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Hydrologic Modeling of Watersheds Discharging
Adjacent to the Mesoamerican Reef

Project Summary

This paper describes the methodology and resulishgflrologic analysis implemented
by the World Resources Institute (WRI) as parthef international Coral Reef Action
Network (ICRAN) Mesoamerican Reef (MAR) partnershipe objective of the analysis
was to quantify the impact of human alterationhaf kandscape on land-based threats to
the MAR to inform land-use planning, agriculturalipy and practice, conservation
priority setting, and risk mitigation efforts.

Over a two year period, WRI collaborated with maaytners in the region to evaluate
sediment and nutrients coming from land in over W@fersheds that discharge adjacent
to the MAR. The analysis evaluates the amount @ihsent and nutrients (nitrogen and
phosphorous) coming from each plot of land; the amof eroded sediment and
nutrients reaching the river mouth (coastal disgbguoint); and the amount of sediment
reaching the reef. In addition, the analysis presidstimates of the increase in sediment
and nutrient delivery resulting from human actesti and predictions of future sediment
and nutrient delivery (in 2025) given varying lanske scenarios. This analysis is the first
of this scope and level of detail for the MAR remgio

The results provide a preliminary overview of regibpatterns of sediment and nutrient
runoff and delivery, and indicate how human alierabf the landscape can influence
these patterns. To ensure that the project’s seanll analytical methods support action
in the region, WRI makes the underlying data, aiedlmethod, and modeling tools
publicly available, and has conducted training is&sswith users in the region. Based on
this training, regional users can implement motaitkl, focused analyses for smaller
areas, calibrating them to local conditions.

All data used in the analysis and all model resaltsompanied by metadata, are
provided on the data CWatershed Analysis for the Mesoamerican R&&I/ICRAN
MAR project, 2006. This paper begins with backgrbon the ICRAN MAR partnership
and a summary of key findings, followed by a dedarn of the analytical methodology
and a summary of analysis results.



Project Background

Shared by Mexico, Belize, Honduras, and Guatentia¢alMesoamerican Reef (MAR),
stretches over 1,000 km, and is the largest cootisueef in the Western Hemisphere.
Alteration of the natural landscape for developmesdd construction, or agriculture can
have adverse impacts on coral reefs through inededslivery of sediment, nutrients,
and other pollutants to coastal waters. Threats femd clearing are higher in areas of
steep slope, intense precipitation, and erosiuvs.soi

Appropriate land-use practices in erosion-pronasege essential for the management of
watersheds to ensure that the transport of sedjmatrtents, and other pollutants to

coral reefs is minimized. In the Mesoamerican regaver 300,000 hectares of land is
allocated to the production of banana, oil palngasicane, citrus, and pineapple crops.
Eroded sediments as well as the residues of fatiand pesticides used in these
industries drain through the rivers and streamsesmer coastal waters along the
Mesoamerican reef.

As part of the International Coral Reef Action Netkw (ICRAN) Mesoamerican Reef
(MAR) project, theWorld Resources Institute (WRI) partnered wittUNEP-World
Conservation Monitoring Centre (WCMC) and théNorld Wildlife Fund (WWF) to
provide comprehensive watershed analysis to comgriethe ICRAN MAR project’s
activities on Sustainable Fisheries and Sustainbilgism.

The ICRAN MAR watershed analysis was developedealpce information and tools
for examining the potential impact of different danse and development options in the
region and the associated impacts on water quaiithe MAR. The project aims to:

Link patterns of land use within watersheds toithpacts at coral reefs, and
identify reefs at greatest risk of degradation;

|dentify watersheds most vulnerable to erosionthnde which contribute the
most sediment and pollution to coastal waters;

Adapt tools to forecast potential trends, evaludkifierent policy or development
options, and facilitate improved land managemetttiwithe region;

Use the results of the models and diagnostic toohelp educate and encourage
key stakeholders to adopt a suite of “better mamage practices” to reduce
impacts on the coastal and marine resources.

The ICRAN MAR watershed project includes analyticamponents looking at land
cover change and the associated impacts on rweroffjon, and sediment and pollutant
delivery to and transport within coastal waterse Pinoject also includes on-the-ground
activities with agricultural businesses to implemegtter management practices. Many
local partners were consulted on modeling methimidgiata input and evaluation, and on
agricultural management practices. Three ICRANn@ag collaborated on this effort:

UNEP-WCMC - developed scenarios of land cover caangl provided land
cover data sets as input to the hydrologic modgling



WRI — implemented the watershed delineation anddigdic analysis for the
MAR region, performed analysis of vulnerabilitygmsion, and coordinated the
circulation modeling along the MAR;

WWE — led the work with agri-business to implemieatter management
practices.

WWF’s work with agricultural businesses focuses@nfucing the presence of priority
pesticides in the MAR marine environment and cdliig soil erosion from major
commercial agricultural sectors. WWF is workingwiitusiness partners on banana,
pineapple, citrus and sugar cultivation. The analgsrformed under this project helps
WWF and others to set priorities for targeting &elhnd-management practices as well
as to guide land-use planning.

Key Findings

This hydrologic analysis serves to integrate a wadge of data, and adapt modeling
tools for an innovative, region-wide analysis foe MAR. The region-wide results
presented in this paper should be considered pgreinpand indicative of the overall
pattern and magnitude of erosion and nutrient adéhsent delivery across the region.
An important aspect of the project is to providesth modeling tools to partners in the
MAR region so that they might apply them at higresolution to produce more detailed
results for smaller areas within the MAR regionisTépproach will allow for refinement
and better calibration of the model to local ciratamces within the region.

The origin of sediments and nutrients reaching thé/AR:

o0 Most of the sediment and nutrients delivered byenslteds along the MAR originate
in Honduras. It is estimated that over 80% of setit and over half of all nutrients
(both nitrogen and phosphorous) originate in Hoadur

o Guatemala was identified as a source of about odle-sf all sediments and about
one-quarter of all nitrogen and phosphorous ergasoastal waters along the MAR.

o0 The modeling suggests that compared to the othertges, relatively minor
percentages of the regional sediment load come Belize and Mexico. Belize
contributes between 10-15% of nutrients and Mesastimated to contribute about
5%o0f the nutrients from all modeled watersheds. @¢teanate for Mexico is probably
an underestimate, as the contribution of undergtaivers is not included in this
analysis.

o Of the 400 watersheds in the MAR region, the Ulaershed in Honduras was
found to be the largest contributor of sedimentogen, and phosphorous. Other
large rivers found to be significant contributofsediment and nutrients are the



Patuca (in Honduras), Motagua (in Guatemala andibi&as), Aguan (in Honduras),
Dulce (in Guatemala), Belize River (in Belize), andto o Negro (in Honduras).

Figure A. Annual Sediment Delivery from MAR Watersh  eds
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Runoff, erosion, and nutrient delivery to coastal \aters are increasing:

(0]

As a result of human alteration of the landscaypeoif and associated river discharge

at river mouths has nearly doubled; sediment detigeriver mouths has increased
by a factor of 20; nitrogen delivery has increabga factor of 3, and phosphorous
delivery by a factor of 7. (Ratios are based oml@hoesults for current (2003/04)
land cover and on hypothetical natural (unaltetad(l cover.)



The potential impacts of development and land-usegths are varied:

0 Under land-use scenarios which favor free markedsligtle policy regarding the
environment, nutrient delivery is likely to increasy about 10% by 2025, while
sediment delivery might increase by 13% or more.

o If environmental policies that favor sustainableelepment are implemented,
nutrient and sediment delivery are likely to beusel by at least 5% from current
levels, promoting recovery of degraded corals.

o Implementation of better agricultural managemeatfces will yield additional
reductions in sediment and nutrient delivery beythu$e evaluated in this study,
which has focused on the effect of changes in tawer.



Overview of Methodology

In collaboration with partners in the MAR region RIY

implemented a watershed delineation for all larehardraining along the
Mesoamerican reef;

implemented a hydrologic analysis to examine sauoéesediment and nutrients
from this entire drainage area, as well as thevdgliof sediment and nutrients to
coastal waters;

applied this hydrologic analysis tool to examindisent and nutrient delivery
for several land cover scenarios (current land cavgginal or “natural” land
cover, and three scenarios of land cover in 2025);

provided outputs of the hydrologic analysis as tega a circulation model to
examine sediment transport along the MAR; and

collaborated with partners on calibration and \atich of model results.

Watershed Delineation

Watersheds are an essential unit for this hydrolagalysis, as they serve to link a plot
of land with its stream and river network, andotsnt of discharge to the sea.
Watersheds were delineated from a hydrologicallyemted 250m digital elevation
model (DEM). This DEM is based on 90m resolution®MShuttle Radar Topography
Mission (SRTM) data, which were projected and rgdaohto 250m resolution for use in
this project’s land cover and hydrologic modeliAg.elevation data from radar has
inherent inaccuracies, such as capturing the tbppees and buildings as part of the
elevation, the elevation data needed some “coom@ttis part of the delineation process.
Some mapped rivers and lakes were superimposedteddEM through a process called
“burning” the DEM. Rivers (as lines) from La Conusi Centroamericana de Ambiente y
Desarrollo (CCAD) and lake and lagoon data (polyjdrom WWF were used to
develop a data set for correction of the DEWhis grid was superimposed (as -20m
elevation) into the DEM to ensure that water wasdd to flow in these depressions.
This “burned” version of the data set was usedé&sin delineation in the Environmental
Systems Research Institute’s (ESRI) ArcMap softwaoe each 250m grid cell in the
DEM, the direction of water flow (FlowDirection) drthe number of cells flowing into
each cell (FlowAccumulation) was identified, as heel which cells comprise a basin
(area draining to a single coastal point.) The 2%@ih cell with the maximum flow
accumulation in each basin was identified as tleifgoint,” or point of discharge to the
sea. Basins of less than 5 karea were excluded. Over 430 basins of at lekst’Frea
were identified. (Some additional technical notasmatershed delineation can be found
at the end of this report.)

! See metadata datershed Analysis for the Mesoamerican Rle¢d CD for data sources, as well as the
GIS data set used for correction.



This final set of watershed delineations for the RIAegion benefited from several
rounds of review and the provision of additionaieday several project partners.
Delineations were again reviewed at the ICRAN MAR@&vshed workshop held in
Belize in August 2006. The watershed delineatiorg@liable for most of the MAR
region, but are inaccurate for the Yucatan, dugitiespread karst topography with
underground rivers and lack of perennial surfacersa

[ |Basins
National Borders
Il Coral Reefs
Rivers
B Lakes
Elevation in m (Srtm_250)

\ T 0-140
] | 140-370
g § —1370-610
.~ 610-850
[ 850 -1120
I 1120 - 1460
1460 - 1900
1900 - 3290

Source: WRI, 2006




Hydrologic Modeling

Threat from land-based sources of sediment andentgrwas evaluated using the
Nonpoint Source Pollution and Erosion Comparisonl TN-SPECT), developed by the
U.S. National Oceanographic and Atmospheric Adnrai®on (NOAA). N-SPECT is a
public-domain software which runs as an optiona¢esion within ESRI's ArcMap
software. N-SPECT combines information on the pdalsenvironment (elevation, slope,
soils, precipitation, and land cover) to derivareates of runoff, erosion, and pollutant
sources (nitrogen, phosphorous and total suspesuliel$) from across the landscape, as
well as estimates of sediment and pollutant accatioul and concentration in stream and
river networks. N-SPECT was implemented at 250rmlug®n for the MAR region.
Hence, N-SPECT evaluates each 250m resolutiorcgtid6.25 ha area) for its
contribution to runoff, sediment, and pollutantidety within the watershed. The results
of N-SPECT analyses are intended to be used asrsogetools to help understand and
predict the impacts of management decisions onrnwataity and, ultimately, on near
shore coral reef health.

N-SPECT can be run to evaluate annual or eventdbas®ff, erosion, sediment, and
pollutant delivery. It can also be modified to exate these outputs on a monthly basis.
N-SPECT runs can either calculate the accumulatioaonoff, sediment, and pollutants
across the landscape (this is the standard ruyaal effects,” meaning how much
sediment, pollutant, or runoff comes from eachviatiial grid cell. All of these options
were employed in the analysis of land-based thalesty the MAR.

a. Annual runs — For the MAR region, N-SPECT was applied to evi@wannual
runoff, sediment, and nutrient delivery associatéti several different land
cover scenarios - current land cover (circa 2003/pothetical “natural” land
cover, and three scenarios of potential land cov2025. In these “annual” runs,
N-SPECT was run with a consistent elevation, slepés, and annual
precipitation. Only the land cover data set wasedbso that the influence of land
cover change on sediment and nutrient deliveryctbalevaluated.

b. Monthly runs — N-SPECT was also run using monthly precipitatiata in order
to derive monthly estimates of runoff and sedindsiivery at river mouths,
which are essential inputs to the circulation miwdgfor the region, which is
implemented on a monthly time frame.

c. Local effects / sources of pollutior- N-SPECT was run in “local effects” mode
on current land cover (circa 2003/04) in ordervtaleate how much sediment and
nutrients (nitrogen and phosphorous) originate femoh individual 250m grid
cell independent of contributions from adjacenpgtueam grid cells.

d. Storm Events— N-SPECT was also applied to examine the sediarhnutrient
runoff and delivery associated with hurricaneshia tegion. This application
using the “storm event” feature of N-SPECT, usexilshme elevation, slope, and
soils data as the previous runs, as well as culaedtcover (circa 2003/04), but
used local precipitation data for the multi-dayrst@vents.



GIS Data Sets

All GIS data sets used in the hydrologic analysesia Universal Transverse Mercator
(UTM) projection (NAD1927 for Central America datiwmAll data inputs and model
results are available on the data Qgtershed Analysis for the Mesoamerican Reef
WRI / ICRAN MAR project, 2006.

Input Data setsused in the hydrologic analysis using N-SPECT were

1. Elevation — a 250m resolution digital elevation model waswéel from 90m
resolution NASA Shuttle Radar Topography MissioR#) data.

2. Soils— Soils come from a vector (polygon) data set aedurom the Soil and
Terrain Database for Latin America and the Caribf@&DTERLAC).

3. Precipitation — monthly precipitation data come from a 1 km heson global
raster precipitation data set called WorldClimvhich reflects long-term average
precipitation. Monthly precipitation data were sugdrio produce annual rainfall
estimates. All precipitation data were converteththes for use in N-SPECT.

4. Land Cover —five representations of land cover were used tonafbr
evaluation of the effect changes in land cover lmveediment and nutrient
delivery to river mouths along the MAR.

0 “Current” Land Cover — National “Ecosystem Maps” for Mexico,
Guatemala, and Honduras (2003) and Belize (2004¢ wsed as the basis
of the current land cover map. Data were mergethi®four countries
and gridded at 250m resolutidn.

o “Natural” Land Cover - “Original” or natural land cover for Belize,
Guatemala, and the Yucatan comes from a vectorsgatay Pronatura on
“Original land cover.”

Land Cover in 2025.Three land cover change maps from 2005 to 2025 were
developed for the MAR region, based on the Markats, Policy First, and
Sustainability First scenarios from the UNEP Glabavironment Outlook (GEO)

% See 2005Very High Resolution Interpolated Climate SurfafmsGlobal Land Areas(14 pages)
Description of the development of the WorldClimfggd climate data set. Imternational Journal of
Climatology. Robert J. Hijmans, et ainWatershed Analysis for the Mesoamerican Regd CD, WRI /
ICRAN MAR project, 2006.

3 Some "nodata" cells for land cover along the cuase filled in based upon the land cover clas$ef t
nearest land cover cell. In addition, some locaiarre recoded as "water" based on data from Rn@nat
on waterbody locations in Belize, Guatemala, aedYthcatan.

% Land classes have been reclassified to match ésse$ used in the ICRAN MAR watershed analysis,
and gridded at 250m resolution. For Honduras, ttesistem map of Honduras (2003) was modified as
follows - “Cultivated” and “Developed” land coveras reclassified based on the adjacent land copet ty
with the exception of water (not allowed to expaadyl mangrove (only allowed to expand if below 20m
elevation).



process. The scenarios envisage differing social, polifiaad economic trajectories,
emphasizing outcomes for the environment and hur@iRbeing.

0 “Markets First” scenario of land cover in 2025~ In this market-oriented
development scenario based on the GEO Market $oemario for Latin
America, most of the world adopts the values amEketations prevailing
in today’s industrialized countries. The wealtmations and the optimal
play of market forces dominate social and politegéndas. Public policy
is geared toward supporting commercial interestispgomoting the open
exchange of goods and services. Social and enventahpolicies receive
little attention or financial support, for it issasned that economic growth
is in itself a sufficient route to progress. Thigsario sees the greatest rate
of agricultural expansion. The 250m resolution laonder data reflecting
this scenario were developed at UNEP-WCMC.

o0 “Policy First” scenario of land cover in 2025- In this scenario based on
the GEO Policy First Scenario for Latin Americacidere initiatives are
taken by governments in an attempt to reach spesoitial and
environmental goals. A coordinated pro-environmard anti-poverty
drive balances the momentum for economic developmatesny cost.
Environmental and social costs and gains are fadtmto policy
measures, regulatory frameworks, and planning geae All these are
reinforced by fiscal levers or incentives suchadaon taxes and tax
breaks. Land use becomes better regulated, edgeialind riverine
corridors. Associated 250m resolution land covéa eeere developed at
UNEP-WCMC.

0 “Sustainability First” scenario of land cover in 2025 — In this scenario
based on the GEO Sustainability First Scenarid.&iin America, a new
environment and development paradigm emerges ponse to the
challenge of sustainability, supported by new, nemeitable values and
institutions. A more visionary state of affairs yaéds, where radical shifts
in the way people interact with one another andhwie world around
them stimulate and support sustainable policy nreasand more
accountable corporate behavior. Efficiency in tee af energy, land, and
material resources is promoted. There are efforéglbpt an ecosystem
approach to land use planning, with particularrdite to watershed
protection. Associated 250m resolution land cowadvere developed at
UNEP-WCMC.

°A guantification of land cover change was develofpeth preliminary inputs to GEO4 from the
International Futures and IMAGE modeling teams, arsgt of accompanying narratives were adapted
from the Latin America and Caribbean group’s infpuGEO4. Protected area scenario maps were
developed on the basis of international policyetsdor the coverage of biomes and endangeredespeci
and implemented differently in each scenario. Th&JE-S model was then used to allocate land cover
change. Further information can be found in LuijténMiles, L., Cherrington, E. (2006and use change
modelling for three scenarios for the MAR regidechnical Report to ICRAN MAR project. UNEP-
WCMC.
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Modeling Erosion and Sediment Delivery

N-SPECT evaluates annual erosion for each gridbesleéd on the Revised Universal Soill
Loss Equation (RUSLE) developed by the U.S. DefpAgpiculture®. RUSLE combines
aspects of slope, rainfall, soil, and land covezgtimate annual soil loss for that location.

Equation 1: RUSLE

Average Annual Soil Loss (tons/acre) = R*K*[*S*C*P

R — Rainfall-runoff erosivity factor

K — Soil erodibility factor

L*S — Slope steepness and length factors
C — Cover-management factor

P — Supporting practices factor

The input data sets listed above are elevatiois,gwecipitation, and land cover. N-
SPECT uses these data sets as the basis for demnast of the factors that are used in
the RUSLE calculation. Some of the derivationscam@plicated and are described below
with additional detail in the technical notes a thack of this report. In summary:

LS-factor — The LS factor adjusts erosion rates based argtaphy, assigning
higher rates to longer or steeper slopes and loates to shorter or flatter orfes
Slope steepness (S) and slope length (L) are defioen the DEM by N-SPECT.
These are combined into one “LS-factor” grid.

K-factor — The SOTERLAC soils database includes the soitibility factor (K-
factor) attribute, which represents a soil’s sutibdjy to erosion by rainstorms.
It is an integrated average parameter based omadeerent erosion and
hydrologic processes. A low K-factor (about 0.0918) indicates a high
resistance to erosion and a high K-factor (abotib greater) indicates easily
eroded soil. N-SPECT develops a GRID based on thector for RUSLE
calculations.

R-factor — A grid of the rainfall and runoff erosivity fact(R) for the study area
is an input to the N-SPECT model and must be aedur developed by the user.
R-factor represents the average annual erosiveteffestorms and is based on an
erosivity index (EIl) calculated from the kineticezgy of storms and their
maximum 30-minute rainfall intensities. These daggie not available for the
MAR region so an alternate method was used to appede R-factor.
Development of this factor is described in the reedtion.

C-factor — Each land cover type, such as forest, grasslanzylvated land has
an associated cover-factor or C-factor. This islative erosion rate for the given
land cover. (See Table 1.) Cultivated land, with-gactor of .240 is rated as
being 60 times as erosive as forest, which hadactor of .004. These C-factors

® uspa Agriculture Handbook No. 703, found @vatershed Analysis for the Mesoamerican Rletd
CD, WRI / ICRAN MAR project, 2006.
" Ward, Andrew D. and Stanley W. Trimble. Environydrology, 2° Ed. CRC Press, LLC. 2004.
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for land cover in the MAR region were adapted frGafactors provided by
NOAA in N-SPECT. Use of locally derived relativeosion rates would be a
valuable refinement of the model.

P-factor — RUSLE includes a supporting practices factor-¢ad®or, which

allows inclusion of the influence of conservatiaagices (such as strip-cropping
and terracing) that control and mitigate erosidme TSupporting Practices” factor
module is not available in the current version e8RECT. For this reason, we
have focused our analysis on the effect of chandgnid cover on sediment and
pollutant delivery to river mouths adjacent to MAR. In addition, information

on specific management practices across the MARmag fairly limited.

Table 1. N-SPECT C-factor Coefficients

Code Land Cover Category Cover-Factor
3 Low Intensity Developed 0.030
4 Cultivated Land 0.240
5 Grassland 0.050
7 Forest 0.004
9 Scrub/Shrub 0.014
10 Palustrine Forested Wetland 0.003
17 Bare Land 0.700
18 Water 0.000

Source:USDA Agriculture Handbook No. 703

Figure 2. Soil Erosivity (K-factor)

[_] Basins of 5 km2 or larger
Soil erosivity (K-ffactor) (Fao_s

[ o

B 0-0.23
[]023-034
[ 0.34-0.36
[ 0.36- 0.42

Source: Soil and Terrain Database for Latin Ameaicd the Caribbean
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Precipitation and Rainfall Erosivity

Figure 3. Annual Precipitation Distribution

Precipitation Scenario: N-SPECT requires a L1

raster (grid) precipitation data set, specificatio
of the rainfall type in the region (from four
synthetic 24-hr rainfall distributions), and the
average number of “raining days,” which is
complicated by the large area and range of
precipitation across the region. All annual
model runs were conducted using a long-term
average yearly rainfall grid (which needs to bg
specified in inches for N-SPECT), and numbe
of rainy days per year set to 24This number of
rainy days was selected based on calibration
the model to the MAR region by Will Heyman
and Shin Kobara at Texas A&M University.

Annual Precipitation
[159- 1140

[ 1140- 1350
1350 - 1590

-

[ Basins of 5 km2 or larger (Basin_5k shp)|
in mm. {Annualpptmm)

Figure 4. Rainfall Erosivity (R-factor)

0| NN E

report.

Source: WRI, 2006

Source: WorldClim database

R-Factor: R-factor was empirically derived

based on annual precipitation and elevation using
an equation for rainfall erosivity in Costa Rica.
Project partners at Texas A&M University
performed statistical validation of the resulting
R-factor for the MAR region and found this
equation to be a statistically valid method for use
in estimating erosion with the RUSLE for the
MAR region® The equation used for R-factor is
included in the technical notes at the end of this

8 Note: Precipitation must be in inches for N-SPE&Eingle number of rainy days must be selected for
the entire study area, defined as the “average euoftstorms in a location in a year.” The modeswan

with “Type Il rainfall” selected, as this best repents areas with intense rainfall events.
° See document on “Hydrologic Model Calibration” the Watershed Analysis for the Mesoamerican Reef

data CD.
10 pid.
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Vulnerability of Land to Erosion

The N-SPECT model evaluates erosion and pollutanmtsng off the land for a given
land cover. The project also evaluated the inhereimerability of the landscape to
erosion based on slope, soil erodibility, and ahptecipitation. This simplification of
the RUSLE used in N-SPECT excludes land coveerites to identify vulnerable areas
where conversion to an erosive land cover type Ishoeiavoided or, where converted,
better management practices should be targeted.

Equation 2: Vulnerability of Land to Erosion -

Vulnerability = R*K*S %°

R — Rainfall-runoff erosivity factor
K — Soil erodibility factor
S — Slope (in degrees)

Modeling Runoff and Pollutant Delivery

N-SPECT evaluates runoff based on soil characiesjdand cover, topography, and
precipitation. Runoff calculations are based orveurumbers developed by the U.S.
Department of Agriculture that reflect the gengraimeability of a given soil type.

Curve numbers are associated with a soil’'s hydrolgmpup classification (A, B, C, or

D), which is a measure of the drainage potentiahiitration rate of the soil. Soils in
Group A are well drained, while soils in Group @idrpoorly and tend to be water-
logged. Hydrologic group is an attribute contaimethe SOTERLAC soils database.
Curve numbers also depend on land cover types. BNESFselects curve numbers for use
in runoff calculations based on the combinatiohydrologic soil group and land cover
type at each grid cell. These curve numbers argepted in Table 2.

Table 2. N-SPECT Runoff Curve Numbers (Coefficients ) by Land Cover Type and Soill
Hydrologic Group

Code Land Cover Category CN-A CN-B | CN-C | CN-D
3 Low Intensity Developed 061| 0.75| 0.83| 0.87
4 Cultivated Land 0.67| 0.78| 0.85| 0.89
5 Grassland 0.39| 0.61| 0.74| 0.80
7 Forest 030 | 055| 0.70| 0.77
9 Scrub/Shrub 0.30| 048 | 0.65| 0.73
10 Palustrine Forested Wetland 0.00| 0.00| 0.00| 0.00
17 Bare Land 0.77| 0.86| 0.91| 0.94
18 Water 0.00| 0.00| 0.00| 0.00

Source:Urban Hydrology for Small Watersheds TR-55, USDACSR

1 Refer toUrban Hydrology for Small Watersheds TR-55, USDAuN# Resource Conservation Service
(NRCS)onWatershed Analysis for the Mesoamerican Rle¢d CD.
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N-SPECT evaluates pollutant loads based on rulasffl cover, and topography.
Coefficients representing the contribution of eksid cover class to runoff of pollutants
(nitrogen, phosphorous, and total suspended s@msapplied to land cover data sets to
approximate pollutant loads. These coefficientieotthe expected pollutant mean
concentration from each land cover type and wereelkfrom published studies and
research by NOAA and are provided with the N-SPEBE@Iel. Modeling can be made
more accurate through the use of locally derivdtufant coefficients, but such data
were not available for the MAR region. The coe#iti derivation process is described in
theN-SPECT Technical Guidmn theWatershed Analysis for the Mesoamerican Reef
data CD.

Table 3. Pollutant Coefficients for Phosphorous, Ni  trogen, and Total Suspended Solids
(TSS)

Class Coefficients
Value | Name Phosphorous | Nitrogen | TSS
3 Low Intensity Developed 0.18 1.77 19.1
4 Cultivated Land 0.42 2.68 55.3
5 Grassland 0.48 2.48 55.3
7 Evergreen Forest 0.05 1.25 11.1
9 Scrub/Shrub 0.05 1.25 11.1
10 Palustrine Forested Wetland 0.20 1.10 19.0
17 Bare Land 0.12 0.97 70.0
18 Water 0.00 0.00 0.0

Source:Urban Hydrology for Small Watersheds TR-55, USDACSR

Circulation Modeling

The University of Miami adapted a circulation mottekexamine the transport of buoyant
matter along the MAR. (Buoyant matter includes susied sediments, organic detritus,
and dissolved nutrients.) The Regional Ocean Madehystem (ROMS) provides spatial
and temporal modeling of ocean circulation anddpant by currents of river discharge
along the MAR. The model includes the barrier reséf lagoon, and adjacent oceanic
waters, as well as bottom topography (bathymetr{ken resolution. The horizontal
resolution of the simulation is 2km (grid cell $iZ&Both the state of the ocean
(temperature, salinity, currents, and tides) aedstirface fluxes (wind, rain, solar, and
radiative heat fluxes) are accounted for in the ehstnulation of oceanic and coastal
waters. They were taken from the Levitus oceanambspheric climatolog}? which
provides long-term monthly averages for a year. Miyrriver discharge and sediment
delivery (used as a proxy for buoyant matter loael)e provided from the N-SPECT

2 The vertical resolution of the ROMS model varigthwdistance from shore.

13 For more information on Levitus climatology see
http://ingrid.ldeo.columbia.edu/SOURCES/.LEVITUS%d¢ean climatology) and
http://icoads.noaa.gov/status. htfatmospheric climatology).
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model** Within the ROMS model, rivers are defined as psiirces. The tracking of
buoyant matter dispersal is computed in ROMS thndugdrodynamic passive

transport:

From these methods, the model produces a climatdtefjecting long-term average
conditions) of the circulation and buoyant mattansport in the MAR region. Four
numerical simulations were done to understandebpanse of the ocean to the river
runoff and sediment delivery associated with ddfgrland cover scenarios and storm
events. The model was initiated with data reflegticurrent” conditions (land cover for
2003/4 and mean monthly precipitation). The modas wun for two model years to get
to a valid equilibrium representation of accumulateer discharge and sediment
delivery. The model reached its buoyant matterldmiwim in winter of the second year.
All simulations for comparison were started atéine of that second year. Simulations
were run to capture river discharge and sedimditatg associated with (a) the “current
land cover” scenario, (b) the “sustainability firstenario, (c) the Hurricane Keith storm
event, and (d) the Hurricane Mitch storm event.

Model Calibration and Validation

Complex, multi-stage modeling should be validateelvary possible stage of the
analysis. This analysis serves to integrate a vadge of data, and adapt modeling tools
for an innovative, region wide analysis. Where puesdata from published sources or
proxy indicators derived from remote sensing weseduo calibrate and validate model
results, and these are described below. An impbaisect of the project, however, is to
provide these modeling tools to partners in the MAgion, so that they might apply
them at higher resolution and then use local dataitially calibrate, and later validate
model results. The region-wide results presentedisnpaper should be considered
preliminary and indicative of overall patterns odgon and nutrient and sediment
delivery across the region.

1. Evaluation of input data sets.The best available region-wide data sets were
used in this analysis. All input data sets (elewmtrivers, precipitation, soils, and
land cover) were evaluated for spatial accuracyatrtbute consistency. No

14 Monthly estimates of sediment delivery (total évaswithin the watershed) are provided as inpuhto
ROMS model. These estimates overstate sedimenedglibut are indicative of relative distribution,
seasonal patterns and the overall magnitude ofreadidelivery. Within the ROMS model, the sediment
was used as a proxy for buoyant matter, which tetususpended sediments, organic detritus, and
dissolved nutrients.

!5 The “hydrodynamic passive tracer transport” of ®@MS model uses an “advection-diffusion” scheme
which captures both transport by current (advegtion dispersion by turbulence (diffusion.) Using
outputs of the ROMS model, the sources of the boioyetter (river mouths) and destination (reef
locations) are linked through a connectivity matrix
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input data was identified as having limitationsttivauld significantly affect
model resultg®

2. Calibration of runoff and rainfall parameters. Runoff and erosion estimates
are very dependent on two input parameters - inéatberosivity factor (R-
factor) and number of rainy days per year. Prajetiborators at Texas A&M
University tested model input parameters (both &elaand number of rain days)
to calibrate the runoff and sediment delivery conmgrds of the model. The
selected parameters achieved good correlationsdigtiharge predictions from a
water balance model, and erosivity estimaféghis calibration is described in
detail in “Hydrologic Model Calibration” on thé/atershed Analysis for the
Mesoamerican Reefata CD.

3. Validation of river discharge. River discharge values from N-SPECT were
compared with values calculated using a water lsalamode!® which has
compared well with actual runoff data in six wakeds in the Gulf of Honduras.
Discharge estimates had comparable patterns arelgeeerally within 25
percent of the published estimates.

4. Local rates of erosion and pollutant runoff.Within N-SPECT, erosion source
estimates rely on application of the RUSLE, whibdlytant runoff estimates rely
on application of runoff curve numbers developedJSDA. Both of these
estimation techniques are widely used. These empsatiould be made more
accurate in the future through the use of localgieed erosion and pollutant
coefficients, but such data were not availablelierMAR region. Although only
limited local data were available for validationtbése estimates, the overall
estimates of local erosion, N and P runoff (soyreese found to be within
reasonable bounds compared to estimates from ataas-’

5. Sediment and pollutant delivery to river mouths Few data from the MAR
region are available for validation of model outpuBediment delivery results
have been compared with survey data from the WatdrReef Interconnectivity
Scientific Study (WRISc$} and modeled estimates from Thattai €t*ah

8 SRTM data, radar-derived elevation data, haver@ténaccuracies due to detection of natural and
manmade features such as trees and buildings. Ehess will effect some slope calculations, buil not
effect overall model results significantly.

" Water balance equation from Thattai, Deeptha, Bigetfve, W.D. Heyman, 2003. Hydrometeorology
and variability of water discharge and sedimentl lwethe Inner Gulf of Honduras, Western Caribbean.
Journal of Hydrometeorologd: 985-995. Erosivity estimates from MikhailovaAE R.B. Bryant, S.J.
Schwager, and S.D. Smith. 1997. Predicting raimfialkivity in HondurasSoil Science Society of America
Journal.273-279.

18 Thattai, Deeptha, Bjorn Kjerfve, W.D. Heyman, 20Bigdrometeorology and variability of water
discharge and sediment load in the Inner Gulf ofithoas, Western Caribbeadournal of
Hydrometeorology: 985-995.

¥ Ranges of reasonable values (low, typical, anH)higere established for erosion (by applying the
RUSLE), for nitrogen runoff (by applying a nitrogbalance equation) and for phosphorous runoff (by
coupling RUSLE results with estimates of phospheroancentration in the soil).

2 Nunny, Rob, M. Santana, P. Stone, D. Tillet, araf.fD. Walling, 2001. An Investigation of the Impa
on Reef Environments of Changing Land Use in tle$Creek District in Belize. Technical Report
Module 3. The Watershed Reef Interconnectivity $t{(WRIScS) 1997-2000.
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addition, sediment delivery and sediment yield (&t area) were compared
with estimates for similar size and gradient wateds from around the worfd.
Estimates of sediment delivery from N-SPECT werentbto be higher than
expected in the largest watersheds in the regidreyimitation of the N-SPECT
model is that it does not adequately account fdinsent and nutrient attenuation
(loss or redeposition) within the watershed enedatthe river moutfh’
Overestimation is likely to be greater for sedinseihian nutrients, as large
sediments are more affected by redeposition th@ogan (in solution) or
phosphorous (attached to smaller soil particlesSRECT results, therefore,
indicate a high end, or “worst case scenario” dfieaot and sediment delivery.
Overall yields (per unit area) of N and P seemaeaBle, given the expected
ranges of N and P in runoff, described above. Hieates of sediment yield and
sediment delivery by basin seem high, particuléotythe largest watersheds. In
the largest watersheds, sediment delivery miglaveeestimated by a factor of
two to four. Estimates of sediment and nutrieniveéey at river mouths,
therefore, indicate the relative patterns and ood@nagnitude, but should not be
regarded as accurate absolute values.

6. Sediment Transport to ReefModeling of the extent of buoyant matter reaching
the MAR estimated in the ROMS model is being coragdo Colored Detrital
Matte* (CDM) maps derived from Sea-viewing Wide Fieldvidw Sensor
(SeaWiFS) satellite imagery. The Spectral OptiniiraAlgorithm (SOAf> was
used to process SeaWiFS data in the optically cexffbivaters of the Caribbean
Sea along the MAR. The output produiipm(443) (called CDM) is an
absorption coefficient which is a good proxy foe thuoyant matter transport.
Figure 5 reflects the lag between mean monthly mgcharge and mean CDM in
processed SeaWiFS images.

% Thattai, Deeptha, Bjoérn Kjerfve, W.D. Heyman, 20Bi§drometeorology and variability of water
discharge and sediment load in the Inner Gulf ofithoas, Western Caribbeadournal of
Hydrometeorology: 985-995.

22 John D. Milliman and James P. M. Stvitski, 1992o@orphic / Tectonic Control of Sediment Discharge
to the Ocean: The Importance of Small Mountainow®iR. InThe Journal of Geology1992, volume 100,

p. 525-544.

% N-SPECT applies a sediment delivery ratio (SDRpinieach individual grid cell to adjust sediment
load, but not across the basin to account for resiépn en route to the river mouth.

2 CDM includes dissolved organic carbon from soil atants, often referred to as Colored Dissolved
Organic Matter (CDOM), plus detrital particles (de@rganic matter).

% Kuchinke, C.P., H.R. Gordon, L.W. Harding, Jr.daaJ Voss, A coupled oceanic and atmospheric
spectral optimization algorithm for ocean color gaey in Case 2 waters: a validation for Chesap&aie
SUBMITTED FOR PUBLICATION,Remote sensing of Environm¢2006).

% Optically complex waters include multiple constitits such as colored dissolved organic matter #s we
as phytoplankton.
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Figure 5. Temporal Relationship Between N-SPECT Riv  er Discharge Estimates and the
Mean Colored Detrital Matter (CDM) Absorption Coeff icient from Imagery for the North of
Honduras

River Discharge | 4
— Z0OM mean

D 1 1 1 1 1 1 1
MWar Jun Sep Jan Apr Jul COct Jan

honths
Source: University of Miami, 2006.

CDM classifications from SeaWiFS images are usezl/&duate two aspects of
the ROMS circulation model results — (1) the seabkwariation of the buoyant
matter plume dispersion patterns, and (2) the sedsariation of the total
buoyant matter concentration. Buoyant matter plufreea the ROMS circulation
simulation were compared to the CDM classificatialtg transects
perpendicular to the coast.

Seasonal patterns are similar between the estinbat@ghnt matter plumes from
the ROMS simulations and the seasonal trends obdémthe SeaWiFS data,
though there is considerable year-to-year variatidhe latter. Overall, the model
agrees very well with the observations both in tand location. Some
discrepancies exist, however, in the structuréefgradient of the plume. If we
compare the position of the edge of the average @Rivhe from SeaWiFS and
the modeled buoyant matter plumes, the CDM plunaees seasonally between
10 and 40km while in the ROMS model the plume isast always 40km wide.
Such a difference could be due to a diffusion coeffit used in the ROMS
model, which is too small. Validation of the cilation model is described in
greater detail in “Dynamics of Buoyant Matter i tflAR Region” on the
Watershed Analysis for the Mesoamerican Ratd CD.

Limitations of the Analysis

Any multi-stage modeling process will have inevieaimaccuracies, so it is vital to be
aware of model limitations and only use resultsrappately.
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Limitations of Hydrologic Modeling

A key limitation of the N-SPECT model is that thedel does not adequately account
for sediment and nutrient attenuation (loss or pedéion) within the watershed en route
to the river mouth. As a result, estimates of sedihand nutrient delivery at river
mouths are exaggerated. The absolute numbers taecwrate, but are indicative of the
overall magnitude and patterns of sediment andenitdelivery across the region. These
estimates are still useful for examining relatiaterns and the implications of different
policy scenarios, because the estimates of pegewcteange are valid.

A second limitation of the modeling is the focustba role of land cover change without
considering the effect of specific land managenpeattices. This emphasis arises from
two issues. For the MAR region, information wasycaNailable on land cover type and
not on the location of specific management intetiees. In addition, detailed
information on reductions in erosion and nutrientaff associated with each of the
agricultural management practices is not currealyilable. Once this information is
developed, however, it should be possible to evalbanefits in N-SPECT by treating
each management intervention on each land coveragm new, unique land cover
category with a specific land cover factor (C-fagend pollutant coefficients for the
given category (i.e. citrus crops with erosion cobt This would be a valuable extension
to the current analysis.

Another limitation of the model is that dams, whggrve to trap sediment, have not been
included in the model. It should be technicallysbke to develop a function to include
dams, provided that information on sediment retentates by dams is available. This
feature could be considered in local applicaticinthe N-SPECT model.

Limitations of Circulation Modeling

Regarding the circulation modeling of the MAR, fhet limitation is that the result is a
climatology. Namely, the circulation is represen@abf the most common conditions
that one would encounter each year if every extremausual weather or ocean state
event were removed. It reflects long-term averamelitions. Therefore, day-to-day
comparison between the model circulation and ctiobgervations is irrelevant. But if
compared with observations during the same mongh several years, then common
patterns can be found and compared to the moddises

The second limitation is the sparseness of the G&tpretations because of cloud
cover in the SeaWiFS images they were derived ffemznexample, there are few clear
SeaWiFS images of the MAR region during the summenths. However, there are
enough observations to recover the global trertti@fCDM concentration over a year as
shown in Figure 5.

The third limitation is that there is no directagbnship between the CDM absorption
coefficient and the CDM concentration. Direct measwents from water samples, which
are not available yet, are necessary to get sdomation. Therefore, only the
circulation model can be used to estimate the tayatter load to the reefs.

Finally, in the numerical model, buoyant matter widt accumulate or deposit, but will
be constantly transported until flushed out ofdbenain. However, it is possible to
estimate how much buoyant matter would accumubateolinting how much passes by
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any location. The model and the observations reftecmaximum extent of the plume
and its behavior over time.

Analysis Results

The presentation of results first focuses on bbesie} delivery of sediment and pollution
to more than 400 river mouths along the MAR. Wéally examine sediment and
pollutant delivery given current land cover (20@B/@nd subsequently compare these to
results which use other land cover scenarios (fa#itland cover and three scenarios of
land cover in 2025). Next, we examine sedimentsfoart in coastal waters along the
reef. Finally, we present an analysis of the vidbéity of the land to erosion and an
evaluation of the local origin of sediment and ptdn.

1. Sediment and Pollutant Delivery given Current La  nd Cover
(2003/04)

N-SPECT was used to evaluate accumulation of sedim#rogen (N), phosphorous (P),
and total suspended solids (TSS) in more than 4i6rgheds across the MAR region.
The maps in Figure 6 reflect the relative accunmtedf sediment and N at river mouths
across the region. The Ulua watershed in Honduessfaund to be the largest
contributor of sediment, N, P and TSS. Other rivéestified as large contributors of
sediment and nutrients are the Patuca (in Honduvistpgua (in Guatemala and
Honduras), Aguan (in Honduras), Dulce (in Guatem&alize River (in Belize), and
Tinto o Negro (in Honduras). (Watershed names soeigled on the map in Figure A in
the Key Findings.)

Sediment Delivery by Basin (mt)
0- 10,000
10,000 - 500,000
[~ 1500000 - 30000000
[ 3,0000,000 - 50,000,000
I 50,000,000 - 100,000,000
I > 100,000,000

Nitrogen delivery by basin (mt)
0-500

500 - 2000
2000 - 5000
5000 - 10000

[ 10000 - 20000

I 20000 - 27200

ource: ource:
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2. Comparison of Results for Current Land Cover (20

Hypothetical Natural Land Cover

03/04) to

To evaluate the impact of human alteration of #melscape on sediment and pollutant
delivery to river mouths along the MAR, the N-SPEQ@®del was run on both current
(2003/04) land cover and on hypothetical naturahliered) land cover. Table 4 provides
a comparison of the land cover distribution forsthéwo time periods. River discharge,
sediment delivery, and pollutant delivery (nitrogphosphorous, and total suspended
solids) to over 400 river mouths is summarizedabl€ 5. Human alteration of the
landscape has nearly doubled runoff and assoatigetiarge at the river mouths. The N-
SPECT model suggests that sediment delivery hasased by a factor of 20, while
nitrogen has increased by a factor of 3, phosprobyua factor of 7, and TSS by a factor

of 5.

Table 4. Comparison of Natural and Current Land Cov

Land Category Natural Current

Developed / Urban 0.0% 0.3%
Cultivated 0.0% 32.4%
Savanna / Grassland 1.8% 1.6%
Forest 82.4% 50.6%
Scrub / Shrub 8.3% 10.4%
Wetland / Mangrove 6.0% 3.2%
Bare / beach / unknown 0.4% 0.3%
Water 1.1% 1.2%

Source: ICRAN MAR, 2006

Table 5. Comparison of Regional Results for Annual

er (percent in each cover type)

Model Runs for Current and Natural

Land Cover
Discharge Sediment Nitrogen Phos?horous

Scenario (x 10° m3) (x 10° mt) (x 10° mt) (x 10° mt) (x 10° mt)
Current (2003/2004) 60 370 130 17 2,400
Natural (no
development) 34 17 45 2 470
Ratio of Current /
Natural 2X 22 X 3X 7X 5X

Note: Sediment, N, P and TSS delivery represergrdppund estimates for the region, as loss of sexlim
or nutrients due to redeposition or other procedseawmt accounted for. The values reflect overadseon
and pollutant runoff within the region, and are icative of the overall magnitude of sediment anttient
delivery, but should not be regarded as absolutees The relative relationship between the scersas

valid.
Source: WRI, 2006

Figure 7 presents both land cover and sedimenteatglresults for current land cover and
hypothetical natural land cover.
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Figure 7. Modeled Sediment Delivery from “Current

Cover

" and Hypothetical “Natural” Land
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3. Comparison of Current Land Cover to Three Develo
Scenarios in 2025

pment

Scenarios of land cover change in the MAR regiaugfh 2025 are used to evaluate the
impact of land cover change on river dischargeinsext, and pollutant delivery. Table 6
and Figure 8 reflect the distribution of land cowrethese scenarios. The N-SPECT
model was run on these three land cover scenamntbsesults are summarized in Table 7.
The N-SPECT model suggests that the Markets Fiestagio would result in a 13%
increase in sediment delivery relative to thatuwfent land cover, while sediment would
only increase by 5% under the Policy First Scenanid would decrease by 5% under the
Sustainability First Scenario. Nutrient and TSSwibel/ would also increase significantly
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from current land use under the Market First Saen&— 11% increases in nitrogen,
phosphorous, and TSS delivery are projected). &bther extreme is the Sustainability
First Scenario which could result in a 4 - 5% patatecline in nutrients and TSS, based
solely on changes in land cover. Additional redutsiin sediment and nutrient delivery
can be achieved through the implementation of batigcultural management practices,
which were not considered in these scenarios.

Table 6. Comparison of Land Cover Scenarios (percen tin each cover type)

Markets Policy Sustainability

Land Category Current First First First

Developed / Urban 0.3% 0.6% 0.6% 0.5%
Cultivated (Ag) 32.4% 36.7% 34.2% 31.3%
Savanna / Grassland 1.6% 1.5% 1.5% 1.7%
Forest 50.6% 45.8% 48.9% 49.8%
Scrub / Shrub 10.4% 10.6% 9.9% 11.9%
Wetland / Mangrove 3.2% 3.1% 3.2% 3.1%
Bare / beach / unknown 0.3% 0.3% 0.3% 0.3%
Water 1.2% 1.4% 1.4% 1.4%

Source: ICRAN MAR, 2006

Figure 8. Land Cover Distribution Within Each Scena  rio
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24



Table 7. Comparison of Regional Results for Annual

and Three Scenarios in 2025

Model Runs for Current Land Cover

Discharge Sediment Nitrogen Phosghorous TSS

Scenario (x10° m®) | (x 10° mt) (x10° mt) | (x 10° mt) (x 10° mt)
Current (2003/2004) 60 370 130 17 2,400
Markets First 63 420 140 19 2,630
Change from

Current 5% 13% 8% 11% 10%
Policy First 61 390 135 18 2,480
Change from

Current 2% 5% 3% 5% 4%
Sustainability First 59 355 125 16 2,300

Change from
Current

-2%

-5%

-4%

-5%

-4%

Note: Sediment, N, P, and TSS delivery represgurupound estimates for the region, as loss ofnsent
or nutrients due to redeposition or other processae®t accounted for. The values reflect overads®on
and pollutant runoff within the region, and are icative of the overall magnitude of sediment anttient
delivery, but should not be regarded as absolutees The relative relationship between the scersas

valid.
Source: WRI, 2006

4. Extreme Events

Using the N-SPECT model, WRI has modeled runofisien, and sediment delivery in
the MAR region during extreme rainfall events, sasthurricanes. An analysis of the
Hurricane Keith storm event in Belize was impleneenfior an area that covered 90
watersheds in Beliz€.During the five-day storm event (Sept. 29 — O¢2@0),
discharge from these 90 watersheds was estimatgpadximately 30% of the normal
(modeled) annual total discharge, while sedimehvely was approximately 50% of the
normal annual. Impact of rainfall during Hurricadéch (Oct. 27-30, 1998) was
evaluated for over 100 watersheds in Hond@}@ischarge was estimated at
approximately one-third of the normal (modeled)wadriotal and estimated sediment
delivery was over two-thirds of that predicted #or average year. This analysis
highlights the significant impact large storm ewenave on sediment delivery in the
coastal zone. Figure 9 shows the extent of the Giuvhe on November 1% 2000,
approximately two weeks after Hurricane Mitch.

2" precipitation data for Hurricane Keith was prowddsy the Belize Meteorological Department.
8 precipitation data for Hurricane Mitch comes frila US Geological Survey (USGS).
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Figure 9. CDM Plume Extent on November 14, 2000

Log-5cale COM (m™')

. High : 0.7

Mid: 0.06

I Low - 0.001

Source: Colored detrital matter (CDM) plume extatgrpreted from SeaWiFS
imagery by Christopher Kuchinke, University of Miamote: the Spectral
Optimization Algorithm (SOA) replaces the entirtaisdard’ SeaWiFS
atmospheric correction and bio-optical algorithm.

5. Buoyant Matter Transport along the MAR

WRI applied the N-SPECT model on a monthly basideieelop estimates of average
monthly river discharge and sediment delivery fothithe “current” land cover and
“sustainability first” land cover scenarios. Thesere used as input to the ROMS ocean
circulation model run at the University of Miami poedict buoyant matter transport
along the MAR. The ROMS model results reflect seakwariation of buoyant matter
plume extent and concentration. Full year animatioinbuoyant matter circulation for
both scenarios are available on Watershed Analysis for the Mesoamerican Haé&d
CD. A more detailed description of the ROMS cirt¢iala model application and results,
as well as observations of circulation patternsnf®eaWiFS is included in “Dynamics of
Buoyant Matter in the MAR Region” on the same d2Ex%°. Figure 10 reflects the
seasonality of river discharge estimated by theP¥GT model.

29 Cherubin, L.M., C. Kuchinke, C.B. Paris, and J.K@®06. Dynamics of Buoyant Matter in the Meso-
American Region reefs from SeaWiFS data and frdmgh resolution numerical simulation. University of
Miami. Final report to World Resources Institute.

26



Figure 10. Estimated Monthly River Discharge from N -SPECT

Average Monthly River Discharge from all MAR Basins

Million cubic meters
o
o
o
o

Source: WRI, 2006

Results from the two scenarios can be comparegdiom the potential impact of
changes in land use on the modeled buoyant matdteedy to the MAR. The plume
extents and concentration from the two scenariaseacompared on a month-by-month
basis, or annual summary statistics can be develtipeeflect the mean annual buoyant
matter concentration at each reef location, theimam annual concentration, or the
number of months where the concentration exceets $oreshold.

Figure 11 reflects the simulated buoyant mattemgdior December for both current land
cover and the Sustainability First scenario. Thevl8model predicts a less extensive
and less concentrated buoyant matter plume ofie@tbast of Honduras during
December, but predicts increased concentratiohgarsemi-enclosed bays of the
Yucatan — Baha de la Ascension and Bahia del Egf@anto. Much of this change is due
to decreased sediment delivery in the Sustainglbilist scenario. The increase in
buoyant matter along the Yucatan, however, resuta a change in the circulation
predicted by ROMS along the MAR. Much like vari#tlyiin weather, there is variability
in ocean circulation. During winter in the Sustaiiigy First scenario, the usual
anticlockwise rotating gyre north of Honduras iglaged by the Caribbean current. The
current flows straight from the eastern tip of Hora to the coast of the Yucatan
carrying sediments from Honduras.
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Figure 11. Simulated Buoyant Matter Concentration A long the MAR for December (Current
Land Cover and Sustainability First Scenarios)
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Source: WRI and University of Miami, 2006.

Figure 12 reflects the maximum buoyant matter plextent and concentration for the
year for the same two land cover scenarios. ROMfsilsitions suggest that under the
Sustainability First scenario the buoyant matten@ extent and concentration will be
reduced along the coast of Honduras, and less huayaiter will reach the barrier reef
in southern Belize. The simulations again predicteased concentrations in the semi-
enclosed bays of the Yucatan. These reductionsogdnt matter plume extent could
result from changes in sediment delivery resulfrogn land cover change (reductions in
cultivated land) as well as due to variability e tROMS simulations.

Figure 12. Maximum Annual Simulated Buoyant Matter Concentration Along the MAR
(Current Land Cover and Sustainability First Scenar  i0s)
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Source: WRI and University of Miami, 2006.

28



Figure 13 depicts coral reefs of the MAR, mappe@tivar or not the buoyant matter
concentration exceeds 3 grams per cubic metem@@ during any month of the year.
Under the ROMS simulation for current land cov&%lof the coral reefs of the MAR
exceed this threshold, while under the Sustairtglitirst scenario, this proportion drops
to 10%. This improvement points to the significaffect that improved land
management can have on sediment and pollutantdglio the MAR.

Figure 13. Mesoamerican Reef Mapped by Buoyant Matt  er Concentration (Current Land
Cover and Sustainability First Scenarios)
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Source: WRI and University of Miami, 2006.

6. Vulnerability of the Land to Erosion

Development of land management priorities requiledsiled local-level information on
sources of sediment, and the vulnerability of ateaosion. WRI has developed a
landscape-wide indicator of the vulnerability afidato soil erosion. It incorporates the
slope of the land, soil erodibility, and annualgypé&ation into a 1 km resolution indicator
of the relative vulnerability of the land to erasid his indicator does not consider the
current land cover or land use. Rather, it provae®verall indicator of erosion-prone
areas, and therefore, a guide to areas wherectests on development, or the
implementation of best agricultural managementtpres should be encouraged.
Vulnerability is high in many areas in Guatemald &onduras as well as some
mountainous areas in Belize. (See Figure 14.)

29



Figure 14. Vulnerability of Land to Erosion
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7. Local Sources of Sediment and Nutrients

N-SPECT was run in “local effects” mode to
evaluate the amount of eroded sediment and nusrig
originating from within each 250m resolution grid
cell, independent of contributions from adjacent or
upstream grid cells. The evaluation was done usin
current land cover (2003/04). These results were
summarized by sub-basin, as an aid to priorityirggtt
and the targeting of better management practices.
The following maps reflect the average erosion,
Nitrogen runoff, and Phosphorous runoff per gritl ¢
within each sub-basin. Overall watershed boundar
are also shown both for reference and to allow a
linking of sources within the sub-basins with the
previous maps of sediment and nutrient delivery by
basin.

Figure 15. Average Contribution of Sediment,
Nitrogen, and Phosphorous by Sub-basin

ent

es
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Local sources of sediment, N, and P were also suinethby country. Most of the
sediment and nutrients delivered by watershedgdloen MAR originate in Honduras.
The model suggests that over 80% of sediment @igain Honduras, while 17% of
sediment originates in Guatemala. Relatively mipencentages come from Belize and
Mexico. Honduras is also the largest source ofienis (55% of N and 60% of P), while
Guatemala contributes about one-quarter of all l”um these watersheds. Belize
contributes about 12-13% of both N and P, while Mexs estimated to contribute about
5% of the total of these nutrients from all modehatersheds.

Table 8. Percentage of Erosion, Nitrogen, and Phosp  horous Sources by Country within
MAR Drainage

Erosion Nitrogen Phosphorous
(Percent of (Percent of (Percent of
Country total) total) Total)
Honduras 83% 55% 60%
Guatemala 17% 26% 25%
Belize 1% 13% 12%
Mexico 0% 6% 1%

Source: WRI, 2006
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Conclusion

The analysis presented in this paper providesiamaboverview of the magnitude and
pattern of sediment and nutrient delivery to cdastders of the MAR. Based on this
analysis, we conclude that:

Policy action is needed to address the contributianfrom agricultural lands.

Most of the sediment and nutrients delivered toM#A&R from watersheds in the region
come from agricultural lands in Honduras and GuatanThe contributions of Belize
and Mexico are substantially less, but still poskeraat along their coasts. Many
promising initiatives to decrease pollution withire region are underway. These include
sustainable forestry management and integratedsiege management in Guatemala,
improved land use planning, reforestation and@milservation programs in Honduras;
and similar initiatives in Belize and Mexico. Thesgortant efforts need public support,
recognition, and continued investment.

Results can help identify areas in need of bettergaicultural management.

This analysis identified vulnerable areas wherevegsion to an erosive land use should
be avoided, or where converted conservation pegsbould be implemented. It also
identified areas with high erosion and nutrientaffywhere better agricultural
management practices should be targeted.

Policies that support sustainable development careduce sediment and nutrient
delivery.

As evidenced by our findings, land-use plannintggnated watershed management, and
other policies that support sustainable developroanthelp to lessen erosion and
pollution runoff, thereby decreasing sediment antlients reaching the MAR.

More detailed modeling is needed to create more ao@te information at higher
resolutions.

Regional-scale analyses are useful for providing\arview and for prioritizing areas in
which action is needed. However, local analysesigeomore detailed and accurate
information that policymakers need in order to ¢riipeir interventions. The tools
provided on the data CDVatershed Analysis for the Mesoamerican Ra4RI/ICRAN
MAR project, 2006), allow users to perform moreailetl analyses of sediment and
nutrient delivery within smaller areas in the MA&gron, such as at the watershed level.

More specifically, the N-SPECT model can be appleethdividual watersheds or groups
of watersheds using the 90m elevation data providexith the user’s own data. More
detailed local modeling will improve the accuradylee results, by using higher
resolution data on slopes and land cover, and lilyrating the model to local soils and
precipitation regimes.

It would be valuable to extend the current analisimclude the effect of improved
agricultural management practices on erosion afidtpot runoff. Such an extension
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would require detailed information on how each pcacinfluences erosion rates and
pollutant runoff coefficients. Once such informatis available, it should be possible to
use N-SPECT to evaluate reductions by treating eentmgement intervention on each
land cover type as a unique category with speeifision and pollutant runoff
characteristics. For example, citrus groves witheca@rops planted to reduce erosion
might be treated as a separate category.

Enhancements to the model are needed to improve tlaecuracy of sediment and
nutrient delivery estimates.

We recommend that the N-SPECT model developers makstments to enhance the
model to account for sediment redeposition andemittoss during transport within
watersheds. This would result in a modeling toat ik more capable of estimating actual
sediment and nutrient delivery at river mouths. &beuracy of these estimates could
then be evaluated with field measurements.

Analyses such as these can help to evaluate progés reducing land-based sources
of threat.

A number of national initiatives, as well as dofamded regional initiatives, seek to
reduce or mitigate threats to the MAR. This analysin help these initiatives to estimate
their progress by giving them the information tmeed to ensure they are moving in the
right direction.

Transnational natural resource management can be gingly supported by analyses
such as these.

To mitigate and reduce the land-based threatstdMAR, constructive regional
cooperation among a variety of stakeholders isssrg. Examples include the
multilateral cooperation agreements among the dountries involved in this analysis,
and agreements between the agriculture and towestors and civil society groups. This
tool works across borders and sectors, creatirognmdtion that allows productive
discussion on threat origins and potential mitatneasures.

The International Coral Reef Action Network (ICRABYllaboration will continue to
support the application of analysis results andeting tools in the region. For more
information on ICRAN, please visitvwww.icran.org.

For questions or comments about this analysis pleastact:

Lauretta Burke (lauretta@wri.org) and Zachary Sugg gsugg@wri.org
World Resources Institute

10 G St. NE,

Washington, DC 20002

+1 (202) 729-7600

On the web at:reefsatrisk.wri.org
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Additional Technical Notes

1)

2)

3)

Watershed Delineation -We delineated watersheds at 250m resolution at WRI
using both N-SPECT and ArcMap. We needed to ruéheeation in N-SPECT
so that it would accept the DEM, and be able tectaiver locations (where flow
accumulates) and watershed boundaries. N-SPECTevewlumps coastal
watersheds, which is not useful for examining dpedver discharge or sediment
delivery. To get around this, we extracted the fhivection output from N-
SPECT and used this as the basis for deriving metaled basins in ArcMap
(using the BASINS command in ArcTools\Spatial Arsd)yWe also ran Flow
Accumulation in ArcMap to identify rivers and stres. We combined flow
accumulation and basins to identify the point gihhilow in each basin, and
assigned this point as the “pour point” or riverutio

Slope Length in N-SPECT We did two watershed delineations in N-SPECT.
One was based on the “burned,” or hydrologicallyecxted DEM and resulted in
a good watershed delineation. The other was basad'aw” or unburned DEM
and resulted in a poor watershed delineation, lmreraccurate slope and “slope
length” calculations. (A burned DEM has an artdity steep slope along the
burned rivers.) As such, we ran both watersheadhdations, and copied the slope-
length grid (called LSgrid in N-SPECT) from thewradelineation to the

“burned” delineation. We then ran all future praszson the “burned” accurate
delineation, which now includes a more accuratpeslength grid.

R-factor — the equation used for R-factor :

R =3786.6 + 1.5679 * (Precip in mm) — 1.9809 *&ition in m)

R is in metric units (MJ * mm * ha-1 * h-1 * y-1yo(megajoule * mm per hectare
per hour per year.) However, N-SPECT requires bigu(hundreds of feet * tonf *
inch * acre-1 * hour-1 * year-1). One can conveoni metric to US units by dividing
by 17.02.

Reference: USDA-ARS Agriculture Handbook No. 703
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