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Abstract

Question: How is the magnitude and seasonality of carbon uptake affected by

the replacement of native grasslands by eucalyptus plantations?

Location: R�ıo de la Plata Grasslands in Argentina and Uruguay.

Methods: A total of 115 paired sites of fast-growing Eucalyptus grandis planta-

tions and adjacent grasslands were used to characterize the magnitude and sea-

sonality of (1) radiation interception by canopies and (2) above-ground net

primary productivity based on a time series of MODIS-derived normalized dif-

ference vegetation index (NDVI). The response of NDVI to precipitation was

explored across temporal scales.

Results: NDVI in afforested vs. grassland plots presented higher annual averages

(1.3-fold), lower seasonal ranges (average relative range of 0.11 vs. 0.29) and

delayed growing seasons (2-month shift). Temporally, NDVI was positively

associated with precipitation input, showing a correlation with longer periods of

precipitation accumulation in tree plantations compared to grasslands (> 7 vs.

2–3 months). Estimated average annual above-ground net primary productivity

(ANPP) almost quadrupled as a consequence of replacing grasslands by tree plan-

tations (∼4 vs. ∼17 Mg drymatter. ha�1�yr�1), and this difference was evidenced

throughout thewhole study period.

Conclusions: Afforested grasslands intercept more radiation and have higher

andmore stable ANPP throughout the year, probably as a result ofmajor changes

in leaf phenology and root distribution patterns, which in turn allowed better

access to water. Changes in carbon uptake can influence climate/biosphere feed-

backs and should be considered in land-use planning, especially when grassland

afforestation is recommended as a tool tomitigate global warming.

Introduction

Land-use and land-cover change is one of the most impor-

tant components of global change (Vitousek 1994), and

implies not only modifications of ecosystem structure, but

also a profound alteration of ecosystem functioning (DeFries

et al. 2004). Afforestation involves tree establishment on

locations that did not have a natural forest cover, causing a

dramatic change in ecosystem structure, as the original

cover is replaced by a completely different plant functional

type that was previously not present (Jackson et al. 2005).

Grassland afforestation is growing worldwide and has
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become a particularly important activity in Latin America in

the last few decades (FAO (Food & Agriculture Organization)

2001). The expansion of fast-growing Eucalyptus and/or Pi-

nus plantations is one of the most noticeable land-use

changes in the R�ıo de la Plata Grasslands (Paruelo et al.

2007). One reason for this land-use change is that Eucalyp-

tus and Pinus plantations in South America are profitable,

with high internal rates of return (Cubbage et al. 2007).

High growth rates, low land and labour costs and active

public policies have also accounted for the expansion of

tree plantations in these grasslands. As a consequence there

are now almost 1 500 000 ha of afforested area within

Argentina and Uruguay (Braier 2004; Petraglia & Dell‘Ac-

qua 2006). Additionally, a carbon (C) market development

can represent a new incentive for afforestation in the

region (Wright et al. 2000).

The transformation of a grass-dominated ecosystem to

one dominated by trees has dramatic ecological conse-

quences. For example, the replacement of grassland com-

munities with a tree monoculture implies a decline in

biodiversity throughout the entire food web. Besides the

obvious impact on primary producers, a decrease in con-

sumer (Matthews et al. 2002) and decomposer diversity

has also been observed (Berthrong et al. 2009b). Soil sali-

nization, acidification and nutrient redistribution processes

have been reported worldwide after afforestation (Jobb�agy

& Jackson 2003; Jackson et al. 2005; Berthrong et al.

2009a). Changes in soil organic C distribution after affores-

tation (Jackson et al. 2000; Jobb�agy & Sala 2000) may lead

to loss of organic C from soils (Guo&Gifford 2002). In addi-

tion, afforestation decreases hydrological yield (Jackson

et al. 2005). Moreover, biophysical factors such as albedo,

surface temperature, evaporation and canopy roughness

are also affected by afforestation and can potentially

change the local climate (Betts et al. 2007; Jackson et al.

2008). Some of these impacts of afforestation have been

documented in the R�ıo de la Plata Grasslands (Jobb�agy &

Jackson 2003, 2004; Carrasco-Letelier et al. 2004; Paruelo

et al. 2004; Jackson et al. 2008).

Ecosystem functioning analysis based on remote sensing

techniques is increasingly recognized as an adequate

methodological approach for studying global change (Kerr

& Ostrovsky 2003; Pettorelli et al. 2005). The normalized

difference vegetation index (NDVI) is a spectral index that

integrates the phenology of photosynthetic tissues (Paruel-

o & Lauenroth 1995; Paruelo et al. 1997; Pettorelli et al.

2005; Alcaraz-Segura et al. 2009) and can be obtained

from sensors carried on several satellite platforms. It is

closely related to the fraction of photosynthetic active

radiation absorbed by green tissues (fPAR) (Potter et al.

1993; Sellers et al. 1996; Di Bella et al. 2004), which in

turn, is one of the main controls of above-ground net pri-

mary productivity (ANPP; Monteith 1972). Numerous

studies have linked satellite spectral data, primarily NDVI,

with productivity of different regions and ecosystems of

the world, finding a strong correlation between spectral

behaviour and vegetation functioning (Ruimy et al. 1994;

Paruelo et al. 1997; Xiao et al. 2004; Pi~neiro et al. 2006).

Furthermore, the analysis of NDVI dynamics and its attri-

butes has been widely used to characterize land-use

change impacts on ANPP (Hicke et al. 2002; Guerschman

et al. 2003; Garbulsky & Paruelo 2004; Paruelo et al. 2004;

DeFries 2008).

Changes in important ecosystem functioning features,

like ANPP, their seasonal dynamic and controls are

expected as a consequence of life-form replacement

(Guerschman et al. 2003; Steinaker & Wilson 2008). R�ıo

de la Plata Grasslands ANPP presents a bimodal pattern,

showing the maximum value in spring, a much smaller

peak between late summer and early autumn and themin-

imum value in winter (Paruelo et al. 2010). Eucalyptus

plantations, however, can show different patterns,

depending on the presence or absence of a dry season

(Whitehead & Beadle 2004). The absence of a dry season

determines a bimodal pattern with maximum values in

spring and autumn (Whitehead & Beadle 2004; Marsden

et al. 2010), while the existence of a marked dry season

determines a unimodal pattern, showing a relatively stable

maximum value during the wet season and then a rapid

drop during the dry season (Almeida et al. 2004; White-

head & Beadle 2004; Marsden et al. 2010; le Maire et al.

2011b). Increased productivity after afforestation has been

previously suggested (Paruelo et al. 2004; Nosetto et al.

2005). Access to groundwater (Jobb�agy & Jackson 2004;

Nosetto et al. 2005) can enhance productivity and decou-

ple growth from rainfall (Jobb�agy & Sala 2000). However,

little is known about grassland afforestation effects on sea-

sonal and inter-annual dynamics of radiation interception,

and consequently on ANPP and its controls, at a sub-

annual scale. Variations in these features can affect surface

moisture and energy fluxes to the atmosphere, with conse-

quences for the linkages between ecologic, hydrologic and

atmospheric dynamics.

The extent and ecological consequences of afforestation

in the R�ıo de la Plata Grasslands are increasingly recog-

nized (Jobb�agy & Jackson 2003, 2004; Farley et al. 2008).

Because international mechanisms, like a C market, can

promote afforestation, it is imperative to describe quantita-

tively the effects of this land-use change on ecosystem

functioning. In this sense, some specific questions guided

our study on the effects of grassland afforestation on C

uptake at a regional scale. (1) What is the effect of grass-

land afforestation on annual intercepted radiation and

ANPP? (2) How does grassland afforestation modify sea-

sonal dynamics of intercepted radiation and ANPP? (3)

Does precipitation have the same importance as a control
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of intercepted radiation on grasslands and tree plantations?

We addressed the first two questions by comparing the sea-

sonal and inter-annual NDVI dynamics of grasslands and

tree plantations during eight growing seasons. The third

question was dealt with through evaluation of the rela-

tionship between NDVI and precipitation, considering that

precipitation is the main control of ANPP in temperate

grasslands (Lauenroth & Sala 1992; Paruelo & Lauenroth

1998). Finally, we used an ecophysiological model (Mon-

teith 1972) to explore the impact of afforestation on inter-

cepted radiation and ANPP.

Methods

Study area

Our study area covers 7600 km2 (28.33º–34.66ºS, 56º–
58.35ºW) and includes the Argentine provinces of Entre

R�ıos and Corrientes and the Uruguayan departments of

Paysand�u, R�ıo Negro and Soriano (Fig. 1). This area

belongs to the R�ıo de la Plata Grasslands (Soriano 1991)

and includes part of the PampaMesopot�amica, Campos del

Norte and Campos del Sur subregions. Humid temperate

grasslands dominated this vast region in central-eastern

Argentina, Uruguay and southern Brazil throughout the

period of pedogenesis (Soriano 1991). These grasslands are

co-dominated by C3 and C4 grasses (Soriano 1991; Paruelo

et al. 2007) from the genera Axonopus, Paspalum, Stipa,

Schizachyrium and Bothriocloa. In addition, Baccharis and

Eupatorium shrubs can be locally abundant or even domi-

nant (Altesor et al. 2006). Mean annual temperature

ranges between 17 °C and 21 °C, decreasing from north to

south, and annual precipitation varies from 1000 mm in

the southwest to 1500 mm in the northeast. Even though

ca. 60% of precipitation occurs in spring and summer

(October to March), this is not sufficient to prevent water

deficit in the native grassland during the warmest summer

months (Soriano 1991). The predominant soils are Molli-

sols associated with Alfisols in humid areas. Argiudolls and

Vertisols are common close to the Uruguay River and

Inceptisols and Ultisols in the east (MGAP 1979). These

grasslands have been grazed by livestock for 400 yrs (Sori-

ano 1991). Since the beginning of the 20th century, crop

cultivation has settled on the best soils (Hall et al. 1992)

and this practice has grown significantly during the last

20 yrs due to technological improvements and market

conditions (Paruelo et al. 2010). Nowadays, ca. 7% of this

region is dedicated to Pinus and/or Eucalyptus plantations

(Braier 2004; Petraglia & Dell‘Acqua 2006), and is one of

the most noticeable afforestation hotspots of South

America. In this region, E. grandis plantations are

(a)
(b)

(c)

Fig. 1. Map of the study area showing the distribution and location of the paired sites of grasslands and tree plantations. (a) Study region location. (b)

Zoomed section of the study region showing grassland and tree plantation paired site distribution along the Uruguay River, meteorological station location

(triangles) and its influence at a radius of < 50 mm (circle around each triangle). The meteorological stations from N to S are Paso de los Libres, Concordia

and Paysand�u. (c) A zoomed paired site of a grassland plot (solid line polygons) and a E. grandis tree plantation plot (dashed line polygons) is shown. Grey

cells inside each plot are selected MODIS pixels averaged to characterize each plot NDVI attributes. The background of the Figure is a portion of a

LANDSAT scene where different land uses can be seen.
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traditionally planted at a density of 800–1600 trees�ha�1,

and are harvested between the ages of 8–13 yrs. Irrigation

and fertilization practices are not frequent in the commer-

cial plantations.

Study sites

A total of 115 paired sites of E. grandis plantations and

adjacent grassland plots were selected using LANDSAT 5

TM imagery and delimited by photointerpretation (Fig. 1).

Afforested and grassland plots ranged between 26 and

1040 ha (187 ha on average), comprising~250 km2 of each

type. To characterize each land use we used pixels that

were totally included in each plot (see spectral data analy-

sis for pixel selection). Study sites were delimited using

ArcGIS 9.1 (ESRI 2005) and georeferenced LANDSAT

images provided by the NASA Global Land Cover Facility

program and the University of Maryland (http://glcf.umi-

acs.umd.edu). The Argentinian National Forest Plantations

Inventory (http://www.minagri.gob.ar/new/0-0/foresta-

cion/inventario/inv_pag_ppal.htm) allowed us to discrimi-

nate E. grandis plots from others tree species

(predominantly Pinus spp.). Only established plantations

were used in this study (age > 3 yrs). Pairs of afforested

and grassland plots were located over the same soil texture

reclassified into coarse, medium and fine texture according

to the description of soil complexes on a 1:500000 scale

(MGAP 1979; INTA-SAGYP 1990).

Spectral data analysis

The NDVI is a spectral index calculated as the difference

between the near-infrared (NIR) and red (R) reflectance

values, normalized over the sum of the two (NDVI =
NIR � R/NIR + R). Its values ranges between -1 and 1.

Values close to 1 are the result of low reflectance in R and

high reflectance in NIR, which is associated with high pho-

tosynthetic activity, in contrast, values close to 0 or nega-

tive are associated with low or no photosynthetic activity

(Tucker & Sellers 1986).

We based our analysis on imagery of the moderate reso-

lution imaging spectroradiometer (MODIS) sensor on

board the Terra satellite, a part of the NASAEarth Observa-

tion System. The MODIS land science team provides a

suite of standard MODIS data products to users; these are

freely available and distributed by the US Geological Sur-

vey EROS Data Centre (http://edc.usgs.gov). H13v11 and

H13v12 tiles of the 16-day L3 Global ∼250 m SIN grid

V005 product (MOD13Q1) were used in this study.

MOD13Q1 products, which have been available since Feb-

ruary 2000, have a 250-m spatial resolution and a 16-day

temporal resolution. The 16-day composite is formed by

recording the highest NDVI value of each pixel obtained

during the period. There is also a quality assessment infor-

mation value generated per pixel.

We developed a NDVI time series for every afforested

and grassland site based upon a monthly interval across the

eight growing seasons (August 2000 to August 2008). First,

a quality filter based onMODIS quality flags was applied to

NDVI imagery in order to exclude low quality and unreli-

able pixels due to cloud and/or aerosol presence. Second,

representative MODIS pixels were selected for each plot,

discarding those that included roads, constructions, water,

etc. (Fig. 1). Third, the 16-day NDVI of selected pixels were

assigned to each of the calendar days included in the per-

iod, and a monthly NDVI value was obtained by averaging

these daily NDVI values. Then, monthly NDVI values of all

the pixels included in a plot were averaged. Finally, sea-

sonal and inter-annual NDVI dynamics of afforested and

grassland plots were visually checked in order to exclude

harvested tree plantations and grassland transitions to crops

(identified by extremely low NDVI values and rapid drops).

For each growing season, only those pairs of afforested and

grassland plots with 12 months of good quality values were

considered. To describe the patterns of radiation intercep-

tion for the two land uses, we derived six attributes from

the seasonal NDVI curves (Fig. 2): NDVI integral (NDVI-I),

an estimator of total radiation interception, calculated as

the area under the NDVI curve; relative range (RREL), a

normalized index of seasonal amplitude; maximum and

minimum NDVI (MAX, MIN) which, together with their

respective months of occurrence (MMAX, MMIN), repre-

sent phenology (Paruelo & Lauenroth 1995; Paruelo et al.

2001; Pettorelli et al. 2005).

The NDVI attributes were calculated and compared

between land uses for the eight growing seasons. Two

NDVI-I coefficients of variation were calculated; one of

them to estimate the relative variability among plots of a

Fig. 2. Schematic representation of the NDVI seasonal dynamics and the

six attributes derived: integral of NDVI (NDVI-I, area below the curve),

relative range (RREL), maximum NDVI (MAX), minimum NDVI (MIN), month

of occurrence of maximum (MMAX) and minimum (MMIN) NDVI.
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particular land cover and a given growing season (Spatial

CV, CVspG and CVspTP), and the other the inter-annual

variability of the NDVI-I for grassland and tree plantation

plots (Temporal CV, CVtG and CVtTP).

NDVI and precipitation relationship

To evaluate the NDVI–precipitation relationship under

both land uses, monthly NDVI anomalies (residuals) were

correlated with precipitation accumulated over periods

from 1 to 12 months. The analysis was performed for those

sites located < 50 km away from the nearest available

meteorological station (Fig. 1); only three meteorological

stations with available precipitation data were located

within the study area. Precipitation data from Paso de los

Libres and Concordia meteorological stations were pro-

vided by the Meteorological Information Centre, depen-

dent of the Argentine National Weather Service (http://

www.smn.gov.ar) consulted in September 2008; and

Paysand�u data were obtained from the meteorological

station sited in Mario A. Cassinoni Experimental Station

(EEMAC, Paysand�u), dependent of Facultad de Agro-

nom�ıa (UDELAR, Uruguay). Daily data were available

from January 2000 to October 2008 for Paso de los Libres

and Concordia and from January 2000 to December 2007

for Paysand�u. The number of sites located < 50 km from

the meteorological stations was on average 29, 24 and 13

for Concordia, Paysand�u and Paso de los Libres meteoro-

logical stations, respectively. NDVI residuals were obtained

by subtracting the values of the NDVI average seasonal

curve to monthly NDVI values. Monthly NDVI were

obtained by averaging monthly NDVI values of all grass-

land and tree plantations plots < 50 km around eachmete-

orological station. We worked with monthly NDVI

anomalies instead of working with average monthly NDVI

in order to remove the seasonal trends of both land uses.

Accumulated precipitation for a 1–12-month period was

obtained by adding up the respective previous monthly

precipitation values, and was then individually correlated

with themonthly NDVI anomaly values.

ANPP estimation

We based our estimates of ANPP on the ecophysiological

model proposed byMonteith (1972). This model states that

ANPP is the product of incoming photosynthetic active

radiation (PAR), the fraction of PAR absorbed by green

tissues (fPAR) and the efficiency of conversion of absorbed

radiation into drymatter (RUE):

Annual ANPP (g DM.m�2�yr�1) = PAR (MJ�m�2�yr�1) 9

fPAR 9 RUE (gDM.MJ�1).

The Monteith model and other satellite-based produc-

tion efficiency models have been widely used to estimate

grassland ANPP, forest productivity and global C budgets

using remotely sensed data (Hilker et al. 2008).

The fPAR is closely related to NDVI (Potter et al. 1993;

Sellers et al. 1996). In this study, fPAR was estimated as

a nonlinear function of NDVI using the fPAR-MODIS

NDVI parameterization developed by Grigera et al.

(2007).We use this parameterization not only for grass-

lands, but for tree plantations too. In terms of global radi-

ation, inter-annual variability at a monthly scale is

negligible, so values were calculated from modelled inci-

dent radiation data for the period 1995–2004 provided by

a public database supported by the University of Montana

(http://www.ntsg.umt.edu) consulted in March 2008.

Values for each study site were the result of spatial

interpolation of data from Posadas, Paso de los Libres,

Gualeguaych�u and Concordia (Montana meteorological

stations for Argentina) and Colonia and Paso de los Toros

(Montana meteorological stations for Uruguay). Spatial

interpolation was performed using the IDW method, with

a pixel size similar to MODIS (5.33 ha), using the nearest

neighbour method with a neighbourhood of 12 and

without barriers. The interpolation was performed using

Arcview GIS 3.2 (ESRI) software. PAR was assumed as

48% of total global radiation (McCree 1972).

The RUE values were taken from scientific literature for

equivalent biomes. Pi~neiro et al. (2006) empirically esti-

mated RUE and proposed an average RUE equivalent to

0.45 g DM.MJ�1 (ranging from 0.26 to 1.2 g DM.MJ�1)

for similar grasslands in this region. This value is similar to

that presented in Paruelo et al. (1997) for temperate grass-

lands in North America (0.48 g DM.MJ�1). As far as we

know, there are no E. grandis RUE estimates for the study

area. However, Stape et al. (2004) proposed a RUE of

0.79 g DM.MJ�1 for E. grandis x urophylla stands in eastern

Brazil, where productivities and precipitation were similar

to those reported for tree plantations in Argentina in Goya

et al. (1997). This value of RUE is in agreement with those

presented in a review from Whitehead & Beadle (2004),

who showed that E. grandis RUE values range between

0.47–2.39 g DM.MJ�1 of intercepted PAR in grown planta-

tions and for a wide range of growing conditions (different

age, water and fertilization conditions). However, RUE

only varied between 0.6 and 0.8 g DM.MJ�1 for stands

growing at temperate sites with adequate rainfall, like

those included in this study. We discarded higher reported

RUE values for stands in warmer areas, or where the trees

are irrigated or for young tree plantations, such as the

highest reported value (2.39 g DM MJ�1) in a young

irrigated stand. In contrast to the seasonal behaviour of

RUE in Eucalyptus plantations in Mediterranean areas with

summer drought (Garbulsky et al. 2010), we assumed

here a constant RUE because of the concentration of

rainfall in summer.
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Statistics

Attributes derived from NDVI seasonal profiles (NDVI-I,

RREL, MAX, MIN) of grassland and tree plantation pairs

were univariately compared through paired t-tests for each

growing season, considering a significance level of 0.05.

Contingency tables (Chi-square test) were used to compare

MMAX and MMIN frequency distribution for each land

use (Zar 1999). This analysis was performed for each grow-

ing season and for their average. The association between

residuals of monthly NDVI values at each plot and accu-

mulated precipitation throughout periods of increasing

length was described using the Pearson correlation coeffi-

cient. The degrees of freedom varied depending on the per-

iod, location and number of growing seasons considered in

each case. Significance level was 0.05 in all cases. This

analysis was performed in R v. 2.8.1 (R Foundation for Sta-

tistical Computing, Vienna, AT) statistical software.

Results

NDVI attributes

Monthly NDVI was higher for tree plantations than for

grasslands throughout the study period (Fig. 3). The high-

est and lowest differences occurred in winter and late

spring months, respectively. Grasslands showed a bimodal

curve, with NDVI peaks in spring and autumn and a rela-

tive minimum in summer, which was not observed in

plantations. Tree plantations, however, presented a uni-

modal pattern with maximum and minimum NDVI values

in autumn and spring, respectively. On average, NDVI-I

for tree plantations was 30% higher than for grasslands.

The NDVI-I difference between land cover types ranged

from 0.15 to 0.2 NDVI units over the whole period

(Table 1). The difference between maximum and mini-

mum NDVI values was lower for plantations, showing

minimum and maximum values of 0.77 and 0.86 for plan-

tations and 0.53 and 0.71 for grasslands (Table 1). Average

RREL was 0.11 and 0.29 for plantations and grasslands,

respectively (Table 1). Inter-annual NDVI-I variability was

low for both land uses. In contrast, high inter-annual vari-

ability was observed for RREL (Table 1), which was higher

for tree plantations than for grasslands (CV (%)F = 0.25,

CV (%)G = 0.1; Table 1).

The MMAX and MMIN also presented differences

between land uses. Almost 60% of grassland plots reached

the maximum values of NDVI in February, March and

April, while 60% of afforested plots did so in April, May

and June (Fig. 4a). Furthermore, while MMIN took place

in July, August and September for 60% of grassland plots,

minimum NDVI occurred in October, November and

December for 60% of afforested plots (Fig. 4b). Therefore,

there was on average a 2-month difference in bothMMAX

and MMIN between land uses, ranging from 0–2 months

for MMAX and 1–4 months for MMIN among individual

growing seasons (Table 1).

Precipitation–NDVI relationship

The correlation of monthly NDVI residuals with accumu-

lated precipitation was positive for both land uses, but sug-

gested higher correlation and inertia in tree plantations

Fig. 3. Seasonal dynamics of the NDVI for tree plantation (TP, black circle) and grassland (G, white circle) sites during the August 2000–July 2008 period.

Error bars represent SE for tree plantation and grassland sites.
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than in grasslands. While the correlation coefficient

increased up to a maximum value of 2–3 months and then

declined for grasslands (short window response), it

increased up to 7 months and held relatively constant

before then in tree plantations (long and sustained win-

dow response) (Fig. 5). The maximum correlation coeffi-

cient varied between 0.35 and 0.70, depending on the site

and land use. In Concordia, maximum correlation coeffi-

cients were 0.6 and 0.7 (Fig. 5a), in Paso de los Libres, 0.4

and 0.5 (Fig. 5b) and in Paysand�u 0.35 and 0.7 (Fig. 5c)

for grasslands and plantations, respectively.

The fPAR andANPP estimation

The NDVI differences observed between land uses resulted

in higher differences in fPAR. On average, fPAR was 0.31

and 0.8 for grasslands and tree plantations, respectively

(Fig. 6). This represents an increase of 160% in ecosystem

fPAR after afforestation. The higher fPAR and the RUE

value taken from the literature (Stape et al. 2004) trans-

lated into important differences in annual ANPP estimates

of afforested plots. Annual ANPP was on average 17000 kg

DM.ha�1�yr�1 (ranging from 14700 to 19400 kg DM.

ha�1�yr�1) for afforested plots, while grassland annual

ANPP estimate was 3900 kg DM.ha�1.yr�1 (ranging from

3050 to 4650 kg DM.ha�1�yr�1; Fig. 6). Differences in

productivity varied throughout the year, being highest in

summer and lowest in winter (Fig. 7). ANPP seasonal

dynamic was the same for both land uses following the

PAR dynamic, but fPAR dynamic was different between

land uses (Fig. 7). Grasslands presented a bimodal shape of

fPAR dynamics, showing maximum values in autumn and

spring, a minimum value in winter and a relative value in

summer. Tree plantations, however, showed maximum

fPAR in winter andminimum fPAR in summer (Fig. 7).

Discussion

Our results showed that replacing grasslands with E. gran-

dis plantations transformed radiation interception, ANPP

and C uptake. Changes in NDVI associated with land-use

change have been documented in several studies (Hicke

et al. 2002; Guerschman et al. 2003; Garbulsky & Paruelo

2004; DeFries 2008), including increases in NDVI caused

by grassland afforestation on an annual basis (Paruelo

et al. 2004; Nosetto et al. 2005). In this study, NDVI shifts

were combined with incoming radiation and radiation use

efficiency information to achieve ANPP estimates,

revealing amplification of the observed radiometric con-

trasts; with tree plantations vs. grasslands ratios being 1.3,

1.6 and 3.7 NDVI-I, annual fPAR and annual ANPP,

respectively (Fig. 6, Table 1). fPAR values ranged from

0.15 to 0.3 and from 0.55 to 0.8 for grasslands andT
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plantations, respectively. Despite the use of a parameteri-

zation generated for grasslands (Grigera et al. 2007), tree

plantation fPAR values were similar to E. grandis fPAR esti-

mated using hemispherical photography (Marsden et al.

2010), whereMODIS NDVI values were in the same range.

Additionally, our ANPP estimates, based on remotely

sensed data agreed fairly well with those based on field

measurements for grasslands ∼4000 vs. ∼4800 kg DM.

ha�1�yr�1 according to Paruelo et al. (2010), and for

E. grandis plantations ∼17000 vs. 19000–43000 kg DM.

ha�1�yr�1 according to studies in Argentina (Goya et al.

1997), 18300–20200 kg DM.ha�1�yr�1 in Australia

(Turner & Lambert 2008), 20200–27200 kg DM.ha�1�yr�1

in South Africa (DuToit 2008) and 9500–39100 kg DM.

ha�1�yr�1 in Brazil (Stape et al. 2004).

The striking increase in biomass accumulation after

afforestation has made this land-use and land-cover

change attractive as a tool to mitigate global warming

(IPCC (Intergovernmental Panel on Climate Change)

2000; Wright et al. 2000). However, this remarkable

increase in above-ground biomass does not necessarily

occur in other C pools, such as below-ground biomass and

soil organic carbon. First, as a consequence of different C

allocation patterns between grasses and trees, a dramatic

decrease in ecosystem root:shoot ratio has been observed

after afforestation (Canadell et al. 1996; Jackson et al.

2000; Jobb�agy & Sala 2000). Furthermore, an increasing

amount of evidence has shown that afforestation can pro-

duce a net loss of soil organic carbon (Guo & Gifford 2002;

Jackson et al. 2002; Zinn et al. 2002; Carrasco-Letelier

et al. 2004; Guo et al. 2007). Finally, a higher proportion

of NPP can be lost by fire or appropriated through harvest-

ing in tree plantations. Therefore, the increments observed

in ANPP after afforestation do not necessarily imply net

long-termC sequestration (Kirschbaum 2006). In addition,

land-use effects on energy budget (i.e. throughout changes

in albedo) may bemore important than C sequestration on

climate in general and global warming in particular (Pielke

et al. 2002; Jackson et al. 2008).

We observed a decline in the NDVI values over time,

both for grasslands and tree plantations (Fig. 3). Several

(a) (b)

Fig. 4. Relative frequency of sites with (a) MAX and (b) MIN NDVI in different months for tree plantations (TP, grey) and grasslands (G, white).

(a)

(b)

(c)

Fig. 5. Correlation coefficient between residuals of monthly NDVI and

precipitation accumulated over increasing periods of time (from 1 to

12 months) of plantations (TP, black circles) or grasslands (G, white circles)

at (a) Concordia, (b) Paso de los Libres and (c) Paysand�u weather stations.

Solid line represents significant Pearson correlation at 0.05. Points above

this line represent significant correlations between NDVI anomalies and

precipitation accumulation.
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factors may explain this pattern. For tree plantations the

decline may result from an increase in the age of the plan-

tations. le Maire et al. (2011a,b) showed a decline in NDVI

values over time for stands of Eucalyptus sp. plantations

after the second or third year up to the seventh year, when

the plantations are harvested. In our study area, the rota-

tional length is even longer (10 yrs). For grassland plots

the observed decline may result from the expansion of

agriculture. In the study area, a marked transformation of

grasslands into croplands has occurred in recent years

(Baldi & Paruelo 2008; Vega et al. 2009). In general, the

grasslands converted to crop fields are those located on

deeper soils and, consequently, those having the highest

ANPP (Baeza et al. 2010).

Afforestation modified not only the NDVI-I but also its

seasonal dynamic. Intra-annual seasonality (RREL) was

lower in tree plantations than in grasslands (Table 1), sug-

gesting more stable annual radiation interception. In this

sense, a relatively small seasonal variation in E. maculata

(Pook 1984a) and E. grandis (le Maire et al. 2011a) planta-

tion leaf area index has been documented. The lower

inter-annual variability in tree plantations can be associ-

ated with the leaf age profile, spatial distribution of leaf

area, radiative properties and interception storage capacity

of canopies, which may have important consequences for

the seasonal evapotranspiration and water balance of the

community. In addition, tree plantation NDVI was higher

throughout the growing season, and the highest differ-

ences between land uses occurred, for the eight growing

seasons analysed, in winter months (Fig. 3). These pat-

terns could be related to phenological differences between

grasslands and tree plantations. While Eucalyptus spp. are

evergreen, grasslands of this area are dominated by C4

grasses (Soriano 1991) that may show a marked decrease

in growth rate during the winter months (Altesor et al.

2005).

Afforestation changed the shape of the NDVI seasonal

curves. While grasslands showed a bimodal curve, with

peaks in spring and autumn, minimum values in winter

and a relative minimum in summer, tree plantations

showed a unique minimum in late winter (Fig. 3). In gen-

eral, Eucalyptus phenology is primarily under strong inter-

nal control (Pook 1984a), resulting from the balance of

foliage production and loss. It was documented that Euca-

lyptus plantations showed a unimodal annual rhythm of

growth rate, with amaximumvalue in summer and amin-

imum in winter, which coincides with our results, but the

moment of the maximum value varied depending on the

water supply, which influenced production to peaks in

spring, summer or autumn (Pook 1984a,b, 1985; Pook

et al. 1997). It is likely that the absence of a summer mini-

mum in our Eucalyptus plantations depends on soil depth

explored by the trees (Canadell et al. 1996), which allows

them to access water sources unavailable to the shallow

roots of grasses. In summer, during periods of high atmo-

spheric demand, trees would maintain higher stomatal

conductance and photosynthesis rates than grasses. In this

sense, there is evidence that suggests an increase in evapo-

transpiration after grassland afforestation (Nosetto et al.

Fig. 6. Mean annual fPAR, APAR (MJ.ha�1.yr�1) and ANPP (kg DM.ha�1�yr�1) for grasslands (G) and plantations (TP). Error bars represent SD for the eight

growing seasons and all plantation and grassland sites. The two columns for the ANPP of tree plantations correspond to different RUE (kg DM.MJ�1). The

values of RUE used were the most probable, considering the species, the region and the more common cultural practices.

Fig. 7. Mean monthly ANPP (kg DM.ha�1�month�1, solid line) and mean

monthly fPAR (dashed line) for grasslands (white circles) and tree

plantations (black circles).
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2005). Deep water consumption, as well as a higher leaf

area index, may account for the higher evapotranspiration

(Jobb�agy & Jackson 2004). Additionally, the 2-month

delay in MMAX andMMIN implies a remarkable impact of

grassland afforestation on phenology. Eucalyptus phenol-

ogy is determined in part by the balance of foliage produc-

tion and loss, which are generally synchronized in time,

but with a slight delay in the leaf fall process (Pook 1984a).

Precipitation is a key control on ANPP in most terrestrial

ecosystems (Rosenzweig 1968; Lauenroth & Sala 1992).

Webb et al. (1978) found that precipitation accounted for

a large fraction of the variance of ANPP in grasslands, while

incident PAR was the most important variable in explain-

ing forest ANPP. In grasslands, precipitation would affect

leaf area index and, hence PAR interception, reducing the

amount of PAR that would be absorbed. Precipitation

would have a much lower effect on fPAR in tree planta-

tions, allowing them to reach values close to 95% during

most of the year. PAR may be the limiting factor of ANPP

for tree plantations. Our results showed that both tree

plantation and grassland ANPP matched PAR dynamics

(Fig. 7). Nevertheless, we are considering fixed values of

RUE, which could decrease in summer months as a conse-

quence of higher atmospheric demand and water deficit.

In this sense, Nosetto et al. (2005) showed higher and

more stable evapotranspiration in tree plantations than

grasslands throughout the year, but the maximum differ-

ences were in summer, suggesting that there would be no

important changes in RUE. Thus, the effect of this reduc-

tion in RUE will probably be less on tree plantations than

on grasslands as a result of the balance of a Eucalyptus-spe-

cific mechanism. For instance, the reduction of transpiring

surface and conservation of internal water as a conse-

quence of leaf shedding (Pook 1985), the variable sensitiv-

ity of stomatal conductance to atmospheric demand

(Whitehead & Beadle 2004) and the deeper soil profile

explored by trees (Canadell et al. 1996). In this sense,

Jobb�agy & Sala (2000) showed a different response of

ANPP to precipitation for two different functional plant

types (grasses vs. shrubs) according to their root distribu-

tion pattern.

Precipitation showed a correlation with fPAR as strong

as that found for grasslands. However, tree plantations

were more sensitive to past precipitation than grasslands.

Wiegand et al. (2004) documented the existence of an

ecosystem memory related to previous precipitation

events. The system memory would be proportional to the

length of the precipitation integration period. Such

memory effects may operate through different mecha-

nisms, i.e. ‘vegetation memory’ and ‘soil memory’. In our

study, grassland anomalies in monthly NDVI were highly

correlated with the precipitation accumulated over short

periods of time (2–3 months), indicating a high degree of

dependence on immediately previous precipitation events;

i.e. short memory ecosystem. In contrast, the monthly

NDVI anomalies of tree plantations were better explained

by precipitation accumulated over longer periods

(7 months or more), showing a higher degree of depen-

dence on past precipitation events; i.e. long memory eco-

system. Again, functional and morphological differences

between grasses and trees can be responsible for the longer

memory, e.g. rooting depth, which allows tree plantations

to reach water sources unavailable to grasslands. Based on

this memory effect, tree plantations can achievemaximum

rates of biomass accumulation in summer (Fig. 7), regard-

less of the water deficit that characterizes this season (Sori-

ano 1991). The longer memory of plantations can account

for the ‘opportunistic’ shoot growth in the sense that it

responds to favourable environmental conditions at almost

any time of year (Pook 1984a).

Ecosystem processes can influence the Earth’s climate

system through atmospheric processes (Pielke 2001). Con-

sequently, land-use change modifies land surface parame-

ters determining significant changes in surface energy and

moisture budgets (Pielke 2001). For instance, conversion

of grasslands to tree plantations leads to a decrease in

albedo and an increase in leaf area index, canopy rough-

ness and rooting depth (Canadell et al. 1996; Nosetto et al.

2005). Changes in those parameters modify boundary

layer properties, which in turn can influence temperature

and humidity (Pielke et al. 1998). In general, observations

and modelling studies agree that afforestation decreases

near-surface temperature and increases precipitation

(Pielke 2001; Nosetto et al. 2005; Pielke et al. 2007). In

particular, using a biosphere–atmosphere coupled model,

Beltr�an-Przekurat et al. (2012) explored the consequences

of afforestation in the R�ıo de la Plata Grasslands and found

that temperature would decrease and precipitation

increase up to 1 mm�day�1. Total leaf area and its season-

ality play a key role in the balance between latent and sen-

sible heat fluxes, and hence in near-surface temperature.

Surface moisture and heat fluxes are the link between the

ecosystem and the development of cumulus convective

precipitation (Pielke 2001). Our results show that affores-

tation increases NDVI-I and decreases RREL, indicating

that tree plantation leaf area may be higher and more sta-

ble than that of grasslands throughout the year. Moreover,

a noticeable increase in ANPP was observed. Altogether

these changes would lead to a decrease in Bowen ratio

(ratio of sensible to latent heat), which results in an

increase in evapotranspiration and, consequently, a

decrease in near-surface temperature. In fact, Nosetto

et al. (2005) observed an almost twofold increase in

evapotranspiration after Eucalyptus afforestation in the R�ıo

de la Plata Grasslands. Similar results were presented in a

global review by Zhang et al. (2001).
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Conclusions

The afforestation of grasslands generates major changes in

ecosystem functioning. We showed that afforestation pro-

vides not only higher and more stable radiation intercep-

tion throughout the year, but also determines changes in

timing of maximum and minimum radiation interception,

which imply significant changes in the seasonal dynamics

of C uptake. Also, as a result of such land-use change, we

show a decline in the importance of current precipitation

as a control on NDVI and radiation interception. These

changes in ecosystem structure and functioning resulted in

an increase in annual ANPP. Complete C balance studies

are needed in order to better understand the ecological

implications of the higher and more stable C uptake

throughout the year as a consequence of the replacement

of grasslands by E. grandis plantations.

Acknowledgements

We thank the technicians of the Laboratorio de An�alisis

Regional y Teledetecci�on (IFEVA-FAUBA/CONICET) and

Marcos Texeira who provided assistance during data analy-

sis. This work has been possible through funding from the

Inter-American Institute for Global Change Research (IAI,

CRN II 2031), Agencia Nacional de Promoci�on Cient�ıfica y

Tecnol�ogica, FONCYT, CONICET and UBA.

References

Alcaraz-Segura, D., Paruelo, J. & Cabello, J. 2009. Baseline char-

acterization of major Iberian vegetation types based on the

NDVI dynamics. Plant Ecology 202: 13–29.

Almeida, A.C., Landsberg, J.J. & Sands, P.J. 2004. Parameterisa-

tion of 3-PGmodel for fast-growing Eucalyptus grandis planta-

tions. Forest Ecology andManagement 193: 179–195.

Altesor, A., Oesterheld, M., Leoni, E., Lezama, F. & Rodriguez, C.

2005. Effect of grazing on community structure and

productivity of a Uruguayan grassland. Plant Ecology 179:

83–91.

Altesor, A., Pi~neiro, G., Lezama, F., Jackson, R.B., Sarasola, M. &

Paruelo, J.M. 2006. Ecosystem changes associated with graz-

ing in subhumid South American grasslands. Journal of Vege-

tation Science 17: 323–332.

Baeza, S., Lezama, F., Pi~neiro, G., Altesor, A. & Paruelo, J.M.

2010. Spatial variability of above-ground net primary pro-

duction in Uruguayan grasslands: a remote sensing

approach. Applied Vegetation Science 13: 72–85.

Baldi, G. & Paruelo, J.M. 2008. Land-use and land cover dynam-

ics in South American temperate grasslands. Ecology and Soci-

ety 13: 6.

Beltr�an-Przekurat, A., Pielke, R.A. Sr, Eastman, J.L. & Coughe-

nour,M.B. 2012.Modelling the effects of land-use/land-cover

changes on the near-surface atmosphere in southern South

America. International Journal of Climatology 32: 1206–1225.

Berthrong, S.T., Jobbagy, E.G. & Jackson, R.B. 2009a. A global

meta-analysis of soil exchangeable cations, pH, carbon, and

nitrogen with afforestation. Ecological Applications 19: 2228–

2241.

Berthrong, S.T., Schadt, C.W., Pineiro, G. & Jackson, R.B.

2009b. Afforestation alters the composition of functional

genes in soil and biogeochemical processes in South

American grasslands. Applied Environmental Microbiology 75:

6240–6248.

Betts, R.A., Falloon, P.D., Goldewijk, K.K. & Ramankutty, N.

2007. Biogeophysical effects of land use on climate: model

simulations of radiative forcing and large-scale temperature

change.Agricultural and Forest Meteorology 142: 216–233.

Braier, G. 2004. Tendencias y perspectivas del sector forestal al

a~no 2020. FAO, AR:71p.

Canadell, J., Jackson, R.B., Ehleringer, J.B., Mooney, H.A., Sala,

O.E. & Schulze, E.D. 1996. Maximum rooting depth of vege-

tation types at the global scale.Oecologia 108: 583–595.

Carrasco-Letelier, L., Eguren, G., Casti~neira, C., Parra, O. & Pa-

nario, D. 2004. Preliminary study of prairies forested with

Eucalyptus sp. at the northwestern Uruguayan soils. Environ-

mental Pollution 127: 49–55.

Cubbage, F., MacDonagh, P., Sawinski, J. Jr, Rubilar, R., Donos-

o, P., Ferreira, A., Hoeflich, V., Olmos, V., Ferreira, G., Balm-

elli, G., Siry, J., B�aez, M. & Alvarez, J. 2007. Timber

investment returns for selected plantations and native forests

in South America and the Southern United States. New

Forests 33: 237–255.

DeFries, R. 2008. Terrestrial vegetation in the coupled human–

earth system: contributions of remote sensing. Annual Review

of Environment and Resources 33: 369–390.

DeFries, R.S., Foley, J.A. & Asner, G.P. 2004. Land-use choices:

balancing human needs and ecosystem function. Frontiers in

Ecology and the Environment 2: 249–257.

Di Bella, C.M., Paruelo, J.M., Becerra, J.E., Bacour, C. & Baret,

F. 2004. Effect of senescent leaves on NDVI-based estimates

of fAPAR: experimental and modelling evidences. Interna-

tional Journal of Remote Sensing 25: 5415–5427.

DuToit, B. 2008. Effects of site management on growth, biomass

partitioning and light use efficiency in a young stand of Euca-

lyptus grandis in South Africa. Forest Ecology and Management

255: 2324–2336.

FAO (Food and Agriculture Organization). 2001. Global forest

resources assessment 2000. FAO forestry paper 140. Food and

Agriculture Organization, Rome, IT.

Farley, K., Pi~neiro, G., Palmer, S., Jobb�agy, E. & Jackson, R.

2008. Stream acidification and base cation losses with grass-

land afforestation.Water Resources Research 44: 1-11.

Garbulsky, M.F. & Paruelo, J.M. 2004. Remote sensing of pro-

tected areas to derive baseline vegetation functioning char-

acteristics. Journal of Vegetation Science 15: 711–720.

Garbulsky, M.F., Pe~nuelas, J., Papale, D., Ard€o, J., Goulden, M.

L., Kiely, G., Richardson, A.D., Rotenberg, E., Veenendaal,

E.M. & Filella, I. 2010. Patterns and controls of the variability

of radiation use efficiency and primary productivity across

Applied Vegetation Science
Doi: 10.1111/avsc.12016© 2012 International Association for Vegetation Science 11

M.M. Vassallo et al. Afforestation impact on primary productivity



terrestrial ecosystems. Global Ecology and Biogeography 19:

253–267.

Goya, J., Frangi, J., Tea, F., Marc�o, M. & Larocca, F. 1997. Bio-

masa, productividad y contenido de nutrientes en plantaci-

ones de Eucalyptus grandis en el NE de la Provincia de Entre

R�ıos.XII Jornadas Forestales de Entre R�ıos III: 1–19.

Grigera, G., Oesterheld, M. & Pac�ın, F. 2007. Monitoring forage

production for farmers’ decision making. Agricultural Systems

94: 637–648.

Guerschman, J.P., Paruelo, J.M & Burke, I.C. 2003. Land use

impacts on the normalized difference vegetation index in

temperate Argentina. Ecological Applications 13: 616–628.

Guo, L.B. & Gifford, M.R. 2002. Soil carbon stocks and land use

change: a meta analysis. Global Change Biology 8: 345–360.

Guo, L., Wang, M. & Gifford, R. 2007. The change of soil carbon

stocks and fine root dynamics after land use change from a

native pasture to a pine plantation. Plant and Soil 299: 251–

263.

Hall, A.J., Rebella, C.M., Ghersa, C.M. & Culot, J.P. 1992. Field-

crop systems of the pampas. In: Pearson, C.J. (ed.) Ecosystems

of the world: field crop ecosystems. pp. 413–440. Elsevier,

Amsterdam, NL.

Hicke, J.A., Asner, G.P., Randerson, J.T., Tucker, C., Los, S.,

Birdsey, R. & Jenkins, J.C. 2002. Trends in North American

net primary productivity derived from satellite observations,

1982–1998.Global Biogeochemical Cycles 16: 1–15.

Hilker, T., Coops, N.C., Wulder, M.A., Black, T.A. & Guy, R.D.

2008. The use of remote sensing in light use efficiency based

models of gross primary production: a review of current sta-

tus and future requirements. Science of the Total Environment

404: 411–423.

INTA-SAGYP. 1990. Atlas de suelos de la Rep�ublica Argentina.,

vol I–II. Bs. As.

IPCC (Intergovernmental Panel on Climate Change). 2000. Spe-

cial Report on Land Use, Land-Use Change And Forestry.

http://www.ipcc.ch/ipccreports/sres/land_use/index.htm

Jackson, R., Schenk, H., Jobb�agy, E., Canadell, J., Colello, G.,

Dickinson, R., Dunne, T., Field, C., Friedlingstein, P.,

Heimann, M., Hibbard, K., Kicklighter, D., Kleidon, A., Neil-

son, R., Parton, W., Sala, O. & Sykes, M. 2000. Belowground

consequences of vegetation change and their treatment in

models. Ecological Applications 10: 470–483.

Jackson, R., Banner, J., Jobb�agy, E. & Pockman, W. 2002. Eco-

system carbon loss with woody plant invasion of grasslands.

Nature 418: 623–626.

Jackson, R.B., Jobbagy, E.G., Avissar, R., Roy, S.B., Barrett, D.J.,

Cook, C.W., Farley, K.A., le Maitre, D.C., McCarl, B.A. &

Murray, B.C. 2005. Trading water for carbon with biological

carbon sequestration. Science 310: 1944–1947.

Jackson, R.B., Randerson, J.T., Canadell, J.G., Anderson, R.G.,

Avissar, R., Baldocchi, D.D., Bonan, G.B., Caldeira, K.,

Diffenbaugh, N.S., Field, C.B., Hungate, B.A., Jobb�agy, E.G.,

Kueppers, L.M., Nosetto, M.D. & Pataki, D.E. 2008.

Protecting climate with forests. Environmental Research Letters

3: 5.

Jobb�agy, E.G. & Jackson, R.B. 2003. Patterns andmechanisms of

soil acidification in the conversion of grasslands to forests.

Biogeochemistry 64: 205–229.

Jobb�agy, E.G. & Jackson, R.B. 2004. Groundwater use and sali-

nization with grassland afforestation. Global Change Biology

10: 1299–1312.

Jobb�agy, E.G. & Sala, O.E. 2000. Controls of grass and shrub

aboveground production in the patagonian steppe. Ecological

Applications 10: 541–549.

Kerr, J.T. & Ostrovsky,M. 2003. From space to species: ecological

applications for remote sensing. Trends in Ecology & Evolution

18: 299–305.

Kirschbaum, M. 2006. Temporary carbon sequestration cannot

prevent climate change. Mitigation and Adaptation Strategies

for Global Change 11: 1151–1164.

Lauenroth, W.K. & Sala, O.E. 1992. Long-term forage produc-

tion of North American shortgrass steppe. Ecological Applica-

tions 2: 397–403.

le Maire, G., Marsden, C., Nouvellon, Y., Grinand, C., Hakamad-

a, R., Stape, J.-L. & Laclau, J.-P. 2011a. MODIS NDVI

time-series allow the monitoring of Eucalyptus plantation

biomass. Remote Sensing of Environment 115: 2613–2625.

le Maire, G., Marsden, C., Verhoef, W., Ponzoni, F.J., Lo Seen,

D., B�egu�e, A., Stape, J.-L. & Nouvellon, Y. 2011b. Leaf area

index estimation with MODIS reflectance time series and

model inversion during full rotations of Eucalyptus planta-

tions. Remote Sensing of Environment 115: 586–599.

Marsden, C., le Maire, G., Stape, J.-L., Seen, D.L., Roupsard, O.,

Cabral, O., Epron, D., Lima, A.M.N. & Nouvellon, Y. 2010.

Relating MODIS vegetation index time-series with structure,

light absorption and stem production of fast-growing

Eucalyptus plantations. Forest Ecology and Management 259:

1741–1753.

Matthews, S., O’Connor, R. & Plantinga, A. 2002. Quantifying

the impacts on biodiversity of policies for carbon sequestra-

tion in forests. Ecological Economics 40: 71–87.

McCree, K.J. 1972. Test of current definitions of photosyntheti-

cally active radiation against actual leaf photosynthesis data.

Agricultural and Forest Meteorology 10: 443–453.

MGAP. 1979. Descripci�on de las Unidades de Suelos. Carta de

Reconocimiento de Suelos del Uruguay. Ministerio de Agricultura

y Pesca. Direcci�on de Suelos y Fertilizantes, AR. Tomo III

Monteith, J.L. 1972. Solar radiation and productivity in tropical

ecosystems. Journal of Applied Ecology 9: 747–766.

Nosetto, M.D., Jobbagy, E.G. & Paruelo, J.M. 2005. Land-use

change and water losses: the case of grassland afforestation

across a soil textural gradient in central Argentina. Global

Change Biology 11: 1101–1117.

Paruelo, J. & Lauenroth, W. 1995. Regional patterns of NDVI in

North American shrublands and grasslands. Ecology 76:

1888–1898.

Paruelo, J.M. & Lauenroth, W.K. 1998. Interannual variability

of NDVI and their relationship to climate for North American

shrublands and grasslands. Journal of Biogeography 25:

721–733.

Applied Vegetation Science
12 Doi: 10.1111/avsc.12016© 2012 International Association for Vegetation Science

Afforestation impact on primary productivity M.M. Vassallo et al.



Paruelo, J.M., Epstein, H.E., Lauenroth, W.K. & Burke, I.C.

1997. ANPP estimates from NDVI for the center grassland

region of the United States. Ecology 78: 953–958.

Paruelo, J.M., Jobbagy, E. & Sala, O. 2001. Current distribution

of ecosystem functional types in temperate South America.

Ecosystems 4: 683–698.

Paruelo, J.M., Garbulsky, M.F., Guerschman, J.P. & Jobbagy, E.

G. 2004. Two decades of normalized difference vegetation

index changes in South America: identifying the imprint of

global change. International Journal of Remote Sensing 25: 2793

–2806.

Paruelo, J.M., Jobb�agy, E.G., Oesterheld, M., Golluscio, R.A. &

Aguiar, M.R. 2007. The grasslands and steppes of Patagonia

and the Rio de la Plata plains. In: Veblen, T., Young, K. &

Orme, A. (eds.) The physical geography of South America. pp.

232–248. The Oxford Regional Environments Series. Oxford

University Press, Oxford, UK. Chapter 14.

Paruelo, J.M., Pi~neiro, G., Baldi, G., Baeza, S., Lezama, F., Alte-

sor, A. & Oesterheld, M. 2010. Carbon stocks and fluxes in

rangelands of the R�ıo de la Plata basin. Rangeland Ecology and

Management 63: 94–108.

Petraglia, C. & Dell‘Acqua,M. 2006. Actualizaci�on de la carta for-

estal del Uruguay con imagenes del a~no 2004. Ministerio de

Ganader�ıa, Agricultura y Pesca, UY.

Pettorelli, N., Vik, J.O., Mysterud, A., Gaillard, J.M., Tucker, C.

J. & Stenseth, N.C. 2005. Using the satellite-derived NDVI to

assess ecological responses to environmental change. Trends

in Ecology & Evolution 20: 503–510.

Pielke, R.A. 2001. Influence of the spatial distribution of vegeta-

tion and soils on the prediction of cumulus convective rain-

fall. Reviews of Geophysics 39: 151–177.

Pielke, R.A., Avissar, R., Raupach, M., Dolman, A.J., Zeng, X. &

Denning, A.S. 1998. Interaction between the atmosphere

and terrestrial ecosystems: influence on weather and cli-

mate. Global Change Biology 4: 461–475.

Pielke, R.A., Marland, G., Betts, R.A., Chase, T.N., Eastman, J.L.,

Niles, J.O., Niyogi, D. & Running, S. 2002. The influence of

land-use change and landscape dynamics on the climate sys-

tem – relevance to climate change policy beyond the radia-

tive effect of greenhouse gases. Philosophical Transactions.

Series A, Mathematical, Physical, and Engineering Sciences 360:

1705–1719.

Pielke, R.A.S., Adegoke, J., Beltran-Przekurat, A., Hiemstra, C.

A., Lin, J., Nair, U.S., Niyogi, D. & Nobis, T.E. 2007. An

overview of regional land use and land cover impacts on

rainfall. Tellus. Series B, Chemical and Physical Meteorology 59:

587–601.

Pi~neiro, G., Oesterheld, M. & Paruelo, J.M. 2006. Seasonal varia-

tion in aboveground production and radiation-use efficiency

of temperate rangelands estimated through Remote Sensing.

Ecosystems 9: 357–373.

Pook, E.W. 1984a. Canopy dynamics of Eucalyptus maculata

hook. I. Distribution and dynamics of leaf populations.

Australian Journal of Botany 32: 387–403.

Pook, E.W. 1984b. Canopy dynamics of Eucalyptus maculata

hook. II. Canopy leaf area balance. Australian Journal

of Botany 32: 405–413.

Pook, E.W. 1985. Canopy dynamics of Eucalyptus maculata

hook. III effects of drought. Australian Journal of Botany

33: 65–79.

Pook, E.W., Gill, A.M. & Moore, P.H.R. 1997. Long-term varia-

tion of litter fall, canopy leaf area and flowering in a Eucalyp-

tus maculata forest on the South Coast of New South Wales.

Australian Journal of Botany 45: 737–755.

Potter, C.S., Randerson, J.T., Field, C.B., Matson, P.A., Vito-

usek, P.M., Mooney, H.A. & Klooster, S.A. 1993. Terres-

trial ecosystem production: a process model based on

global satellite and surface data. Global Biogeochemical Cycles

7: 811–841.

Rosenzweig, M. 1968. Net primary productivity of terrestrial

communities: prediction from climatological data. The Ameri-

can Naturalist 102: 67–74.

Ruimy, A., Saugier, B. & Dedieu, G. 1994. Methodology for the

estimation of terrestrial net primary production from

remotely sensed data. Journal of Geophysical Research 99: 5263

–5283.

Sellers, P., Los, S., Tucker, C., Justice, C., Dazlich, D., Collatz, G.

& Randall, D. 1996. A revised land surface parameterization

(Sib2) for atmospheric GCMS. Part II: the generation of

global fields of terrestrial biophysical parameters from

satellite data. Journal of Climate 9: 706–737.

Soriano, A. 1991. R�ıo de la Plata Grasslands. In:Coupland, R.T.

(ed.) Natural grasslands. Introduction and western hemisphere.

Ecosystems of the World. vol. 8A. pp. 367–407. Elsevier,

New York, NY, US. 19.

Stape, J.L., Binkley, D. & Ryan, M. 2004. Eucalyptus produc-

tion and the supply, use and efficiency of use of water, light

and nitrogen across a geographic gradient in Brazil. Forest

Ecology andManagement 193: 17–31.

Steinaker, D.F. & Wilson, S.D. 2008. Phenology of fine roots and

leaves in forest and grassland. Journal of Ecology 96: 1222–

1229.

Tucker, C.J. & Sellers, P.J. 1986. Satellite remote sensing of pri-

mary production. International Journal of Remote Sensing 7:

1395–1416.

Turner, J. & Lambert, M. 2008. Nutrient cycling in age sequences

of two Eucalyptus plantation species. Forest Ecology and Man-

agement 255: 1701–1712.

Vega, E., Baldi, G., Jobb�agy, E.G. & Paruelo, J. 2009. Land use

change patterns in the R�ıo de la Plata grasslands: the influ-

ence of phytogeographic and political boundaries. Agricul-

ture, Ecosystems & Environment 134: 287–292.

Vitousek, P.M. 1994. Beyond global warming: ecology and glo-

bal change. Ecology 75: 1862–1876.

Webb, W., Szarek, S., Lauenroth, W., Kinerson, R. & Smith,

M. 1978. Primary productivity and water use in native

forest, grassland and desert ecosystems. Ecology 59: 1239–

1247.

Applied Vegetation Science
Doi: 10.1111/avsc.12016© 2012 International Association for Vegetation Science 13

M.M. Vassallo et al. Afforestation impact on primary productivity



Whitehead, D. & Beadle, C.L. 2004. Physiological regulation of

productivity and water use in Eucalyptus: a review. Forest

Ecology andManagement 193: 113–140.

Wiegand, T., Snyman, H.A., Kellner, K. & Paruelo, J.M. 2004. Do

grasslands have a memory: modeling phytomass production

of a semiarid SouthAfrican grassland.Ecosystems 7: 243–258.

Wright, J.A., Di Nicola, A. & Gaitan, E. 2000. Latin American for-

est plantations – opportunities for carbon sequestration, eco-

nomic development and financial returns. Journal of Forestry

98: 20–23.

Xiao, X.M., Zhang, Q.Y., Braswell, B., Urbanski, S., Boles, S.,

Wofsy, S., Moore, B. & Ojima, D. 2004. Modeling gross

primary production of temperate deciduous broadleaf forest

using satellite images and climate data. Remote Sensing of Envi-

ronment 91: 256–270.

Zar, J.H. 1999. Biostatistical analysis. In. 4th ed. Prentice Hall,

Upper Saddle River, NJ, US.

Zhang, L., Dawes,W.R. &Walker, G.R. 2001. Response ofmean

annual evapotranspiration to vegetation changes at catch-

ment scale.Water Resources Research 37: 701–708.

Zinn, Y.L., Resck, D.V.S. & da Silva, J.E. 2002. Soil organic car-

bon as affected by afforestation with Eucalyptus and Pinus in

the Cerrado region of Brazil. Forest Ecology and Management

166: 285–294.

Applied Vegetation Science
14 Doi: 10.1111/avsc.12016© 2012 International Association for Vegetation Science

Afforestation impact on primary productivity M.M. Vassallo et al.


