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wetlands: the case of rice in Esteros del Iberà, Argentina
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Abstract

The conversion of wetlands to alternative uses, or land uses that affect either water levels or water quality, have profound
implications for the ecological and hydrological services wetlands provide. This study considers the hydrological externalities
of agricultural production in one freshwater wetland: the Esteros del Iberà in north-eastern Argentina. Two externalities are
considered. First, an international hydroelectric power project, the Yacyretà dam, has significantly increased the extent of the
Iber̀a wetland and will continue to do so over the next decade. This has negatively affected the production of rice. Second,
production of rice positively affects the area of the wetland. Further increases in water levels in Iberà are expected to induce
a reallocation of rice production within the region and in particular within the wetland. The paper models the externality and
estimates the costs involved.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Wetlands everywhere are coming under increasing
ressure from economic development. The conversion
f wetlands to alternative uses, or land uses that affect
ither water levels or water quality have profound im-
lications for the ecological and hydrological services
etlands provide. These services vary from one wet-

and to another. They include, for example, the treat-
ent of urban sewage, storm buffering, the provision of

∗ Corresponding author. Tel.: +44 1904 432997;
ax: +44 1904 432998.
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habitat for commercially exploited species or the c
servation of rare and endangered species, recre
and tourism, and the regulation of both surface
ground water supplies (Acharya, 1997; Acharya an
Barbier, 1997; Adams and Kimmage, 1998; Aylw
and Barbier, 1992; Barbier, 1994; Barbier et al., 19
Barbier and Strand, 1997; Barbier, 1997; Costa
et al., 1989; Creemers and Van Den Bergh, 1
Farber and Costanza, 1987; Turner et al., 2000).

In most cases, the potential loss of wetland
vices is not factored into the decisions of those wh
behaviour affects the wetland. That is, they are
reflected in prices paid for the right of access to wet
resources, or received for the output of wetland-b

304-3800/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Province of Corrientes, Argentina, showing the location and extent of the Esteros del Iberà (wetlands of Iber̀a).

activities. They are external to the market. Estimation
of the opportunity cost of such externalities depends on
our capacity to calculate the changes in the value of out-
put they induce.1 This in turn requires specification of
production functions that include ecosystem services as

1 Estimation of people’s stated preference for any wetland service
might be obtained through one or other of the many survey-based
valuation techniques, but this is not the problem here.

arguments of those functions. This study considers the
hydrological externalities of agricultural production in
one freshwater wetland: the Esteros del Iberà (the wet-
lands of Iber̀a) in north-eastern Argentina (seeFig. 1).
In particular, it develops a model of rice production
that incorporates the hydrological services provided
by the wetland, and controls for the hydrological ef-
fects of other significant economic developments in the
region.
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The Iber̀a wetland system covers an area of ap-
proximately 12,000 km2 or 13.6% of the area of the
Province of Corrientes (Ferrati et al., 2001). The wet-
lands are some 215–250 km long with a mean width
of 140 km in the northeastern and 20 km in the south-
eastern part. The system includes numerous permanent
lakes, including the Laguna de Iberà (Iber̀a lake), which
gives its name to the wetland. It comprises six sub-
systems, of which the largest and most important is
the Iber̀a-Carambola system. The system is subject to
two main hydrological stressors. One derives from a
hydroelectric development on the Paranà River. The
other derives from rice production within the Iberà
catchment.

The first, an international hydroelectric power
project, the Yacyretà dam, constructed by the govern-
ments of Argentina and Paraguay through a bilateral
international agreement, has significantly increased the
extent of the Iber̀a wetland and will continue to do so
over the next decade. Yacyretà and Iber̀a are separated
by a permeable strip of land between 4 and 12 km wide.
The dam began to fill in 1989. Its current water level,
76 m, is 3 m above the level of the wetland. Its final wa-
ter level is expected to be 83 m, 10 m above the level
of the wetland. This has already reversed the flow of
groundwater and has so far caused an increase in the
mean water level of the wetland of 0.8 m (Ferrati et al.,
2001).

The second is a wetland-based rice production sec-
tor in Iber̀a. This is both dependant on the wetland for
irrigation water (uses it as a source) and discharges
spent water into the wetland (uses it as a sink). Rice
is the dominant crop in the wetland. It accounts for al-
most 42% of cultivated land of the province and this re-
flects considerable growth through the 1990s (D.E.C.,
1983; S.I.A., 1999). The expansion in rice area is partly
due to improving international rice prices, but also to
the impact of changes in water levels on the cost of
production. There have been significant improvements
in productivity – yields per hectare increased from
4.75 tonnes in 1993 to 5.13 tonnes in 1997. This is due
both to the higher use of agrochemicals and fertilizers,
and to the introduction of new tropical rice varieties.
It so reflects changes in the irrigation regime so as to
capture, (a) its dependence on the wetlands (and hence
the partial economic impact of the Yacyretà project)
and (b) the impact of changes in the level of the rice
activity on the wetland itself.

The change in mean water levels has implications
for all of the activities based on or affected by wetland
resources. Livestock, tourism, rice and timber produc-
tion – the main activities of the area – are all potentially
affected by changes in mean water levels and hence the
extent of the wetlands. However, our study will con-
sider only the rice production sector.

2. Measuring the state of the wetland: the data

We use two measures of the state of the wetland.
The first is water levels. For this we have a time series
based on measurements at Iberà Laguna (Sustainable
Wetland Resource Management Project, 2002). As a
consequence of the construction of the dam, the cor-
relation between the levels of the Parana River at the
dam and of the wetlands at Ibera Lagoon during the
period 1989–1990 – when the Yacyretà dam started
to fill – are strongly correlated (Fig. 2). The time se-
ries analysis was done taking linear regressions of the
crude data, the data corrected by the balance (P-ET)
and the logged data, in order to determine the best cor-
relation. In all cases the coefficient of correlation is be-
tween 0.846 and 0.883 (Sustainable Wetland Resource
Management Project, 2002). The data suggest that the
water level of Ibera Lagoon increased as the level of
the Parana River was raised, but did not decrease as
the level of the river fell. The Ibera system apparently
reached a new equilibrium at which fluctuations are
t
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Our second measure is wetland area. We hav

irect observations of this, but have constructe
easure from remote sensing data, which prov
straightforward means to monitor changes in

er bodies over time (Campell, 1996; Richards, 198).
n our study, where ground-based data on the v
ion of the extension of the Iberà wetland were non
xistent, remote sensing images are the only so
vailable. For the GIS study, we have focused on
ber̀a-Carambola wetland (around 675,000 ha).
omprises a little more than one half of the total Ib̀a
ystem. We used the Advanced High-Resolution
iometer (AVHRR) with 1 km grid resolution.2 In or-
er to identify changes in water cover extension of

2 The AVHRR is a multispectral radiometer carried by a se
f meteorological satellites operated by NOAA in near-polar,
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Fig. 2. Water level Parana River–Ibera Lagoon (April 1989–December 1990).

Fig. 3. Water levels and rainfall at Iberà Laguna 1972–1999.

wetland, we follow four different spatial analysis meth-
ods using the ArcInfo GIS package: two using single
waveband analysis and two using multiple waveband
analysis. Single waveband analysis focused on neigh-
bouring modelling using the grid of the second band, as

synchronous orbits. AVHRR collects five channels of data at a spa-
tial resolution of 1 km in the visible, near infrared and thermal
infrared. One channel in the visible infrared region (spectral lim-
its: 0.58–0.68�m), one in the near infrared region (spectral limits:
0.72–1.10�m) and three in the thermal infrared region (spectral lim-
its: 3.55–3.93�m; 10.30–11.30�m; 11.5–12.5�m).

the determination of the land–water interface is easiest
in the near infrared region. Multiple waveband analysis
used the Isodata Clustering Algorithm and the Principal
Component Analysis.

Since remote observations were available only for a
limited number of periods, we constructed a long-term
data set for the wetland area through the proxy variable
of water flow (m3/s) of the river Corrientes. In the hy-
drography of the Iberà system this river is the only point
of discharge for water from the wetland. This leads us
to expect that there will be a well-defined relationship
between wetland area and river flow. By estimating the
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Fig. 4. Estimated variation of the area of the Ibera wetland (annual means).

mean values of river flows we obtained observations
against which wetland area could be regressed. Using
four regression models corresponding to each of the
four methods of digital detection of the wetland area,
we selected the model – an additive linear model – that
offered the best fit.3 This was then employed to esti-
mate wetland area using the data set on daily Corrientes
river flows from 1968 to 2000 (Fig. 4).

It is immediately apparent from these estimates
that the mean extent of the wetland over the
period 1968–1988 (w68–88 = 676,306 ha) is signifi-
cantly lower than that over the period 1989–2000
(w89–00 = 802,845 ha). There is, in other words, evi-
dence of a general expansion of the wetland from 1989,
the year that the Yacyretà dam started to fill. Secondly,

3 The data that offer the best fit are those derived from the cluster
analysis using the Isodata Clustering Algorithm.

the wetland area shows high interannual variation. With
a slope of less than 1%, a relatively small increase in
water inflow causes a significant change in the area
of the wetland. The greatest fluctuations in wetland
extent correspond to El-Niño (ENSO) events (Ligier
et al., 1998).

3. Theory and methodology: the production
function approach

The economic problem to be investigated stems
from two facts. One is that economic activities such
as rice production depend on the quality, the level and
the extent of the wetland. The other is that the qual-
ity, the level and the extent of the wetland are itself
affected by certain activities – principally hydroelec-
tric power generation and rice production. Since these
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activities have the potential to change wetland charac-
teristics they also have the potential to affect the well-
being of people who depend on wetland resources for
their livelihood.

Since the effects of hydroelectric power generation
or rice production are not reflected in market prices
they are ignored by those responsible. That is, any costs
imposed or benefits conferred on other members of so-
ciety are not taken into account in decisions about, for
example, the area planted under rice or the final level
of the Yacyret̀a dam. If we can identify the nature and
significance of the interdependence between activities
that either depend on or affect the characteristics of
the wetlands, we can also identify ways in which the
provincial or national government can intervene to as-
sure the sustainable use of wetland resources.

To address this problem we model: (a) the depen-
dence of the rice sector on selected measures of wetland
resources and (b) the impact of economic activities on
the wetlands. The approach involves specification of a
functional relationship between the output of the rice
sector and a set of inputs that includes not just the land,
labour and capital used in production, but also mea-
sures of environmental quality.

Assume that there arendistinct rice producers,i = 1,
. . .,n, wherei denotes theith farmer, or theith grouping
of farmers. In this paper,i will generally refer to all
farmers at the level of a district. The general form of
the production function for all producers is:
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hydrological effects occur within a single period, the
change in wetland levels will reflect both environmen-
tal conditions and the feedback effects of rice produc-
tion. That is:
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(
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n∑
i=1
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)

This means that the choice by any one producer of
the land area to commit to rice production has both
direct and indirect impacts on the output.

If we understand both how rice production is im-
pacted by wetland area (water level) and how wetland
area is impacted by the extent of the land devoted to rice
production, we will accordingly be able to estimate the
external effects of land use decisions on the rice sector.
Optimal land allocation policies depend on the net ben-
efits of a marginal change in rice area on water levels
and rice productivity. Taking only the consequences of
changes in the area of land under rice, the value of the
marginal external effect ofri

ton the aggregate output of
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∑
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orrelated with wetland area, such as water level
ater quality). If the market price of a unit of output

he rice sector isp, then the derived value of wetla
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Furthermore we suppose thatwt may potentially de
end on the land allocated to the rice sector, as
s on a set of ‘environmental’ factors that includes
onstruction of the Yacyretà dam. We denote these ‘e
ironmental’ factors by the vectorzt. If the principa
rivate and social decisions wherever there are p
ially serious externalities. But the distinction betw
ocial decisions at different levels of governmen
lso important wherever there are trans-jurisdictio

rans-boundary spillovers. For the Ibera problem,
re interested both in inter-district effects (the local
ironmental consequences of rice production) an
rans-boundary effects (the effect on Ibera of the
yret̀a dam). Each decision problem involves linka
etween rice production and change in the wetland

he linkages that are treated as endogenous vary
ne decision problem to another.

Taking the problem of district level decisions,
uppose that the objective of theith district authority
or the rice sector can be written as:
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subject to,

wt = f


zt ,∑

j

r
j
t




w0 = w(0)

r
j

0 = rj(0); ∀j

whereπi denotes rice sector profits in theith district
andρ is a discount factor. All other variables have al-
ready been defined. Of course a welfare function that is
restricted to the profits from a single economic activity
– rice production – is much too restrictive. But it does
make it possible to isolate the hydrological externality
of rice production in a straightforward way. In reality,
changes in water levels that are due to the rice sector
may be expected to impact on a range of other wetland-
based activities including tourism, ranching and con-
servation activities. We abstract from these here.

Maximisation of rice sector profits in theith district
requires, inter alia, that:
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That is, the provincial authority is assumed to max-
imise the sum of rice sector profits in each district of
Corrientes. The first order necessary conditions on the
area of land under rice in theith district now include:
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, capture the indirect

effect of the land allocation decision in theith district
on rice sector profits in all other districts.

The solution to the models yields a set of conditions
for the choice of land area allocated to rice. These de-
pend on the form of the functions linking rice produc-
tion and wetland area. Before we are able to analyse the
hydrological externality, therefore, we need to specify
and estimate both the (environmental) rice production
function and the wetland area function.
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of the following form:

qi
t = αi + γt + β1r

i
t + β2w

i
t + β3(wi

t)
2 + εi

t

whereqi
t is the tonnes of rice produced per hectare in

district i at timet; αi are district specific intercepts;γ t

are time specific intercepts;ri
t the land area used for rice

cultivation;wi
t the wetland area in districti; β1, β2 and

β3 are estimated coefficients; andεi
t is the random error

term. To focus on impact of wetland area, we allow the
effect of other inputs to be captured by the intercept
terms.

To estimate this production function, we use a panel
of data. Where there are limited time-series and cross-
sectional data sets, as is the case in this study, panel
data analysis is indicated. The panels were generated
by pooling time-series observations across a variety
of cross-sectional units, so yielding a larger data set
with more variability and less collinearity among the
variables. This offers more precise estimators and test
statistics with more power than is typical of cross-
sectional or time-series data.

We control for all unobserved factors affecting the
dependent variable. These factors may consist of two
types: those that are constant in time but vary across
units and those that vary over time but are constant
for all units (Wooldridge, 2000). In the case of the
rice sector, the units are the political districts of the
province of Corrientes. ‘District effects’ are the un-
observed factors that are constant in time but vary
a ver
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the seven districts whose area overlaps the Iberà wet-
land. We call these ‘in-wetland’ districts. Second,
we consider the remaining districts4 of the province
that are outside5 the Iber̀a wetland (‘out-wetland’ dis-
tricts). Third, we consider all the rice-producing dis-
tricts of Corrientes together (i.e. ‘in-wetland’ plus ‘out-
wetland’ districts).

For the ‘in-wetland’ districts the area of the wetland
is weighted by the proportion lying in each of the seven
districts. On the other hand, for the ‘out-wetland’ dis-
tricts and for the whole sample, the area of the wetland
is assumed to be a function of time only, reducing the
regression model to:

qi
t = αi + γt + β1r

i
t + β2wt + β3(wt)

2 + εi
t

The regression6 results from the ‘in-wetland’, ‘out-
wetland’ and ‘whole province’ models are presented in
Tables 1–5. In Table 1, we report only models selected
on the Breusch Pagan Lagrange multiplier (LM) test
to discriminate between pooled OLS and panel meth-
ods, and in second instance on the Hausman test to
choose between fixed and random effects methods. A
comparison between the coefficients from the various
models reveals that the impact of wetland area on rice
productivity is location-specific.

Estimates for the “in-wetland” model with and with-
out period effects are shown inTable 2. The LM test
favours the pooled OLS model. All coefficients have
the expected sign and are statistically significant at the
5% level. The goodness of fit is reasonable (R2 = .45).
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unction.
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arying (“time” or “individual”) unobserved facto
ither the fixed (FEM) or the random (REM) effe
stimation is used. If there is correlation between
ffectsαi andγ t, and the explanatory variables th

he random effect model cannot be estimated co
ently. Only the fixed effects model can be estima
onsistently.

The estimation proceeds by decomposing the
ector in the following way. First, we consider o
n the model that includes the period effects, the
est still favours OLS over panel methods. Betw
he fixed and random effects models, the Hausman
avours the FEM over the REM in both ‘with peri
ffects’ and ‘without period effects’ models, althou

he FEM coefficients are not statistically significa
he fact that the FEM is preferred to the REM imp

4 As not all the districts in the province of Corrientes are rice
ucers we exclude from the analysis those for which the amou
roduction is irrelevant. Therefore, we consider just 12 out o
otential “out-wetland” districts (Bella Vista, Beron de Astrada,
uzu Cuatia, Esquina, General Alvear, General Paz, Goya, La
burucuya, Monte Caseros, Paso de Los Libres and Saladas)
5 Due to its impact on groundwater over a wide area, variatio

he area of the Iberà wetland may also influence rice productivity
istricts that are at some distance.
6 A linear additive function in this case outperformed
obb–Douglas function.
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that there is a potential role for unobserved variables
that have different values in different districts and in
different years. That is, there is potentially both struc-
tural heterogeneity among districts and some time trend
factor involved.

Consider the question of structural heterogeneity.
The values of the district intercepts are reported in
Table 3. Without period effects, the district of Mer-
cedes has the highest intercept value. San Roque has
the lowest. These intercepts account for differences in
rice productivity within the seven districts that are not
explained by the independent variables included in the
model. It may be inferred, for example, that rice pro-
ductivity in Mercedes is less affected by the variation
in wetland area compared to the other districts, but it
depends more on some other factor not accounted for
in the model.

In fact, within the district of Mercedes the mean area
of rice sowed per producer (750 ha) is much higher than
the mean area per producer in other districts (around
100 ha) (DNPER, 1996). Hence, we might infer that
there are economies of scale that are reflected in higher
levels of rice productivity in Mercedes compared to the
other districts.7

If we compare the district intercepts between the
‘with period effects’ and ‘without period effects’ mod-
els (Table 3), the same general difference between Mer-
cedes and the other districts is apparent, but the values
of all intercepts have been reduced considerably, many
becoming negative. This means that a high proportion
o ts’
m uch
a the
‘

ely
e and
t the
m (see

rm-
e laced
l ased
t r, the
i ogies
a 1996
t 37 ha.
T nd’
d ince
a

f the value of the intercept in ‘without period effec
odels is in fact due to a time-trend variable, s
s technological progress, that is accounted for in

with period effects’ model.
The increasing trend of rice productivity is larg

xplained by the path of the period intercepts,
herefore by a period factor not accounted for in
odel (i.e. neither wetland area nor rice area)

7 A major factor here has been the migration of Brazilian rice fa
rs to the district over a number of years. The immigrants disp

ocal rice farmers and consolidated land-holdings. This incre
he scope for economies of scale. With greater borrowing powe
ncoming rice farmers progressively introduced better technol
nd more productive tropical rice qualities. Between 1988 and

he area under rice in Mercedes increased from 2435 to 106
his is well above the growth rate for rice land in the ‘in-wetla
istricts (169%), the ‘out-wetland’ districts (28%) and the prov
s a whole (69%) over the same period.
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Table 2
Regression models for the ‘in-wetland’ districts

Variables OLS FEM REM

Coefficients p-Values Coefficients p-Values Coefficients p-Values

Without period effects
Constant 3.1171 0.0000 3.1271 0.1898
Rice land 0.2424E−03 0.0000 2.17E−04 0.0002 2.42E−04 0.0000
Wetland area 0.6918E−06 0.0100 2.38E−08 0.9978 6.72E−06 0.0073
Wetland area sq. −0.1258E−11 0.0192 1.87E−13 0.9855 −1.21E−11 0.0153
R2 0.45 0.55 0.45
Adj. R2 0.42 0.48 –

LM FEM/REM vs. OLS 0.24 (p-value = 0.6243)
Hausman 8.80 (p-value = 0.0321)

With period effects
Constant 3.1171 0.0000 4.5513 0.0001 3.2042 0.0000
Rice land 0.24241E−03 0.0000 0.55662E−04 0.3961 0.22760E−03 0.0000
Wetland area 0.69184E−05 0.0100 −0.79672E−05 0.5502 0.58730E−05 0.0129
Wetland area sq. −0.12580E−10 0.0192 0.94380E−11 0.4979 −0.10375E−10 0.0256
R2 0.45 0.71 0.45
Adj. R2 0.42 0.58 –

LM FEM/REM vs. OLS 0.29 (p-value = 0.8664)
Hausman 19.80 (p-value = 0.0002)

Fig. 5). The growth of production in Mercedes and its
role in stimulating rice production elsewhere in the ‘in
wetland’ districts explains both the rise in rice produc-
tivity and the positive trend of the FEM period inter-
cepts values for the ‘in wetland’ districts.

Now consider the ‘out-wetland’ districts. The re-
sults for the regression models with and without pe-
riod effects are reported inTable 4. In the regression
model without period effects, the LM test favours the
OLS model. The signs of the coefficients for each vari-
able are the same as the respective ‘in-wetland’ OLS
model, but wetland variables are no longer statisti-
cally significant. Thep-values do not change much

Table 3
Fixed effects district intercepts for the ‘in-wetland’ models

Fixed effects district
intercepts (without
period effect)

Fixed effects district
intercepts (with
period effect)

Concepcion 3.8626 −0.0954
Ituzaingo 3.5513 0.8518
Mercedes 4.2177 1.3529
San Martin 3.5601 −0.1190
San Miguel 3.6093 −0.2789
San Roque 2.9826 −1.1631
Santo Toḿe 3.0721 −0.5896

(p-value of 0.11 for the wetland area and 0.16 for
the wetland area squared, respectively) when cor-
rected for heteroskedasticity. In the panel regression
model, the wetland area variables vary over differ-
ent periods but are the same for each district dur-
ing the same period. Therefore, the Hausman test is
inadmissible.

In the model with period effects, the LM test favours
the panel over the OLS and the Hausman test favours
the REM against the FEM. The REM coefficients of
the wetland area variables are not statistically signifi-
cant but have the expected sign. Once again, comparing
the goodness of fit (adjustedR2) between the differ-
ent models, it is clear that a time trend factor is rela-
tively more important than the structural heterogeneity
in explaining variation in rice productivity. Using the
district intercepts (Table 5) to identify the importance
of structural factors, the districts of Beron de Astrada
and General Alvear have the highest intercept values,
while Goya and Lavalle the lowest. That is, rice pro-
ductivity in the former districts is less influenced by
the factors included in the model compared to other
districts. When we include period effects, there is lit-
tle change in the ranking of intercepts though, as with
the ‘in-wetland’ districts, the value of the intercept is
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Table 4
Regression models for the ‘out-wetland’ districts

Variables OLS FEM REM

Coefficients p-Values Coefficients p-Values Coefficients p-Values

Without period effects
Constant 1.6982 0.1953 1.6969 0.1864
Rice land 0.14466E−03 0.0001 0.17854E−03 0.0028 0.15145E−03 0.0002
Wetland area 0.49109E−05 0.1480 0.47135E−05 0.1599 0.48714E−05 0.1424
Wetland area sq. −0.2835E−11 0.1835 −0.2709E−11 0.1982 −0.2810E−11 0.1781
R2 0.17 0.28 0.17
Adj. R2 0.14 0.17 –

LM FEM/REM vs. OLS 0.19 (p-value= .6651)
Hausman 8.80 (p-value= 0.0321)

With period effects
Constant 1.6982 0.1953 2.7466 1 1.7021 0.5585
Rice land 0.1446E−03 0.0001 0.1117E−03 0.0415 0.1249E−03 0.0012
Wetland area 0.4910E−05 0.1480 0.7959E−06 1 0.5025E−05 0.5035
Wetland area sq. −0.2835E−11 0.1835 0.9094E−12 1 −0.2908E−11 0.5378
R2 0.17 0.48 0.17
Adj. R2 0.14 0.33 –

LM FEM/REM vs. OLS 17.43 (p-value= 0.0002)
Hausman 12 (p-value= .9893)

significantly reduced indicating that a time trend factor
is an important part of the explanation for productivity
variations.

The important point to make here, is that there is
a clear difference in the role of the wetland area in
the seven districts referred to as ‘in-wetland’ districts
relative to the 12 districts referred to as ‘out-wetland’
districts. Wetland area explains much more of the vari-

Table 5
Fixed effects district intercepts for the ‘out-wetland’ model

Fixed effects district
intercepts (without
period effect)

Fixed effects district
intercepts (with
period effect)

Bella Vista 1.6865 −0.0392
Beron de Astrada 2.0153 0.2816
Curuzu Cuatia 1.7245 0.0724
Esquina 1.8899 0.2662
General Alvear 2.0047 0.2348
General Paz 1.7801 0.0020
Goya 1.2250 −0.4711
Lavalle 1.1810 −0.4159
Mburucuya 1.7864 −0.0378
Monte Caseros 1.8122 0.0683
Paso de Los Libres 1.6526 0.2359
Saladas 1.5401 −0.1973

ation in rice productivity in the former than in the latter.
In both models, wetland area has a positive effect up to a
certain area, beyond which the effect is negative and in-
creasing. However, this effect is much more marked in
the ‘in-wetland’ districts. The point at which increases
in the extent of the wetland start to damage rice pro-
duction is also much lower. This can be estimated from
the turning points in the quadratic functions for wet-
land area (after controlling for rice-sown land area).
The turning point for the ‘in-wetland’ districts occurs
when the wetland is at 274,946 ha. The turning point for
‘out-wetland’ districts, by contrast, is 866,034 ha. Ac-
tual wetland area is already above the turning point for
the ‘in-wetland’ districts, but below the turning point
for the ‘out-wetland’ districts. It follows that further
expansion of the wetland area will have a negative ef-
fect on the rice productivity in the former and a positive
effect on the latter.

Compare the FEM district intercepts for models
without period effects (Tables 3 and 5). Those corre-
sponding to ‘out-wetland’ districts are generally lower
than those corresponding to ‘in-wetland’ districts. This
indicates that the unaccounted variables explaining het-
erogeneity among districts are more important for ‘in-
wetland’ than ‘out-wetland’ districts. But if we com-
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Fig. 5. Time trend of FEM period intercept values.

pare the FEM district intercepts for models with pe-
riod effects, the opposite is true. This is explained by
the fact that the difference in rice productivity between
‘in-wetland’ and ‘out-wetland’ districts is due to time
trends more than to structural conditions. Time trend
variables (we have suggested rice production technol-
ogy in Mercedes) are more important for ‘in-wetland’
districts.

5. The wetland area function

The second function we need to estimate is the wet-
land area function. This is required to enable us to es-
timate the effect of rice production on the extent of the
wetland. If rice irrigation diverts either river flows or
underground water into wetlands, it can have a positive
impact on wetland area. The general form of the func-
tion is,wt = f

(
zt ,
∑

i r
i
t

)
, which we estimated in the

following form:

wt = α0 + β1r
1
t + · · · + βnr

n
t + εt

whereβir
i
t captures the effect of rice-sown area in the

ith district on the overall size of the wetland. We fo-
cussed on the relationship between rice land and wet-
land area in the seven ‘in-wetland’ districts.8 The an-

8 District notation is as follows: Concepcion (CON), Ituzaingo
(ITU), Mercedes (MER), San Martin (SMRT), San Miguel (SMIG),
San Roque (SROQ), Santo Tomé (STOM).

nual data are limited, offering just 11 observations. Re-
gressing annual mean wetland area against rice area for
each of the seven districts, a log–log model yielded an
R2 of 0.93 (adjustedR2 = 0.77). However, few of the
independent variables (district values) were significant
and almost all turned out to be highly correlated. To ad-
dress the problem without removing any of the district
variables we used a Ridge Trace as a way of correcting
the coefficients. The Ridge Regression Trace, which
adds a constantk to the variances of the explanatory
variables before solving the normal equations, was con-
structed by computing a total of 11 regressions adding
equally spaced values ofk (=0, 0.2, 0.4, etc.).

Taking the value of the coefficients atk= 2 (at which
neighbourhood all the coefficients on the Ridge Trace
(Fig. 6) appear to stabilize) as the reference for our
study of the individual effect for each variable and
adding the constant of the original model, the model
becomes the following:

ln(WET) = 14.3732+ 0.1011 ln(CON)

+0.0662 ln(ITU)+ 0.1730 ln(MER)

−0.0740 ln(SMRT)+ 0.0283 ln(SMIG)

+0.0186 ln(SROQ)− 0.0450 ln(STOM)

+ε

The rice area in the districts of San Martin and Santo
Tomé has a negative impact on wetland area, whilst
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Fig. 6. Ridge regression coefficients trace.

in the other five districts it has a positive impact. This
outcome is consistent with the hydrography of the area.
Specifically, it reflects the pattern of water discharge.
The districts of Santo Toḿe and San Martin are crossed
by the river Aguapey and its wetland. This is a separate
system from the Iberà wetland. Water discharged into
this river is accordingly lost to the Iberà wetland. On
the other hand, irrigation water from other districts is
returned to Iber̀a, along with any captured rainfall. They
accordingly have a positive effect on the wetland area.

To quantify the effect note that the coefficients in
the log–log equation are the district-specific measures
of the rice area elasticity of the wetland. That is, they
measure the responsiveness of the wetland area to a
change in the area under rice in each of the seven ‘in-
wetland’ districts. The rice area elasticity of the wetland
in the ith district is

ηi = �wt

�ri
t

ri
t

wt

where�wt denotes the change in the area of the whole
wetland and�ri

t the change in rice area inith district.
It follows that the predicted change in wetland area due
to an increase in the area under rice cultivation in the

ith district is:

�wt = ηi �ri
twt

ri
t

Based on this measure, we estimate (Table 6) the
change in wetland area in each of ‘in-wetland’ districts
due to the expansion of land under rice in 1988–1999.
The expansion of rice production in the district of Mer-
cedes is the principal cause of the rice-induced increase
in wetland area. This district had the highest rice area
elasticity of the wetland area (0.173) as well as the
largest increase in rice production. Its effect was par-
tially offset by the increase of rice cultivation in the
districts of San Martin and Santo Tomè, both of which
removed water from the wetland. Nevertheless, the
growth of the rice sector in all of the ‘in-wetland’ dis-
tricts caused the wetlands to expand by over 44,000 ha
in 11 years. Some 30,000 ha of this is accounted for
by rice fields themselves, leaving more than 14,000 ha
accounted for by the discharge of irrigation water from
rice fields. This was a significant proportion – some
11% – of the total expansion of the wetland in that
period.
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Table 6
Estimated change in wetland area due to rice cultivation: ‘in-wetland’ districts

District ri (ha) �ri (ha) ηi wi/w �w (ha)

Concepcion 990 1,420 0.1011 0.0995 10,071
Ituzaing̀o 1,353 605 0.0662 0.5522 11,409
Mercedes 10,308 15,745 0.173 0.1472 27,150
San Martin 5,580 7,560 −0.074 0.052 −3,638
San Miguel 625 190 0.0283 0.0912 547
San Roque 2,798 2,005 0.0186 0.0052 48
Santo Tom̀e 5,170 2,720 −0.045 0.052 −859

26,823 30,245 0 1 44,728

6. An ecological-economic model of wetland
externalities

Given the estimated production and wetland area
functions, we are now in a position to evaluate the eco-
nomic implications of changes in water levels/wetland
area due to the growth of the rice sector and the con-
struction of the Yacyretà dam. This requires specifica-
tion of the profit function. Consider, first, the impact of
changes in wetland area on the cost of water for rice
production. In Corrientes, the water used in rice cultiva-
tion derives both from groundwater and from surface
water, the latter being the major source (Bustamante
and Vallacco, 1999). The cost of pumping depends on
the height of the water surface in relation to the height
of the ground to be irrigated. We do not have good data
on the general water level in the wetland or of the depth
of groundwater. We have a large data set on the water
level at a particular point within the wetland, Iberà La-
guna. We therefore, use the level of the lake and the
distance of the water level from the irrigated surface to
be a proxy for the water levels in the whole wetland.
Specifically, we estimate a log–log transformation of
the equation:

ln(d) = α + β ln(w)

whered is the distance (m) of the water level from
the irrigated surface andw is wetland area (ha). This
yields:

l

a

l

f e-
s

As a proxy for the cost of pumping water we take the
estimate ofCarruthers and Clark (1981), that the cost
of pumping 1 m3 of water 1 m vertically is 0.0064 times
the price of 1 kWh. According toVernet (1996)the wa-
ter intake for the rice production in the province of Cor-
rientes is approximately 11,500 m3/(ha year). There-
fore, the water intake cost function is the following:

ct = cdtut

whereut is the total water intake (m3) for rice irriga-
tion = 11,500r(t),dt the distance of the water level from
the surface,c= 0.0064,pkWh = (cost of pumping 1 m3

of water 1 m of height), andpkWh is the price of energy
(US$/kWh).

As before, we separately analyse the ‘in-wetland’
and ‘out-wetland’ districts of the province using the
models previously estimated. Our measure of the
opportunity cost of wetland expansion is the forgone
net benefit of rice from of a unit change in wetland
area. The profit function for theith district takes the
general form:

πi(pt, r
i
t , x

i
t , wt) = ptq

i
t(r

i
t , wt)r

i
t − c(ri

t , wt)

where p is the price of rice (US$/tonnes),ri
t the

rice-sown land area (ha),wt the wetland area (ha) and
qi
t is the total rice productivity (tonnes/ha).

Indexing ‘in-wetland’ districtsi and ‘out-wetland’
districtsj, and assuming an 8 m mean difference in alti-
t ts,
t

π

n(d) = 1.7899− 0.066 1n(w)

nd

n(d) = 12.4909− 0.0134 ln(w)

or the “in-wetland” and “out-wetland” districts, r
pectively.
ude between ‘in-wetland’ and ‘out-wetland’ distric
he net benefit functions for each are:

i = pri[3.1171+ 0.000242ri

+6.918E–06w − 1.25E − 11w2]

−[0.0064pkWh(5.9891w−0.0661)11 500ri]
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and

πj = prj[1.6982+ 0.0001446rj + 4.911E

− 06w − 2.83E− 12w2]

− [0.0064pkWh(12.4909w−0.0134)11 500rj]

The marginal forgone benefits of wetland expan-
sion depend on the productivity of rice-land given the
technology employed, the price of rice and the cost
of energy. At a given period,t, with given relative
prices, the marginal forgone benefit of wetland expan-
sion/contraction is:

dπi
t

dwt

= pt

∂qi
t

∂wt

dwt − ctut

∂dt

∂wt

dwt

The first term on the right hand side is the marginal
impact on rice revenue of a change in wetland area in
theith district. The second term is the marginal impact
on rice costs (via the cost of pumping water).

Given our estimates, the marginal impact for ‘in-
wetland’ districts is:

dπi
t

dwt

= ptr
i
t [6.918E–06− 2.516E–11wt ]

− [0.0064pkWh(−0.3959w−1.661
t )11 500ri

t ]

and for ‘out-wetland’ districts it is:

dπ
j

j

area
w ect
t can
t se in
t
f

(
w−0.0661+ ri(−0.0661)w−1.0661∂w

∂ri

)
11 500

This can be expressed in terms of the rice area elas-
ticity of the wetland (the responsiveness of the wetland
to a change in the rice area):

dπi
t

dri
= p(3.1171+ 0.000484ri + 6.918E

− 06w(1 + ηi) − 1.25E− 11w2(1 + 2ηi))

− 0.0064pkWh(5.9891−0.0661
w )

× (1 − 0.0661ηi)11 500

We are now in a position to estimate the optimum
area to commit to rice production in the in-wetland
districts and the value of the hydrological externality
of rice production or the inter-district spillover. First,
recall that for theith unit, ri should be chosen so as to
satisfy:

∂πi

∂ri
= −∂πi

∂w

∂w

∂ri

and for all units, it should be chosen to satisfy

∂πi

∂ri
= −

∑
j

∂πj

∂w

∂w

∂ri

We can refer to these as the ‘district’ and ‘wet-
land’ solutions respectively. Since∂w

∂ri = ηi w
ri , we can

u and
p d”
d

r

a

r

lo-
c ance
b ro-
d e di-
r ould
b arm-
e fers
g ex-
p efits
t

dwt

= ptrt [4.911E− 06− 5.66E− 12wt ]

− [0.0064pkWh(−0.1674w−1.0134
t )11 500rj

t ]

As we have shown, the increase in rice-sown
ithin the “in-wetland” districts has a feedback eff

hrough its impact on the extent of the wetland. We
hus estimate the marginal net benefit of an increa
he area under rice for theith “in-wetland” district as
ollows:

dπi
t

dri
= p

(
3.1171+ 0.000484ri + 6.918E

−06

(
w + ri ∂w

∂ri

)
− 1.25E

−11

(
w2+2riw

∂w

∂ri

))
− 0.0064pkWh5.9891
se these conditions to identify the optimal local
rovincial levels of rice-sown area for the “in-wetlan
istricts as:

i∗
district =

∂πi/∂w

∂πi/∂ri
ηiw

nd

i∗
prov =

∑
J∂πj/∂w

∂πi/∂ri
ηiw

Both imply that the area under rice in any given
ation should be chosen on the basis of the bal
etween direct and indirect net benefits. If local p
uction decisions impose costs on others, then th
ect net benefits of expanding rice production sh
e positive (sufficient to compensate the losses of f
rs elsewhere). Conversely, if local production con
ains on others, then local rice production may be
anded beyond the point where the direct net ben
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are positive (since local producers may be compensated
by those who gain elsewhere).

We have already shown that, in some districts at
least, extending the area under rice increases the area
of the wetlands. Specifically, in five of the seven ‘in-
wetland’ districts, an increase in the area committed
to irrigated-rice production increases the total area
of the wetland. In all ‘in-wetland’ districts the rice
area increased by 259% between 1988 and 1999. We
estimated that this ‘caused’ an increase, beyond the
rice sown area itself, of some 14,000 ha in the mean
wetland area between 1989 and 1999 – approximately
11% of the observed increase in wetland area over the
whole period.

To calculate the local and provincial optimum rice
areas we need to control for the exogenous increase in
wetland area. In 1989, water from the Yacyretà dam
started to filter through the ground and to influence the
Iber̀a wetland system (Ferrati et al., 2001). As a mea-
sure of this effect we compared the annual means of
wetland area extension estimated through remote sens-
ing and GIS analysis. We estimate the mean extent of
the wetland from 1968 to 1988 to have been 676,306 ha
and from 1989 to 2000 to have been 802,845 ha. The
difference of 126,539 ha is broadly consistent with the
assertion that more than 100,000 ha of agricultural land
have been lost since construction of the dam (Ferrati
et al., 2001).

Accordingly, we impose a structural break in the
model in 1989 and separately estimate the environ-
m for
t the
m d
‘ ha
(

a tland
a

dq
j

89−99

dw89−99
= 3.67E− 07

The marginal impact on rice revenues is negative
in ‘in-wetland’ and positive in ‘out-wetland’ districts.
Specifically, an increase of 1 ha of wetland area since
1988 has caused a loss of US$ 21.71 in ‘in-wetland’
districts, but a gain of US$ 5.67 in ‘out-wetland’ dis-
tricts. The marginal impact on rice costs, through the
cost of pumping, (pkWh = US$ 0.05), is a much smaller
gain of US$ 0.01 in ‘in-wetland’ districts and US$ 0.02
in ‘out-wetland’ districts.

We therefore, report four estimates of the optimum
rice area. We offer separate estimates for the optimum
rice area in (a) ‘in-wetland’ districts alone and (b) for
the whole of Corrientes for the periods before and af-
ter construction of the Yacyretà dam. For comparison,
these estimates are reported alongside the actual rice
area in each region, (Table 7).

Over the whole period and across the whole
province, Corrientes rice-profits have been negatively
affected by the impact of water level increases on pro-
ductivity. The ‘out-wetland’ districts gain in this re-
spect, but their gains are exceeded by losses in the
‘in-wetland’ districts. Two caveats are important. First,
our use of 1999 data for reference means that the mean-
yearly loss may be overestimated. Second, the negative
effect of wetland levels on productivity is dominated
by technological improvements in productivity due to
technological change, economies of scale and the in-
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Table 7
Estimates for the optimum local level of rice-sown area for the in-wetland districts

Mercedes Concepcion Ituzaingo San Martin San Miguel San Roque Santo Tome Total

ηI 0.173 0.1011 0.0662 −0.074 0.0283 0.0186 −0.045
dπi

dri
(1988) US$ 373.16 271.14 382.47 622.15 383.25 507.28 764.34

dπi

dri
(1999) US$ 1,379.45 58.68 122.12 1,075.42 112.52 404.06 768.73

dπi

dw
(1988) US$ −4.50 −0.52 −1.94 −3.32 −0.98 −3.32 −7.04

dπi

dw
(1999) US$ −44.17 −4.13 −4.02 −22.74 −1.75 −9.23 −15.87

ri (1988) ha 2,435 280 1,050 1,800 530 1,795 3,810 11,700
ri (1999) ha 18,180 1,700 1,655 9,360 720 3,800 6,530 41,945

ri* district (1988) ha 1,410 130 227 267 49 82 280 2,446
ri* district (1999) ha 4,448 5,713 1,750 1,256 353 341 746 14,608

ri* prov (1988) ha 4,998 4,020 1,866 1,282 796 395 635 13,993
ri* prov (1999) ha 9,850 13,5310 42,576 5,404 19,753 3,615 4,598 22,1107

1988 = before dam; 1999 = after dam.

Table 8
The value of change in the wetland area for rice production in Corrientes

In-wetland districts Out-wetland districts All districts

p (mean 88–99) (US$) 183
w (mean 68–88) (ha) 676,306
w (mean 89–00) (ha) 802,845
�w (ha) 126,539
%�w (ha) 18.71
r (88) (ha) 11,700 28,492 40,192
r (99) (ha) 41,945 60,352 102,297
�r (ha) 30,245 31,860 62,105
%�r (ha) 258 112 154
dπw (at p88–99) (US$) −21.71 5.67
dπw �w (US$) −2,734,527 717,355 −2,017,172
MCw (88) (US$) −0.01 −0.02
MCw�w (US$) −1,313 −3,198 −4511
dπw�w − MCw�w (US$) 2,012,661

for 1988–1999. The net effect is the sum of a loss of
some US$ 2.73 million in ‘in-wetland’ districts and
a gain of US$ 0.72 million in ‘out-wetland’ districts.
In summary, the Yacyretà dam has imposed a loss on
the province of Corrientes, measured in terms of the
forgone net benefits of rice production, of US$ 2.01
million per year.

7. Discussion

The aim of this paper has been to develop a model
of wetland interactions that makes it possible to test
the efficiency with which the resources of the wetlands

are used. We have focused on only one set of interac-
tions – those between rice producers – but the same
method may be applied to the modeling of other in-
teractions. The approach makes it possible to evaluate
the external effects of wetland-based economic activ-
ities. We consider, in particular, the problem of rice
production within the ‘in-wetland’ districts and find
a strong two-way interaction between economic and
natural processes. Expansion of rice production within
certain ‘in-wetland’ districts (such as Mercedes) posi-
tively feeds back into the growth of the wetland, whilst
expansion of production in other districts (such as San
Martin and Santo Tom̀e) has the opposite effect. Un-
derstanding these physical interactions and the factors
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that lie behind the decision to commit land to one use
or another are essential to the sustainable development
of the province’s resources.

A second point is that the effect of increases in wa-
ter levels/wetland area in rice production depends on
initial conditions. In ‘in-wetland’ districts, where wa-
ter levels are already ‘high’ relative to cultivated lands,
the increase in water levels associated with the Yacyretà
dam has had negative effects on productivity in the rice
sector. More particularly, in the rice sector we found
the marginal impact of wetland area to be a positive up
to a point – the maximum productivity point – beyond
which it becomes negative and increasing. This rela-
tion is quite consistent with the agronomic theory of
irrigation (Hexem and Heady, 1978). We find the turn-
ing point to be at a lower level for districts inside the
wetland than for districts outside.

We would expect that further significant increases
in water levels would negatively affect other sectors
as well. In the absence of remedial work on the per-
meable land between the Yacyretà dam and the Iberà
wetlands, water levels in the wetlands will continue
to rise. For policy and strategic planning purposes, it
is important to understand which sectors are at risk.
Furthermore, it is important to understand the nature
of those risks. Further research is needed to identify
the sensitivity of wetland-based activities to increasing
water levels at a district level. This research should es-
tablish whether there is a maximum productivity water
level for each sector, and if so what it is. It should also
c ts of
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wa-
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r by
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l in
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of the wetland to the wider community. Designation
of Iber̀a as a Ramsar site implies that the international
community places some weight on the conservation of
the habitat. Hence, we should regard the estimates re-
ported here as a very much lower bound on the value
of the changes caused by the dam and the expansion
of the rice sector. The value of the resource to the in-
ternational community cannot, of course, be uncov-
ered through the ecological-economic models devel-
oped here. What these enable us to do is to improve
our understanding of the environmental linkages be-
tween multiple resource users and the economic im-
portance of those linkages. Further work should in-
clude both qualitative as well as quantitative changes
in the state of the wetland. It should also seek to inte-
grate the models of hydrological, chemical and biolog-
ical, and economic processes involved. But we believe
that the models developed here have already helped
to identify some important connections between the
economical and ecological environments of the Iberá
wetlands.
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formacíon Agroeconomica (office of agribusiness information).
Ministerio de Producción y Desarrollo (Bureau of Production
and Development of the Province of Corrientes). Province of
Corrientes. Argentina.

Sustainable Wetland Resource Management Project, 2002. Univer-
sity of Siena. Online:http://www.unisi.it/wetland/.

Turner, R.K., Van Den Bergh, J., Söderqvist, T., Barendregt, A., Van
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