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 Interannual variability of NDVI and its relationship to climate for

 North American shrublands and grasslands

 JOSE M. PARUELO' and WILLIAM K. LAUENROTH2 Department of Rangeland Ecosystem Science and2 Natural
 Resources Ecology Laboratory, Colorado State University, Fort Collins, CO 80523,. US. A.

 Abstract. Our objective was to analyse the interannual

 variability of different characteristics of the seasonal dynamics

 of NDVI and their relationships with climatic variables for

 grassland and shrubland sites of North America. We selected

 twenty-five sites located in relatively undisturbed areas. We

 analysed the variability of seven traits derived from the annual

 dynamics of the NDVI at each site: the annual integral, the

 difference between maximum and minimum NDVI, the dates

 of the inflection points of a double logistic model fitted to

 the NDVI curve, the difference between these dates, the date

 of maximum NDVI, and the coefficient of determination of

 the double logistic model.

 The temporal variability of traits that integrated aspects

 of primary productivity over the year was lower than those

 related to seasonality. This suggests that from year to year,

 grassland and shrubland ecosystems would differ more in

 the timing of production and senescence than in the total

 amount of carbon fixed. The integral of NDVI showed

 less temporal variability than annual precipitation. The

 coefficient of variation of both precipitation and the NDVI

 integral were positively related. The slope of the relationship

 was significantly lower than 1, indicating that the variability

 of ecosystem function is a lower proportion of the variability

 of annual precipitation in areas with a high relative variability

 of this climatic variable than in areas of low variability. The

 variability of most of the NDVI traits analysed showed a

 negative and, in general, non-linear relationship with annual

 precipitation. The same kind of relationship has been reported

 elsewhere for annual precipitation and its coefficient of

 variation. Mean annual precipitation has been reported as

 the main control of above-ground net primary production in

 grassland and shrubland ecosystems. Our results suggest that

 this climatic variable is also associated with the interannual

 variability of carbon gains, such as the primary production

 and its seasonality.

 Key words. Remote sensing, ecosystem function,

 ecosystem variability, climatic controls.

 Resumen. El objectivo de este trabajo fue analizar, para
 pastizales y arbustales de Norteam6rica, la variabilidad

 anual de una serie de caracteristicas de la dinamica estacional

 del Indice verde Normalizado (IVN) y su relaci6n con

 variables climaticas. Se eligieron 25 sitios ubicados en areas
 poco disturbadas. Para cada sitio se analiz6 la variabilidad

 de 7 atributos derivados de la dinamica anual del IVN: la

 integral anual, la diferencia entre el maximo y el minimo

 IVN, las fechas de los puntos de inflecci6n de un modelo

 doble-logistico ajustado a la curva de IVN, la diferencia
 entre esas fechas y el coeficiente de determinaci6n del modelo
 doble-logistico.

 La variabilidad temporal de los atributos que integran

 aspectos de la productividad primaria a lo largo del ano fue
 menor que la de aquellos relacionados con la estacionalidad.
 Esto sugiere que de anio en anio los ecosistemas de pastizal

 o arbustal difieren mas en cuanto al momento de producci6n
 y senescencia que en cuanto a la cantidad total de carbono

 fijada. El coeficiente de variaci6n de la precipitaci6n y

 de la integral del IVN estuvo positivamente asociada. La

 pendiente de dicha relaci6n fue significativamente menor

 que 1, indicando que la variabilidad en el funcionamiento

 del ecosistema es menor a la variabilidad de precipitaci6n

 y que ademas esta proporci6n es menor en areas con una

 variabilidad alta de esta variable climatica. La variabilidad

 de la mayor parte de los atributos analizados mostr6 una

 relaci6n negativa y, generalmente, no-linear con la

 precipitacin anual. El mismo tipo de relaci6n ha sido

 observado para la precipitaci6n anual y su coeficiente de

 variaci6n. La precipitaci6n media anual ha sido sefialado

 como el principal control de la producci6n primaria neta

 a6rea en pastizales y arbustales. Nuestros resultados sugieren

 que dicha varaible climatica esta tambi6n asociada con la

 variabilidad de las ganancias de carbono, tales como la

 productividad primaria o su estacionalidad

 Correspondence: J.M Paruelo, IFEVA, Departamento de Ecologia, Facultad de Agronomia, Universidad de Buenos Aires, Av. San Martin 4453, 1417
 Buenos Aires, Argentina. E-mail:: paruelo@ifeva.edu.ar
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 INTRODUCTION

 Monitoring the impact of global change on ecosystems relies

 on detecting directional changes of key ecological processes.

 Detecting such signals requires an understanding of the

 natural variability of these processes. A change associated

 with an external forcing variable (atmospheric CO2 con-

 centration, temperature increase, land degradation, etc.) can

 be detected when the effect of the forcing variable becomes

 larger than the noise of the natural system. Spatial and

 temporal variability are therefore important features for

 the characterization of ecosystem function at regional and
 global scales. The analysis of temporal and spatial variability

 can provide insights into the forces affecting ecosystem

 function (Magnuson et al., 1991). Despite its importance,

 the availability of information on year-to-year variation

 in functional aspects of ecosystems is extremely limited

 (Mooney, 1991). In this paper, we present data on the

 temporal and spatial variability of the normalized difference

 vegetation index (NDVI) derived from the Advanced Very

 High Resolution Radiometer(AVHRR)/National Oceano-

 graphic and Atmospheric Agency (NOAA) satellites for

 grasslands and shrublands of North America. We used

 traits derived from the seasonal dynamics of the NDVI

 to represent different aspects of the carbon gains of the
 ecosystem.

 Grasslands and shrublands occupy areas with a broad
 range of precipitation and temperature. The structure and

 function of these ecosystems have shown a strong
 relationship with climate (Walter, 1973; Lauenroth, 1979;

 Le Houerou et al., 1988; Sala et al., 1988; McNaughton

 et al., 1989; Oesterheld et al., 1992; Milchunas & Lauenroth,
 1993; Paruelo & Lauenroth, 1995; Paruelo & Lauenroth,

 1996). The relative variability of the main climatic variables

 changes along climatic gradients occupied by grasslands

 and shrublands. For example, the coefficient of variation

 (CV) of mean annual precipitation decreases as precipitation

 increases (Goudie & Wilkinson, 1977). The CV of mean

 annual temperature decreases exponentially with increasing

 temperature (Lauenroth & Burke, 1995). The CV of actual

 evapotranspiration showed a negative relationship with

 mean actual evapotranspiration for a broad range of

 ecosystems (Frank & Inouye, 1994). How does the temporal

 variability in climate affect the variability of ecosystem

 processes in grassland and shrubland areas? This is a critical

 question that does not yet have a clear answer (Greenland

 & Swift, 1988).

 McNaughton et al. (1989) suggested that above-ground
 net primary production (ANPP) is an integrative estimate

 of ecosystem function. Energy flow of herbivores shows a

 strong correlation with ANPP (McNaughton et al., 1989;

 Oesterheld et al., 1992). Primary production is also a strong
 regulator of the flow of minerals and gases within the

 biosphere (Mooney, 1991). Therefore, the analysis of the

 variability of ANPP can provide important insights into

 the variability of ecosystem function.

 Remote sensing has proven to be a useful tool in the
 analysis of the dynamics of ANPP (Malingreau,1986; Lloyd,

 1990; Loveland et al., 1991; Soriano & Paruelo, 1992;
 Paruelo et al., 1993; Fischer, 1994a,b; Paruelo & Lauenroth,

 1995). The integral of the Normalized Difference Vegetation

 Index (NDVI), derived from satellite data, has been shown

 to be strongly correlated to ANPP for grassland sites (Tucker

 et al., 1985; Prince, 1991). Paruelo et al. (1997) related the

 4-year average integral of NDVI to the long-term ANPP

 of nineteen grassland sites in central North America, and

 found a significant positive relationship (r2=0.93). Paruelo

 & Lauenroth (1995) described the differences in the seasonal

 dynamics of NDVI among distinct grasslands and

 shrublands of the USA. They found that their sites differed

 in two main characteristics: the annual integral of NDVI

 and the difference between the maximum and minimum

 NDVI. These attributes of NDVI can be associated with

 ANPP and its annual seasonality (Paruelo & Lauenroth,

 1995). Reed et al. (1994) analysed the interannual variability

 of some attributes of NDVI for different land-use categories

 in North America.

 Our objective was to analyse the year-to-year variability
 of different characteristics derived from the seasonal

 dynamics of NDVI and their relationships with climatic

 variables for grassland and shrubland sites of North

 America. We specifically sought the answers to the following

 questions:

 1 What is the year-to-year variability of the seasonal

 dynamics of NDVI for grasslands and shrublands of
 North America?

 2 How is this variability related to climate?

 METHODOLOGY

 We used the seasonal dynamics of the Normalized Dif-

 ference Vegetation Index (NDVI) to represent the dynamics

 of ANPP. NDVI was computed from the reflectance in

 channel 1 (red, 580-680 nm) and channel 2 (near infrared,
 725-1100 nm) from the AVHRR/NOAA 11 satellite:

 NDVI = (Channel 2- Channel 1)/(Channel 1 + Channel 2)

 We used 1 km resolution biweekly maximum NDVI
 composites (Holben, 1986) for 1990, 1991, 1992 and 1993,

 obtained from the USGS-EROS Data Center in Sioux Falls,

 South Dakota. The data set for each year is composed of

 19-21 biweekly images derived from about 500 Local Area

 Coverage images (1.1 km) of the daily orbital passes of
 NOAA 11. Images were geometrically registered to the
 Lambert Azimuthal Equal Area map projection. Further

 details on scene selection, radiometric calibration, geometric

 registration and compositing can be found in Eidenshink

 (1992). Image processing was performed using ERDAS 7.5

 software (ERDAS Inc., Atlanta GA).

 For each of the available composites we extracted the

 NDVI values for twenty-five sites located in the Central

 Grassland and the Great Basin regions of the United States

 (Table 1). We included the following vegetation types in the

 analyses: Tallgrass prairie, Northern and Southern mixed-

 grass prairie, Shortgrass steppe and Sagebrush steppe. Sites

 were classified into the different vegetation types based on

 Kuichler's (1964) and Dodd's (1979) maps. These vegetation

 types cover a broad range of mean annual temperature,
 mean annual precipitation, and seasonality of precipitation

 ?C Blackwell Science Ltd 1998, Joumaol of Biogeography, 25, 72 1-733
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 TABLE 1. Study sites used in the NDVI analysis. ST and VT indicate state and vegetation type (Ktichler, 1964; Dodd, 1979), respectively.

 Latitude and longitude are expressed in centesimal degrees. The map column display the name of the USGS 1:100000 sheets. The listed
 references are papers with a description of the corresponding site.

 Name ST VT Longitude Latitude Map 1:100000 References

 ALE WA SB 119.55 46.40 Richland Sims et al. (1978)
 Cottonwood SD NMG 101.87 43.95 Kadoka Sims et al. (1978)
 Dickinson ND NMG 102.82 46.90 Dickinson Sims et al. (1978)
 Hays KS SMG 99.38 38.87 Hays Sims et al. (1978)

 Osage OK TG 96.55 36.95 Pawhuska Sims et al. (1978)
 Pantex TX SG 101.53 35.30 Amarillo Sims et al. (1978)

 CPER CO SG 104.60 40.82 Eaton Sims et al. (1978)
 Fort Berthold Indian Reserv. ND NMG 102.50 47.75 Parshall Redmann (1975)
 S.H. Ordway Memorial Pr. SD NMG 99.10 45.33 Gettysburg Ode et al. (1980)
 Fort Keogh Liv. & R.Res. Lab MT NMG 105.88 46.30 Miles City
 Konza Prairie KS TG 99.60 39.10 Manhattan Abrams & Hulbert (1987)
 Arapaho NB TG 101.80 41.55 Arthur Barnes et al. (1983)
 Idaho National Eng. Lab. ID SB 112.67 43.73 Circular B. Anderson & Shumar (1986)

 US Sheep Exp. Station ID SB 112.15 44.25 Dubois Murray (1988)
 Colockun Research Unit WA SB 120.17 47.30 Wenatchee W. Reg. Coord. Communication (1988)
 Okhlahoma St. University of Agr. Res. OK TG 97.23 36.05 Enid Ewing & Engle (1988)
 Curlew Valley UT SB 113.08 41.87 Grouse Creek West (1985)
 Badlands National Park SD NMG 102.33 43.75 Wall Uresk (1990)
 Alzada MT SB 104.47 45.03 Alzada MacCracken et al. (1983)
 Laramie WY NMG 105.57 41.42 Laramie Smith et al. (1983)
 Springfield CO SG 102.73 37.37 Springfield
 E. Colorado Range Station CO SMG 103.17 40.38 Fort Morgan

 SSHA WY SB 107.17 41.42 Bags Burke et al. (1989)
 El Paso CO SG 104.50 38.55 Colorado Sp. Kinraide (1984)
 Reynolds ID SB 116.77 43.15 Murphy

 Vegetation types: Shrublands: SB, Sagebrush steppe. Grasslands: NMG, N. mixed-grass prairie; SG, Shortgrass steppe; TG, Tallgrass prairie;
 SMG, S. mixed-grass prairie.

 (Figs 1 and 2). Each site was at least 9 km2 for proper

 localization within the image. The study sites corresponded

 to areas with low human impact (i.e. National Grasslands,

 Experimental Stations, etc.), therefore they represent the

 potential vegetation of the area. Each study site was located
 on topographic maps (1:100.000) to avoid complex

 topographic features in the target area. From the

 topographic maps we also obtained the geographical

 coordinates of the study areas (Table 1). Geographic

 coordinates (latitude, longitude) were converted to the

 Lambert Azimuthal Equal Area map projection coordinates

 to overlay the study areas on the NDVI images.

 For each site and each year we fitted a double logistic

 function of time to the NDVI data (Fischer, 1994a, b) (Fig. 3).
 This function represents the seasonal dynamics of the NDVI

 using six parameters k, c, p, d, q and min (Fischer, 1994a):

 NDVI(t) = min + k/(1 + e((t-p)) -k/(1 + e(-d(t-q))

 where t is the day of the year, k is a nondimensional

 parameter related to the asymptotic value, c and d are the
 slopes at the first and second inflection points (day-'), p
 and q are the dates of these points (day), and min is the

 minimum NDVI recorded for the site in each specific year.
 We estimated the degree of fit of the model using the
 coefficient of determination (r2).

 We calculated for each year and site the annual integral
 of NDVI, the difference between maximum and minimum

 NDVI and the date of the maximum NDVI. The annual

 ( Blackwell Science Ltd 1998, Joumal of Biogeography, 25, 721-733

 integral was calculated by summing the products of NDVI

 for each date and the proportion of the year represented

 by that date (En NDVI, T,, where n is the total number of

 composites per year, NDVI, is the ith composite and T, is

 the proportion of the year covered by the ith composite,

 usually 14 days).

 We analysed the variability of seven traits derived from

 the annual NDVI curves: the annual integral, the difference

 between maximum and minimum NDVI, the dates of the

 inflection points of the double logistic model (parameters p

 and q), the difference between q and p, the date of maximum

 NDVI, and the coefficient of determination of the double

 logistic model (Fig. 3). The annual integral (NDVI-I) was

 used as an estimate of ANPP (Goward et al., 1985; Tucker

 et al., 1985; Box et al., 1989; Running, 1990; Prince, 1991).

 The difference between maximum and minimum NDVI

 (MM) and the date of maximum NDVI (DM) reflected

 different aspects of the seasonality of primary production.

 We used the date of the inflection points of the double

 logistic model as indicators of the start (SGS) and end of

 the growing season (EGS). We selected objective parameters

 of the model fitted to the data to avoid a subjective definition

 of the NDVI or rate of change of the NDVI that correspond

 to the start and end of the growing season. The difference

 between these dates represented the length of the growing

 season (GSL). Finally, the coefficient of determination of

 the double logistic model (CD) was used to represent the

 intra-annual variability of NDVI or primary production.
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 FIG. 1. Annual precipitation (upper graph) and annual temperature (lower graph) for the four vegetation types considered and for the 4
 years and the average. Different letters indicated significant differences. See Table 1 for a full description of the vegetation types. Data were

 obtained from Earthinfo (1994).

 For each individual site, the values of each of the seven

 traits were averaged over the 4 years (1990, 1991, 1992 and

 1993). We also averaged the seven traits over vegetation

 types, except for the Southern mixed-grass prairie, for which

 just two sites were available. We characterized the temporal

 variability of each trait by calculating the Coefficient of

 Variation (CV) for the four years of data (CV=standard

 deviation divided by the mean). CV has been used

 extensively as an index of variability of both climatic and

 ecological dataset (see for example Le Houerou et al., 1988;

 Frank & Inouye, 1994; Lauenroth & Burke, 1995). The CVs

 of the individual sites were averaged over each vegetation

 type. The relationship between the temporal variability (CV)

 of the whole set of sites, and climatic variables was analysed

 using regression (Kleinbaum & Kupper, 1978). The climatic

 variables included in the analyses were annual precipitation

 (PPT), mean annual temperature (TEM), thermal amplitude

 (AMP=difference between the mean temperature of the

 warmest and coldest month), and the proportion of

 precipitation falling during each season (December to

 February, WIN; March to May, SPR; June to August, SUM

 and September to November, FAL). Climatic data were

 obtained from the nearest weather station to each study

 site from the EarthInfo (1994) database. For each individual

 year and for the four-year period we analysed the

 relationship between the NDVI trait and the climatic

 variables using step-wise regression analysis. Curve fitting

 and statistical analyses were performed in SAS (SAS, 1988).

 RESULTS

 The integral of NDVI (NDVI-I) was maximum for the

 Tallgrass prairie and minimum for the Sagebrush steppe

 sites (Fig. 4a). Tallgrass sites had a NDVI-I significantly

 higher than the rest of the vegetation types for the four

 years analysed. Northern mixed-grass prairies showed

 significantly higher NDVI-I than Sagebrush steppe for most

 of the years (Fig. 4a).

 The coefficient of determination of the double logistic

 model (CD) was also higher for the Tallgrass prairie than

 for the rest of the vegetation types (Fig. 4b). The Short-

 grass steppe sites, in general, had lower coefficient of

 determination, indicating a more irregular intra-annual

 dynamics of the NDVI, than the other three vegetation

 types. Differences between the maximum and minimum
 NDVI (MM) were maximum for the Tallgrass prairie and

 minimum for the Shortgrass steppe (Fig. 5a). The 4-year

 average showed significant differences among the four

 vegetation types for this trait.

 On average, grassland sites reached maximum NDVI

 ( Blackwell Science Ltd 1998, Journal of Biogeography, 25, 721-733
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 FIG. 3. Example of the NDVI data and the double logistic model

 fitted to it for the Cottonwood site for a particular year (see

 Table 1). We indicated the seven traits considered in the analyses:

 the annual integral of the NDVI (NDVI-1), the coefficient of
 determination of the double logistic model fitted to the NDVI
 curves (CD), the difference between the maximum and minimum
 NDVI through the year (MM), the date of maximum NDVI (DM),

 the date of start of the growing season (SGS), the date of end of
 the growing season (EGS) and the length of the growing season

 (GSL).

 ? Blackwell Science Ltd 1998, Journal of Biogeography, 25, 721-733

 values (DM) and started the growing season (SGS) later

 than shrublands (Figs 5b and 6a). The difference in the date

 of maximum NDVI between grasslands and shrublands

 ranged between 20 and 38 days. Northern mixed-grass

 prairie and Sagebrush steppe sites ended the growing season

 significantly earlier than Tallgrass prairie and Shortgrass

 steppe sites (Fig. 6b). The length of the growing season was,

 consequently, shorter for the Northern mixed-grass prairies

 and the Sagebrush steppes. However, differences were

 significant only between the Tallgrass prairie and Northern

 mixed-grass prairie sites (Fig. 6c). Average differences in

 the length of the growing season for these two vegetation

 types ranged between 28 and 64 days depending upon the

 year.

 Changes in the NDVI integral of particular sites across

 the region resulted from changes in both the NDVI peak

 (reflected in an increase in the difference between maximum

 and minimum NDVI) and the in length of the growing

 season (GSL). For the 4 years analysed, 72% of the explained

 variance of the NDVI integral was accounted for by changes

 in the difference between maximum and minimum NDVI

 and 28% by changes in the length of the growing season

 (Table 2).

 Annual precipitation (PPT) was the dominant climatic

 control of NDVI-I for the four years analysed as well as

 for the average (Table 3). Precipitation explained between
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 FIG. 4. Average values for each vegetation type for each year and for the four-year period of the annual integral of the NDVI (NDVI-I)

 (upper graph) and of the coefficient of determination of the double logistic model (CD) (lower graph). Different letters indicated significant
 differences among vegetation types. See Table 1 for a full description of the vegetation types.

 64% and 80% of the regional variability of this trait. For

 the average coefficient of determination of the double logistic

 model (CD), the climatic variables did not explain a

 significant proportion of the regional variability (Table 3).

 Climatic variables accounted for 53% to 62%, depending

 upon the year, of the regional variability of the range of

 NDVI (MM) (Table 3). Annual temperature (TEM) and

 PPT were the most important explanatory variables. The

 average date of the maximum NDVI (DM) was positively

 related to the proportion of precipitation falling in summer

 (SUM) and spring (SPR) and to temperature (r2= 0.69).
 For the individual years, the proportion of the variance

 explained was lower than for the average, and the proportion

 of precipitation falling in summer (SUM) was the only

 climatic variable with a consistent effect on DM (Table 3).

 For the average date of start (SGS) and end (EGS) of

 the growing season, a substantial portion of the regional

 variability was accounted by climate. The date of start of

 the growing season (SGS) showed a negative relationship

 with annual thermal amplitude (AMP) and with the

 proportion of precipitation falling in winter (WIN) and

 with mean annual temperature (TEM) (r 2= 0.63). EGS was

 positively related to PPT, TEM and SUM (r2= 0.55). The
 average length of the growing season (GSL) was positively

 associated with TEM, however, climate explained only a

 third of the regional variability of this trait (r2=0.32)
 (Table 3). For these three attributes there was not a unique

 set of variables explaining the regional variability for the

 each of the four years (Table 3).

 Considering the whole range of vegetation types, the

 annual integral of NDVI and the coefficient of determination

 of the double logistic model were the least variable traits

 (Fig. 7). The coefficient of variation (CV) of the NDVI-I

 ranged between 3% for the Tallgrass prairie and 12% for

 the Sagebrush steppe. The relative variability of NDVI-I

 for the 4 years was about half of the interannual variability

 of PPT (Fig. 8). The coefficients of variation of the NDVI

 integral and the precipitation were positively associated

 (r2= 0.19, P< 0.05) (Fig. 9). The slope of the relationship

 was significantly lower than 1. The coefficient of variation

 of the NDVI integral decreased with increases in the average

 NDVI integral (r 2= 29, P< 0.05).

 The traits related to the seasonality of NDVI were more

 variable than the others (Fig. 7). The coefficient of variation

 for the difference between the maximum and minimum NDVI

 (MM) ranged between 12% for the Tallgrass prairie, and 25%

 for the Sagebrush steppe (Fig. 7). The CV of MM was

 negatively relate to the average value (r2 = 0.50, P< 0.05).

 (D Blackwell Science Ltd 1998, Journal of Biogeography, 25, 721-733
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 FIG. 5. Average values for each vegetation type for each year and for the four-year period of the difference between maximum and minimum

 NDVI (MM) (upper graph) and of the date of maximum NDVI (DM) (lower graph). Different letters indicated significant differences among
 vegetation types. See Table 1 for a full description of the vegetation types.

 The CV of the date of maximum NDVI (DM) ranged

 from 8% for the Northern mixed-grass prairie to 15% for

 the Sagebrush steppe (Fig. 7). The variability of the date

 of the start of the growing season (SGS) was substantially

 lower for the Tallgrass and the Northern mixed-grass prairies

 than for the Shortgrass and Sagebrush steppes. The

 variability of the date of the end of the growing season

 (EGS) was highest for the Sagebrush steppe. The length of

 the growing season was the most variable trait among years.
 Except for the Shortgrass steppe the CV of the length of

 the growing season was almost double the CV of both the

 date of start and end of the growing season (Fig. 7).
 The coefficient of variation (CV) of five of the seven traits

 showed a negative relationship with precipitation (PPT)

 (Table 4). In general, the relationship had an exponential

 decay form. PPT explained 26% and 28% of the regional

 variability of the CV of NDVI integral (NDVI-1) and the

 coefficient of determination of the double logistic model

 (CD). Between 40 and 59% of the variance of the CV of

 the date of start (SGS), and end (EGS) of the growing

 season, and of the length of the growing season (GSL) was

 explained by climatic variables (Table 4). Approximately
 half of this explained variance was accounted for

 ? Blackwell Science Ltd 1998, Journal of Biogeography, 25, 721-733

 precipitation. The CV of the difference of the maximum

 and minimum NDVI (MM) was positively associated with

 thermal amplitude (AMP) and negatively to the proportion

 of precipitation falling in summer (SUM). The relative

 variability of the date of maximum NDVI (DM) increased

 with annual temperature (TEM) and thermal amplitude
 (AMP) and decreased with the proportion of precipitation

 falling in spring (SPR).

 DISCUSSION

 The attributes of the seasonal dynamics of NDVI differed

 in their interannual variability. The temporal variability of

 traits that integrated aspects of primary productivity over

 the year (NDVI-I and CD) showed a lower variability than

 those related to seasonality (MM, DM, SGS, EGS, GSL).

 This suggests that from year to year, grassland and

 shrubland ecosystems differ more in the timing of production

 and senescence than in the total amount of carbon fixed.

 The dates of maximum changes in NDVI (SGS and EGS)

 were especially variable among years for the Sagebrush and

 Shortgrass steppes. This resulted in a high relative variability

 (CV) in the length of the growing season, 37% for the
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 r2 F Indep.Var r2 p

 '90 0.61 17 +?MM 0.46
 +GSL 0.15

 '91 0.61 17 +?MM 0.42
 +GSL 0.19

 '92 0.73 30 +MM 0.69

 +?GSL 0.04
 '93 0.82 49 +?MM 0.57

 +?GSL 0.24
 AVG 0.81 46 +9 MM 0.58

 +?GSL 0.23

 Shortgrass steppe and 42% for the Sagebrush steppe. Even

 though the date of maximum NDVI (DM) was less variable

 than the length of the growing season, for some of the

 vegetation types it occurred over a large time period.

 Few data are available on the interannual variability of

 the seasonality of ANPP in grasslands and shrublands. Sims

 & Singh (1978) evaluated the dynamics of biomass in North

 American grasslands through the growing season for three

 years. Our analysis included four of their sites: Cottonwood,
 Osage, Pantex and CPER (Pawnee). For these sites, the

 average dates of maximum ANPP as well as the temporal

 variability that they reported, were similar to those that we

 found using NDVI data (Cottonwood (NMG), DM= 189,

 CV= 10%; Osage (TG) DM= 196, CV= 7%; Pantex (SG)
 DM= 186, CV=25%; CPER (SG) DM= 194, CV=9%).

 The integral of NDVI (NDVI-1) showed less temporal

 variability than precipitation, a climatic variable strongly

 related to NDVI-I (Paruelo & Lauenroth, 1995) and to the

 ANPP data (Sala et al., 1988) over the region. The coefficient

 of variation of both precipitation and the NDVI integral

 were positively related (Fig. 9). The slope of the relationship

 was significantly lower than 1, indicating that the variability

 of ecosystem function is a lower proportion of the variability

 of PPT in areas with a high relative variability of this

 climatic variable than in areas of low variability. The areas

 with high temporal variability in precipitation corresponded

 to the least productive end of the gradient in grassland and

 shrubland regions (Sala et al., 1988; Jobbagy et al., 1995;

 Lauenroth & Burke, 1995). Our results suggest a capacity

 of ecosystems to buffer climatic fluctuations. Furthermore,
 this buffer capacity appears to be high in low productive
 systems. Many mechanisms may account for this pattern.

 Transfer of soil water from one year to the next or from

 one season to another may account for the lower variability

 of NDVI-I than total precipitation. Lags in the recovery of

 primary production from a drought may also reduce

 temporal variability. Structural constraints related to the

 relative abundance of functional types and density of seeds

 and tillers may reduce the variability of ANPP within the

 boundaries imposed by precipitation variability (Lauenroth

 & Sala, 1992). Among the NDVI traits, only the length of the

 growing season showed a temporal variability substantially

 greater the variability of annual precipitation. Soil signals

 probably did not reduce the variability of the NDVI integral

 at the dry end of the gradient because we did not include

 sites with canopy cover less than 40% (Rickard & Sauer,
 1982).

 In one of the few long-term analysis of ANPP data for

 grasslands, Lauenroth & Sala (1992) also found that ANPP

 was less variable than precipitation. The CV for 50 years of
 ANPP data for the CPER (a Shortgrass steppe site) was

 22% while the coefficient of variation of precipitation data

 was 31% (Lauenroth & Sala, 1992). A 5-year analysis by
 Fernandez et al. (1991) for a shrub steppe in Patagonia

 reported a temporal CV of 34% for ANPP and of 57% for

 precipitation. Our results for the Sagebrush steppe, a region

 with climatic similarities to Patagonia (Paruelo et al., 1995)

 showed that, again, the temporal variability of NDVI-I was
 lower than the temporal variability of the precipitation.

 However, in an extensive review of published field

 ?C Blackwell Science Ltd 1998,Journal of Biogeography, 25, 72 1-733

This content downloaded from 157.92.4.71 on Wed, 08 Feb 2017 15:27:59 UTC
All use subject to http://about.jstor.org/terms



 Interannual variability of NDVI 729

 TABLE 3. Stepwise regression analysis of the relationship between characteristics of the NDVI curves and climate for each of the 4 years
 analysed and for the average of this period. The climatic variables included in the analyses were annual precipitation (PPT), annual
 temperature (TEM), thermal amplitude (AMP), proportion of precipitation falling in winter (WIN), spring (SPR), summer (SUM) and fall
 (FAL). The independent variables were the annual integral of the NDVI (NDVI-1), the coefficient of determination of the double logistic
 model fitted to the NDVI curves (CD), the difference between the maximum and minimum NDVI through the year (MM), the date of
 maximum NDVI (DM), the date of start of the growing season (SGS), the date of end of the growing season (EGS) and the length of the
 growing season (GSL). r2 is the coefficient of determination of the model fitted, F is the F-Snedecor statistics for the whole model (n =25)
 and r2 p the partial coefficient of determination of each of the variables included in the model. The plus or minus attached to each
 independent variable indicates the sign of the coefficient.

 r2 F Indep. variable r2p r2 F Indep. variable r2p

 NDVI-I AVG 0.69 17 +SUM 0.57
 '90 0.76 35 +PPT 0.64 + SPR 0.05

 +SUM 0.12 -TEM 0.06

 '91 0.66 45 + PPT 0.66 SGS
 '92 0.80 91 +PPT 0.80SG
 '93 0.66 45 +PPT 0.66 '90 0.31 5 +SUM 0.22
 AVG 0.75 70 + PPT 0.75 + PPT 0.09

 '91 0.28 9 +SUM 0.28

 CD '92 0.60 11 +SUM 0.46
 ,90 0.17 5 FAL 0.17 -AMP 0.08
 191 - ns - TM00
 '92 0.19 6 +SUM 0.19 '93 0.52 12 -TEM 0.40
 '93 0.53 8 -TEM 0.14 +PPT 0.12

 +PPT 0.21 AVG 0.63 12 -WIN 0.51
 + WIN 0.19 -AMP 0.05

 AVG ns -TEM 0.07
 EGS

 MM 90 0.37 13 +PPT 0.37
 '90 0.62 12 +SUM 0.36 '91 0.39 7 - WIN 0.26

 +PPT 0.11 +TEM 0.13

 -TEM 0.15 '92 0.65 9 +PPT 0.16
 '91 0.59 10 + PPT 0.32 +AMP 0.23

 -TEM 0.21 -FAL 0.19

 +AMP 0.06 -WIN 0.07

 '92 0.53 12 +PPT 0.45 '93 0.68 15 +PPT 0.40
 -TEM 0.08 +SUM 0.21

 '93 0.61 11 + PPT 0.45 +TEM 0.07

 -TEM 0.08 AVG 0.55 14 + PPT 0.37

 +SUM 0.07 +SUM 0.18
 AVG 0.59 16 + PPT 0.36

 -TEM 0.23 GSL
 '90 0.17 5 +PPT 0.17

 DM '91 0.39 7 +TEM 0.29
 '90 0.30 5 +SUM 0.22 -FAL 0.10

 + PPT 0.08 '92 0.49 10 +AMP 0.39
 '91 0.22 7 +SUM 0.22 + PPT 0.10
 '92 0.57 15 +SUM 0.51 '93 0.69 24 +SUM 0.43

 + SPR 0.06 +TEM 0.26
 '93 0.42 17 +SUM 0.42 AVG 0.32 11 +TEM 0.32

 estimates of ANPP, Le Houerou et al. (1988) found that,

 on average, the relative variability in production (CV) was

 50% greater than for rainfall. The difference in the spatial

 scale of ANPP estimates reported by Le Houerou et al.

 (1988) and those derived from our NDVI data may explain

 the disagreement. An increase in the quadrat size is often

 associated with a decrease in variance of the variable

 measured. Therefore, we may expect a higher variability in

 field estimates than in remotely sensed estimates of ANPP

 for a particular site. At the quadrat level, factors such as

 the spatial distribution of individuals, groups of individuals,

 or plant communities contribute to increase the variability

 among samples (Burke et al., 1995). For larger sample areas,

 ? Blackwell Science Ltd 1998,Journal of Biogeography, 25, 721-733

 differences in plant communities become the main source of

 spatial heterogeneity and variability among samples drops.

 When the sample area becomes larger than the modal size

 of the patches of the different plant communities (i.e. a few

 km'), a further reduction in variability may be expected.
 That was evident for the CPER site, where CV for four

 years of ANPP data (base on both field and remote sensing

 data according to the scale) showed an exponential decay

 (r?=0.98, n=6, F= 170, P< 0.01) across a gradient of scales
 ranging from 1 m2 to 36.106 m2 (Paruelo et al. unpublished

 data).

 Changes in the NDVI integral among years were mainly

 associated with changes in the magnitude of the peak of
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 FIG. 7. Interannual coefficient of variation of the seven traits of the NDVI curve analysed: the annual integral of the NDVI (NDVI-J), the
 coefficient of determination of the double logistic model fitted to the NDVI curves (CD), the difference between the maximum and minimum
 NDVI through the year (MM), the date of maximum NDVI (DM), the date of start of the growing season (SGS), the date of end of the
 growing season (EGS) and the length of the growing season (GSL); for the four vegetation types (See Table 1 for a full description of the
 vegetation types names).

 25

 * PPT
 ED TEM

 20

 15 -

 CV (%)

 10 -

 5-

 0
 TG NMG SG SB

 Vegetation Type

 FIG. 8. Interannual coefficient of variation of annual precipitation (PPT) and annual temperature (TEM) for the four vegetation types (see
 Table 1 for a full description of the vegetation types names).

 NDVI (Table 2). Only 25% of the interannual variability in

 NDVI-I was accounted for by changes in the length of the

 growing season. For the sites analysed, temperature may

 impose serious constraints to the expansion of the growing

 season. An additional constraint to the expansion of the

 growing season for some of the grassland sites is the ability

 to transfer water from the summer, when most of the

 precipitation occurs, into the fall. An important fraction of

 extra water may be lost by soil evaporation. Goulden et al.

 (1996) found for deciduous forest that the length of the

 growing season was an important control of the interannual

 variability of the gross ecosystem exchange of carbon

 dioxide.

 The relationships between climate and the NDVI integral

 (NDVI-1) and the difference between maximum and

 minimum NDVI (MM) were stable across the 4 years. The

 same set of variables explained most of the variability of

 these two traits in each of the four years. Precipitation

 (PPT) was the climatic variable that explained most of the

 variability of NDVI-I (Table 3) as previous studies suggested

 (Malo & Nicholson, 1990; Nicholson et al., 1990; Paruelo

 et al., 1993; Paruelo & Lauenroth, 1995). Precipitation and

 temperature were the main climatic controls of the regional

 variability of the difference between maximum and

 minimum NDVI (MM) as showed by Paruelo & Lauenroth

 (1995).

 The proportion of precipitation falling in summer was

 positively associated with the date of maximum NDVI

 (DM), but the proportion of the variance explained by

 climate varied among years. Changes among years in the

 models were large for the start, end and length of the

 growing season (Table 3). Year to year differences in the

 models of the relationship between the NDVI traits related

 to seasonality and climate could be associated with

 (C Blackwell Science Ltd 1998, Journal of Biogeography, 25, 721-733
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 FIG. 9. Relationship between the coefficient of variation (CV) of
 annual precipitation (PPT) and the CV of the annual integral of
 NDVI (NDVI-1). The solid line corresponds to the 1:1 line and the
 dotted line to the fitted model (NDVI-I CV=0.025+0.25. PPT
 CV, r2=0.19, P< 0.05).

 interannual changes in the climatic controls of seasonality,

 to the existence of variables not considered, to interactions,
 inertial effects or non-linearities that the regression models

 did not capture (Paruelo & Tomasel, 1997).

 The variability of most of the NDVI traits analysed

 showed a negative and, in general, non-linear relationship

 with precipitation. The same kind of relationship has been

 reported elsewhere for the coefficient of variation of

 precipitation and mean annual precipitation. Mean annual

 precipitation has been reported to be the main correlate of

 ANPP in grassland and shrubland ecosystems, our results

 suggest that this climatic variable is also associated with

 the interannual variability of carbon gain.
 As a first attempt to characterize the interannual

 variability of carbon gain, our results showed some
 interesting points regarding the carbon dynamics at regional

 scales:

 o Those traits of the seasonal dynamics of the NDVI related

 to the seasonality of carbon gains displayed the greatest

 variability.

 o The relationship between the CV of the NDVI-I and the

 CV of PPT suggest that the ecosystem can damp climatic

 fluctuations at the level of ANPP. This buffering capacity
 increased toward the least productive end of the gradient

 of ecosystems considered.

 o The coefficient of variation of most of the NDVI traits

 showed a non-linear negative relationship with annual
 precipitation.

 Even though some of these patterns seem clear, our

 dataset included only 4 years. A longer period of NDVI at
 the 1.1 km resolution would allow us to improve the analyses

 of the interannual variability of functional aspects of the

 ecosystem at regional scales. Direct connection to either

 ?O Blackwell Science Ltd 1998, Journal of Biogeography, 25, 72 1-733
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 TABLE 4. Stepwise regression analysis of the relationship between

 the coefficient of variation of the seven NDVI traits and 4-year

 average of climatic variables. The climatic variables included in

 the analyses were annual precipitation (PPT), annual temperature
 (TEM), thermal amplitude (AMP), proportion of precipitation

 falling in winter (WIN), spring (SPR), summer (SUM) and fall

 (FAL). The CV of the following traits of the NDVI curve were
 included in the analyses: annual integral of the NDVI (NDVI-1),

 the coefficient of determination of the double logistic model fitted
 to the NDVI curves (CD), the difference between the maximum
 and minimum NDVI through the year (MM), the date of maximum
 NDVI (DM), the date of start of the growing season (SGS), the

 date of end of the growing season (EGS) and the length of the
 growing season (GSL). r2 is the coefficient of determination of the
 model fitted, F is the F-Snedecor statistics for the whole model

 (n = 25) and r2 p the partial coefficient of determination of each of
 the variables included in the model. The plus or minus attached to

 each independent variable indicates the sign of the coefficient. ln
 indicates a logarithmic transformation of the variable

 r2 F Indep. variable r2p

 NDVI-I

 ln CV 0.26 8 -ln PPT 0.26
 CD

 ln CV 0.28 9 -ln PPT 0.28
 MM

 CV 0.31 5 -ln SUM 0.16

 +ln AMP 0.15
 DM

 ln CV 0.47 6 +ln TEM 0.12
 +ln AMP 0.22
 -ln SPR 0.13

 SGS
 ln CV 0.46 10 -ln PPT 0.23

 +ln FAL 0.23
 EGS

 ln CV 0.40 7 -ln PPT 0.25

 +ln SPR 0.15
 GSL

 ln CV 0.59 10 -ln PPT 0.37

 +ln FAL 0.10
 -TEM 0.12

 fluxes or field estimates of ANPP would also help understand

 the biological implications of these interesting patterns.
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