropical forest vegetation. Beinroth (1992) reported values for the
whole island that amount to 14.0 kg C m™ in Oxisols, 12.8 kg C m™ in Ultisols and 12.2
kg C m™ in Inceptisols. These results are similar to those presented in this study, except
that for Inceptisols which is approximately half of the island-wide estimate. The Oxisols
from the RGA watershed are classified as Humic Haplodox according to the Soil
Taxonomy (Soil Survey Staff, 1999), which defines for this soil, levels of 16 kg m™ or

more of organic carbon between the mineral soil surface and the depth of 100cm.

Table 25. Summary of analysis of variance for soil organic carbon.*

Source 0-15 cm 0-30 cm 0-100 cm
Land use (LU) <0.0001 <0.0001 <0.0001
Phase (P) 0.2026 0.4957 0.8896
Order (O) <0.0001 <0.0001 <0.0001
LUxP 0.7391 0.7198 0.9153
LUxO 0.7698 0.7094 0.6806
PxO 0.1232 0.1389 0.0789
LUxPxO 0.5575 0.6268 0.9686

* = significant at the 0.05 level
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Figure 28. Soil organic carbon among different soil orders within the RGA
watershed. Columns of the same color with different letters are
significantly different (p<0.05).

5.5 Soil organic carbon and land use

The SOC to a depth of 0-100 cm ranged from 1.63 kg C m™ in agricultural lands to
31.8 kg C m™ in forest lands. The SOC was significantly affected (P<0.05) by land use
(Table 25). For example, the SOC was significantly lower in agricultural land (7.90 kg C
m?) than in pasture lands (9.79 kg C m™?) and forest lands (12.8 kg C m?) (Figure 29).
Although, the SOC was affected by land use, it was not affected by soil phase (erodable
and not erodable). The same pattern was observed in a depth of 0-15 and 0-30 cm. In
agreement with these results, Torberts et al. (2004) observer similar values of SOC

between forested soil and permanent pasture in clay loam soil to Im depth. In contrast



54

Cerri et al. (2003) in Brazil, modeled the impact of converting forest area to pasture on
SOC content, and found initial fall in the SOC stock followed by a slow rise. After 88 yr,
pasture soil contained 53% more C than the forest soil. Several factors may be
responsible for these results such as: the geographical localization and the soil type, the
cultural practices and the soil management. These results confirm previous studies (Lal,
2002) in that changes in land use cause losses of SOC due to changes in vegetation and
soil management practices. However, some forest sites do not present significant
disturbances while others were abandoned agricultural areas that reverted to secondary
forest. During and after the conversion from natural to agricultural ecosystems, SOC
losses are accentuated; especially when soil erosion and nutrient losses occur (Lal, 2002).
However, agricultural land if properly managed can also have great potential for SOC
and SON accumulation and storage. Accelerated soil erosion causes the removal and
displacement of fine top soil particles and the light fraction of the SOM from the soil
surfaces. This material is redistributed over the landscape where it may be easily
mineralized. When soil aggregates are broken down, the protected C is exposed to

microbial activities. The net effect is a loss of SOC in the soil.
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Figure 29. Soil organic carbon among different land uses within the RGA
watershed. Columns of the same color with different letters are
significantly different (p<0.05).

5.6 Soil organic nitrogen and soil order

The soil organic nitrogen was affected significantly by soil order (P<0.05) (Table 26)
but none one of the interactions (land use, phase and soil order) were significant. The
SON to a depth of 0-100 cm ranged from 0.23 kg N m™ in agricultural lands to 2.61 kg N
m” in forest lands. The SON was significantly higher in Oxisols than Ultisols to depths of
0-15, 0-30 and 0-100 cm. The SON values in Oxisols and Ultisols were higher than the N
values in Inceptisols (Figure 30). The greatest variation by soil order, indicated by the
greatest standard error, corresponds to Oxisols (1.34), followed by Inceptisols (0.66) and

Ultisols (0.07).



Table 26. Summary of analysis of variance for soil organic nitrogen.*

Source 0-15 cm 0-30 cm 0-100 cm
Land use (LU) <0.0001 <0.0001 <0.0022
Phase (P) 0.1045 0.2194 0.6220
Order (O) <0.0002 <0.0001 <0.0001
LUXxP 0.6393 0.3637 0.8469
LUxO 0.9001 0.8205 0.8007
PxO 0.2000 0.1401 0.1008
LUxPxO 0.6111 0.6175 0.9672

* = significant at the 0.05 level
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Figure 30. Soil organic nitrogen among different soil orders within the RGA
watershed. Columns of the same color with different letters are
significantly different (p<0.05).
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5.7 Soil organic nitrogen and land use
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The SON to a depth of 0-100 cm ranged from 0.23 kg N m™ in agricultural lands to

2.61 kg N m™ in forest lands. At the depth 0-15 cm the SON was significantly higher in

forest lands (0.45 kg N m™), than pasture and agricultural lands (0.36 and 0.28 kg N m?,

respectively).

At the 0-30 and 0-100 cm depths, SON was significantly lower in

agricultural lands (0.81 kg N m™), followed by pasture (1.01 kg N m™) and forest (1.21

kg N m™?) (Figure 31). The depth of 0-15 cm is more susceptible to the losses of SON due

changes in land use and management practices.
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Figure 31. Soil organic nitrogen among different land uses within the RGA
watershed. Columns of the same color with different letters are
significantly different (p<0.05).
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5.8 Eroded and uneroded soil phases

Soil organic carbon was significantly affected (P<0.05) by soil phase of the
Consumo soil series (Table 27) (Figure 32). The mean SOC content was 7.19 and 15.3 kg
C m™ for Consumo uneroded phase (CpF), and 4.17 and 6.09 kg C m™ for Consumo
eroded phase (CuF2) at 0-15 and 0-100 cm depth, respectively. The SOC in the others
soil mapping units (Humatas, Mucara, and Pellejas) were not affected by soil erosion

status.

Table 27. Organic carbon in eroded and uneroded phases in the RGA watershed.

Serie Map unit Order Map unit 0-15 cm 0-30 0-100 cm
uneroded eroded cm
Consumo CpF Ultisol CuF2 * * ns
Humatas HmE Ultisol HmE2 ns ns ns
Humatas HmF Ultisol HmF2 ns ns ns
Mucara MuF Inceptisol ~ MuF2 ns ns ns
Pellejas PeF Inceptisol ~ PeF2 ns ns ns

* = significant different at the 0.05 level

A priori, one should expect more SOC in uneroded phases than in the eroded
ones. The analysis by soil phase in the same mapping unit indicated that only Consumo
series has higher amounts of SOC in the uneroded phase. Other series show similar or
trend for higher values of SOC in eroded phase. This can be explained because a mapping
unit consists of one or more major soils (more dominant soil serie) and some minor soils,
and it is named for the major soils (Acevedo, 1982). This characterization of a mapping
unit means that a given soil mapping unit comprises several soil series, and that when a

sample is taken from a particular site, it can represent one series or other. The same
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condition applies for eroded vs. non-eroded series: a sample taken from a place within the
polygon classified as eroded might not actually be an eroded site. In addition, eroded and
uneroded phases within a mapping unit were identified about 30 years ago, which may
not reflect what the conditions are today, especially when abandoned agricultural lands
are being reverted to secondary forests, and a successional pattern for vegetation
development is taking place. Because of these reasons, an update of the soil survey is
needed to properly identify eroded and uneroded areas in the present context of the new
land use that prevails in the RGA watershed.

The soil organic nitrogen was not significantly affected (P>0.05) by soil phase
within each mapping unit (Table 28). The Consumo series had significantly more organic
nitrogen at a depth of 0-15 and 0-30 in uneroded than in the eroded phase (Figure 33).
The mean of SON to uneroded phase (CpF) was 0.69, 1.10 and 1.60 kg C m™ to a depth
of 0-15, 0-30 and 0-100 cm, respectively. The eroded phase (CuF2) was 0.36, 0.57 and

0.98 to a depth of 0-15, 0-30 and 0-100 cm, respectively.

Table 28. Organic nitrogen in eroded and uneroded phases in the RGA watershed.

Map unit Map unit

Serie uneroded  eroded 0-15cm 0-30cm  0-100 cm
Cunsumo CpF CuF2 * * ns
Humatas HmE HmE2 ns ns ns
Humatas HmF HmEF2 ns ns ns
Mucara MuF MuF2 ns ns ns
Pellejas ~ PeF PeF2 ns ns ns

* = significant different at the 0.05 level



60

18 ¢
R @0-15cm

— 16— T T m0-30 cm
E 1y I I 00-100 cm
= E A
c 12+ i
S, |
5 107
o r
e 8+
c n
S 6+ T
) E
= 4+
8 i

2+

07:

uneroded | eroded |uneroded| eroded |uneroded| eroded |uneroded| eroded |uneroded| eroded

CpF

CuF2 HmF HmF2 HmE HmE2 MuF MuF2 PeF2

Soil Mapping Unit

Figure 32. Soil organic carbon by soil mapping unit in different soil phases in the
RGA watershed. Columns with the same color and different letters are
significantly different (p<0.05).
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Figure 33. Soil organic nitrogen by mapping unit in different soil phases of the RGA
watershed. Columns with the same color and different letters are
significantly different (p<0.05).
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5.9 Soil pH, C:N ratio

The mean pH values to depths of 0-15 cm and 0-100 cm were 5.06 and 4.90,
respectively. These estimates and the variability in pH observed are similar to other
estimates for tropical soils. For example, Cerri et al. (2003) reported values of 5.59 for
forest soils in the Brazilian Amazon Basin .

In terms of C:N ratio, the RGA watershed shows values of 10:1 which falls within the
typical values reported for Brazilian soils. For example, Batjes and Dijkshoorn (1999)
reported values of C:N that range from 9:1-12:1 ratio in the Brazilian Amazon basin. The
general trend of the values (Table 29) suggests a decrease in C:N ratio with depth, which
reflects the older age of humus material in the lower parts of the soil profile. The C:N
ratio was generally higher and with small variability in the soil profile of the Oxisols than
those in Ultisols and Inceptisols, where this ratio tends to be lower at the lower depths of
the soil profile. This behavior can be explained because 77% of the Oxisols in the
watershed are under forest cover and high values of precipitation, which favors the
conditions for leaching of carbon to lower depths in the soil profile (Lugo and Brown,

1993).
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Table 29. Distribution of C:N ratio as a function of depth by soil orders.

Order Depth Mean S.E. Min Max
(cm)

Inceptisols 0-15 10.18 0.16 8.42 13.9

15-30 9.28 0.26 1.24 12.05

30-50 8.96 0.29 3.48 16.34

50-75 873 031 54 1425
e 75-100 786 031 1.04 1225
Oxisols 0-15 1341 094 811  19.86

Ultisols 0-15 10.41 0.19 8.23 15.58
15-30 10.1 0.19 8.13 14.26
30-50 9.8 0.22 6.6 13.08

5.10 Soil texture

The determination of soil texture using the LS-230 has been positively and
significantly correlated to the pipette method as shown in Figure 34. In general, the
Oxisols and Ultisols have a clay texture and Inceptisols have a clay loam texture (Table
30). The Pearson correlation coefficient between SOC and clay content was 0.36 for
Ultisols, 0.49 for Oxisols and 0.72 for Inceptisols. The SON Pearson correlation
coefficient was 0.33 for Ultisols, 0.39 Oxisols and 0.78 for Inceptisol (Figure 35). The
figure generally showed a positive correlation with total SOC and SON contents,
suggesting that clay soils facilitate the formation of passive C and N pools with slow

turnover due to the physical protection of SOM by clay minerals (Silver et al., 2000b). In
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the study by Beinroth et al., (1996), the strongest correlation between SOC and
quantitative soil variables was obtained when grouping the soils according to clay
content. As shown in Figure 31, the majority of the Inceptisols present in the RGA
watershed have lower clay content than Oxisols and Ultisols, indicating that the lower the
clay content, the lower the SON and SOC contents, and vice versa. This indicated that
soil with high clay content had higher potential to sequester C and N than soil with low
clay content and confirm that the soil organic carbon and nitrogen content are strongly

influenced by the clay content.

Table 30. Particle size distribution among soil orders (0-15 cm).

Order Pasli';l:le Mean S.E. Min Max Cl:s(;)i(ttil;lz;::on
Sand 39.15 2.34 9.76  68.37

Inceptisols  Silt 28.40 1.01 18.56  45.31 Clay loam
Clay 32.45 1.83 13.07 63.46
Sand 16.63 0.92 12.11 20.53

Oxisols  Silt 32.31 1.97 20.87 41098 Clay
Clay 51.07 2.08 38.04 59.05
Sand 21.73 1.38 8.17 45.14

Ultisols  Silt 31.96 0.82 21.85 47.41 Clay

Clay 46.31 1.30 30.50  66.33
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6. Conclusions and Recommendations

In general, SOC and SON in the RGA watershed is in accord with values reported by
Beinroth et al (2003). The spatial distribution of the SOC and SON in the RGA
watershed, serves as a baseline for the evaluation of the effects of land use and land use
changes and the potential for soil carbon and nitrogen sequestration at the watershed
level. The use of the Geographic Information System proved useful in terms of sampling
strategy, field sample location and spatial analysis of the soil characteristics. With this
tool, sampling points can be re-sampled in the future to determine SOC and SON

changes.

The separation of soil mapping units in their respective land use improves the SOC
and SON estimates and the resolution of the spatial distribution. The greater the
resolution on the spatial distribution, the better the SOC and SON estimates. The spatial
distribution map represented by soil order and land use type showed a more generalized
map of the spatial distribution of soil C and N, because several mapping units are
integrated within the same soil order and/or land use type when the layers are combined.
This causes changes in total land area of analysis and in the estimation of carbon and

nitrogen stocks in the RGA watershed.

The soils sampled in the watershed (84% of the total land area) contain 3.61 x 10° Mg
of organic carbon and 0.38 x 10° Mg of organic nitrogen to a depth from 0 to 100 cm, or
to a lithic or paralithic contact if it was shallower. These estimates increase with a
decrease of the map resolution, because in the processes of generalization by soil order or

by land use type, the total land area of analysis is increased. The effects of land use on
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soil carbon and nitrogen sequestration suggest that forest and pasture lands hold the
majority of soil organic carbon and nitrogen. This suggest that in order to increase soil C
sequestration it is necessary to establish management practices that are conducive to
maintain the soil aggregates and maintain the SOC and SON stable and protected from

microorganism decomposition (Sotomayor et al., 2004).

To improve the results, it is recommended that an update of the soil survey be
performed to properly identify eroded and uneroded areas in the present context of the

new land use that prevails in the RGA watershed.

The development and adoption of conservation and sound management practices for
these areas with low SOM will be needed in order to maintain an increase in the soil
organic carbon levels. The SOC and SON pools can be increased only if inputs into the
soil, such as plant biomass, crop residue, manure or compost exceed outputs which are in
the form of oxidation, erosion or leaching. Because the SOC and SON are concentrated in
the soil surface, it is important to adopt corrective management practices for the eroded
soils, especially in agricultural lands. The conservation and accretion of forest area in the
RGA watershed will help increase the SOC and SON in soils. Additional information
may be of assistance to landowners and land use planners to facilitate the adoption of
sustainable land use practices that will lead to an increase of organic C and N levels in

the soil.
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Appendix A. Field data sheet

Rio Grande de Arecibo Watershed

Soil Sampling Protocol
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e Sample Site Identification:

e Sample Sie Data:

Longitude

Latitude

Elevation

Slope

Geology

Slope aspect

Vegetation

Land use

e Sample Identification

0-15 cm Site-id + a
15-30cm Site-id + b
30-50cm Site-id + ¢
50-75cm Site-id + d
75-100cm Site-id + e

e Sample Site Geomorphology:

e Land Use Description

Vegetation

Relief

Land Use
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Appendix B. Mean carbon and nitrogen concentration by soil order, land use
and soil mapping unit

g/kg of carbon

Order
0-15cm  15-30cm  30-50cm  50-75cm  75-100 cm
Inceptisol 13.11 5.2165 2.79 1.634 1.171
Oxisol 29.56 17.185 10.54 6.7495 5.5735
Ultisol 23.68 13.1 7.474 4.98 3.385
Land Use g/kg of carbon
0-15cm  15-30cm  30-50cm  50-75cm  75-100 cm

forest 23.875 12.305 6.969 3.597 2.806
pasture 19.16 12.755 5.8945 3.9395 2.558
agriculture 12.7 5.805 3.01 2.518 2.371

Mapping g/kg of carbon

unit 0-15cm  15-30cm  30-50 cm  50-75cm  75-100 cm

AoF2 19.36 9.41 6.96 3.07 1.7
CbF2 25.26 6.69 7.57 3.88 1.42
CpF 34.48 18.1 10.11 5.5 2.94
CuF2 20 10.57 6.51 4.53 1.79
HmE 26.08 12.03 8.67 8.37 3.93
HmE2 28.79 13.94 9.71 6.44 7.42
HmF 26.93 14.58 8.75 6.03 4.57
HmF2 29.71 15.98 7.96 5 2.66
LcF2 17.79 9.75 5.93 3.58 2.5
LgE 31.72 15.07 9.89 8.56 2.85
LgF 33.75 18.83 12.89 10.24 9.89
LME 34.58 20.62 9.97 6.07 6.09
LuF 23.42 18.49 11.68 8.22 4.87
LyFX 58.03 28.55 12.21 7.16 9.02
MaF2 23.47 10.93 5.51 2.72 2.22
MkF2 25.25 12.14 9.11 7.69 8.93
MuF 28.76 12.48 4.97 2.82 3.75
MuF2 17.47 7.57 4.65 3.17 4.13
PeF 10.16 4.82 2.1 1.15 0.78
PeF2 14.16 4.2 1.61 0.87 2.88
Vm 3.24 0.91 0.79 0.69 0.55




Appendix B. (Continued)

g/kg of nitrogen

Order
0-15 cm 15-30cm  30-50cm  50-75cm  75-100 cm
Inceptisol 1.248 0.598 0.304 0.187 0.164
Oxisol 2.3465 1.441 0.905 0.577 0.4635
Ultisol 2.317 1.35 0.779 0.543 0.325
Land Use g/kg of nitrogen
0-15cm 15-30 cm 30-50 cm 50-75 cm 75-100 cm
forest 2.2815 1.2205 0.7475 0.414 0.274
pasture 1.8495 1.216 0.5485 0.373 0.251
agriculture _ 1.238 0.559 0.368 0.358 0.2935
Mapping g/kg of nitrogen
unit 0-15cm  15-30cm  30-50 cm  50-75cm  75-100 cm

AoF2 1.84 0.94 0.69 0.35 0.19
CbF2 2.14 1.27 0.74 0.35 0.16
CpF 3.32 1.86 1.01 0.6 0.23
CuF2 1.72 0.99 0.69 0.47 0.22
HmE 2.53 1.13 0.82 0.82 0.32
HmE2 2.8 1.46 0.97 0.64 0.79
HmF 2.54 1.51 0.92 0.66 0.48
HmF2 2.88 1.61 0.85 0.54 0.31
LcF2 1.65 0.93 0.55 0.34 0.24
LgE 2.65 1.26 0.89 0.81 0.21
LgF 2.84 1.68 1.22 0.94 0.94
LME 1.9 1.2 0.6 0.36 0.34
LuF 2.03 1.82 1.14 0.77 0.48
LyFX 5.23 2.24 1.06 0.63 0.79
MaF2 2.26 1.13 0.59 0.28 0.24
MkF2 2.32 1.17 0.85 0.71 0.75
MuF 2.76 1.24 0.56 0.34 0.44
MuF2 1.78 0.76 0.53 0.43 0.6
PeF 1 0.5 0.23 0.13 0.1
PeF2 1.42 0.46 0.19 0.14 0.37
Vm 0.33 0.14 0.12 0.13 0.1
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Appendix C. Soil organic carbon and nitrogen by slope aspect and
geomorphology
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Appendix C. (Continued)

Soil organic carbon (kg m?)
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Appendix D. Statistical Analysis

Variable N R?2

RZ Aj

Cv

kg-m-2 C 0-15 107 0.42

0.34 40.62

Cuadro de Analisis de la Varianza (SC tipo I)
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F.V. SC gl CM F p-valor
Modelo 198.51 13 15.27 5.17 <0.0001
Land use 97.38 2 48.69 16.49 <0.0001
Phase 4.86 1 4.80 1.65 0.2020
Orden 80.96 2 40.48 13.71 <0.0001
Land use*Phase 1.79 2 0.90 0.30 0.7391
Land use*Orden 5.35 4 1.34 0.45 0.7698
Phase*Orden 7.15 1 7.15 2.42 0.1232
Land use*Phase*Orden 1.02 1 1.02 0.35 0.5575
Error 274.63 93 2.95
Total 473.14 106

Variable N R? R? Aj CV

kg-m-2 C 0-30 107 0.50 0.43 37.43
Cuadro de Andlisis de la Varianza (SC tipo I)

F.V. SC gl CM F p-valor
Modelo 574.17 13 44 .17 7.09 <0.0001
Land use 219.02 2 109.51 17.59 <0.0001
Phase 2.91 1 2.91 0.47 0.4957
Orden 319.42 2 159.71 25.65 <0.0001
Land use*Phase 4.11 2 2.05 0.33 0.7198
Land use*Orden 13.36 4 3.34 0.54 0.7094
Phase*QOrden 13.87 1 13.87 2.23 0.1389
Land use*Phase*Orden 1.48 1 1.48 0.24 0.6268
Error 578.98 93 6.23
Total 1153.15 106

Variable N R? R2 Aj CV

kg-m-2 C 0-100 97 0.59 0.52 37.17
Cuadro de Analisis de la Varianza (SC tipo I)

F.V. SC gl CM F p-valor
Modelo 1999.20 13 153.78 9.08 <0.0001
Land use 363.18 2 181.59 10.73 0.0001
Phase 0.33 1 0.33 0.02 0.8896
Orden 1540.05 2 770.03 45.48 <0.0001
Land use*Phase 3.00 2 1.50 0.09 0.9153
Land use*Orden 39.03 4 9.76 0.58 0.6806
Phase*Orden 53.59 1 53.59 3.17 0.0789
Land use*Phase*Orden 0.03 1 0.03 1.6E-03 0.9686
Error 1405.25 83 16.93
Total 3404.46 96




Appendix D.(Continued)

Variable N R? R? Aj CV
kg-m-2 N 0-15 107 0.34 0.25 41.01

Cuadro de Andlisis de la Varianza (SC tipo I)

F.V. SC gl CM F p-valor
Modelo 1.24 13 0.10 3.70 0.0001
Land use 0.59 2 0.30 11.47 <0.0001
Phase 0.07 1 0.07 2.69 0.1045
Orden 0.48 2 0.24 9.32 0.0002
Land use*Phase 0.02 2 0.01 0.45 0.6393
Land use*Orden 0.03 4 0.01 0.26 0.9001
Phase*Orden 0.04 1 0.04 1.67 0.2000
Land use*Phase*Orden 0.01 1 0.01 0.26 0.6111
Error 2.39 93 0.03
Total 3.63 106

Variable N R?2 R2 Aj CV

kg-m-2 N 0-30 107 0.43 0.35 38.13

Cuadro de Analisis de la Varianza (SC tipo I)
F.V. SC gl CM F p-valor

Modelo 3.89 13 0.30 5.31 <0.0001
Land use 1.42 2 0.71 12.63 <0.0001
Phase 0.09 1 0.09 1.53 0.2194
Orden 2.04 2 1.02 18.09 <0.0001
Land use*Phase 0.12 2 0.06 1.02 0.3637
Land use*Orden 0.09 4 0.02 0.38 0.8205
Phase*Orden 0.12 1 0.12 2.21 0.1401
Land use*Phase*Orden 0.01 1 0.01 0.25 0.6175
Error 5.24 93 0.06
Total 9.12 106
Variable N R? R? Aj CV

kg-m-2 N 0-100 97 0.47 0.39 39.03
Cuadro de Andlisis de la Varianza (SC tipo I)

F.V. SC gl CM F p-valor
Modelo 13.23 13 1.02 5.78 <0.0001
Land use 2.33 2 1.17 6.62 0.0022
Phase 0.04 1 0.04 0.24 0.6220
Orden 10.02 2 5.01 28.44 <0.0001
Land use*Phase 0.06 2 0.03 0.17 0.8469
Land use*Orden 0.29 4 0.07 0.41 0.8007
Phase*QOrden 0.49 1 0.49 2.75 0.1008
Land use*Phase*Orden 3.0E-04 1 3.0E-04 1.7E-03 0.9672
Error 14.63 83 0.18

Total 27.86 96
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