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ABSTRACT

Variation in aboveground net primary production

(ANPP) is usually studied across wide environmental

gradients focusing on spatial averages of zonal natural

communities. We studied the spatial and temporal

variation of ANPP of upland sown pastures and low-

land natural grasslands across a narrow gradient of

precipitation and temperature. The Flooding Pampa

(Argentina) encompasses an 850–1000 mm range of

mean annual precipitation and a 13.8–16.0�C range

of mean annual temperature. For 15 100 9 100 km

cells, we obtained mean monthly precipitation, tem-

perature, and paddock-level ANPP of upland pastures

and lowland grasslands during 8 years. Mean annual

ANPP of lowland grasslands and upland sown pas-

tures was positively related to mean annual precipi-

tation. ANPP of upland pastures was 60–80% larger

and increased more steeply with mean annual pre-

cipitation. ANPP seasonality also changed across the

gradient. In lowland grasslands, as mean annual

precipitation increased, ANPP monthly maximum

increased, minimum decreased, and the duration of

the growing season shortened. In contrast, in upland

pastures, ANPP monthly maximum was constant,

minimum increased, and the growing season

lengthened with increasing precipitation. ANPP was

more stable across years for lowland grasslands than

for upland pastures. The response of annual ANPP to

current-year precipitation decreased across the gra-

dient, while the importance of the previous-year

precipitation increased. In summary, we found strong

spatial and temporal patterns of ANPP across a narrow

environmental gradient. In addition, landscape posi-

tion and species composition heavily influenced

those patterns.

Key words: forage resources; temporal patterns;

spatial patterns; seasonality; forage production.

INTRODUCTION

Aboveground net primary production (ANPP)

integrates several aspects of ecosystem functioning

(McNaughton and others 1989; Costanza and oth-

ers 1997). In grazing systems, herbivore carrying

capacity correlates with the spatial and temporal

variation of ANPP (Oesterheld and others 1992;
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Oesterheld and others 1998; Irisarri and others

2013). As 80% of the energy required by livestock

worldwide is provided by rangelands and sown

pastures (Wheeler and others 1981; Oltjen and

Beckett 1996), quantifying the patterns and envi-

ronmental controls of ANPP is critical to under-

stand and define grazing strategies. Previous studies

have focused on natural vegetation gradients.

However, approximately one-quarter of temperate

and tropical grasslands worldwide have been con-

verted to agriculture (Mock 2000). In those areas,

sown pastures become key forage resources due to

their positive effects on soil fertility, crop produc-

tion (Franzluebbers and others 2011; Lemaire and

others 2014), and economic stability (Pacı́n and

Oesterheld 2014). Thus, it is important to evaluate

the patterns and environmental controls of both

natural grasslands and sown pastures.

Spatial and temporal correlation analyses have

revealed the most important patterns and envi-

ronmental controls of ANPP in natural grasslands.

Mean annual precipitation and potential evapo-

transpiration usually explain a large fraction of

mean annual ANPP across sites (Walter 1939;

Rosenzweig 1968; Lauenroth 1979). Interestingly,

most of these studies encompassed wide gradients

from arid to wet extremes. Less is known about

subregional gradients bounded to shorter precipi-

tation ranges and finer spatial scales. The temporal

(inter-annual) variability of annual ANPP in a gi-

ven site also correlates with annual precipitation,

although this association is weaker than for spatial

gradients of mean annual precipitation (Le Houér-

ou and others 1988; Lauenroth and Sala 1992).

Vegetation constraints (associated with drought

resistance syndromes of species) in drier sites, and

nutrient and light constraints in wetter sites may

account for this weakness (Paruelo and others

1999; Epstein and others 2006; La Pierre and others

2016). In addition, ANPP is correlated with the

precipitation or ANPP of previous years (Lauenroth

and Sala 1992; Jobbágy and Sala 2000; Oesterheld

and others 2001; Fabricante and others 2009; Sala

and others 2012). This ‘‘memory’’ is explained by

soil water holding capacity, plastic responses of

individual plants and population, or biogeochemi-

cal processes that affect nutrient availability (Schi-

mel and Parton 1986; Wiegand and others 2004;

Reichmann and others 2013).

Land-use change is also a major control of ANPP

(Lauenroth and others 1999; Guerschman and oth-

ers 2003; Bradford and others 2006; Baldi and

Paruelo 2008, Di Bella and others 2009). However,

the response of the inter-annual variability of ANPP

to land-use change is less clear and contradictory in

the literature (Lauenroth and others 2000; Verón

and others 2002; Bradford et al. 2006; Grigera and

others 2007a). Because land-use change is unevenly

distributed across the landscape, crops and sown

pastures often occupy the most favorable conditions,

whereas natural grasslands remain restricted to soils

with strong limitations for cropping (Burke and

others 1994; Suttie and others 2012). As a result,

contrasting forage resources become key landscape

elements: high-input sown pastures are in the most

favorable sites (Viglizzo and others 2011; Tribouillois

and others 2015) and low-input natural grasslands

in the least favorable sites (Baldi and others 2006).

Our objective was to reveal the spatio-temporal

patterns and controls of the ANPP of upland sown

pastures and lowland natural grasslands of the

Flooding Pampa region. Natural grasslands and sown

pastures in rotation with crops are distributed in a

fine-grained pattern across the region. Natural

grasslands occupy lowland areas with hydro-halo-

morphic soils (hereafter lowland grasslands), domi-

nated by native and exotic grasses and forbs that

progressively gain C4 grasses from SW to NE, follow-

ing an increase of precipitation and temperature

(León and others 1984; Sala and others 1986; Da-

mario and Pascale 1988; Burkart and others 1990;

Perelman and others 2001; Epstein and others 2002;

Batista and others 2005). Sown pastures occupy up-

land areas with better drained soils (Hall and others

1992) in a 4 9 4 year no-till pasture-crop rotation. In

contrast to lowland natural grasslands, they are often

fertilized and weeded. They are typically composedby

Festuca arundinacea, Dactylis glomerata and Lolium

multiflorum grasses, and Medicago sativa, Trifolium

pratense, and T. repens legumes (Grigera et al. 2007b).

We addressed four questions concerning the

spatial and temporal patterns of ANPP:Question 1

What is the relationship between mean annual

ANPP and water availability for upland sown pas-

tures and lowland natural grasslands? Question 2

What is the relationship between ANPP seasonality

and water availability, for upland sown pastures

and lowland natural grasslands? Question 3 What

is the inter-annual variability of ANPP for upland

sown pastures and lowland natural grasslands? Is it

related to precipitation? Question 4 What is the

relationship between ANPP and current and pre-

vious-year precipitation across a regional gradient?

METHODS

Data Source

The same data source was used to address the four

questions. ANPP was derived from a monitoring
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system (http://www.agro.uba.ar/laboratorios/lart,

Grigera et al. 2007b) which produces ANPP data at

a monthly step. We analyzed data from eight

growing seasons (July 2000–June 2001 through

July 2007–June 2008). The number of paddocks

monitored every year ranged between 840 and

1100 for upland pastures and between 950 and

1760 for lowland natural grasslands, and the total

area was around 400,000 ha.

The ANPP monitoring system combines meteo-

rological, satellite, and land-use data under the

framework of the radiation use efficiency logic

(Monteith 1972). ANPP results from the product of

the incoming photosynthetically active radiation

(PAR), the fraction absorbed by the canopy (fPAR),

and the efficiency with which that energy was

transformed into aboveground dry matter (that is,

radiation use efficiency, RUE). PAR was obtained

from two meteorological stations in the region.

Because monthly PAR varied little among years

(between 3 and 12% according to the month,

https://eosweb.larc.nasa.gov/), average values

were used. fPAR of each paddock was derived from

satellite data: MODIS NDVI layer from the

MOD13Q1 product (250 m and 16 days spatial and

temporal resolutions, Grigera et al. 2007b; Caride

and others 2012). Finally, RUE was estimated

through a calibration that involved ANPP field

estimations and remote sensing data (for more

details see Grigera et al. 2007b).

Monthly precipitation and temperature between

July 1999 and June 2008 were obtained from 42

meteorological stations located within 100 km of

the study area (source: private farms and Ministry

of Agriculture database www.minagri.gob.ar). For

each meteorological station, we estimated potential

evapotranspiration from temperature and latitude

(Thornthwaite 1948), and water balance as the

difference between precipitation and potential

evapotranspiration. Annual precipitation, calcu-

lated as the sum of precipitation events across a

growing season ranged from 850 mm.y-1 in the

SW to 1000 mm.y-1in the NE. It was concentrated

in spring and summer (70% of annual precipitation

occurs between September and February). Mean

annual precipitation correlated positively with

mean minimum winter temperature (Jun.–Aug.,

range 3.6–4.5�C, R2 = 0.58) and negatively with

mean maximum summer temperature (Dec.–Feb.,

range 28.2–26.7�C, R2 = 0.64).

Data Analysis

We used Quantum GIS (2.0.1-Dufour, http://qgis.

osgeo.org) and the R (R Core Team 2013) software

to process and analyze all the data. To merge ANPP

derived from the monitoring system and meteoro-

logical data at a consistent spatial resolution, we

divided the region into 15 100 9 100 km cells

(Figure 1). Monthly ANPP of each paddock was

averaged by landscape element (that is, upland

sown pasture or lowland natural grassland) and

cell. The minimum number of paddocks for a

landscape element, cell, and month was 10 (mean

65 and 102 and maximum 330 and 350 for upland

pastures and lowland grasslands, respectively).

Monthly precipitation and water balance for each

cell were interpolated from the 12 closer stations by

the inverse of the squared distance to the cell

centroid.

The first two questions were addressed by linear

regression models between several descriptors of

ANPP (dependent variables) and climatic variables

(independent variables) across cells. The Durbin-

Watson test (performed with the lmtest R package)

showed no autocorrelation in linear models

(1.5 < d < 2.5). For the first question, we re-

gressed ANPP against precipitation and water bal-

ance. We considered both annual and quarter

windows (spring: September–November, summer:

December–February, autumn: March–May, and

winter: June–August). However, we discarded an-

nual-level water balance, because it was highly

correlated with annual precipitation (R2 = 0.97).

Quarterly precipitation and water balance were

considered only when they significantly outper-

formed mean annual precipitation, which is the

explanatory variable most often found in the lit-

erature.

To address the second question, we regressed

mean annual values of six variables that describe

the seasonality of ANPP against mean annual pre-

cipitation, which, as shown before, covaried with

temperature. The variables describing the season-

ality of ANPP were mean maximum monthly ANPP

(that is, the month of maximum ANPP of each

growing season was averaged across growing sea-

sons), mean minimum monthly ANPP, mean

standard deviation of monthly ANPP within each

growing season, and the mean start, end, and

duration of the growing season. Although both

lowland grasslands and upland pastures are active

all year round (Semmartin and others 2007), about

70% of annual ANPP is concentrated in a com-

paratively short period. Thus, we defined each

year’s growing season as the most productive

months that concentrate at least 70% of annual

ANPP. To obtain the months included in the

growing season, we sorted the 12 months by

decreasing ANPP. Then, we accumulated monthly
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ANPP from the most productive month until at

least 70% of annual ANPP was reached. In average,

these so defined growing seasons accumulated 73%

(standard deviation 2% and maximum 80%) of

annual ANPP. The earliest month (starting from

July) was considered the growing season start, the

latest was considered the growing season end, and

the number of months was considered the duration

of the growing season. Notice that occasionally the

growing season duration was shorter than the dif-

ference between the last and first month in the list.

To address the third and fourth questions, we

assessed the inter-annual variability of ANPP. For

the third question, we compared the inter-annual

coefficient of variation of annual ANPP of both

landscape elements for each cell through Welch’s

test, which is better suited than the t test to com-

pare the means of two populations when they may

have unequal variances (Welch 1947). For the

fourth question, temporal multiple linear regres-

sion models between annual ANPP (dependent

variable) and annual precipitation of the current

and previous year (independent variables) for each

cell of the grid were performed. Then, the relative

weights of the regression parameters were com-

pared through Welch’s test.

RESULTS

Mean Annual ANPP and Water
Availability

Mean annual ANPP of upland pastures and lowland

grasslands increased linearly across the gradient, but

the specific models for each landscape element dif-

fered (Figure 2). Mean annual precipitation ex-

plained a 12% higher proportion of mean annual

ANPP variations in lowland grasslands than in up-

land pastures (Figure 2). In addition, ANPP of upland

pastures was better explained by summer water

balance than by mean annual precipitation

(R2 = 0.58 vs 0.46). The ANPP of upland pastures ran

above the ANPP of lowland grasslands with a higher

slope (Figure 2). As a consequence, precipitation-

use-efficiency (the ratio between mean annual

ANPP and precipitation) was 60% higher for upland

pastures than for lowland grasslands at the driest end

of the gradient and 80% higher at the wettest end.

ANPP Seasonality and Water Availability

Seasonality of upland pastures and lowland grass-

lands varied differently across the gradient (Fig-

ure 3). Mean maximum monthly ANPP (Figure 3a)

Figure 1. Study region

with the 15

100 9 100 km cells

overlapped. Paddocks

with ANPP data are in

black. The Flooding

Pampa region is shown in

dark gray. Other lines

correspond to provincial

borders. Bottom-right map

location of the study

region within Argentina

(dark gray) and the rest of

South America (light

gray).
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increased with mean annual precipitation in low-

land grasslands, whose species composition is en-

riched in C4 species at the wet end of the gradient,

but did not change significantly in upland pastures,

which are composed of C3 species across the gradi-

ent. As expected from these community patterns,

mean minimum monthly ANPP (Figure 3b) de-

creased with mean annual precipitation in lowland

grasslands and increased in upland pastures. Sea-

sonality, measured as the intra-annual standard

deviation of ANPP (Figure 3c), increased with mean

annual precipitation in lowland grasslands but did

not change significantly in upland pastures.

Regarding the timing of the growing season, the

start became earlier as mean annual precipitation

increased in upland pastures and later for lowland

grasslands (Figure 3d). The end of the growing

season did not change across the gradient for upland

pastures and was anticipated 1 month for lowland

grasslands (Figure 3e). Consequently, as mean an-

nual precipitation increased, the duration of the

growing season was extended for upland pastures

and shortened for lowland grasslands (Figure 3f).

Inter-Annual Variability of ANPP

The inter-annual relative variability of ANPP (co-

efficient of variation, CV) was larger for the upland

pastures than for the lowland grasslands in 13 of

the 15 cells (mean values = 0.10 and 0.08,

Figure 2. Relationship between mean annual ANPP and

mean annual precipitation for upland pastures and low-

land grasslands. Solid lines represent the best fit models:

upland pastures ANPP = -10883 + 18.2 mean annual

precipitation (R2 = 0.46); lowland grasslands ANPP =

-3162 + 8.0 mean annual precipitation (R2 = 0.70).

Both models were statistically significant (p < 0.05).

Figure 3. Relationship between six variables describing ANPP seasonality and mean annual precipitation for upland

pastures and lowland grasslands: maximum A and minimum B mean monthly ANPP, mean intra-annual ANPP standard

deviation C, and mean start D, end E, and duration F of the growing season. Only statistically significant (p < 0.05) best

fit lines are shown.
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Figure 4a). The difference was significant even

when the cell with extremely high inter-annual CV

for upland pastures was excluded (p = 0.016). Gi-

ven the higher ANPP of upland pastures compared

to lowland grasslands, the slight difference in the

inter-annual CV implies a proportionally higher

difference in the standard deviation. Except for the

upland pastures of one cell, the inter-annual CV of

ANPP was lower than the inter-annual CV of pre-

cipitation, (Figure 4b). Moreover, there was no

association between the inter-annual CV of mean

annual precipitation and that of ANPP.

Annual ANPP vs Current and Previous-
Year Precipitation

Inter-annual variability of ANPP was explained by

linear models based on current and previous-year

precipitation. The coefficient of determination (R2)

of the models varied across the region and for dif-

ferent landscape elements between 0.12 and 0.92

(mean = 0.60). The response of annual ANPP to

current-year precipitation decreased across the re-

gional gradient (Figure 5a). This decrease was sig-

nificantly steeper for upland pastures than for

lowland grasslands (marginal responses were

-0.026 and -0.009, respectively). In contrast, the

response of annual ANPP to previous-year precip-

itation did not vary across the precipitation gradi-

ent for lowland grasslands but increased for upland

pastures (Figure 5b). Consequently, for both land-

scape units, drier sites were more responsive to

current-year precipitation and wetter sites were

more responsive to previous-year precipitation.

DISCUSSION

Mean Annual ANPP and Water
Availability

The regional patterns of ANPP were strongly asso-

ciated with precipitation and water balance, even

Figure 4. A Comparison

of the inter-annual

relative variability of

ANPP between upland

pastures and lowland

grasslands. B Relationship

of the inter-annual

relative variability of

ANPP and precipitation

for lowland grasslands

and upland pastures. The

diagonal line represents

the 1:1 relationship.

Figure 5. Effect of current-year A and previous-year B precipitation on ANPP across the regional precipitation gradient

for lowland grasslands and upland pastures. Lines represent the statistically significant (p < 0.05) best fit models. Lowland

grasslands current-year: Y = 9.66. -0.009 X (R2 = 0.83), Upland pastures current-year: Y = 26.56. -0.026 X (R2 = 0.50).

Upland pastures previous year: Y = -11.88. 0.014 X (R2 = 0.31).
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in a narrow gradient of just 150 mm, and differed

between the two landscape elements. Upland pas-

tures presented higher ANPP and, as a conse-

quence, higher precipitation-use-efficiency than

lowland grasslands. Upland pastures occupy the

best drained soils, which contrast with the hydro-

halomorphic limitations of lowland grassland soils

(León et al. 1984). They are composed of species

selected for high growth rate and are subjected to

more intense agricultural management (that is,

seeding, fertilization, weed control) than lowland

natural grasslands.

The relationship between ANPP and precipitation

of both landscape elements differed with that ob-

served for other grassland systems of the world

(McNaughton 1985; Sala and others 1988; Bai and

others 2008). These studies performed on different

zonal natural grasslands presented a similar rela-

tionship between ANPP and precipitation (ANPP =

-603 + 6.5 mean annual precipitation; standard

deviation 365 and 0.5). For lowland grasslands, the

lower increase of the precipitation-use-efficiency

across the precipitation gradient resulted on an ANPP

1000 and 1500 kg.ha-1.y-1 lower than reported by

previous studies. Likely, soil hydro-halomophic lim-

itations account for this lower ANPP. In contrast,

upland pastures presented a higher increase of pre-

cipitation-use-efficiency across the precipitation gra-

dient compared to previous studies, which resulted in

similar ANPP at the dry end of the gradient, and

1500 kg.ha-1.y-1 higher at the wet end. This steeper

increase of ANPP for upland pastures may be ac-

counted for by fertilization and the combination of C3

grasses and legume species, which may remove the

increasing nitrogen limitation as mean annual pre-

cipitation increases (Epstein et al. 2006). Contrary to

what we observed in upland pastures, Lauenroth

et al. (2000) observed a decrease of precipitation-use-

efficiency in cropped systems across a precipitation

gradient. As they studied wheat systems, this oppos-

ing pattern could be explained by the differences in

the period of occupation between pastures and wheat

(perennial and seasonal, respectively).

ANPP Seasonality and Water Availability

The regional precipitation and temperature gradients

also explained the variation in seasonality of both

landscape elements. In lowland grasslands, the

higher abundance of C4, warm-season species at the

wet end of the gradient with less severe winters

(Perelman et al. 2001; Epstein et al. 2002) is consis-

tent with our findings of a later beginning of the

growing season and higher seasonality of ANPP,

concentrated during spring and summer. In contrast,

the upland pastures, which are C3-dominated and

with a constant floristic composition across the gra-

dient is consistent with an early start of the growing

season, an increase of winter ANPP and a longer

growing season across the gradient, all likely influ-

enced by temperature. These opposite responses of

lowland grasslands and upland pastures across the

gradient resulted in lowland grasslands having a 1-

month longer growing season than upland pastures

at the dry and cold end of the gradient and a 1-

month shorter growing season at the wet and warm

end. The importance of temperature as a driver of

ANPP is observed in the higher goodness of fit of the

spatial model explaining annual ANPP for upland

pastures based on summer water balance compared

to annual precipitation. This pattern also highlights

the importance of precipitation and temperature

seasonality as ANPP drivers (Guo and others 2012).

Inter-Annual Variability of ANPP

The inter-annual variability of ANPP was higher for

upland pastures than for lowland grasslands. The

different inter-annual variability of both landscape

elements may result from two factors: the intensity of

climatic events in each forage resource and the sen-

sitivity of each landscape element to a given event.

Due to the differences in soil properties and topo-

graphic position, precipitation fluctuations should

result in more intense modifications in the lowland

soils, because they are less permeable and more sus-

ceptible toflooding anddrought than the upland soils,

which are better drained and have higher water

retention capacity (Bork and others 2001; Perelman

and others 2001; Swemmer and others 2007). How-

ever, ANPP varied more in upland pastures than in

lowland grasslands, likely as a result of the larger

niche complementarity in the more diverse system

(Tilman and others 1997), the lowland grasslands. For

both landscape elements, the relative variation of

ANPP was lower than that of precipitation, a pattern

that contrasts with the relative variation of wheat

yield in SouthAmerica,which was higher than thatof

precipitation (Verón and others 2002). Similarly, to

Oesterheld and others (1999)and opposite to other

studies (Knapp and Smith 2001; Sanderson and oth-

ers 2005), the decrease of ANPP during dry years was

similar to the increase during wet years (data not

shown).

Annual ANPP vs Current and Previous-
Year Precipitation

Current and previous-year precipitation explained

a large proportion of annual ANPP. The response of
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ANPP to current-year precipitation decreased

across the gradient for lowland grasslands and up-

land pastures. As the direct response of ANPP to

precipitation occurs in the short-term, the lower

frequency of years where water is a limiting factor

at the wet end of the gradient may explain the

decreasing response of ANPP to current-year pre-

cipitation (Sala and others 2012; Petrie and others

2016). In contrast, the response of ANPP to previ-

ous-year precipitation increased across the gradient

for upland pastures. Previous-year precipitation

may affect nutrient availability in the subsequent

year and hence ANPP (Yahdjian and others 2011).

This response will be higher in wet habitats since

nutrient limitation increases with humidity (Paru-

elo and others 1999; Epstein and others 2006).

Species turnover and plant cover change, expected

to explain differences between both landscape

elements probably act at longer time scales not

covered in our work (Reichmann and others 2013;

Wilcox and others 2016).

The relationship between previous-year precip-

itation and ANPP provides evidence to generate

scenarios of ANPP in the next growing season,

although current-year precipitation will eventu-

ally define ANPP. According to the model obtained

for upland pastures, an average increase (+1

standard deviation) of precipitation at the dry end

of the gradient will increase annual ANPP by

550 kg.ha-1.y-1 for the current year and

90 kg.ha-1.y-1 for the following year. For the wet

end of the gradient, the corresponding fig-

ures would be ANPP 150 and 380 kg.ha-1.y-1. For

lowland grasslands, the corresponding variations

of annual ANPP would be 240 and 90 kg.ha-1.y-1

for the dry end, and 10 and 100 kg.ha-1.y-1 for

the wet end.

CONCLUSION

We described the patterns and controls of ANPP of

two contrasting landscape elements across the same

regional gradient. As a result, we observed that

upland sown pastures, which occupied well-

drained soils had a higher response to mean annual

precipitation, lower stability, and was more sensi-

tive to previous-year precipitation as mean annual

precipitation increased than lowland natural

grasslands. These findings also provide policy

makers with a technological tool that could help

them anticipate extreme weather conditions,

something that will become more frequent under

the ongoing climate change (Yahdjian and Sala

2008; Petrie and others 2016).
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