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EXECUTIVE SUMMARY
1.
Landuse/Landcover Change from Landsat.
analysis of vegetation distributions:

Remote sensing produced a multi-scale

(1) For the study region, several images are available in data archives. Of the available
NASA ASTER, MODIS and Landsat 5 and 7 imagery spanning the period 1986-2005
only three Landsat images met our criteria for science-quality data.
(2) An initial analysis of March 1991 and December 2000 Landsat imagery showed that
perceived differences are far more sensitive to plant life cycle state than to land-cover
change. The floodplain region of the western portion of the Landsat images showed
radical changes in both amount of flooded lands and the actual shape of the river
throughout the region.
(3) Examinations of Landsat imagery using composite analytical techniques, indicated
mapped areas of probable woodland/dense savanna, open savanna, herbaceousdominated, and degraded ecosystems.
(4) The study has resulted in new and significant baseline knowledge about land cover in the
project area. It provides a live, spatially-referenced database for the Government of
Mozambique (GOM).
(5) Further analyses of land-cover, elevation and soil (topo-edaphic) conditions,
climatological stress and plant life cycles (phenology) are needed and would require a
combination of satellite data. The Zambezi Valley and surrounding region are dominated
by ecosystems displaying variation in vegetation structure and high seasonality.
Therefore, it is important to discriminate between actual changes in land-cover (e.g.
woodland clearing events) and plant phenological state. Further work should combine
the occasional high-resolution Landsat imagery with high-temporal resolution MODIS
images to attempt a separation of phenology from land-cover changes.
2. Biodiversity., Field survey and institutional information were used to assess biodiversity
coupled with capacity building:
(1) Institutional information about biodiversity in the project area is poor to almost nonexistent.
(2) An intensive training course on methods of rapid, aboveground biodiversity assessment
(‘Training the trainers’) was completed for 13 participants (GOM, UEM) four of whom
were subsequently engaged in a biophysical baseline survey of the project area.
(3) A survey of the project area was conducted using gradient-based (gradsect) methodology
covering key environmental gradients within the lower Zambezi valley. A standard
protocol was used to collect data that facilitates comparison with similar data collected in
other countries. Additional data included soils and soil infiltration (for hydrology model)
and landuse history.
(4) Even allowing for a dry season, the baseline study reveals low levels of biodiversity when
compared to 27 other, mostly tropical countries. The low counts are offset by the
occurrence of numerous species of high horticultural significance as well as a number of
rare, endangered or vulnerable species.
(5) Spatial data analysis using high resolution satellite imaging coupled with potential
mapping procedures indicates transects from the gradient-based survey represent more
than 90% of land cover variability in the lower Zambezi basin.
(6) Detailed soil analyses and herbarium identifications are expected to reveal a close
relationship between plant-based biodiversity, aboveground carbon and potential
agricultural productivity. Preliminary analyses suggest simple, readily observable, plantbased variables can be used to indicate biodiversity that is relevant to land management,
land use zoning and economic planning.
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(7) Baseline data (vegetation structure, plant species and plant functional types, including
adaptive photosynthetic attributes) can be quantitatively compared with remotely-sensed,
biophysical variables. Initial findings reveal statistically significant relationships between
combined sets of remotely sensed, photosynthetic, non-photosynthetic plant variables and
soil, and ground-based vegetation structure. As land cover varies with surface drainage
patterns, a close coupling is expected between the recorded plant and soil-based data,
remotely sensed imagery and hydrological parameters.
(8) Costing and logistic guidelines are indicated for future surveys.
(9) The study highlights the global benefits of uniform survey technology to facilitate
comparison with other countries (e.g. biodiversity values, aboveground carbon) and to
help evaluate tradeoffs between biodiversity management and income generation. Data
acquired along land use intensity gradients provide a framework for forecasting
environmental change impacts on biodiversity and thus adaptive management options for
SPA and related NAPA planning.
(10) The study has resulted in new and significant baseline knowledge about biodiversity in
the project area. It provides a live, spatially-referenced database for the GOM and an
improved operational framework and enhanced institutional capacity for the regional
assessment of biological diversity.
3. Water Resources and Physical Data. A state-of-the art hydrology model and accompanying
dataset were used to derive:
(1) A multi-scaled, high resolution, digital elevation model (DEM) capable of representing
the basic structure of the Zambezi basin, has established the central organizing construct
for the multiple information layers of the Baseline study.
(2) Using the base DEM, elevation bands and a routing network file for river and flow
accumulation were derived for the entire Zambezi basin.
(3) An evaluation of climate data was limited due to a data gap arising from the prolonged
conflicts in Mozambique. Hence the convergence of two independent data streams were
evaluated: data records from the World Meteorological Organization (WMO), and the
daily re-analysis product (ERA40), from the European Center for Medium Range Weather
Forecast (ECMWF). Despite some discrepancies between the ERA40 and the WMO
stations datasets, it was possible to compile a useful database comprising daily and
monthly time series of the climate variables at specific grid cells and annual and seasonal
climatology.
(4) The river flow regime of the lower Zambezi valley is dominated by the inputs to and
discharge from the Cahora Bassa dam. The overall flow regime reflects the pronounced
wet/dry season cycle while flow at Tete reflects the input of tributaries, including the
Revubo river.
(5) Detailed biophysical attributes of landcover for the Zambezi basin have been derived from
1-km MODIS/TERRA products for the hydrology modeling and detailed Landsat analyses
were used to define the Smallholders target region. Soils (type, depth, texture) are
represented at several scales, and for several sets of attributes with a three-layered depth
profile already partly calibrated.
(6) The hydrology of the Zambezi basin is being simulated by the Variable Infiltration
Capacity Hydrology Model (VIC). Two VIC runs have been performed, one forced with
the 1994-2005 WMO stations datasets, and one forced with 1994-August 2002 ERA40
datasets. A preliminary study shows that a minimum of 3 years of model initiation
(spinup) is needed over the Zambezi Basin for the soil moisture to reach equilibrium.
(7) Activities addressing data acquisition and modelling approaches for regional staff have
been initiated, primarily with Eduardo Mondlane University (UEM) and Regional Water
Agency for the Zambezi (AraZambezi).
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(8) The data assembled for the land cover, biodiversity, climate, landuse and soils has been
assembled in a digital information framework (ZambeziDIF), which when combined with
the VIC hydrology model, will provide a potentially powerful analytical capability for
allowing a range of stakeholders to examine current and future landscape and hydrological
dynamics of the lower Zambezi Basin.
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1. INTRODUCTION
1.1.

PROJECT PURPOSE

1. The Government of Mozambique (GOM) has requested the Bank to address the development
constraints and to improve small holder productivity by adopting a community demand-driven
approach. The objective of the proposed Zambezi Valley Market Led Smallholder Development
Project is to increase incomes of five selected districts through broad-based and sustainable
agricultural growth. The Project will start operations in the two adjacent districts: Mutarara, Tete
Province and Morrumbala, Zambezia Province. Further three districts are proposed for inclusion
during the second year of implementation. Preliminary selection of the remaining three districts
has identified Mopeia in Zambezia province and Maringue and Chemba in Sofala Province,
although these could be modified during the initial stage of implementation.
2. The purpose of this study is to strengthen the capacity of the Ministry for the Coordination of
Environment Affairs (MICOA) to implement the Global Environment Facility (GEF)-financed
component of the Zambezi Valley Market Led Smallholder Development project and to collect
quantitative baseline data that will facilitate an objective evaluation of the status of land cover
and land use change dynamics over the last 10 years prior to the start of the Zambezi Valley
Market Led Smallholder Development project.

1.2. BACKGROUND INFORMATION
3.
The development objective of the Project is to increase the incomes of smallholder
farmers in selected districts of the Zambezi Valley region of central Mozambique. The Global
Environment Objective is to limit and reverse land degradation and to improve ecosystem
resilience towards climate change. The Global Environment Objective is also synergistic with the
creation of local benefits and improved livelihoods. Besides the national economic and social
benefits of increased agricultural growth, the blending of the project with a Global Environmental
Facility (GEF) grant will significantly harness the potential synergies between national goals and
global benefits such as reduced deforestation and the resultant global biodiversity loss and
reduced greenhouse gas emissions while maintaining the functional integrity of both upland forest
and lowland riparian ecosystems. For example, the current use of extensive farming methods is
leading to increasing deforestation, land degradation, and further clearing of native woodlands as
farmers abandon degraded land. The loss of ecosystem services (local hydrology, habitats for
native biodiversity) from deforestation and land degradation is increasing the vulnerability of
local communities to droughts and floods and markets.
4.
The project’s activities will directly address the negative environmental impacts
identified above and strengthen local and national capacity to integrate climate change risk into
sustainable land management planning via the testing and calibration of dynamic vegetation, soil,
hydrology model for improved predictive capacity of local climate change impact scenarios.
Priority areas for improving land management to enhance adaptation include gallery forests and
riparian zones which help to stabilize hydrological flows and thus reduce the possibility of
degradation of existing agricultural lands. The resulting ‘avoided deforestation and reduced
carbon emissions’ are highly desirable outputs from an adaptation perspective.
5. Key outcome indicators reflecting achievement of the Project development objective will be:
the creation of social, physical and investment capital as well as associated market and support
systems. The achievement of the global environment objective will be measured by: i) an increase
of at least 20,000 ha under improved SLM or natural resource management practices in Project
area by Project end; ii) a measurable increase in biodiversity or carbon sequestration in targeted
Project sites vs. control sites as measured by one or more of the following: (a) reappearance of
native species, (b) increased carbon stocks, (c) reduced soil erosion, (d) reduced incidences of
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wild fires; iii) at least 3 predictive and basin specific hydrology-land cover-climate change
scenarios for land use-land cover change impacts on hydrology under changing rainfall and
evapotranspiration regimes; and (iv) increased use of drought-tolerant crops, fodder species and
varieties, crop rotations to increase soil organic matter, reduce weeds, and conserve soil moisture
by local land users.
6.
Progress in achieving environmental targets will be measured by remote sensing and field
surveys in Project and control areas. An initial baseline beneficiary survey of almost 1,000 georeferenced households, which will include control areas, will be completed prior to Project
effectiveness. A second impact evaluation survey will be carried out prior to the mid-term review
and a final impact survey prior to the completion of the Project. Similarly, remote sensing with
appropriate ground truth surveys and a GIS system will be used to establish the baselines for the
national agricultural and natural resource and the global environment indicators and outcomes.
The Project will maintain both internal and external monitoring systems and conduct mid-term
and end of the Project evaluations.

1.3. GOAL AND OBJECTIVES
7.
The project goal is to enhance MICOA’s capacity to implement national environmental
programs and to collect, safeguard, and provide effective web-based access to project data.
8.

The key objectives of the study are to:
(1) Undertake a reconnaissance survey of land cover and land use types, aboveground plant
biodiversity, and hydrology resources in the five project districts and, if resources permit,
extend data coverage over the entire the Zambezi valley (the Cahora Bassa lake to the
Zambezi Delta).
(2) Use the reconnaissance survey to assess the adequacy, quality, and access rights of
existing data sets.
(3) Acquire additional remote sensing, land cover, biodiversity, and hydrology data via field
campaigns
(4) Use data acquisition and evaluation events to train MICOA and Eduardo Mondlane
students for future data acquisition campaigns.
(5) Advise MICOA on the development of a web-based portal for data access by
stakeholders.

1.4. SCOPE OF WORK
9.
The study results in three distinct but related and geo-referenced outputs, summarized via
a dynamic information system:
(1) Land Cover and Land Use Classes: A characterization of land use and land cover
dynamics over the period 1995-2006 in at least the 5 project districts.
(2) Vegetation Biodiversity: Provision of a geo-referenced plant biodiversity profile for the 5
project districts, with rapid appraisal methods using low-cost, high-return, gradientdirected transects (gradsects).
(3) A Dynamic Hydrology Analysis Framework: Deployment of geospatially-explicit,
process based hydrology models that compute the water and energy balance of a spatial
unit of the landscape (a “pixel”), as a function of landscape structure (topography, soils)
and vegetation properties. Results from the individual project areas are combined into a
dynamic (indicating ranges of use) and flexible information system, the Zambezi
Dynamic Information Framework (ZambeziDIF).
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2. LAND COVER AND LAND USE CHANGES VIA REMOTE
SENSING
2.1. BACKGROUND
10. The primary reason for using remote sensing is to obtain total geographic coverage of a
particular set of environmental measurements of interest. The spatial coverage can range from a
small watershed or cropping system to the global environment. This type of wall-to-wall
information cannot be readily acquired via field surveys or census data (but can be used to further
interpret and extrapolate outcomes from ground-based surveys). However, what remote sensing
can provide depends upon the geographic location and extent of the required information. The
requirements for geographic coverage thus directly impact the types of remote sensing systems
employed and thus the type of information products that can be delivered. A closely related issue
is that of temporal coverage: one must first determine if maps are needed on a weekly, annual or
on-demand basis. In addition, the spatial resolution of the maps – household level, individual
crop fields, or continental-scale forests – must be determined. And most importantly, specific
requirements for environmental information must be defined. The intersection of these
requirements dictates the type and cost of the remote sensing measurements.
11. Arguably the most important information provided by remote sensing is that of land-cover
change. Examples include the conversion of forests to managed grazing lands, the transformation
of natural ecosystems to the built environment, and drainage of wetlands for croplands. Satellites
and aircraft can be used to monitor land-cover change, - the former usually more appropriate for
worldwide use and repeat analysis. There are several satellites in low Earth orbit that provide
remote sensing data for mapping land cover. These satellites differ in spatial resolution (and
hence the smallest parcel of land that can be mapped), spectral resolution (hence the accuracy of
the mapping), and temporal resolution (how often the mapping can take place).
12. Although land-cover mapping is a key deliverable from satellite imaging systems, many
other ecosystem properties are critically important to land and aquatic management, conservation
and policy development. Changes in ecosystem conditions and disturbance are some of the most
important issues requiring remote sensing vantage points. Drought stress, fire susceptibility, fire
occurrence, disturbance, and ecosystem degradation are examples of areas of significant research
and application in the remote sensing arena.
13. In addition to the cost of acquiring satellite imagery, the cost of image analysis, map
production and validation are often unclear or unavailable to end-users. Many of the analytical
methods are manual, and thus require significant investments to achieve large-scale mapping.
The larger the area, the more expensive the manual approaches. In the case of land-cover
mapping, digital software analysis packages have been designed to help process imagery and
prepare it for map production. The actual methods vary widely and are under constant
development. Analysis of a single Landsat image covering 185 x 185 km can take a few months;
analyses of multiple images can take much longer. A few new automated analytical methods
have been developed in the academic and private sectors.
14. Global forest and deforestation monitoring systems are past the prototyping stage, and are
producing results that can be acquired via collaboration between users or the internet. These
sources provide deforestation information for clearings of about 15-20 ha and larger, thereby
failing to detect the ubiquitous small land-holder clearings and forest disturbances (e.g., logging)
that can dominate the forests of the world. To address this problem, several automated systems,
have been developed very recently by private agencies.
15. The type and accuracy of the mapping products derived for a custom-designed remote
sensing project depends on the instrumentation used (e.g., data availability) and the algorithms
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employed. The image data most appropriate for a given project may or may not be available, and
this will have the largest impact on product development. From both instrumentation and
algorithm perspectives, a hierarchy of factors limits the delivery of a requested product. For
example, a land cover map of forests, pastures, and croplands can be easily obtained from high
spatial and spectral resolution imagery. However, similar types of land-cover mapping become
more difficult as the spatial resolution decreases and the geographic cover increases. Analyses of
ecosystem disturbance or conditions, such as drought stress or fire fuel load, have more complex
imaging and analysis requirements. Therefore, specific types of imaging systems and analytical
tools are needed, thus increasing the cost of such projects.
2.2 EVALUATION OF EXISTING REMOTE SENSING AND MAP DATA ON LAND
COVER AND LAND USES OF THE ZAMBEZI VALLEY
16. Landsat imagery is ideal for monitoring a region such as the Zambezi Valley because the
images are of good radiometric quality and the spatial resolution of 30 x 30 m is excellent for
land-cover analyses. We searched all relevant national and international data archives for Landsat
5 and 7 imagery spanning the period 1986-2005. For the study region, there were several images
available in these data archives, but only three images met our criteria for science-quality data.
The criteria included: (1) nearly cloud-free imagery and (2) imagery unmanipulated prior to
analysis, thereby preserving the scientific integrity of the data. All other images were either
cloudy or had been sub-setted by collaborating agencies to the point at which the data could not
be reliably analyzed.
17. Other imagery collections such as from the NASA ASTER and MODIS satellite instruments
were checked for availability. Only the MODIS imagery was available on a regular basis since
2000, but the spatial resolution of the land-cover products and spectral data is 1 x 1 km. This
precludes its use in the analysis of land-cover change in a region such as the Zambezi, where
most changes occur at small grain size (<< 1 km per event). Previous studies show that 50% or
more of the land-cover changes that occur in tropical and sub-tropical regions fail to be detected
by low spatial resolution imagery such as from MODIS.
2.3.
A COMPARATIVE ESTIMATE OF THE LAND USE AND LAND COVER
CHANGES FOR THE PROJECT DISTRICT FOR THE LAST DECADE
18. Our core remote sensing methodology focuses on an effort to break individual satellite
pixels into constituent cover fractions of surface materials. To do so, we employ a general,
probabilistic spectral mixture model for decomposing satellite spectral measurements into subpixel estimates of photosynthetic vegetation (PV), non-photosynthetic vegetation (NPV), and bare
substrate covers. This model is based on an algorithm developed for forest, savanna, woodland
and shrubland ecosystems (Asner and Heidebrecht 2002, Asner et al. 2004). It uses a Monte
Carlo Unmixing (MCU) approach to derive uncertainty estimates of the sub-pixel cover fraction
values. The method uses three spectral endmember “bundles” to decompose each image pixel
using the following linear equation:
ρ(λ)pixel = Σ [Ce • ρ(λ)e] + ε = [Cpv • ρ(λ)pv + Cbare • ρ(λ)bare + Cnpv • ρ(λ)npv] + ε (1)
where ρ(λ)e is the reflectance of each land-cover endmember (e) at wavelength λ and ε is an error
term. Solving for the sub-pixel cover fractions (Ce) requires that the observations (ρ(λ)pixel – in
this case, Landsat ETM+ reflectance) contain enough information to solve a set of linear
equations, each of the form in equation (1) but at a different wavelength (λ).
19. Our mixture modeling technique requires spectral reflectance bundles (ρpv(λ), ρnpv(λ),
ρbare(λ)) that encompass the common variation in canopy and soil properties. Asner (1998) and
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Asner et al. (2003, 2004) collected these spectral data using full optical range field
spectroradiometers (Analytical Spectral Devices, Inc., Boulder, CO, USA). The spectral
endmember database encompasses the common variation in materials found throughout forest,
woodland, savanna, shrubland and grassland ecosystems, with statistical variability well defined
and deemed viable for endmember bundling. The bare substrate spectra have been collected
across a diverse range of soil types, surface organic matter levels, and moisture conditions.
Spectral collections for NPV have included surface litter, senescent grasslands, deforestation
residues (slash), and other dry-carbon constituents from a wide range of species and
decomposition stages.
20. With this method, the raw Landsat data are geo-corrected, then sensor gains and offsets are
used to convert from digital number (DN) to exo-atmospheric radiance. The radiance data are
passed to the 6S atmospheric radiative transfer model (Vermote et al. 1997). A series of masks
are designed to exclude clouds, water bodies, cloud shadows and non-image areas from the
analysis. Clouds are masked using the thermal channel (band 6) from the raw Landsat images.
Water bodies are masked by finding pixels in the calibrated Landsat reflectance data containing
bands 1 to 4 (blue to near-infrared). Cloud shadows are masked using an empirically-derived
combination of the Landsat ETM+ reflectance values and the root mean squared (RMS) error
calculations derived during the spectral mixture analysis. Rescaling of the mixture analysis
results is necessary to equalize very small (< 5%) differences in fractional cover results that occur
due to image calibration errors, residual atmospheric constituents (e.g., cirrus clouds and light
smoke), and other random artifacts in the processing. This step produces a contiguous data set
that could then be readily analyzed for land-cover and vegetation conditions.
21. In this preliminary study, we located Landsat imagery for the years 1991, 1999 and 2000.
The 1999 and 2000 images were collected on August 22 and December 30, respectively. In this
image pair, observed differences in vegetation properties were primarily caused by changes in
plant phenological state. Changes in land-cover appeared minimal. An initial analysis of the
March 1991 and December 2000 image also showed that perceived differences are far more

Fig. 2.1 Landsat spectral mixture analysis, for images from March 1991, August 22 1999, and
December 30, 2000. Whole image (upper images), with red rectangle indicating “zoom-in” for each.
(lower images)
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sensitive to plant life cycle state than to land-cover change. In addition, the floodplain region of
the western portion of the Landsat images showed radical changes in both amount of flooded
lands and the actual shape of the river itself.
22. The spectral mixture analysis described above provided quantitative data on land surface
properties within each 30m x 30m Landsat pixel covering more than 32,000 km2 of landscape
each year (Fig. 2.1). The results were 7-band images, where the bands are PV (photosynthetic
vegetation),
NPV
(non-photosynthetic
vegetation), bare substrate, standard deviation in
PV, standard deviation in NPV, standard
deviation in bare, and root mean squared error
of the estimate. For each 30m x 30m pixel in
each image, these values were provided a
percentage cover.
23. The spectral mixture analysis results were
then classified into probable land-cover classes
using a numerical decision tree (Fig. 2.2). The
resulting maps indicated areas of probable
woodland/dense savanna, open savanna,
herbaceous-dominated,
and
degraded
ecosystems (Fig 2.3).

Fig. 2.2 Numerical decision tree used to classify
biophysical data into land-cover types

Fig 2.3 Land-cover Map, 1991 (left) and 2000 (right). Green = woodland/dense savanna; Yellow =
savanna; Blue = herbaceous-dominated; Red = degraded or disturbed
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3. BIODIVERSITY ASSESSMENT
3.1. BACKGROUND
24. Managing biodiversity at landscape level requires an adequate knowledge of the distribution
of key elements of the biota and their environmental determinants including management
activities. Traditional species-based, inventory methods are time-consuming, costly and in most
cases inappropriate for rapid evaluation or for monitoring purposes, particularly in developing
countries where institutional resources are limiting and where environments are frequently
complex and highly dynamic. The trend towards measuring both species and functional
(adaptive) features of both plants and animals is gaining wider acceptance. Recent GEF-based
studies in Brazil (Mato Grosso) involving intensive multi-taxon baseline surveys showed that
robust, readily observable, plant-based biodiversity indicators could be derived for bioregional
planning purposes. When matched with soil variables these indicators also revealed potential
links with agricultural productivity, thus providing a valuable knowledge base for enabling
management trade-offs for adaptive resource use. Parallel studies in Sumatra, Indonesia show that
readily observable generic biodiversity indicators exist for lowland pantropical regions with
similar environmental gradients and land use practices.
25. Designing and implementing biodiversity baseline studies can be extremely costly and timedemanding if applied using standard statistical approaches and species-based inventory. For most
purposes, rapid appraisal methods using low-cost, high-return, gradient-directed transects or
gradsects are far more cost-effective. Gradsects are now widely used in surveys where there is a
need for rapid appraisal of the distribution of existing biota. They are now the preferred option for
the National Vegetation Classification of the mainland USA as implemented by the Parks Service
and The Nature Conservancy. When coupled with a standard recording protocol (VegClass) for
species, plant functional types (PFTs), vegetation structure and key site physical variables,
gradsects provide an extremely useful means of rapidly establishing a knowledge baseline for
planning and management. The VegClass system is user-friendly and has been used in 12
developing countries to successfully train personnel with limited field experience and for whom
English is not a first language. Unlike the majority of surveys that employ non-standard
approaches, data acquired from more than 1600 sites worldwide using the rapid survey VegClass
protocol provide a ready means of data comparison and evaluation.
26. Biodiversity baseline data are but one element of the resource management matrix and are
too often considered as stand-alone data. The reasons for this isolation from other data lie in the
nature of the data that are often highly qualitative or else are restricted to species lists. To counter
this problem, the VegClass system includes rapid, quantitative measurements of plant features
that reflect plant adaptation to environment as well as vegetation structure, plant species and key
site physical variables. To be considered as a useful resource component, biodiversity should play
an integral part in contributing to management goals in a way that facilitates decision-making and
trade-offs.

3.2. EXISTING BIODIVERSITY INFORMATION FOR THE MOZAMBIQUE
PORTION OF THE ZAMBEZI BASIN AND THE FIVE PROJECT DISTRICTS
27. Living organisms – and hence biodiversity1 are distributed mainly along deterministic,
environmental gradients and rarely in a completely random pattern. For this reason the
assessment of biodiversity in any one location must consider as far as possible, encompassing
1

Defined as the variety of life on earth, usually expressed in terms of gene, species and ecosystem. Here we
include functional (adpative) features of organisms as an integral component of biodiversity.
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biophysical gradients that influence the distribution and performance of both species and
functional types2. Many plant and animal species in the project area for example, also occur in
other regions of Southern Africa3. In reviewing the available biodiversity information of the two
focal districts of Mutarara and Morrumbala and the associated districts of Chemba, Maringue and
Mopeia, it is therefore necessary to consider the wider biophysical and geopolitical context of
Mozambique and Southern Africa.
28. Much of Mozambique’s biodiversity, particularly overall habitat quality, is recognised
internationally and is arguably among the best preserved in Africa 4 (Table 3.1). This is due to a
combination of relatively low demographic density, the general depopulation of rural areas over
20 years of civil strife, and the underdeveloped basic infrastructure. In 1994 Mozambique
established a National Biodiversity Unit (NBU) within MICOA, whose mission is to oversee the
implementation of the Biodiversity Convention in Mozambique. In 1996 the Government of
Mozambique approved the National Environmental Management Programme (NEMP) that
represented the culmination of a series of initiatives and activities coordinated by MICOA.
NEMP is the master-plan for the Environment in Mozambique. It contains a National
Environment Policy, Environment Umbrella Legislation and an Environmental Strategy. One of
MICOA’s principal tasks in 1997 included
the
formulation
and
subsequent
ratification of a National Strategy and
Action Plan for the Conservation of
Biological
Diversity.
Within
the
framework of this strategy, a number of
biodiversity conservation issues are being
addressed. These include technical, legal,
political, cultural and socio-economic
aspects of biological diversity. Inside
MICOA, it is the National Directorate of
Environmental Management (DNGA),
which deals with the three Rio
Conventions (UNFCCC, CBD and CCD),
and the DNGA has responsibility to
coordinate with other institutions the
implementation of these conventions5.
Mozambique is also signatory to the
SADC Regional Biodiversity Strategy6
that aims to provide a framework for
regional cooperation in biodiversity issues
that transcend national boundaries. As
most biodiversity issues in SADC are
transnational, this is a logical development
Table 3.1 Comparative conservation status of
in biodiversity conservation. The SADC
biodiversity in Mozambique
Member States are also signatories to the
2

Used here in the sense of adaptive features of individual organisms that contribute to dispersal and
survival and that influence the way ecosystems respond to environmental change.
3
Typically taxonomic elements of Mopane and Zambezian woodlands and forests that include members of
the Mimosoideae (e.g. Acacia spp.) and Caesalpinoideae (Bauhinia, Colophospermum spp.)
4
Centre for Environment Information & Knowledge in Africa (CEIKA)
5
MICOA: Mozambique Initial National Communication to the UNFCCC. (2003).
6
SADC (Southern African Development Community) consists of thirteen Member States: Angola,
Botswana, the Democratic Republic of Congo, Lesotho, Malawi, Mauritius, Mozambique, Namibia, South
Africa, Swaziland, Tanzania, Zambia and Zimbabwe.
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CBD.
29
The country of Mozambique (801,590 km2) contains a wide diversity of terrestrial,
freshwater and marine habitats. However, the biodiversity of Mozambique is poorly known and
poorly documented due to a number of factors including lack of human resources, lack of
opportunities to carry out field-studies during the period of civil unrest and weak institutional
capacity. A limited amount of data is available for some taxonomic groups, but some pre-war
data especially those dealing with land cover are outdated. Existing knowledge is dispersed over
various sectoral agencies as well as with individuals in the form of project documents, reports,
scientific articles, maps, aerial photographs and satellite imagery. The information has not been
integrated at the national, local and even in some cases the institutional level. In addition, data
sets are based on different classification systems, organized along different formats and are of
varying accuracy.
30. A number of biodiversity mapping and inventory activities have been undertaken, or are
underway. But, as may be expected, in the absence of baseline data, there is little accurate
information (with a few notable exceptions in National Parks and Game Reserves) regarding
trends in biodiversity and processes or activities threatening biodiversity.
31. The five districts are located along the lower Zambezi valley that serves as a biodiversity
corridor from the uplands in Tete Province to the expansive 12,000km2 Zambezi delta in Sofala
Province. While little is known of biodiversity within the five districts, considerable national and
international interest focuses on the delta – one of the largest wetland systems in southern Africa.
The Zambezi river basin, the largest basin entirely within the SADC region is rich in wetlands.
The basin drains a total area of almost 1.4 million km2, and wetlands cover almost 66,000 km2
with a total water storage7 estimated at 100,000 million m3. In 2003, the GOM declared the
Marromeu Complex of the Zambezi Delta to be the first Wetland of International Importance in
Mozambique under the Ramsar Convention. The Ramsar Convention is the world’s foremost
international agreement for the protection and wise use of wetlands, and requires national
commitment to the sustainable management of designated wetland sites. The complex is host to
many large mammals and birds8. While most conservation management tends to focus on fauna,
much less activity is directed to documenting the flora - an exception being the relatively speciesrich Gorongosa Reserve further.
32. Water resources development projects have substantially altered the hydrological regime of
the Zambezi Delta and impacted biodiversity9. Prior to the construction of Kariba Dam on the
middle Zambezi River, peak floods spread over a mosaic of vegetation communities. Floodplain
grasslands were inundated with floodwaters for up to nine months of the year, with many areas
being saturated throughout the dry season. With the closure of Kariba Dam in 1959 and Cahora
Bassa Dam in 1974, nearly 90% of the Zambezi catchment has become regulated so that the
natural flood cycles of the lower Zambezi River cannot be maintained. Flooding events in the
delta, when they occur, now depend on local rainfall-runoff or unplanned (possibly catastrophic)
water releases from the upstream dams. These hydrological changes are further exacerbated by
the construction of dikes along the lower Zambezi that prevent medium sized floods up to 13,000
m3/s from inundating the south bank floodplains. The implications for biodiversity in the face of
these hydrological changes in the delta are profound and must be considered in the context of the
hydrogeomorphic processes that control vegetation distribution and abundance. Woody savanna
and thicket species have increased in density and colonized far into the floodplain grassland
mosaic. Relatively drought-tolerant grassland species have displaced flood-tolerant species in the
7

http://www.sardc.net/imercsa/zambezi/Cep/fsheet16/index.htm
The International Crane Foundation
http://www.savingcranes.org/conservation/our_projects/program.cfm?id=23
9
Timberlake, J. (1998).
8
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broad alluvial floodplain, and saline grassland species have displaced freshwater species on the
coastal plain10. Reduced water levels are associated with the loss of some mangrove communities
and increasing marine saline intrusion where salt-tolerant tree species (e.g. Acacia xanthophloia)
are appearing for the first time11. According to local villagers at Luis on the north-eastern bank of
the Zambezi river near Doa in the Mutarara district, changes in river levels have also led to
alterations in riparian vegetation and land use pattern where Phragmites reed-dominated riparian
swamps are a valuable natural resource12.
33.
Due partly to the paucity of baseline information in the five districts, vegetation
classification has developed only
along very broad lines13. Previous
land use studies14 covering certain
sections of these districts dealt
mainly with classifications aimed
at serving agricultural rather than
ecological
or
conservation
interests. However these in-depth
studies together with an intensive
ecological study of the Gorongosa
reserve15, contain much valuable
integrated (plant, animal and soil)
information that is yet to be
systematically addressed. With the
exception of some of the
component species, the vegetation
and land cover patterns observed Fig. 3.1 Terrestrial ecoregion classifications[1] covering the area
in the 1970’s differ significantly under study (ellipse with dashed lines). These include Mopane
from
the
present-day
and and Zambezian Woodlands (AT0725), Southern Miombo
subsequent
changes
in the Woodlands (AT0719), Eastern Miombo Woodlands (AT0706),
hydrodynamic systems of the Zambezian Coastal Flooded Savanna (AT0906), Southern
lower Zambezi valley . These Zanzibar Woodlands (AT0128) and East African Mangrove
earlier attempts at classification (AT1402).
have been superceded by a more recent mapping of the world’s ecoregions16 (Fig. 3.1).
34. The six ecoregional types outlined in Fig 3.1 illustrate ecosystem variability within the lower
Zambezi basin. The existing boundaries are nonetheless questionable given the broad,
overlapping distribution patterns of many component species of each ecoregional type. Dominant
tree species such as Mopane (Colophospermum mopane) and Brachystegia spp. are widely
distributed across vegetation formations broadly classified as Miombo, Mopane and Zambezian
woodlands where mapped boundaries have become further blurred due to recent, decadal changes
in land use patterns and hydrological regimes (See also Annex Figs 3,4). In assessing
biodiversity within the five districts it is therefore necessary to regard such classifications as
indicative at best and instead, focus on the key species and the environmental factors most closely
associated with their present distribution.

10

Beilfuss et al. (2001).
P. da Silva GPZ, Marromeu (pers. com. 16 Sept. 2006)
12
Thompson (1985)
13
See White (1983)
14
Loxton et al. (1975a,b)
15
Tinley (1977)
16
Olson and Dinerstein (1998), Olson et al. (2002)
11
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3.3 A RAPID APPRAISAL METHOD AND A STANDARD PROTOCOL FOR
QUANTITATIVELY ASSESSING VEGETATIVE BIODIVERSITY FOR THE ZAMBEZI
VALLEY PROJECT SITES
35. The aim of the baseline study is to provide both a relevant knowledge base for ongoing
assessment of the GEF project17 and a methodological framework for future informationgathering as well as an opportunity to train a group of Mozambican specialists in survey design
technology and field sampling procedures. A related aim is to establish a cost-effective, standard
modus operandi and enhanced institutional capacity for a more detailed study of the project area
while keeping in mind other areas within Mozambique. It is important to that beyond these aims
it was not the intention of the field study to comprehensively document and analyze the entire
five districts and the surrounding region.
36. In cases such as the present study where a key objective is to determine the distribution
pattern of biota, purposive sampling along environmental gradients considered to be important in
influencing the distribution of plants and animals, is likely to be more cost-effective than
traditional statistical sample designs employing random or purely systematic (e.g. grid-based)
approaches. A theoretical and practical basis for such a methodology is embodied in gradientdirected transects or gradsects18 where sample sites are located within a nested hierarchy of
deterministic environmental variables. A typical hierarchy might range from climate (e.g. rainfall
seasonality) gradients through geomorphology and primary, secondary and tertiary drainage
patterns and soil types down to natural and modified land cover and land management facets. The
gradsect approach is currently being used to classify and map the vegetation of the mainland
USA19 and is being increasingly adopted in a number of tropical countries. A comparative
evaluation in South Africa 20 showed that gradsect method out-performed other survey methods
involving both plants and animals. For the present project, the gradsect approach was appropriate
for the survey of plant species given the need to sample a range of nested environmental factors
(rainfall seasonality, parent rock type, drainage patterns, land cover and land use types).
37. In order to provide an environmental context for the project area, especially for the two focal
districts of Mutarara and Morrumbala, a gradsect was established from Tete in the northwest to
the Chinde/ Nicoadala/ Marromeu districts near the Zambezi river delta. While the gradsect
followed the general Zambezi valley drainage system it also accommodated a primary rainfall
seasonality gradient and a sequential series of underlying geological formations and soil types
that were further sampled according to variation in land cover and land management type (see
examples in Annex Figs 3,4,5). The gradsect was designed using all available information from
GOM Ministries including IIAM21 (herbarium and soils) DNA and CENACARTA22 where maps
of geology, soils, administrative boundaries and topographic at 1:250,000 scale were obtained in
either hard copy or electronic format. Satellite imagery (Landsat) covering the lower Zambezi
valley, was examined in conjunction with MODIS imagery and a digital elevation model (DEM)
derived from shuttle radar (SRTM30) at 30m grid resolution (see Section 2. Land cover and land
use changes via remote sensing). Preliminary stream flow and runoff models derived from VIC (
Section 4) also provided a basis for site selection. In July 2006 a four-day reconnaissance of the
proposed gradsect was conducted by road prior to the main survey in which the team23 gathered
17

Zambezi Valley Market Led Smallholder Development Project
Gillison and Brewer (1985).
19
USGS-NPS (2003).
20
Wessels et al. (1998).
21
Instituto de Investigação Agraria de Mozambique.
22
Centro Nacional de Cartografia e Teledetecção, Mozambique
23
E.C. Fernandes (team leader), J. E. Richey (hydrologist), A.N. Gillison (biodiversity specialist).
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significant information on land
cover and land use including plant
biodiversity
composition
and
richness in key vegetation types.
This information together with that
obtained from local villagers and
government
representatives
provided both hard data and a
reconnaissance overview that were
invaluable
in
designing
the
subsequent baseline survey. The
final survey was completed in ten
days in September 2006 in which
the placement of sample transects
(Fig. 3.2) was completed with
assistance from local landholders
who provided important information
about site history and land
management practices.
Team
members24 included a pedologist,
forest ecologist, social geographer
and field botanist all of whom had
completed a previous intensive
training course in rapid biodiversity
assessment conducted by the team
leader at Eduardo Mondlane
University in Maputo.

Tete (Mphanda Nkuwa)

Quelimane
Mopeia

Fig. 3.2 Layout of 32 (40x5m) reference transects (red dots)
along the gradsect from Tete (Mphanda Nkuwa) to the delta
region near Chinde. Blue indicates the lower Zambezi valley
catchment area as detected from Shuttle Radar Imagery (SRTM;
Section 4). Black and white zones indicate areas outside the
Zambezi basin.

38. In each transect the team used a standard recording protocol (VegClass25) to collect a
specific set of biophysical data that included georeferenced (GPS) site physical variables as well
as all vascular plant species and plant functional types (PFTs) (Annex, Table 1.). The VegClass
protocol has been used to record such data from more than 1600 transects worldwide and
provides a quantitative basis for readily comparing data within and between regions. In addition
to this protocol, soil samples were collected for laboratory analysis (IIAM, Maputo) and
classified in field according to the USDA Soil Taxonomy. Plants were identified by local as well
as scientific names where available and botanical voucher specimens were collected for each
species in each transect for later identification at the IIAM herbarium in Maputo. Because the
overall baseline study aims to integrate the biophysical field data with a hydrological model of
variable infiltration capacity (VIC) of the lower Zambezi river basin, the team collected soil
infiltration data (Annex, Table 2) using a modified infiltrometer 26 for potential input to this
model. At each transect, information on land use history was also recorded in discussion with
land owners. This type of information will assist in describing land management types for the
project area and, when linked with the biodiversity information, is expected to play a key role in
developing subsequent decision support systems for sustainable land use management.

24

A.N. Gillison (team leader), J. Mafalacusser, (pedologist, IIAM), A. da Fonseca (geographer, GPZ), H.
Pacate (forest ecologist, DPCA MICOA), A. Banze (field botanist, IIAM).
25
Gillison (2002)
26
A 110mm plastic pipe inserted 2 cm into ground into which 1 liter of water was poured and timed to
complete infiltration (a ‘falling head’ infiltrometer). A mean was taken from two samples in each transect.
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39.
Georeferenced,
digital
photographs were taken of land
cover at each transect and a
complete set distributed to team
members including personnel
concerned
with
processing
remotely sensed imagery.

50

Spp diversity = - 1.272 + 1.260 PFTs
RSq (adj.) = 0.980

Plant species diversity

40

30
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40. The survey was completed
10
during the height of the dry season.
The team estimated that not less
0
than 80% of the landscape had
been fired between Mphanda
Nkuwa in Tete Province and the
0
5
10
15
20
25
30
35
delta near Chinde (97 km southPlant Functional Type diversity
east of Mopeia) (Annex Fig.3).
These conditions made difficult the
Figure 3.3 Plant species diversity and PFT diversity along
the gradsect[29]. Transects indicated by red dots
location of representative, nonfired sites and also reduced the
number of plant species available for documentation. At the same time the team acquired critical
information about the state of vegetation during such an extreme period and was able to compare
the state of the same transects recorded during the previous reconnaissance. In 32 transects the
team recorded 183 unique PFTs and 192 (provisional) plant species. Due to extremes of the
seasonal climate and recurrent fires, many species respond by reverting to more than one PFT (for
example, tree to multistemmed, rhizomatous shrub). The ratio of diversity of species to PFTs is
expected to decrease even further as harbarium identifications reduce the number of species
through synonomy. Other transect data including vegetation structure, species, PFTs and site
physical features are listed in Annex (Tables 3-7). The statistical relationship between plant
species and PFT diversity27 is unusually high (RSq (adj.) 0.980) (Fig 3.3) and reflects the
relatively low number of species and species:PFT ratio recorded per transect. The graph
indicates that where field identification of species is problematic, counts of readily observable,
unique PFTs can be used instead to estimate species richness with a high degree of confidence.
3.4. A SET OF VARIABLES FOR SUBSEQUENT TESTING WITHIN THE PROJECT
DISTRICTS AS INDICATORS OF BOTH BIODIVERSITY AND POTENTIAL
AGRICULTURAL PRODUCTIVITY INCLUDING ABOVE-GROUND CARBON
41. Intensive multi-taxa biodiversity baseline studies carried out in paleotropic Sumatra,
Indonesia and neotropical Mato Grosso, Brazil28 produced biodiversity indicators that could be
used by persons with relatively little training. Where species identification is difficult, readily
observable features such as PFTs or elements of vegetation structure can be used. Table 3.2. lists
Table 3.2 User-friendly indicator sets for biodiversity, potential agricultural productivity and
aboveground carbon (based on case studies using the VegClass system)
Indicator
set

Mean Canopy height (m)

Basal
Area
(m2 )

A
B
C
D

●
●
●
●

●
●
●
●

27
28

PFT

●
●
●

Plant
Species

●
●

Litter
Depth
(cm)

Coverabundance
woody plts
<1.5m

Coverabundance
bryophytes

Mean
Furcation
index

●

●

●

●

Number of species and number of PFTs recorded in one transect – sometimes referred to as “richness’.
Gillison A.N. (2000, 2002)
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variables under different groupings that might be applied might be applied for different purposes
and different scales as outlined in Table 3.3.
Table 3.3 Potential applications for different indicator sets
Indicator
set

Application

Sensitivity

Spatial mapping scale

A

- rapid assessment and monitoring of ecosystem health
- compatible with remote sensing
- estimator of above-ground carbon
- primary level planning and land use zoning

low

B

- above, plus broad indicator of plant and animal habitat
- indicator of ecosystem productivity
- indicator of biodiversity
- biodiversity and land use zoning

medium

1:50,000
to
1:250,000

C

- above, plus higher level indicator of biodiversity
- indicator of animal habitat
- improved estimator of site productivity potential
- fine scale mapping of biodiversity units

medium
to
high

1:50,000

D

- above, plus fine scale indicator of specific animal
habitat
- indicator of site productivity potential

high

1:10,000

1:250,000
to
1:1,000,000

42. In previous studies in tropical countries, all the variables listed above have shown highly
significant correlations either with plant species diversity, aboveground carbon or diversity of
faunal groups such as bird, mammals and termites29. Of these indicators litter depth is one of the
most potentially useful indicators of animal habitat. However none of the regions surveyed in
Brazil or Indonesia was subject to the seasonal extremes of the Mozambique survey area or to the
annual regimes of man-made fire where most litter is destroyed. For this reason the predictive
capacity of plant litter in the lower Zambezi valley should be tested following the wet season
when there has been sufficient litter build-up and when higher levels of plant and animal species
diversity are most likely to occur. Methodological details of how such variables are measured are
outlined elsewhere30.
43. Together with the plant-based assessment, detailed soil analyses will add significantly to the
GOM database on regional soil types. It is expected that when combined with the biodiversity
data, soil-plant relationships will provide a useful scientific basis for coupling biodiversity
indicators with soil features and thus potential agricultural productivity. As yet it is not known
whether soil infiltration data will provide an additional, useful parameter for VIC. However, the
infiltration data were generally consistent with soil texture associated with the soil taxonomic
classes as identified in the field. The use of VegClass structural data for estimating aboveground
carbon in the project area remains to be validated. Access to existing models of carbon
distribution for Africa 31 may prove useful in developing surrogate models for estimating
aboveground carbon in the five districts based on vegetation structure and remotely sensed
imagery.
44. An intensive training course was delivered at Eduardo Mondlane University in Maputo with
thirteen participants.32 Field exercises were completed over two days in a forest reserve on the
outskirts of Maputo (Fig. 3.4). Standard VegClass field books, and a CD-ROM containing
29

Gillison et al (2003), Jones et al. (2003)
The VegClass Training Manual. In: Gillison, A.N (2006)
31
Brown and Gaston (1980) and Walker and Desanker (2004)
32
(Annex I, Table 8)
30

22

VegClass software and training manual
together with the DOMAIN potential
mapping software was supplied to all
participants. Despite dry seasonal conditions
in the field, participants performed well.
Field data were collected by each participant
individually
and
participants
were
partitioned into four ‘teams.’As part of the
course procedure, the group data were
subsequently compiled and analysed in the
classroom where an evaluation highlighted
differences in group performance. These
differences were further analysed and led to
improved undertsanding of the methodology
by participants.
On completion, an Fig. 3.4 Course participants undertaking field training
evaluation of the course was led by D. near Maputo
Sousa of the World Bank at a meeting that
was attended by all course participants as well as representatives of MICOA, IIAM and UEM. A
general consensus was that the course had been successful. Formal Certificates indicating
successful completion of the course were awarded to all 13 participants.
45. On completion of the course four participants (A. Banze, J. Mafalacusser, H. Pacate and A.
da Fonseca) traveled to Tete for the field survey of the five districts. During that survey the
participants received additional tuition and in the second half of the survey accepted the
responsibility of locating transects and recording and compiling field data. This additional field
training enhanced their capacity to design and implement basic biodiversity surveys – a task
likely to be easier during a wet rather than a dry season phase. Additional tasks such as sampling
soil and soil transmissivity (infiltration) added to the reality of an integrated baseline survey. The
team performed very efficiently under unusually trying field conditions.
46. At the completion of the survey a presentation of the preliminary survey results was
delivered to previous course participants at the World Bank office in Maputo, with additional
attendees from MICOA and IIAM. Presenters, including some team members, outlined some of
the difficulties associated with surveys implemented during the driest season and all were in
general agreement that, while the methodology could be satisfactorily applied during any season,
end-of-wet-season surveys were like to prove the most cost-efficient. A conclusion of the survey
– that the data reflected low biodiversity levels, was met with some disquiet by certain agency
representatives (IIAM, MICOA) who felt that such information, if widely distributed, might be
detrimental to biodiversity conservation in the region. It was pointed out that, while other surveys
were yet to be completed, the team identified other significant features of biodiversity such as
unique habitat and floristic elements and that these should offset any immediate concern.
3.5. ADDITIONAL WORK REQUIRED TO DELIVER AN ABOVEGROUND
BIODIVERSITY BASELINE FOR THE PROJECT DISTRICTS
47. Laboratory soil analyses and plant identifications from the present baseline survey are
underway at IIAM. The present survey provided sufficient information to facilitate the design and
implementation of a more detailed plant-based baseline survey of the five project districts. For the
following survey the following, mainly logistic, criteria should be taken into account:
(1) Sample design and implementation should follow the same procedures that were
implemented in the preliminary baseline survey. However additional (e.g. ethnobotanical
and land use history) information should be included in the survey protocol.
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(2) Survey should commence at the conclusion of the wet season when roads are accessible.
(3) Mobility is essential. A single team of five personnel should undertake the survey (Team
leader and ecologist, botanist and assistant, soil specialist (e.g. pedologist) and social
scientist (geographer). A compact team of this size provides sufficient space in vehicles
to allow local landholders to acompany the team to survey sites.
(4) Two 4wd vehicles plus drivers are needed to transport personnel and field samples.
(5) Participation with local landholders is essential and requires their prior consultation.
(6) The survey should be restricted to the five districts but the team leader should consider
the possible inclusion of associated areas in close proximity to the Zambezi river (e.g. the
districts of Caia and Marromeu) to add value to the overall assessment of environmental
aspects.
(7) Where possible the team should liaise closely with any agency involved in household
surveys in the area as this will greatly enhance the prospects of developing an integrated
knowledge base for planning and management purposes.
(8) At least one team member should receive further training in data analysis including
spatial data analysis. Alternatively, a specialist in such procedures could be hired prior to
and following the baseline survey.
(9) Appropriate Ministeries and institutions and other stakeholders (e.g. socioeconomists and
regional planners) should be advised before a baseline study is commenced and where
necessary should be involved in the process of survey design.
(10) Prior to survey, agreements should be reached with research and other institutions likely
to be concerned with soil analyses and curation of botanical material.
48. Based on present findings it is envisaged that a single 5-member team could undertake a
detailed biodiversity assessment of the five districts within a period of approximately four to six
weeks depending on field conditions. Costs in USD for certain items will depend on conditions at
the time of survey but should include:
(1) Vehicle hire (e.g. GPZ Tete) and fuel.
(2) Survey equipment: GPS ($350) , prismatic compass ($80), Bitterlich prism for basal area
estimation ($60), binoculars (8x40) ($120), secateurs x 2 ($50), digital camera (min 5
Megapixels) $350. Topographic maps 1:250,000 scale ($100), Miscellaneous items
($300). Total ca. $1410.
(3) Airfare costs to and from Maputo to Tete (depending on location of personnel)
(4) Airfreight costs to an from study area (equipment and samples) (approx. $800)
(5) Accommodation: unknown. It is recommended that the team be accommodated under
roof rather than undertake camping as the latter is not conducive to logistic efficiency.
(6) Daily fees and/or per diems to be negotiated with respective individuals and their
institutions.
(7) Institutional costs for soil analyses and botanical identification should commit analytical
and technical resources for a period of not less than five months.
(8) Additional costs for the hire of a spatial data analyst ( two months immediately postsurvey and three months after completion of soil analyses and plant identification)
(9) The acquisition of appropriate remotely sensed imagery should be considered prior to
survey. Imagery acquired for the present baseline survey may be adequate for a
subsequent survey of the five districts.
3.6. THE STATUS QUO OF BIODIVERSITY BASELINE INFORMATION WITHIN
THE PROJECT DISTRICTS OF THE ZAMBEZI BASIN
49. As indicated above, biodiversity baseline information is institutionally poor to non-existent.
This is consistent with the lack of available capacity and the historical background of inventories
that contained a largely agricultural or commercial bias. Historical and recent vegetation
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classifications within the region are of little value for management and are only broadly indicative
of biodiversity pattern for survey design purposes.
50. Given the current paucity of data, the present survey has added significantly new baseline
information to the GOM knowledge base. In ten days a highly mobile team of five specialists
with one week of prior intensive training in assessment methods was able to document key
features of environmental gradients and patterns of biodiversity richness and composition across
three Provinces (Tete, Sofala, Zambezia) and eight districts (Cahora Bassa, Moatize, Mutarara,
Morrumbala, Marromeu, Mopeia, Chinde and Nicoadala). The 32 transects deployed along the
lower Zambezi gradsect provide an important environmental context for the future selection of
sample sites within the five districts. The baseline survey included all ecoregions in Fig. 2.1, in
addition to recording biodiversity in both relatively natural and intensively managed land use
types including monocropping sequences in flooded riparian systems in Mutarara, slash and burn
subsistence gardens near Chinde and a commercial, irrigated plantation in Marromeu.
51. In global terms the lower Zambezi valley subregion is low in biodiversity. Despite the
effects of the dry season and fired landscapes, this conclusion is generally consistent with
findings from other researchers in the Mopane- Brachystegia forests and woodlands. Data
recorded from the same transects in July and September revealed little change other than
increased deciduousness. Reasons for low biodiversity are not clear but appear to be associated
with generally low levels of labile soil nutrients that are likely to be continually removed from
these ecosytems by annual firing. In Southern Africa low biodiversity is not necessarily
associated with low biodiversity – the southern Cape Fynbos heaths on sandstones provide an
example of high biodiversity associated with low soil nutrients. In Mutarara skeletal soils on
Rhyolite rock outcrops (Transect 11 Chinsomba) also supported relatively high species and PFT
diversity.
52. Criteria for biodiversity conservation should not be driven by high diversity alone but should
include other criteria such as endemicity, plant functional diversity, uniqueness of habitat and
vulnerablility. When these are considered, the lower Zambezi valley contains outstanding
examples of unique biodiversity features, especially among succulent (Euphorbiaceae,
Agavaceae, Apocynaceae) and primitive (Zamiacaeae) genera. All are of significant interest to
the global horticultural and floricultural community and may be of economic potential if suitable
markets could be established. While present findings are indicative of the basic status quo of
biodiversity for this subregion, a more intensive survey will better quantify the biodiversity
values of the project area.
3.7. PROSPECTS FOR COUPLING BIODIVERSITY DATA WITH REMOTELY
SENSED AND HYDROLOGICAL DATA FOR MODELLING PURPOSES
53. Preliminary analyses indicate that biodiversity data acquired from this survey can be
effectively coupled with remotely sensed data. Land cover expressed as different classes of
vegetation (savanna, deciduous broadleaf forest, woodlands…) compiled for the Zambezi basin
from global data33 were overlaid by the 32 transects as a check for vegetation representativeness
within the region. A potential mapping program DOMAIN34 was used for this purpose and the
results (Fig. 3.5) show that the gradsect reflects the majority of vegetation types below 500m
elevation .

33

N.Voisin and L McGeoch, Hydrology Group, Civil and Environmental Engineering, Univ. Washington,
Seattle USA.
34
Carpenter et al. (1993)
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54. The same exploratory mapping
procedure can be used to detect
similarity patterns for specific features
of biodiversity such as levels of plant
functional or species richness, specific
sets of species assemblages and,
possibly aboveground carbon. More
detailed biophysical values
of
remotely sensed imagery that detect
varying levels of photosynthesis and
dead or dying vegetation (e.g. as
reflected in NDVI) have been assessed
for example in some African Miombo
woodlands35. This type of imagery
may provide an interpretative link
with PFTs that are described via
VegClass
according
to
their
photosynthetic envelope as well as life
form.

B
F
D

Fig 3.5. DOMAIN potential mapping of the entire Zambezi
basin with 32 survey transect points located lower left
within dotted line. Colors indicate similarity of an
environmental envelope computed for the 32 points and
compared with land cover (percentage of vegetation class
in each pixel for 8 key vegetation types within the basin).
55.
A complete Landsat scene36 Red indicates similarity >95% grading through orange,
covering the central portion of the yellow, green to blue that is < 5% (typically upland zones)

project area was used to generate data
for photosynthetically active, nonphotosynthetically active and soil
(bare ground) – components that
together indicate a measure of land
cover. These three data layers were
combined and analysed using the
DOMAIN potential mapping program
to generate an environmental envelope
or “domain” for 16 of the 32 survey
transects included in the central scene.
This environmental domain was then
compared with the data values for the
entire Landsat scene and similarity
levels mapped (Fig.3.6). The map Fig. 3.6. Section of full Landsat scene 167/72 (Dec 2000)
shows that better than 90% of land showing results of a DOMAIN analysis of ‘Land Cover’ as
indicated by composite photosynthetic and noncover as represented by the composite
photosynthetic vegetation and soil (bare ground) imagery. Of
satellite imagery is accounted for by 32 transects 16 (circular white dots) were included in the full
the 16 transect locations. As further scene. When an environmental domain envelope generated for
data come to hand from herbarium 16 transects is compared with values for the entire scene,
identifications and soil analyses of mapped similarity levels are indicated by color (red = >95%
these transects, it will be possible to similarity grading downwards through orange --> yellow ->
produce spatially-referenced maps green to blue (<5%)). Areas of low similarity (blue to green)
indicating
levels
of
selective suggest locations for inclusion in further study.
biodiversity features for this section of
the project area. In the event that additional satellite imagery becomes available, exploratory
mapping of this kind can be generated on demand for that region of the lower Zambezi basin
surveyed using the current gradsect. The current baseline satellite images and ground data will,
35
36

Kennedy and Potgeiter (2003)
Landsat 7 (Dec 2000). Scene No. 167/72
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in addition, provide an important reference database and analytical framework that will enhance
institutional capacity for any subsequent regional biodiversity assessment.

57. Specific examples of plant-based parameters
in the hydrology model (VIC) that have possible
links to related PFTs and other VegClass
vegetation structural attributes recorded in field
include:
•
•
•
•
•
•

•
•

Satellite (Land cover) = -0.0000 + 0.7015 Ground Vegetation structure
3

( P < 0.002, RSq (adj.) = 0.456 )

2

Landsat 2000 Pv, Npv, Soil

56. A preliminary analysis of composite sets of
satellite and ground-based data reveals
significant underlying statistical relationships
between
‘Land
cover’
(expressed
as
photosynthetic, non-photosynthetic and soil
(bare ground)) and ground-based estimates of
vegetation structure (expressed as basal area of
all woody plants, mean canopy height and plant
litter depth) (Fig. 3.7). As more data come to
hand, the derived satellite imagery is being
further explored for possible inter-linkages
between the different data areas (hydrology,
biodiversity), for example, moisture gradients,
soils and specific plant assemblages. If
confirmed, linkages of this kind will greatly
assist the development of an integrated
analytical framework for both the project area
and the wider area of the lower Zambezi basin.
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Fig. 3.7 Linear relationship between MultiDimensional Scaling (MDS) of satellite
imagery (Land cover) and ground survey of
vegetation structure is highly significant.
(P < 0.002) [ Pv = photosynthetic, Npv =
non-photosynthetic, Soil = bare ground ].
Transects (solid red circles) occur within one
Landsat scene of the central project area.

Overstory
In VegClass defined by mean canopy height and further modified by percentage of
canopy cover divided into woody and non-woody components.
Architectural resistance
Unknown – but possibly quantifiable through furcation index of woody canopy
Aerodynamic resistance
Unknown – but possibly quantifiable through furcation index of woody canopy
Minimum stomatal resistance
Related to PFEs leaf size class, leaf inclination class, succulence and whether leaves
are isobilateral or dorsiventral
Ratio of total tree height that is trunk
Accessible through canopy profile sketch of transect and onsite digital photography
Monthly leaf area index
LAI is based on a laterally inclined dorsiventral leaf. As such LAI makes no direct
allowance for succulent, partially deciduous, or isobilateral leaves or leaves that are
either vertical or pendulous in inclination. Perhaps explore how LAI can be adjusted
according to estimated percentages of these variables in each transect.
Monthly vegetation height
Unlikely to change significantly within 12 months for mature woody plants. In
VegClass definable through mean canopy height.
Rooting depth
No field data for this variable that is extremely difficult to quantify. It may be
possible to base estimates on depth and texture of soil (recorded in the present
survey).
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Other survey data included soil infiltration rate and plant litter depth37. Informal observations
suggest plant litter depth may be a significant factor in run-off and is likely to vary with season in
the project area, especially given the high incidence of fire.

3.8. BIODIVERSITY SURVEY AND GLOBAL BENEFITS
58. International agencies such as the CBD and DIVERSITAS emphasize the need for uniform
technology that can be used to collect data to facilitate comparison of biodiversity within and
between regions. To date such technology has not been forthcoming. The present technology
aims to satisfy this need. To that end both the gradsect survey methdology and the VegClass
recording system have been evaluated in more than 1600 sites worldwide. This procedure has
faciltated detailed comparison and analysis between a number of countries and regions. An
example of how global data might be compared is illustrated in Annex , Table 9 where at the
simplest level, plant-based diversity is compared for the richest forest sites recorded in 28
different countries including Mozambique. Annex Fig. 1 illustrates comparative differences
between countries when plant species diversity is regressed against PFT diversity along gradients
that reflect land use intensity as well as naturally-occuring vegetation. Again, the overall
diversity levels for Mozambique are consistent with other general reviews of the vegetation types
(e.g. Mopane woodland) that cover much of the project area.
59. As indicated above, field estimation of aboveground carbon and carbon sequestration,
although highly desirable for global benefits, can be problematical. In the Miombo Woodlands
Region of south-central Africa, it is estimated that 50–80% of the total system’s carbon stock is
found in the top 1.5 m belowground and that this decreases markedly under agricultural land use
38
. Soils from a wide range of land use types obtained in the present survey will be examined for
organic carbon and these values related to aboveground vegetation structure and PFTs. Should
the relationships prove to be statistically significant as in previous studies (e.g. Sumatra39) then
additional analyses will be undertaken to explore such correlates on further surveys in the project
area. Together with estimates of aboveground carbon based on allometric studies of vegetation
structure in similar landscapes elsewhere, these results may contribute to indicator potential at a
broader global level.
60. The data acquired from the present survey of land use types can help derive an empirical
model of how biodiversity is likely to vary along a land use intensity gradient. This type of
information is potential useful where there is a need to help forecast the impact of environmental
change on both biodiversity and related agricultural productivity and to assist with decisionmaking for adaptive management. The approach is consistent with SPA and the aims and goals
of the National Adaptation Programs of Action (NAPA) in Mozambique as approved by the GEF
in 2002.

37

Annex I, Tables 2 and 6 respectively
Walker and Desanker
39
Gillison (2002a)
38
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4. THE DYNAMIC HYDROLOGY ANALYSIS FRAMEWORK
4.1. BACKGROUND
61. The overall goal of the modelling approach is to facilitate the development of climate change
and land cover-land use change scenarios to provide responses to the following kinds of
questions:
•
What would be the impacts of changes in agriculture (including irrigation) and forestry
practices on local and regional water balances? E.g., will re-forestation lead to an increase
or to a decrease in streamflow?
•
How would changes in landuse practices, with varying climate, affect water supply and
water quality?
•
If some indication of climate over a growing season was provided, could crop selection (and
fire management) be improved?
•
Can floods or droughts be predicated, or at least anticipated, one or two months into the
future, as an early-warning system? These models compute not only stream discharge, but
such intermediate products as soil moisture and evapotranspiration. If a model is maintained
in an operational mode, the current conditions of soil moisture (the antecedent for floods or
drought) can be monitored. If the hydrology modelled is then driven by forecasts from
regional climate models (see below), then near-future potential conditions can be tracked,
and warnings given.
•
How would developments of infrastructure affect downstream flow, water quality, and
fisheries resources?
•
How would changes in streamflow affect fisheries (including through changes in water
levels of nursery areas)?
62. Multiple, complex data “layers” are required to address these questions, and to analyze the
past, current, and future dynamics of the target Districts, in the context of the overall Zambezi
basin. The inter-relation of the information described above, with the additional information
required to describe water movement requires a sophisticated structure to process the information.
Hence a “Zambezi Dynamic Information Framework” (ZambeziDIF) is being developed that
incorporates (a) a physical template module (describing static properties of topography and soils),
(b) a land use/ land cover module (describing not only what is present, but the biophysical
attributes of the vegetation), (c) a surface climate module (providing the drivers for the land
surface model, and (d) a geospatial landscape/hydrology model. By virtue of its data requirements
and its outputs, the hydrology model provides the construct for the overall ZambeziDIF.
63. Different landscape/hydrology models are typically required for different scales. For example,
a distributed model such as the Distributed Hydrology Soil Vegetation Model (DHSVM) could be
developed for the project districts over which digital topographic data allows explicit
representation of surface and subsurface flows with landcover changes, at 150-m resolution (eg.
Rattanaviwatpong et al in press). But given data scarcity and the requirements to place the target
districts in the context of the overall basin, the Variable Infiltration Capacity (VIC) model, a
semi-distributed macro-scale hydrologic model, which represents explicitly the effects of
vegetation, topography, and soils on the exchange of moisture and energy between the land and
atmosphere (Liang et al., 1994; Nijssen et al., 1997, 2001b) is used here (described in more
detail, Section 4.7).
4.2. DERIVATION OF THE ZAMBEZI VALLEY RIVER NETWORKS/ FLOW
ACCUMULATION GRID USING BEST AVAILABLE SRTM DATA
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64. A multi-scaled digital elevation model (DEM) capable of representing the basic structure of
the Zambezi basin, from the entire basin to “zooming in” at high resolution for the individual
Small Holders districts, establishes the central organizing construct for the multiple information
layers of the Baseline study. To serve as the topographic base data model for the overall
Smallholders project, a DEM (Fig. 4.1) was derived from the CGIAR version of the 3” (90-m)
Version 2 (finished) SRTM DEM. Each 3" cell is the mean of the component 1" cells. The DEM
was processed by:
(1) placing a no-data area in the alluvial fan of the Cuanda River,
(2) filling all sinks in the DEM,
(3) computing flow direction,
(4) calculating the watershed grid,
(5) calculating the contributing area (in square km) for each grid cell, and
(6) calculating the cubic km of water falling upstream of each cell (based on 1995
rainfall).
Shaded relief was calculated is a simple derivative of the DEM. The base DEM was enhanced
with waterbodies from the SWBD dataset derived from the 1" SRTM data by NASA, and with
political boundaries and, lakes, and rivers are extracted from VMAP0.

Fig. 4.1 SRTM-derived 3” (90-m) DEM of the Zambezi basin, with progressive “zoom-ins” from whole
basin to Smallholder districts

65. The VIC hydrology model requires
products derived from the base DEM.
(1) Elevation Bands. Instead of assuming
a constant and smoothed precipitation rate
over the entire grid cell, VIC uses
elevation bands in order to vary the
precipitation rate and type over different
fraction areas of the grid cell. This
provides better snow estimation, although
this is not essential over the Zambezi
Basin. That is why only five elevation
bands were derived.
(2) Routing Network File. The direction
files for the routing network (Fig. 4.2)
were derived from the SRTM30 version 2
DEM and the Hydro1k basin delineation,

Fig. 4.2. Routing network derived from the SRTM30 and
Hydro1k basin delineation. For subsequent model analysis,
the stations at Zumbo (1), Revuboe (2), Tete (3), Matundo
Cais (4), Megaza (Chire, 5), and Luenha (6) are indicated.
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using mostly ArcInfo spatial analyst functions (fillsink, flowacc). A in-house program equivalent
to “flowdir” was used to determine the direction file in the format used by the routing model.
Several significant lakes (area larger than a 90m grid cell) are present in the basin, in particular
Cabora-Bassa, Kariba, Malawi, Chilwa and McIlwaine. The soil characteristics for Lakes
Malawi, Cahora-Bassa and Kariba could not be derived and limited a VIC run on this area.
Similarly, the routing direction file is not sufficiently accurate in this area. A different approach
using the newer VIC version dealing with lakes will be necessary for those specific cells.

4.3. SOILS: FROM TYPE TO DEPTH AND TEXTURE
66. Soils are represented at several scales, and for several sets of attributes. For the purpose of
the hydrologic modeling, a basin-wide soil file is used as a mask file and also specifies soil
characteristics of each grid cell (Fig. 4.3 The soil column is being divided into three layers. The
first layer is arbitrarily set to 10 cm. The second and third layer depths will be calibrated and are,
arbitrarily, presently set to set to 50 cm and 250cm deep. Bulk density, and sand and clay
components were derived through the SoilProgram (Carter and Scholes, 2000) for each grid cell.
Information comes from the World Inventory of Soil Emission Potentials (WISE) pedon data
base (Batjes, 1995). Other required soil characteristics were derived from a look up table (Cosby
1984), which specifies porosity, hydraulic conductivity, field capacity and wilting point based on
the soil texture ( related to the sand and clay components).

Fig. 4.3 Soil properties across the Zambezi basin, of soil layer 1.

67. For higher resolution purposes in the Small Holder districts, a 1:1 million map by soil types
and their attributes is available, through IIAM. (Figure. 4.4)
Fig. 4.4 Soil types of Tete, Sofala, and Manica provinces, at 1:1M (IIAM)
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4.4. VEGETATION CLASSIFICATIONS AND ASSUMED BIOPHYSICAL
ATTRIBUTES
68. VIC requires two land cover inputs: the vegetation parameter file and the vegetation library
file. The vegetation parameter file describes the land cover composition and rooting depth
distribution of each VIC grid cell. The vegetation library file is a look-up table that details various
physical attributes (e.g. trunk ratio, albedo, surface roughness, etc.) of each land cover type. More
information about the required land cover inputs for VIC can be found at
http://www.hydro.washington.edu/Lettenmaier/Models/VIC/Documentation/Documentation.html
. The basis for a vegetation parameter file for the Zambezi watershed was the MODIS 12Q1
dataset, entitled “MODIS/Terra Land Cover Type Yearly L3 Global 1km SIN Grid.”
Documentation
and
metadata
for
this
dataset
are
available
at
http://lpdaac.usgs.gov/modis/mod12q1v4.asp. The MODIS 12Q1 dataset includes several
different classification schemes; the Type 1 (IGBP) classification, which divides the land surface
into 17 different land cover types, was used here. Some scan-related classification error in certain
parts of the watershed was detected in the down-loaded data. Although the 0.05 degree product
seemed to contain little scan error, the 1km dataset contained important detail that would be lost
if the lower resolution product was used.
69. There were approximately 100 land cover pixels (1km resolution) contained within each
VIC grid cell (1/12 degree resolution). To determine the land cover composition of each VIC grid
cell, ArcMap 9 was used to derive the percent cover of each IGBP land cover type within each
VIC grid cell. Less than 1% of the land cover pixels within the watershed were unclassified. To
deal with unclassified pixels, the percent cover of each land cover type in a VIC grid cell was
divided by the percent cover of all classified pixels in the VIC grid cell. This approach effectively
converted the unclassified pixels in each grid cell to different land cover types based on the
composition of land cover types within the grid cell. Each land cover type was also assigned to a
specific distribution throughout the three soil layers. There are 4 types of root distribution
available: uniform (same amount of roots in each soil layer), linear increase (fraction of roots
increase with depth), linear decrease
(fraction of roots decreases with depth) Table 4.1. Relation of landcover schemes
LDAS parameters class
and triangular shape (most of the roots IGBP class
Water
Water
are in the middle soil layer).
70. To develop a vegetation library
file for the Zambezi basin, the global
vegetation parameter set developed by
LDAS (Land Data Assimilation
Schemes) was used. Documentation
and metadata for this parameter set can
be
found
online
at
http://ldas.gsfc.nasa.gov/LDAS8th/MA
PPED.VEG/LDASmapveg.shtml. The
classification scheme used to develop
the LDAS parameter set was not
identical to the IGBP scheme. The two
classification schemes are related as
outlined in Table 4.1. Since there is no
permanent snow or ice in the Zambezi
basin, any pixels classified by MODIS
as “permanent snow and ice” were
assumed to be misclassified by

Evergreen needleleaf forest
Evergreen broadleaf forest
Deciduous needleleaf forest
Deciduous broadleaf forest
Mixed forests
Closed shrublands
Open shrublands
Woody savannas
Savannas
Grasslands
Permanent wetlands
Croplands
Urban and built-up
Cropland/natural forest
mosaic
Permanent snow and ice
Barren or sparsely vegetated

Evergreen needleleaf forest
Evergreen broadleaf forest
Deciduous needleleaf forest
Deciduous broadleaf forest
Mixed Cover
Closed shrubland
Open shrubland
Woodland
Wooded Grassland
Grassland
Cropland
Urban and built-up

Bare ground
(misclassification error)
Bare ground
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MODIS’ automated classification procedure. There were only about 260 such pixels in the
watershed. These pixels were assigned the same vegetation parameters as the “bare ground” land
cover class. To obtain parameters for IGBP classes that had no comparable class in the LDAS
classification, the appropriate LDAS classes were combined.

71. The monthly data in the LDAS parameter set follow a northern temperate seasonal cycle,
where leaf coverage is highest around June-July and lowest around December-January. In order
to more accurately represent deciduous seasonality in the Zambezi basin, all of the monthly
parameters from LDAS were inverted so that values for June became values for December,
values for July became values for January, and so on. Some of the parameters required for the
VIC vegetation library had no appropriate counterparts in the LDAS parameter set. Where there
were no appropriate LDAS data, default data from the sample VIC vegetation library (online
(online at ftp://ftp.hydro.washington.edu/pub/HYDRO/models/VIC/Veg/veg_lib) were used.
4.5.

DEVELOPMENT OF CLIMATE DATA

72. Climate data constitute one of the most important, and the most problematic, data sets for
evaluation of the Zambezi basin. Coverage and coordination of data from individual
meteorological observation stations across the 8 nations of the Zambezi valley is not trivial. Of
particular concern is the data gap due to the prolonged conflicts in Mozambique. Hence a strategy
of evaluating the convergence of two independent data streams: data records from the World
Meteorological Organization (WMO), and the daily re-analysis product (ERA40), from the
European Center for Medium Range Weather Forecast (ECMWF) was adapted.
73. 134 WMO stations datasets with observations in the 01/01/1994-12/31/2005 period were
retrieved. Fig. 4.5 shows the location of the stations and the fraction of the record that is missing
over the 1994-2005 period. Those stations observations (precipitation, maximum and minimum
temperature and wind) have been regridded using an inverse square distance interpolation (Symap
algorithm; Shepard 1984) into the 17208 grid cells included in the Zambezi Basin mask at 1/12th
of a degree resolution. Only valid observations are used for this regridding. Temperature fields
have been corrected with a constant lapse rate of -0.065 (degree per meter) in order to adjust the
temperature
at
the
station altitude to the
grid
cell
mean
elevation.
The
regridding has been
done using a minimum
of 4 stations and a
maximum
of
80
stations.
Missing
records are still present
after the regridding
when the 80 nearest
stations have missing
data. There are 54 days
without
any
observations over the
134 stations in the
original and therefore
also
the
regridded
Fig. 4.5. WMO stations in and around the Zambezi basin, with the number
WMO
datasets.
of missing daily observations in the 1994-2005 period (4383 days)
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Persistence was used to assign precipitation on the days where data were still missing after
regridding. In particular, as ERA40 and WMO stations datasets period do not overlap, ERA40
values could not be substituted. One should also note that most of the WMO stations with little
missing observations are located south of the Zambezi Basin, which can have an impact in
representing the spatial distribution of precipitation during extreme events (February 2000 and
2001 for example). See comments on that later.
74. While the ERA40 product provides a 40-year record, the 1979-08/2002 period is the most
consistent period in terms of technology of observations. ERA40 provides a global dataset of
meteorological variables (accumulated precipitation, average air temperature and zonal and
meridional wind components) on a N80 Gaussian grid (1.125 degree resolution at the Equator)
and at a 6 hourly time step. The maximum (minimum) temperature has been assigned the
maximum (minimum) 6 hourly temperature average for simplicity. The 6 hourly precipitation
data has been accumulated to a daily time step and the wind speed has been derived from the 6
hourly wind components and then averaged over the day. The dataset has then been regridded
using the same algorithm explained earlier, to the 1/12th of a degree resolution, and using a
minimum of 4 and a maximum of 12 nearest grid cells in the original grid.
75.
The ERA40 gridded Table 4.2 WMO stations located in the Zambezi Basin , that have
dataset is then compared to less than 100 missing record ( over 4383 record, i.e. about 23%)
the WMO station gridded Station Name
Country Lat
Lon
missing
records
dataset for the accumulated
BC
-17.81
25.15
520
precipitation, minimum and Kasane
ZB
-15.31
28.45
737
maximum temperature and Lusaka (Mil/Civ)
-20.01
28.61
527
wind for the 1994-08/2002 Bulawayo/Woodvale ZW
Gokwe
ZW
-18.21
28.93
930
period. The comparison is
ZW
-19.45
29.85
638
made in two parts. The first Gweru/Thornhill
ZW
-17.91
31.13
522
part compares the daily Harare/Kutsaga(Mil)
ZW
-16.51
28.88
743
variables at grid cells where Kariba
ZW
-16.83
29.61
772
stations are located in the Karoi
Mount
Darwin
ZW
-16.78
31.58
981
basin and have less than 1000
ZW
-17.41
32.21
769
missing records even after Mutoko
ZW
-18.1
25.85
939
regridding
(see
earlier Victoria Falls
comment). 11 WMO stations
correspond to this criterion as shown on Table 4.2.
4.6. EVALUATION OF THE DAILY AND MONTHLY TIME SERIES OF THE
CLIMATE VARIABLES AT SPECIFIC GRID CELLS
76. Fig. 4.6 shows the daily at the 11 grid cells including the 11 WMO stations (Table 4.2)
mentioned earlier. A few very large values (larger than 200mm a day) have been reported and do
not correspond to any large values in nearby days in the other 10 grid cells (11/26/98, 336mmm;
12/27/96, 306mm; and 12/15/95, 205mm). ERA40 and WMO stations daily precipitation
datasets do not agree well. Fig. 4.7 shows the comparison of monthly WMO stations and ERA40
datasets. Part of the differences can be explained by the missing WMO stations data replaced by
the values of the previous non missing day value. But significant differences remain.
77. Figures 4.8 and 4.9 show the daily and monthly maximum temperatures, and figures 4.10
and 4.11 the minimum temperatures. As expected, the comparison shows better results than with
precipitation. The ERA40 maximum temperatures are very close to the WMO stations dataset and
the minimum temperatures are consistently higher (due to the fact that the minimum 6 hourly
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Fig. 4.7 ERA40 and WMO stations
datasets monthly precipitation (mm) for
the 11 grid cells.

Fig. 4.6 ERA40 and WMO observed daily
precipitation values (mm) over the 199408/2002 period in 11 grid cells.

average ERA40 temperature are compared with real daily minimum temperatures observed by the
WMO stations). Maximum temperatures seem to be less sensitive. Maximum and minimum
temperatures are used to derive solar radiation in the VIC hydrological model. The hydrology is
less sensitive to this uncertainty in solar radiation, due to the bias in the minimum temperature,
than to the differences in precipitation between the two datasets. Figures 4.12 and 4.13 show the
wind field. Both the daily and monthly wind comparisons show a reasonable agreement: ERA40
wind usually overestimates WMO stations wind for low wind values.
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Fig. 4.9 Monthly maximum temperature

Fig. 4.8 Daily maximum temperature
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Fig. 4.10 Daily minimum temperature

WMO Stations

Fig 4.11 Monthly minimum temperature
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ERA
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WMO
Fig. 4.12 Daily wind fields (m/s)

WMO
Fig. 4.13 Monthly wind fields

4.7. EVALUATION OF THE ANNUAL AND SEASONAL CLIMATOLOGY
78. The temperatures and wind comparison at the 11 grid cells for the WMO stations and
ERA40 are comparable. However there is a disagreement in the precipitation that might be
partly due to the fact that most all the stations with less than 10% (and even 50%) of missing
observations are in the southern part of the basin. Fig. 4.14 shows the lack of localized
precipitation pattern over the 1997-August 2002 climatology. Especially in case of extreme
events like the floods in South Mozambique (Limpopo) in February 2000 (Fig. 4.15) caused
by extreme rainfalls in the Limpopo basin (and south of the Zambezi basin), and the
Zambezi floods in February 2001 (Figure 4.16) due to intense rainfall in the central part of
the basin is better represented in ERA40.

Fig. 4.14 February 2000
daily average precipitation
(mm/day)

Fig. 4.15 February 2001
daily average precipitation

(mm/day)

Fig. 4.16 1997-August 2002
daily average precipitation
(mm/d)
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4.8. RIVER DISCHARGE DATA AND RESERVOIR OPERATIONS
79. The stage height (relative depth) and discharge of the Zambezi River and its tributaries is the
responsibility of the Direcçãcao Nacional de Águas and AraZambezi, through measurements
across a gauging network (Fig. 4.17). Rating curves (the process for translating stage to
discharge) are sparse, and available data records are being parsed together.

Fig. 4.17 Gauging network of DNA (base topography)map form DINAGECS, O.J. Sibia, 2005).

80. The flow regime of the lower Zambezi valley is dominated by the inputs to and discharge
from the Cahora Bassa dam Table 4.3, Fig. 4.18). The overall flow regime reflects the
pronounced wet/dry season cycle, as discussed above (Fig. 4.19). Flow at Tete does reflect the
input of tributaries, including the Revubo.
Table 4.3 Characteristics of the Cahora Basa dam.
Catchment Area (km2)
1,239,800
Flow 10,000 year frequency
28,000
(m3/s)
Reservoir
Volume available/Total (km3)
52/65
Volume available/Total (GWh) 13000/16500
Submerged Area (km2)
2660
Length (km)
270
Width max (km)
30
Dam- double curvature arch
Max height above foundation
(m)
Max width at foundation (m)
Crest Level/length (m)
Total discharge capacity

3

Discharge (m /s)
15000
12000

Inflow (by mass balance)
Outflow

9000
6000
3000
0

164
21.5
331/303
13939

Oct’00

Oct’01

Oct’02

Oct’03

Oct’04

Oct’05

Fig. 4.18 Flows into and out of the Cahora Bassa
reservoir, Oct 2000-Sep 2006
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Fig 4.19 Flow regime at selected Zambezi stations: (left panel) discharge at Cahora Bassa, Tete and
the Revubo (by Tete), (middle panel) stage height at mainstem stations, (right panel) stage at major
tributary stations.

4.9. GENERATION-1 VIC MODEL OF THE ZAMBEZI
81. The hydrology of the Zambezi basin is being simulated by the Variable Infiltration Capacity
Hydrology Model (VIC) developed at the University of Washington and Princeton University. In
VIC, the subsurface is characterized in the vertical direction by three soil layers. The top soil
layer contributes to runoff via fast response mechanisms (“quickflow”), and the deepest soil layer
produces base flow. Drainage between the soil layers is modeled as gravity driven. Controls of
vegetation on evapo-transpiration are represented explicitly using a Penman-Monteith
formulation, while baseflow is represented as a non-linear recession. Sub-grid variations in
precipitation rate and temperature, due to variations in elevation, are represented by sub-dividing
each grid cell into a number of elevation bands. Daily precipitation, maximum and minimum
temperature, and wind speed are the primary meteorological variables that drive the model.
Downward solar and longwave radiation, and dew point temperature, also used to force the
model, are derived using algorithms that relate them to either the daily temperature, the
temperature range, or both (Maurer et al., 2002). The model used to simulate the routing of
streamflow along the stream network (Lohmann et al., 1996, 1998) uses a triangular unit
hydrograph and linearized St. Venant’s equations to route the streamflow from each individual
grid cell separately to the basin outlet through the channel network. The routing model does not
explicitly account for channel losses, extractions, diversions, or reservoir operations, but coupled
sub-models can account for these flow modifications (e.g, Costa-Cabral et al.in review). VIC
has been applied to all river basins in the U.S. (Abdulla et al., 1996; Cherkauer and Lettenmaier,
1999; Maurer et al., 2002; and Nijssen et al., 1997); the entire country of China (Su and Xie,
2003); and the Mekong Basin (Costa-Cabral et al a,b, in review). VIC is set up here to run at a
daily time step at both 0.5 degree and 1/12th of a degree spatial resolution over the Zambezi Basin
82. Application of VIC requires the development of a set of input data files, including
meteorological forcing (land surface climatology of daily precipitation, minimum and maximum
temperature, and winds), vegetation attributes by vegetation class, a river network derived from a
digital elevation model, and river discharge history at select stations. The data sets described in
the previous Tasks were set up and incorporated into the VIC model structure. The initial
application of VIC modelled the flow regime at Matundo Cais, for the period 1980-August 2002,
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Precipitation

Runoff

Evapotranspiration

Soil Moisture

Fig. 4.20 VIC-modeled (0.5o resolution) monthly mean
discharge (m3/s) at Matundo-Cais, 1980-2003, with
ERA40 climatology
Fig. 4.21. Monthly average time series 19972006 of precipitation and simulated
hydrologic variables (R, ET, SM; in mm)

with a simulation of 0.5-degrees (Fig. 4.20). Two VIC runs were then performed, one forced with
the 1994-2005 WMO stations datasets, and one forced with 1994-August 2002 ERA40 datasets
(Fig. 4.21-4.24). Only 1997-August 2002 or 2005 are presented next as 3 years were allowed for
spin-up (model initialization). A preliminary study (not shown) showed that a minimum of 3
years of spin-up was needed over the Zambezi Basin for the soil moisture to reach equilibrium.

Fig. 4.22 1997-August
2002 annual average daily
runoff (mm)

Fig. 4.23 1997-August 2002
annual
average
daily
evaporation (mm)

Fig. 4.24 1997-August 2002
annual average daily soil
moisture (mm)

83. These results, while preliminary and uncalibrated, show that the dynamic model can capture
the basic dynamics of the overall basin. Precipitation can not only be computed, but translated to
runoff. As part of this process, the “internal’ dynamics of the hydrologic cycle are computed,
including soil moisture and evapotranspiration. The ability to explicitly trace spoil moisture is
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critical to the assessment of water availability for agriculture, under different landuse and climate
scenarios.
4.10. TRAINING OF GPZ AND ARA ZAMBEZI STAFF ON THE DATA
ACQUISITION AND MODELLING APPROACHES

84. Activities addressing data acquisition and modelling approaches for regional staff were
initiated, primarily with Dinis Juizo (Eduardo Mondlane University) and Jose Chemba
(AraZambezi, now World Bank). Mr. Juizo has been active in data acquisition, and has begun
the process of downloading the VIC model code.
4.11. ZAMBEZI DYNAMIC INFORMATION FRAMEWORK (ZambeziDIF)
85. The database and models that are being developed in the ZambeziDIF in support of this
SLM baseline study are extensive, and represent information not previously available in
Mozambique. Much of the information is represented as geospatial data layers, in ArcGIS raster
format (which can be converted to other geospatial formats, including GridASCII suitable for a
wide range of industry standard GIS applications). To facilitate initial access to this information,
the ZambeziDIF represents constructed data layers through ArcIMS (Arc Internet Map Server).
The user does not need to have specialized GIS or visualization software available. ArcIMS
essentially provides a user with access to the data layers; including being able to query and
examine the data, as if the user has GIS software.
86. ZambeziDIF Version 1 can be accessed at http://riversystems.washington.edu/zambezi_dif (it
is expected to migrate to hosts in Mozambique at the earliest opportunity). Categories of
information include (Fig. 4.24):
Physical template
Zambezi Basin Boundaries: Basin boundary (the mask of the Zambezi basin), political
boundaries, lakes and rivers (from several sources), DEM derived from SRTM, and a series of
Landsat tiles for 1990 and 2000 (as composites only; not processed)
Soil Properties: The hydrologic properties required by VIC, including soil density, bulk density,
Ksat, DSmax and PCP.
Vegetation and Landuse
Southern Africa MODIS Landcover: MODIS-derived land cover products at 1km and 8 km for
Southern Africa, as the overall coverage of the region
Landcover and Landuse: MODIS 1-km landcover, and the Landsat TM5 and ETM products
described in Section 2.
VIC Landcover 8 km: The percent landcover in each pixel, for each of the classes (cropland,
savanna, etc) utilized by VIC, derived from the MODIS 1 km data.
Surface Climate Inputs and Model-Computed Hydrology (based on the ECMWF ERA-40 data):
This set includes the surface climate forcing variables required by VIC (temperature,
precipitation, wind) and model output products (runoff, evaporation, and soil moisture). Time
periods include the mean annual over the period 1997-2002, and February 2000 and 2001.

40

Southern Africa MODIS

VIC Landcover

Landcover and Landuse

Zambezi Basin

Soil

Surface Climate and Model-Computed Hydrology

Fig. 4.25. Zambezi DIF Version 1. The composite geospatial information used in the overall baseline
is represented in a set of 6 ArcIMS (internet map server) projects, accessible at
http://riversystems.washington.edu/zambezi_dif). Clicking on a data layer will access it (without the
user needing GIS software), and allow data queries.

87. The ZambeziDIF, combined with the VIC hydrology model, will contain a potentially
powerful analytical capability for allowing a range of stakeholders to examine current and future
landscape and hydrological dynamics of the lower Zambezi Basin. For example, the draft report
for Sustainable Water Resources Development for Irrigated Agriculture calls for exactly such a
capability.
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5. NEXT STEPS
5.1.

ADDITIONAL NEEDS FOR REMOTE SENSING DATA

88. Further analyses of land-cover, topo-edaphic conditions, climatological stress and plant life
cycles (phenology) are needed and would require a combination of satellite data. NASA TerraMODIS data collected every 8-16 days at 0.5-1.0 km spatial resolution are ideal for plant
phenological studies and changes in land-cover that are greater than 15-20 ha in size
89. By far the most complicated land-cover mapping issue is that high spatial resolution Landsat
or similar imagery is only available on a sporadic basis. Cloud-free imagery of this type is only
found for a few dates prior to 1999, and only once per year at best in the period 1999-2005. The
data cost approximately $600-1000 per image, and can be obtained via the U.S. Geological
Survey. A related complication is that the Zambezi Valley and surrounding region is dominated
by mixed woodland, savanna, and shrubland ecosystems displaying high seasonality. Therefore,
it is often impossible to map true changes in land-cover (e.g. woodland clearing events) from that
of plant phenological state. Further work should combine the occasional high-resolution Landsat
imagery with high-temporal resolution MODIS images to attempt a separation of phenology from
land-cover changes throughout the region.
5.2. BIODIVERSITY
90. While significant baseline biodiversity data have been collected, these need to be efficiently
integrated with the ZambeziDIF. Some potentially useful mechanisms and data items are:
(1) A hierarchical database shell and ‘dictionary’ that would include baseline plant data
structured into raw (original) and metadata summaries as well as other related data and
information:
(2) Laboratory soil analyses being undertaken by IIAM will have potentially useful direct
links with the DIF in terms of both information and data and model input (soil texture,
soil bulk density).
(3) Soil infiltration data collected during the baseline study and to be stored in the DIF offer
new insights into assessing soil moisture gradients together with possible input to VIC.
(4) Herbarium identifications (IIAM) of baseline plant collections will add significantly to
species-based biodiversity data. These can be readily stored within the developing DIF.
(5) The DIF should be considered as a repository for information as well as controlled access
to original data. For both education and communication purposes, presentation (dual
language) graphics of biodiversity-related work both completed and underway could have
a place in such a framework. The same location could contain as well, a live
bibliographic reference section and internet links to biodiversity software.
(6) The DIF should contain a ‘core’ georeferenced set of areas for further co-located
multidisciplinary studies e.g. based on initial 32 transects along gradsect from Cahora
Bassa to Chinde. This area of the DIF could also be a repository for electronic copies of
historical documents and maps related to biodiversity or contained within a more general
node of the DIF dealing with such documentation40
Other steps:
40

http://eusoils.jrc.it/esdb_archive/EuDASM/Africa/lists/cmz.htm
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(1)

Data and information contained within the DIF will be used to explore dynamic
linkages between certain elements of biodiversity and developing models such as VIC
and estimates of carbon sequestration. For example, raw baseline data on PFTs and
their constituent elements (PFEs) will be examined for linkages with both remotely
sensed variables (especially derived photosynthetic values) and for possible recalibration of plant-based VIC parameters.
(2) Studies in SE Asia and Brazil indicate that plant-based biodiversity values have a
potential role to play in in the socio-economic arena especially in developing tradeoff
models that can be used to generate options for adaptive management. (add refs)
(3) These studies also show that biodiversity data collected along natural environmental and
land use intensity gradients can be used to indicate (forecast) the impact of
environmental change on biodiversity and related agricultural productivity. Such data
can be critical in assessing regional planning and land zoning options in the face of
gradual or sudden or change such as economic (e.g. market) and physical
environmental (e.g. climate). Data and information of this kind are directly relevant to
issues concerned with developing national and regional response options under SPA
and NAPA in Mozambique.

5.3. Hydrology Modeling and ZambeziDIF.
91. The VIC modelling environment has been implemented, but must be further calibrated and
validated , especially for sub-tributary basins. This requires an availability of flow data that is not
yet available. It would be particularly robust to extend the calibration/validation procedures
throughout the Zambezi basin. The next step in overall model development is inclusion of dam
and irrigation operating rules.
92. The ZambeziDIF Version 1 needs to be developed for broader inclusion of data, and to make
it more broadly accessible.
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ANNEX
Table 1. List of data variables recorded for each 40x5m transect
Site feature
Location reference

Observer/s
Physical

Site history
Vegetation structure

Plant taxa

Plant Functional Type
Quadrat listing
Photograph

Descriptor
Location
Date (dd-mm-year)
Plot number (unique)
Country
Observer/s by name
Latitude decimal degrees (GPS)
Longitude decimal degrees (GPS)
Elevation (m.a.s.l.) (aneroid or GPS)
Aspect (compass. deg.) (perpendicular to transect)
Slope percent (perpendicular to transect)
Soil depth (cm)
Soil type (US Soil taxonomy)
Parent rock type
Litter depth (cm)
Terrain position
General description and land-use / landscape
context
Vegetation type
Mean canopy height (m)
Crown cover percent (total)
Crown cover percent (woody)
Crown cover percent (non-woody)
Cover-abundance (Domin) - bryophytes
Cover-abundance woody plants <1.5m tall
Basal area (mean of 3) (m2ha-1);
Furcation index (mean and cv % of 20)
Profile sketch of 40x5m plot (scannable)
Family
Genus
Species
Botanical authority
If exotic (binary, presence-absence)
Plant functional elements combined
according to published rule set.
Unique taxa and PFTs per quadrat
(for each of 8 (5x5m) quadrats)
Hard copy and digital image

Data type
Alpha-numeric
Alpha-numeric
Alpha-numeric
Text
Text
Alpha-numeric
Alpha-numeric
Numeric
Numeric
Numeric
Numeric
Text
Text
Numeric
Text
Text
Text
Numeric
Numeric
Numeric
Numeric
Numeric
Numeric
Numeric
Numeric
Digital
Text*
Text*
Text*
Text*
Numeric
Text*
Numeric
JPEG

* Where identified, usually with voucher specimens; All data are compiled using the same field data
structure and format via the VegClass software package.
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Table 2. Soil infiltration data*
Remarks

Bare rhyolitic rock face

Heavy Vertisol, local depressions

B High surface water table

Avicennia (saline tidal mudflat)
Spring tide zone near mangrove
Old cultivation 150m from m’grove
Rain-fed (flooded) padi rice field

Transect
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

TimeA
1380
345
1550
1145
170
151
380
302
926
1278
99999
149
1359
1888
2
142
1451
177
83
383
116
234
243
1722
1204
797
203
628
15210
8552
1402
185

TimeB
*
*
1600
547
240
166
1210
304
1270
660
99999
593
987
686
132
63
1775
143
61
168
133
212
636
693
99999
442
59
520
12999
1235
357
168

Sec/litre
1380
345
1575
846
205
159
795
303
1098
969
99999
371
1173
1287
67
103
1613
160
72
276
125
223
440
1208
50602
620
131
574
14105
4894
880
177

* Based on a falling head of one liter of water (110mm internal diameter pipe inserted
2cm into ground). The figure 99999 indicates an impermeable or waterlogged substrate.
Within-transect variability is high on cracking-clays (vertisols).
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Table 3. Site physical features
Transect

Date

Moz01
Moz02
Moz03
Moz04
Moz05
Moz06
Moz07
Moz08
Moz09
Moz10
Moz11
Moz12
Moz13
Moz14
Moz15
Moz16
Moz17
Moz18
Moz19
Moz20
Moz21
Moz22
Moz23
Moz24
Moz25
Moz26
Moz27
Moz28
Moz29
Moz30
Moz31
Moz32

10-Sep-06
10-Sep-06
10-Sep-06
11-Sep-06
11-Sep-06
11-Sep-06
11-Sep-06
11-Sep-06
11-Sep-06
12-Sep-06
12-Sep-06
12-Sep-06
13-Sep-06
13-Sep-06
13-Sep-06
13-Sep-06
14-Sep-06
14-Sep-06
15-Sep-06
15-Sep-06
15-Sep-06
15-Sep-06
16-Sep-06
16-Sep-06
16-Sep-06
16-Sep-06
17-Sep-06
17-Sep-06
18-Sep-06
18-Sep-06
18-Sep-06
18-Sep-06

Latitude
Dec. deg.
-15.79462
-15.79645
-15.86473
-16.12915
-16.36099
-16.40607
-16.78057
-16.77544
-16.76298
-17.26263
-17.34716
-17.34803
-17.46656
-17.46656
-17.46262
-18.02673
-18.55399
-18.33299
-17.93906
-17.89143
-17.73020
-17.91284
-18.64864
-18.61847
-18.59609
-18.34310
-18.18127
-17.59237
-17.81888
-17.81894
-17.81937
-17.70098

Longitude
Dec. deg.
33.15432
33.15211
33.11540
34.25683
34.37621
34.40358
34.54546
34.56042
34.57508
34.99987
35.03870
35.04087
35.17884
35.28858
35.32420
35.75454
36.20877
36.06309
35.72606
35.74335
35.74254
35.34407
36.10264
36.10152
36.13138
36.02036
35.72942
35.91853
36.91542
36.91561
35.91643
36.88568

Elev’n
(m. a.s.l.
127
176
366
336
320
299
97
78
86
49
71
84
36
33
50
15
15
16
22
34
85
91
3
7
8
10
17
112
4
5
6
19

Aspect
(deg.)
0
90
90
0
0
0
0
0
0
250
270
180
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
100
0
0
0
0

Soil Depth
(cm)
>100
<30
<20
<50
>100
<100
>100
>100
<100
>100
<5
<20
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

Parent Rock

Terrain Unit

Sedimentary
Quartzite
Quartzite
Gabbro
Sedimentary
Sandstone
Sedimentary?
Sedimentary
Sedimentary
sedimentary
Rhyolite
Rhyolite
Sedimentary
Sedimentary
Sedimentary
Sedimentary
sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedementary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary

River terrace
Upper slope of ridge
Upper slope rolling hills
Plain
Plain
Plain
Perodically flooded plain
Plain, occasionally flooded
Plain
Riverine levee
Mid-slope, small inselberg
Upper slope
Plain (flooded episodically)
(Flood) plain
Plain
(flood) plain
Levee ex Zambezi
Plain
Plain
Plain
Plain
Plain
(flood) plain
(Flood) Plain
Swampland
Plain (irrigated)
Plain
Rolling plain
Mid-mangrove flat. Tidal
Adjacent to mangrove
(flood) plain 150m from mangrove
(flooded) plain, artificially bunded

Soil Type
(USDA)
Mollisol
Entisol
Entisol
Entisol
Loamy sand (Inceptisol)
Entisol (Quartzipsamment)
Alluvium (Entisol)
Inceptisol
Inceptisol
Vertisol
Lithosol
Entisol
Loamy sand
Vertisol
Vertisol
Silty loam (Vertisol)
Silty loam (Entisol)
Vertsol
Loamy sand (Inceptisol)
Entisol
Loamy sand (Inceptisol)
Alfisol?
Entisol
Entisol
Vertosil
Vertisol
Sand (Entisol)
Inceptisol (loamy sand)
Saline entisol
Saline Entisol (Tidal)
Inceptisol
Vertisol
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Table 4. Site description
Transect
Moz01
Moz02
Moz03
Moz04
Moz05
Moz06
Moz07
Moz08
Moz09
Moz10
Moz11
Moz12
Moz13
Moz14
Moz15
Moz16
Moz17
Moz18
Moz19
Moz20
Moz21
Moz22
Moz23
Moz24
Moz25
Moz26
Moz27
Moz28
Moz29
Moz30
Moz31
Moz32

Site Description
Cropped area on river terrace
Baobab dominated ridge above MOZ01
Regen low deciduous, cut 1978
Tall open woodland with dense dried grass
Mopane forest
Cutover,grazed, fired, variablle soil depth on sandstone, near old house site.
Phragmites swamp, grazed, harvested, close to settlement
Acacia xanthophloia, Hyphaene coriacea dom. grassland. Fired, grazed
Very dsturbed, near cultivation. Fired, grazed. Only localised vegetation in very recently fired area.
Section of recently cropped Maize and other garden species in flood-fallow area
Grazed by local domestic animals and rabbits
Grazed, amost totally deciduous, low, open forest
Last flooded in 2000, water retained for 40 days.
Area fired and cultivated
Regularly (and recently) fired open grassland. Floods irregularly
Annually fired savanna, grazed not cul;tivated, 1-10 year floods
Permanent garden, first opened 1974, last flooded 2001. Maize->Cassava->Ipomoea->Banana
Previously under sugar cane in 1981. Now cattle only. Site heavily trampled. No recent fire. Surrounding area completely burnt.
Protected forest. Used for medicinal purposes etc.
Frequently fired and grazed. Dense (dry) grass understorey
Not recently fired, grazed
Animal reserve with Leopard etc.
Mainly sugar cane and bananas. Primates (Macaca, Baboons) common but kept away with 'medicine'
Annually flooded, possibly some previous cropping. Dry grass understorey 1.8m tall.
Dense tall Pennesetum? savanna adjacent to Phragmites swamp. Very high water table. Used by Hippos as corridor to Zambezi river.
Irrigated sugar cane, recenty established and cleaned rattoon crop. Mulch in furrows.
Woodland savanna on sand. Deciduous, not cultivated. Dry grasses
Woodland savanna, freqently fired. Near old cemetery. No cultivation.
Disturbed mangrove, cut-over. Harvested for crabs, shrimp, fish etc.
Fired, grazed high tide area above Avicennia.
Previously cultivated (? Ipomoea b.). Still with remnant coconuts.
Padi rice fallow. Dried off after last harvest. No fertilizer, permanent cropping to rice. Rain-fed not irrigated.
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Table 5. Description of vegetation cover
Transect
Moz01
Moz02
Moz03
Moz04
Moz05
Moz06
Moz07
Moz08
Moz09
Moz10
Moz11
Moz12
Moz13
Moz14
Moz15
Moz16
Moz17
Moz18
Moz19
Moz20
Moz21
Moz22
Moz23
Moz24
Moz25
Moz26
Moz27
Moz28
Moz29
Moz30
Moz31
Moz32

Vegetation
Trash from recent Millet crop with Ziziphus abyssinica, (Coppice) grazed by cattle and goats
Baobab, Combretum open forest with dried grasses
Regenerating woodland dominated by Combretum sp.
Tall woodland with Sterculia africana and dry grasses
Deciduous forest in high dry season,
Deciduous Brachystegia forest
Dense Phragmites (no furcation)
Acacia/Hyphaene savanna facies
Mopane-dominated open forest. Very disturbed
Annually cropped area, replenished by annual floods, mixed subsistence species (no furcation recorded)
Succulent facies on bare rock. Dominated mainly by Aloes and Euphorbs
"Florestal arbustiva", Mopane, Brachystegia with large, succulent euphorbs
Secondary vegetation, dominated by Hyphaene coriacea and Pacassa.
Borassus palm dominated grassland with minor shrubs
Open grassland with many Termites (Mastotermes sp.). Recently burnt.
Open savanna woodland dominated by Pennesetum and Themeda, with Acacia and other fabaceous
emergents
Mixed subsistence garden mainly exotic species. Furcation mainly from Cassava. Crops include Taro.
Acacia dominated savanna.
Microphyll vine forest. Semi-decduous.
Low, open forest Dominated by 'Ntuwa'
Mixed 'Ntuwa', Albizia, Pterocarpus angolensis open forest with Encephalartos lebomboensis (and
cobras..!). Dry grasses.
Tall deciduous vine forest
Fallowed subsistence garden with mixed species.
Borassus/Hyphaene savanna
Tall pure savanna dominated by Pennesetum?, next to Phragmites
Sugar cane monocrop, fertilized, irrigated
Strychnos woodland savanna with Hyphaene palms
Bauhinia galpinii dominated woodland savanna. Dried grass understorey.
Avicennia mangrove. Some Sonneratia along drainage line. Normally zero furcation but modified through
cutting.
'Saltwater couch' zone adjacent to mangrove.
Grassy fallow. More than ?3 years since cultivation. About 100m from mangrove inlet.
Grass and weed fallow after rice harvest. Grasses drying off.
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Table 6. Summary of plant species and functional type diversity, plant functional
complexity and vegetation structure*
TranSpecies PFTs Sp:PFT PFC Ht
CC CC
CC
BA
MFI
FI cv
Litt Bryo
sect
Tot Wdy nwdy
Moz01 4
4
1.00
28
2.50
15
12
3
4.67
96.25
4.73
1.50 0
Moz02 6
7
0.86
40
8.50
70
65
5
18.00 97.75
4.22
1.80 0
Moz03 14
14
1.00
98
4.50
90
90
0
16.67 100.00 0.00
1.80 1
Moz04 8
8
1.00
80
8.00
90
30
60
4.67
77.25
26.44
0.00 0
Moz05 4
5
0.80
44
12.00 85
55
30
10.67 79.50
16.56
1.50 0
Moz06 7
5
1.40
48
8.50
80
60
20
10.67 80.75
23.71
0.00 0
Moz07 2
2
1.00
4
2.50
98
0
98
0.01
0.00
0.00
4.00 0
Moz08 11
10
1.10
90
3.00
98
30
68
1.40
89.75
34.22
0.40 0
Moz09 10
7
1.43
54
12.00 80
65
15
6.67
82.15
19.36
0.30 0
Moz10 17
16
1.06
114 0.50
40
5
35
0.01
0.00
0.00
3.00 0
Moz11 23
20
1.15
138 1.50
50
20
30
0.10
100.00 0.00
0.00 0
Moz12 16
13
1.23
84
8.00
75
45
30
4.00
96.95
9.32
2.00 1
Moz13 16
14
1.14
136 1.50
95
15
80
1.50
71.25
59.89
0.80 0
Moz14 19
16
1.19
116 5.00
100 15
85
1.00
53.25
92.97
0.20 1
Moz15 4
4
1.00
50
1.50
95
2
93
0.01
0.00
0.00
0.04 0
Moz16 6
6
1.00
66
2.50
99
10
89
0.73
92.25
11.05
0.40 0
Moz17 26
21
1.24
180 2.00
90
35
55
0.10
100.00 0.00
3.00 0
Moz18 9
9
1.00
64
9.00
95
35
60
4.67
62.75
20.60
3.00 0
Moz19 31
24
1.29
144 12.00 90
85
5
20.00 81.75
18.43
3.00 2
Moz20 17
15
1.13
94
8.50
95
70
25
12.67 88.40
34.27
2.50 0
Moz21 15
14
1.07
98
14.00 95
70
25
20.00 76.00
23.73
2.80 0
Moz22 15
12
1.25
78
17.00 90
90
0
18.67 79.45
22.81
3.00 1
Moz23 42
33
1.27
300 3.00
0
0
0
3.00
36.00
119.95 3.00 0
Moz24 21
18
1.17
138 4.00
98
30
68
2.67
46.80
105.14 0.50 0
Moz25 10
7
1.43
70
2.20
100 2
98
0.01
98.60
0.95
0.50 0
Moz26 4
4
1.00
26
0.50
30
0
30
0.00
0.00
0.00
2.00 0
Moz27 11
10
1.10
84
4.00
80
45
35
2.70
68.90
67.47
0.20 0
Moz28 18
17
1.06
144 6.00
90
70
20
14.67 74.70
37.75
4.00 0
Moz29 1
2
0.50
12
2.00
65
65
0
1.00
68.60
67.23
0.00 0
Moz30 3
3
1.00
26
0.20
70
5
65
0.04
100.00 0.00
0.00 0
Moz31 10
9
1.11
90
0.80
100 2
98
0.67
34.40
139.82 5.00 0
Moz32 4
4
1.00
10
0.40
90
0
90
0.00
0.00
0.00
2.00 0
* PFC = Plant Functional Complexity; Ht = mean canopy height (m); CCTot = crown cover % Total; CCWdy =
Crown cover% woody Plants ; CCNwdy = Crown cover % non-wody; BA = basal area m2ha-1 all woody pants;
MFI = mean Furcation Index; Ficv = Coefficient of variation % FI; Litt = plant litter depth (cm); Bryo = Domin
scale cover-abundance of bryophytes; WdyPlt = Domin scale cover-abundance of woody plants < 2m tall.
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Wdy
Plt
1
6
2
0
4
4
0
2
8
0
4
4
5
3
2
1
6
5
8
3
3
9
4
6
1
0
3
5
9
2
4
0

Table 7. Example page of tabulated results of plant taxa and PFTs*
Transect
Moz01
Moz01
Moz01
Moz01
Moz02
Moz02
Moz02
Moz02
Moz02
Moz02
Moz02
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz03
Moz04
Moz04
Moz04
Moz04
Moz04
Moz04

PFT
mi-ve-do-ch
na-ve-do-hc
pi-ve-do-ph
mi-co-do-ph
mi-co-do-de-ch
no-ve-do-de-ph
mi-ve-do-de-ch
mi-co-do-de-ct-ph
mi-co-do-de-ph
mi-co-do-ph
ma-pe-do-de-ph
mi-ve-do-de-ct-ph
pi-ve-do-ph
na-ve-do-ph
mi-co-do-de-hc-li
na-ve-do-hc
na-co-do-de-ch
mi-ve-do-ch
me-ve-do-ch
mi-ve-do-de-ch
no-ve-do-de-ct-ph
mi-ve-do-de-ct-ph
mi-co-do-ch
pl-pe-do-ch
pl-pe-do-ct-ph
mi-pe-do-de-ct-ph
me-ve-do-de-ph
ma-pe-do-de-ct-ph
pi-ve-do-de-ch
no-pe-do-de-ph
le-co-is-hc
na-ve-do-ch

Family
Celastraceae
Lamiaceae
Fabaceae
Rhamnaceae
Ochnaceae?
Combrretaceae
Combretaceae
Indet
Fabaceae
Sapotaceae
Bombaceae
Indet
Fabaceae
Indet
Cucurbitaceae

Genus
Maytenus
Hyptis
Acacia
Ziziphus
Ochna?
Combretum
Combretum
Indet
Indet
Manilkara
Adansonia
Indet
Acacia

Malvaceae
Tiliaceae
Combretaceae
Combretaceae

Combretum
Combretum

Ochnaceae
Moraceae
Moraceae

Ochna?
Ficus
Ficus

Sterculiaceae

Sterculia

Liliaceae

Protoasparagus

Species
senegalensis
suaveolens
sp03
abyssinica
sp01
sp02
sp02
sp04
sp05
sp06
digitata?
sp01
sp01/3
sp03
sp04
sp05
sp06
sp07
sp08
sp09
sp10
sp11
sp12
sp13
sp13
sp14
sp01
africana
sp03
sp04
sp05
sp06

Code
MAYTSENE
HYPTSUAV
ACACSP03
ZIZIABYU
OCHNSP01
COMBSP02
COMBSP02
INDESP04
INDESP05
MANISP06
ADANDIGI
INDESP01
ACACSP01
SP03
SP04
SP05
SP06
SP07
SP08
COMBSP09
COMBSP10
SP11
OCHNSP12
FICUSP13
FICUSP13
SP14
SP01
STERAFRI
SP03
SP04
PROTSP05
SP06

Quadrat
1
1
1
1
1
1
1
3
5
7
7
1
1
1
1
1
1
1
1
2
2
5
5
6
6
7
1
2
4
5
8
4

* Voucher specimens collected for all plant records to enable subsequent herbariumbased
species identification.
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Table 8. List of participants in intensive training course in rapid
biodiversity assessment in Maputo 4-8 September
Name

Institution

Hermenegildo Pacate
Caetano D. Augusto
Fernando Tavares Caniva
Natèrcia Alberto M. Nhabanga
Custódio da Conceição Mário
Aurélio Banze
Inês Chelene
Samira Izidine
Camila de Sousa
Jacinto Mafalacusser
Eunice Ribeiro
Annae (..)
Ambrósio Raul da Fonseca

DPCA – Tete (MICOA)
DPCA – Tete (MICOA)
MICOA
MICOA
MICOA
IIAM
IIAM
IIAM - Botânica
IIAM - Ecologia Florestal
IIAM - Pedologico
UEM, DCB
UEM, DCB
GPZ
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A

B

C

D

E

F

Fig 1. Examples of ornamental plant species of potential horticultural and floricutural
significance recorded during the survey. A, B Red and white-flowering Combretum spp.
(Mutarara and Morrumbala); C Rare and possibly endangered cycad Encephalartos
lebomboensis (Mopeia); D Striking specimen of Euphorbia sp., (Mphanda Nkuwa); E Aloe cf.
capitata (Mutarara); F Indigenous ‘Desert Rose’ Adenium multiflora (Mutarara).
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Table 9. Comparative richness in plant species and plant functional types in humid to humid-seasonal lowland tropical,
subtropical and temperate forests in 28 countries *
No.

Country

1

Indonesia
(Sumatra)
Indonesia
(Sumatra)

2

3

India

4

Indonesia
(Borneo)

6
7

Papua New
Guinea
Costa Rica

5

Cameroon

8

Brazil

9

Brazil

10

Perú

11

Vietnam

12

Perú

Location

Georeference

Plot ID

Forest type

PFT
richness
68

PFC
value
338

112

47

236

107

74

314

Tesso Nilo, Riau
Province,
Pancuran Gading,
Jambi Province

0º 14’ 51” S
101º 58’ 16” E
1º 10’ 12” S
102º 06’ 50” E

TN02

Arunachal Pradesh
Tipi – Pakke
Sanctuary.
Gunung Banalang,
Long Puak, Pujungan,
East Kalimantan
Kuludagi / West New
Britain Province
Braulio Carillo
Parque Nacional

27º 2’ 3” N
92º 36’ 58” E

NBL06

2º 43’ 32” N
115º 39’ 46”E

BUL02

Disturbed complex ridge
forest

104

44

232

5º 38’ 46” S
150º 06’ 14” E
10º 09’ 42” N
83º 56’ 18” W

KIMBE2

Complex, primary lowland
forest.
Partially disturbed forest,
palm dominated. Many
epiphytes.
Late secondary forest.
Previously logged.
Secondary forest
(Capoeira) 3-4 years after
abandonment
Primary lowland forest on
shallow granitic soils.

99

52

234

94

71

336

94

43

232

78

43

230

75

54

298

Awae Village
Pedro Peixoto,
Acré (West Amazon
basin)
Alcalinas Canamá
N.W. Mato Grosso
(West Amazon basin)
Jenaro Herrera,
Ucayali river
(West Amazon basin)
Cuc Phuong National
Park
Ninh Binh Province
Von Humboldt forest

BS10

CR001

Complex primary forest,
logged 1997
Lowland forest
interplanted with ‘jungle’
Rubber (Hevea
brasiliensis)
Complex lowland forest
selectively logged

Species
richness
202

3º 36’ 05” N
11º 36’ 15” E
10º 01’ 13” S
67º 09’ 39” W

CAM 01

10º 04’ 06” S
58º 46’ 00” W

PN24

4º 58’ 00” S
73º 45’ 00”W

PE02

‘High terrace’ lowland
forest - selective logging

72

39

208

20º 48’ 33” N
105 42’ 44” E

FSIV02

Lowland forest partly
disturbed; on limestone

69

46

256

8º 48’ 01” S

PUC01

Primary forest selectively

63

31

258

BRA19
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No.

Country

Location

Georeference
75º 03’ 54” W

13

Fiji

reserve,
Pucallpa, (W. Amazon
basin)
Bua, Vanua Levu

14

Thailand

16

Kenya

15

Malaysia
(Borneo)

Danum Valley, Sabah

4º 53’ 03” N
117º 57’ 48” E

17

Guyana
Georgia

20

Bolivia

21

Australia

4º 35’ 02” N
58º 44’ 51” W
42º 40’ 01” N
44º 36’ 27” E
16º 31’ 40” N
61º 50’ 48” W
17º 18’ 28” S
145º 25’ 20” E

IWOK01

19

Iwokrama forest
reserve
Gezgeti, Mt Kazbegi
Central Caucasus Mts
Las Trancas, (Santa
Cruz)
Atherton tableland
North Queensland

22

Panama

Barro Colorado island

9º 09’ 43” N
79º 50’ 46” W

BARRO1

23

Brazil

2º 35’ 21” S
60º 01’ 55” W

BRA24

18

Philippines

Reserva Biologica da
Campiña Km 50 near
Manaus (East Amazon
basin)
Mt Makiling, Luzon

14º 08’ 46” N
131º 13’ 50” E

PCLASS1

24

Outer
Mongolia

48º 58’ 35” N
107º 09’ 18” E

MNG04

Ban Huay Bong,
Mae Chaem watershed
Shimba Hills near
Mombasa

Bear Cub Pass,
Khentii Mountains

Plot ID

Forest type

Species
richness

PFT
richness

PFC
value

Disturbed lowland forest
on ridge
Humid-seasonal,
deciduous dipterocarp
forest fallow system
Semi-deciduous forest in
game park area. Disturbed
(logged).
Primary forest subject to
reduced impact logging,
Nov 1993.
Primary wamp forest in
blackwater system.
Betula litwinowii
Krummholz
Semi-evergreen, lowland
vine forest,. Logged 1996
Upland humid forest
managed for sustainable
timber extraction
Semi-evergreen vine
forest, ground layer grazed
by native animals
Moderately disturbed,
microphyll, evergreen vine
forest on siliceous sands

60

37

158

58

44

200

56

33

214

54

39

208

52

34

192

47

35

198

46

33

302

46

25

187

43

30

238

42

27

276

Regen. forest planted in
1968 with Swietenia
macrophylla, Parashorea,
Pterocarpus indicus .
Mixed Larch and Birch
forest

42

26

194

40

25

188

logged, 1960

16º 47’ 36” S
178º 36’ 45” E
18º 30’ 42” N
98º 24’ 13” E

FJ55

4º 11’ 33” S
39º 25 34” E

K01

MC18

DANUM3

CAUC05
BOL02
DPI012
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No.

Country

25

Vanuatu

Yamet, near Umetch,
Aneityum Island

20º 12’ 32” S
169º 52’ 33” E

VAN11

26

Mexico
Indonesia
(Borneo)
West Indies
(France)

19º 02’ 26” N
88º 03’ 20” E
0º 47’ 48” N
117º 06’ 23” E
0º 47’ 48” N
117º 06’ 23” E

YUC02

27

Zona Maya, Yucatan
peninsula
Batu Ampar,
Central Kalimantan
Near Mont Pelée,
Martinique

29

Mozambique

Supita, near Mopeia

17º 56’ 20.6” S
35º 43’ 33.8” E

MOZ19
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Argentina

25º 39’ 00” S
54º 35’ 00” W

IGUAZU01
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French
Guyana

Iguazú Parque
Nacional
de las Cataratas
B.E.C. 16 km from
Kourou

14º 49’ 23” N
61º 7’ 37” W

FRG05
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Indonesia
(Borneo)

0º 17’ 12” N
109º 33’ 00” E

PA02
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Austria

Mandor Nature
Reserve,
North of Pontianak
Heilligenkreutz
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England

AUSTRIA
01
ENG13
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Spain

48º 03’ 19” N
16º 7’ 48” E
50º 31’ 23” N
03º 50’ 7.5” W
28º 32’ 4” N
16º 19’ 0” W
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Location

Newbridge, River Dart
NP Devon
Pedro Alvarez
Reserve,Tenerife

Georeference

Plot ID

BA07
MQUE1

TENERIFE
04

Forest type
Coastal primary forest,
logged with Agathis
macrophylla (Kauri)
overstorey
Logged secondary lowland
forest.
Primary forest, heavily
logged 1991/92
Humid, lowland forest on
volcanic slopes, heavily
disturbed.
Semi-deciduous
microphyll vine forest.
Community reserve
Lowland vine forest,
disturbed

Species
richness
38

PFT
richness
22

PFC
value
217

37

26

288

35

23

286

32

24

279

31

24

144

28

24

302

28

18

146

Tierra firme simple
evergreen forest on white
sand
Low microphyll evergreen
forest in blackwater system
on siliceous sand
Disturbed riparian forest

25

21

228

23

16

116

Deciduous oak forest

20

19

160

‘Laurisilva’ upland forest

12

9

46

* Data summary from plots with richest vascular plant species and Plant Functional Type (PFT) and Plant Functional Complexity (PFC) values
extracted from a series of global, ecoregional surveys and restricted to closed forests. All data collected using a standard ‘VegClass’ sampling
protocol (Gillison, 1988, 2001). Forest conditions range from relatively intact to highly disturbed. Source: International Centre for Agroforestry
Research, Alternatives to Slash and Burn Programme (ICRAF/ASB); Center for International Forestry Research (CIFOR); WWF AREAS project
and CBM (Center for Biodiversity Management).
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Fig. 2 Comparative patterns of plant species diversity regressed against Plant Functional
Type diversity in eight countries including Mozambique. Transects (red dots) cover a wide
variety of vegetation types along land use intensity gradients in each country (e.g. savanna to
humid closed forest). All data collected according to a uniform (VegClass) protocol
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E valley. (a) Tall woodland savanna (Mutarara/
F
Fig. 3 Vegetation types in the Lower Zambezi
Moatize), (b) Deciduous Brachystegia woodland (Mutarara/Chinsomba), (c) Tall Mopane
(Colophospermum mopane) forest (Mutarara/Doa), (d) Open grassland and shrub savanna
(Mutarara), (e) Typical fired landscape (Moatize/Mutarara), (Baobab/ Acacia woodland with
termites (Mphanda Nkuwa area).
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Fig. 4 Transport and water use. (a) Bullock cart, Chinsomba (Mutarara), (b) Canoe, Shire
river (Morrumbala/Mutarara), (c) Communal use, Zambezi R. (near Tete), (d) Drawing water
from a well (Mutarara), (e) Cattle and people, Zambezi R. (Mphanda Nkuwa), (f) Water still
needs to be carried (Mphanda Nkuwa).
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Fig. 5 Land use in the Lower Zambezi valley. (a) Mixed subsistence farming in Borassus/
Hyphaene savanna (Marromeu), (b) Termites in commercial, irrigated sugar cane
(Marromeu), (c) Home made mud bricks (MutararaT (d) Timber extraction (Mutarara/
Morrumbala), (e) Sweet potato cultivation in annually flooded depressions (Quelimane), (f)
Cotton production (Mutarara).
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