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Environmental controls of lucerne
(Medicago sativa L.) growth across a
climatic and edaphic gradient

Druille, M., Deregibus V. and Garbulsky, M. F.

SUMMARY

Lucerne is one of the most valuable forage species because of its high
productivity and nutritional traits. However, the knowledge of spatio-temporal
variability and environmental controls of its growth generated from the
simultaneous study of several sites and throughout several years is extremely
scarce. Five-year biomass data were analyzed from four rain fed sites located
across a climatic and edaphic gradient in Argentina. The aims proposed were
to characterize annual and seasonal lucerne growth, to analyze environmental
controls of spatial and temporal growth, and to compare water use efficiency
(WUE) among sites. Annual growth differed significantly among sites, ranging
between 7,514 and 14,262 kg DM/ha. This range at the spatial scale was mainly
explained by variations in annual rainfall and WUE among sites. Seasonal
growth depended on incident radiation and actual evapotranspiration. Inter-
annual variability of lucerne growth was explained by precipitation occurred
during the growing season in the driest sites, on sandy soils with less water
retention capacity. Knowing the sources of variability of lucerne growth, would
allow developing more efficient livestock management due to less uncertainty
on the forage production dynamics.
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RESUMEN

Laalfalfaesunadelasespeciesforrajerasmasvaloradasporsualtaproductividad
y caracteristicas nutritivas. Sin embargo, el conocimiento de la variabilidad
espacio-temporal y los controles ambientales del crecimiento generado a partir
del estudio simultaneo de varios sitios y afos es extremadamente escaso. En
este trabajo se analizaron cinco afios de datos de biomasa de cuatro sitios de
secano ubicados a lo largo de un gradiente climatico y edafico en Argentina.
Los objetivos propuestos fueron: caracterizar el crecimiento anual y estacional
de la alfalfa, analizar los controles ambientales del crecimiento a escala
espacial y temporal y comparar la eficiencia en el uso del agua (EUA) entre
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sitios. El crecimiento anual difirié espacialmente, oscilando entre 7.514 y 14.262
kg MS/ha. Esta variabilidad fue principalmente explicada por variaciones en las
precipitaciones anuales y la EUA. El crecimiento estacional dependié de la
radiacion incidente y la evapotranspiracion real. La variabilidad interanual del
crecimiento fue explicada por la precipitacion ocurrida durante la estacion de
crecimiento en los sitios secos, con suelos arenosos de baja capacidad de
retencion hidrica. Conocer las fuentes de variacion en el crecimiento de alfalfa
permitira el desarrollo de practicas de manejo ganadero mas eficientes debido
a la menor incertidumbre en la dinamica de produccion forrajera.

Palabras clave: propiedades edéficas, eficiencia en el uso del agua,
produccion de forraje, clima.
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INTRODUCTION

Plant growth is a key aspect of ecosystem
functioning because of its cascade effects on
herbivore production, nutrientcyclingandecosystem
carbon exchange (McNaughton, Oesterheld,
Frank and Williams, 1989; Jackson et al., 2000).
Environmental controls of plant growth vary with the
spatio-temporal scale of analysis. In herbaceous
vegetation ecosystems, average annual rainfall
(Di Bella et al., 2009; Garbulsky et al., 2010; Sala,
Gherardi, Reichmann, Jobbagy and Peters, 2012)
and actual evapotranspiration (Lo Seen Chong,
Mougin and Gastellu-Etchegorry, 1993; Garbulsky
et al., 2010) determines the regional variability of
annual production. For a given site, interannual
precipitation variability also regulates changes in
growth rate, even though a considerable amount of
variability remains unexplained (Knapp and Smith,
2001; Fabricante, Oesterheld and Paruelo, 2009;
Sala et al., 2012). Regarding seasonal variations
in plant growth, it was found that this variation was
best determined by rainfall in some cases (Fay,
Carlisle, Knapp, Blair and Collins, 2003; Murphy,
1970), or monthly temperatures in others (Bissio,
1996; Primavesi, 1999).

Lucerne (Medicago sativa L.) is the most widely
cultivated forage legume, and is an important com-
ponent of forage production for livestock industries
worldwide. The widespread use of this species
is due to its high production and forage quality,
its positive effects on soil fertility and its adapta-
tion to a wide range of climate and soil conditions
(Dovrat, 1993; Campiglia, Caporali, Barberi and

Mancinelli, 1999; Huyghe, 2003). Moreover, it has
been demonstrated that the use of forage legumes
in agricultural rotations allows important increases
in soil carbon sequestration and reductions in the C
footprint (Gattinger et al., 2012; Ma, Liang, Biswas,
Morrison and McLaughlin, 2012; Teague et al.,
2016). As far as we know, very few studies have
simultaneously analyzed in time and space the en-
vironmental controls of lucerne growth in rainfed
conditions (Bowman, Smith and Brockwell, 2004;
Hakl, Fuksa, Konecnda, Pacek and Tlusto$, 2014).
Thus, there is a lack of information on the factors
explaining its growth variability both at temporal
and spatial scale.

Seasonal variability of lucerne production was
positively associated with intercepted radiation
(Collino, Dardanelli, De Luca and Racca, 2005;
Brown, Moot and Teixeira, 2006; Mattera, Romero,
Cuatrin, Cornaglia and Grimoldi, 2013). Positive
relationships between lucerne growth and evapo-
transpiration have been reported (Saeed and El-
Nadi, 1997; Singh et al., 2007), although these
relationships are generally site and cultivar spe-
cific. The variability of these relationships could be
explained by changes in the water use efficiency
(WUE) among sites. At canopy level, WUE is de-
fined as the ratio of aboveground biomass to wa-
ter use or evapotranspiration (ET), and it has been
demonstrated that this efficiency varies according
to soil properties and climatic factors (Smeal et
al., 1992). Therefore, there is a need to obtain im-
proved estimations of WUE for local site conditions
and over different seasons so that the dry mat-
ter production may be more accurately predicted
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(Pembleton, Rawnsley and Donaghy, 2011).

The aims of this study were a) to characterize
annual and seasonal lucerne growth b) to analyze
the environmental controls that determine spatial
and temporal growth variability; and c¢) to compare
annual and seasonal WUE among sites. Temporal
growth variability and WUE were analyzed season-
ally and annually at four sites across a climatic and
edaphic gradient in the Pampa region of Argentina,
the second worldwide largest cultivator of lucerne
in terms of cropped area (Basigalup and Ustarroz,
2007). This gradient spans 353 mm in annual pre-
cipitation (from 753 to 1106 mm/yr), 4.5 °C in mean
annual temperature (from 14.9 to 19.4 °C), and soils
ranging from sandy to silt loam.This investigation
was focused on precipitation, temperature, actual
evapotranspiration and incident radiation as main
controls of lucerne growth.

MATERIAL AND METHODS

Study sites and trial characterization

Growth data gathered by biomass harvest
networks were analyzed at four sites located within
the Pampa region in Argentina. Soils and climatic
characteristics are detailed in Tables 1 and 2.
Sites 1-3 (Rafaela, Mercedes and Coronel Suarez,
respectively) are part of the network for evaluation
of genetic material managed by the Camara de
Semilleristas de la Bolsa de Cereales (Pastura

Test, 1991, 1995, 1997, 1998, 1999, 2000, 2001,
2003, 2004, 2005), and Site 4 (Anguil) is part of
the evaluation network managed by the [nstituto
Nacional de Tecnologia Agropecuaria (Spada et
al., 2015). These networks consist of 3 to 4 years
of crop trials which record accumulated biomass
between successive harvests of commercial
cultivars. Trials consist of randomized blocks with
four replicates of each cultivar. Plots of 5m x 1.4 m
or 5m x 1 m are sown in autumn with 12 or 20 kg/
ha of seeds (in the case of CSBC or INTA network,
respectively). Biomass is simultaneously harvested
from all cultivars when most of the plants reach the
10 % flowering stage, or when the shoots from the
crown measure approximately 5 cm. Fresh weight
of each plot is recorded, and a sample is taken to
determine the percentage of dry matter. A similar
harvesting protocol (i.e. criteria to define harvest
date) is used at the four sites, allowing a temporal
and spatial comparison of the data.

Annual and seasonal lucerne biomass produc-
tion

At each site, data from lucerne trials sowed in
five different years were analyzed. The biomass
accumulated in the second year after sowing was
used for each of these trials (Table 1). Data from
two cultivars were averaged (Monarca SP INTA
and CUF 101) characterized by being widely used
both in time and space in livestock systems. Both

Table 1: Geographical coordinates, climatic and edaphic characteristics of the studied sites. Values of climatic variables represent the

average of all the years considered in this analysis + E.E.

Site 1 Site 2 Site 3 Site 4
Latitude 31°11'S 34°36' S 37°11'S 36°30'S
Longitude 61°30'W 59° 04" W 62° 08" W 63°50' W
Annual precipitation (mm/yr) 1106+50 1023+127 764+59 753+71
Mean temperature (°C) 19.4+01 17.8+£0.4 14.9+0.5 17.5+0.3
Incident radiation (MJ/m?.d) 19.0£0.5 19.7+£0.6 18.8+0.8 20.5+0.5
Annual ETP (mm/yr) 1334+26 136122 1184+20 1250+£20
Annual ETA (mm/yr) 835+73 909+123 73667 693+42
Soil type Typicargiudoll Typicargiudoll Typichapludoll Entichapludoll
Texture Silt loam Silt loam Clay loam Sandy loam
Soil field capacity (mm) 350 325 135 114
pH 6.2 5.7 6.7 6.5
Soil Organic Matter (%) 35 3 4.5 2.3
Phosphorus (ppm) 60 9 12 18
1997/1998 1998/1999 1991/1992 1997/1998
1998/1999 1999/2000 1995/1996 1999/2000
Years evaluated 1999/2000 2000/2001 1998/1999 2001/2002
2000/2001 2001/2002 1999/2000 2003/2004
2001/2002 2004/2005 2001/2002 2005/2006

ETP: Potential evapotranspiration; ETA: Actual evapotranspiration.
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Table 2: Climatic characterization of each site at seasonal scale. Values are mean + E.E. of the five years evaluated.

Site 1 Site 2 Site 3 Site 4
Autumn 238 + 64 212 + 76 174 + 31 145 + 16
Precipitation Winter 147 £ 6 177 + 31 171+ 27 207 + 48
(mm/season) Spring 282 + 63 326 + 99 163 + 22 167 + 43
Summer 410 + 88 308 + 46 255 + 43 234 + 45
Autumn 15.7 + 0.7 167+ 1.6 147+ 0.4 15.8 + 1.3
Mean temperature Winter 14.2£0.2 12.7 £0.9 95+04 15.0+ 1.8
C) Spring 20.6 + 0.6 18.4+19 16.1 £ 0.6 209+ 1.4
Summer 23.7+0.2 221 +0.3 20.2 £ 0.1 155+ 1.6
Autumn 6.0 +0.2 59+0.3 58+0.2 59+07
Incident radiation Winter 5003 4.4+02 5.1+0.4 53+03
(MJ/m?2.d) Spring 95+0.2 8.6 +0.8 9.9+04 10.6 + 0.4
Summer 9.8 +0.3 99+05 10.0 +0.2 96 +0.2
Autumn 1.35 + 0.10 1.78 + 0.16 2.2+017 1.43 + 0.33
Actual evapotranspiration  \yinter 1.04 £ 0.05 1.33 £ 0.11 0.93 + 0.11 0.82 + 0.05
(mm/d) Spring 2.67 + 0.56 258 +0.45 210 + 0.23 2.27 +0.20
Summer 3.29 + 0.64 2.90 + 0.39 2.87 +0.32 2.80 £ 0.17

cultivars have no winter growing dormancy (dor-
mancy rating grades 8 and 9, respectively). Annual
biomass production corresponds to the sum of the
biomass in each harvest within a second year of
growing. Seasonal growth was estimated by two
calculation steps. Firstly, the growth rate for the
period between two harvests was estimated by
the ratio of the accumulated biomass and the days
elapsed between them. The second step was to
perform a weighted average of lucerne growth rate
for all the harvests in the same season.

Edaphic and environmental variables

Precipitation and temperature data were ob-
tained from weather stations located at each site.
Seasonal precipitation and temperature were cal-
culated adding and averaging daily precipitation
and temperature of each of the four seasons, re-
spectively. Growing season (GS) precipitation was
calculated adding only spring and summer precipi-
tation. Incident radiation (R) in MJ/m?.day, was cal-
culated as (Samani, 2000):

Rs= RoKT (TM-Tm)°5 (1)

where R, is the global extraterrestrial radiation,
T, the maximum and T7_ the minimum daily
temperatures. KT is an empirical coefficient with a
value of 0.162 for sites located in interior regions
like the sites studied (Hargreaves, 1994). R, was
extracted from tabulated values depending on the
latitude and moment of the year (Allen et al., 1998).
Daily Ry estimations for all sites obtained with this

methodology were validated using data obtained

from NASA Prediction of Worldwide Energy
Resource method (http://power.larc.nasa.gov/).
These methodologies were highly consistent with
each other (Linear regression: R°=0.71; p< 0.001;
the slope did not differed significantly to the 1: 1
line slope; p=0.89).

Daily actual evapotranspiration (ETA) was es-
timated from potential evapotranspiration (ETP)
and relative evapotranspiration, which depends
on plant available water (PAW) and atmospheric
demand (Figure 1). Daily ETA was assumed to be
equal to ETP when plant available soil water (PAW)
was higher than a critical threshold, and to decline
linearly with PAW between 0 and that threshold.
PAW threshold depends on the plant species, be-
ing in the case of lucerne of 0.39 and 0.46 for pe-
riods of lowest and highest atmospheric demand,
respectively (Sadras and Milroy, 1996). Daily ETP
(mm) was estimated as (Hargreaves and Samani,
1985):

ETP=0.0135 Rs (Mean daily temperature + 17.8) (2)

Hargreaves equation was used because it is the
most appropriate under conditions of data scarcity
(Xu and Singh, 2001; Droogers and Allen, 2002).
PAW used in the water balance was calculated as
(Ritchie, 1981):

PAW= &-PWP
Fc-pwp (3

where the volumetric water content in soil (J)
resulted from the balance between the evapotrans-
pired water and the water content of the previous
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Figure 1: Relationship between relative evapotranspiration and
plant available water (PAW) fraction. PAW thresholds were 0.39
and 0.46 for periods of lowest and highest atmospheric demand,
respectively (Sadras and Milroy, 1996). Adapted from Sadras et
al.(1993).

day and precipitation occurred the current day.
Soil field capacity (FC) and permanent wilting point
(PWP) were estimated taking into account the soil
texture of each site and lucerne rooting depth (Sax-
ton et al., 1986). Rooting depth varied among sites
depending on physical limitations for root growth
characteristic of each soil, such as presence of
caliche layers or textural B horizon (Moscatelli
and Puentes, 1998). Monthly ETA was calculated
by averaging the daily ETA of all the days of the
month. Seasonal ETA was estimated by averaging
the monthly ETA of the months of each season, and
growing-season (GS) ETA by averaging only spring
and summer ETA. Annual ETA was calculated add-
ing daily ETA of every day of the year.

Water use efficiency (WUE)

Annual and seasonal WUE (kg DM/ha.mm) were
calculated as:

WUE= Biomass (4)
ETA

where biomass (kg DM/ha) refers to aboveg-
round biomass and ETA (mm) refers to actual
evapotranspiration.

B Autumn
Winter
3 Spring
m Summer

20,000+

15,000+ =

10,000 ||| HHH
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Biomass production (KgDM/ha.yr)

Site 4

Site 1 Site 2 Site 3

Figure 2: Lucerne biomass production at the annual and seasonal
scales. The total values of the bars are means of five years in each
experimental site. Error bars indicate SE for each season. Differ-
ent letters above bars indicate that annual biomass values sig-
nificantly differ among sites according to Tukey’s test (P < 0.05).

Statistical analysis

One-way analysis of variance (ANOVA) was used
to compare lucerne growth, and two-way ANOVA to
compare WUE between seasons and sites. In the
cases when ANOVA identified significant effects
(i.e. P< 0.05), treatment means were compared us-
ing Tukey test. The relationship between lucerne
growth and climate variables was analyzed using
the Pearson correlation coefficient (r) and simple
and multiple lineal regression analysis. All analyses
were performed using InfoStat software (Di Rienzo,
Casanoves, Balzarini, Gonzalez, Tablada y Roble-
do, 2011).

RESULTS AND DISCUSSION

Annual biomass production differed among
sites, ranging between 7,514 and 14,262 kg DM/
ha.yr (Figure 2), being annual precipitation the vari-
able accounting for the great part of this spatial
variability (Table 3). Regression analysis showed
a positive and linear relationship between both
variables (Figure 2). These results are consistent
with those reported from different environments in
Australia by Bowman et al. (2004), who found that
annual rainfall itself was an indicator of lucerne

Table 3: Degree of correlation (Pearson coefficient) between lucerne annual biomass production and climate variables at regional scale.

Annual - Annual Incident Mean
precipitation GS (pr;%:)gtseihon ETA (afn/%é) radiation temperature
(mm/yr) (mm/yr) (MJ/m?2.d) (°C)
r 0.71 0.55 0.52 0.39 0.00 0.43
P-value < 0.001 0.01 0.02 0.09 0.99 0.06

GS: Growing season (spring and summer); ETA: Actual evapotranspiration.
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productivity irrespective of its distribution, evapo-
transpiration or soil temperature. However, results
from this study indicate a twofold slope in the re-
lation between annual growth and precipitation
compared to that found in Australian environments.
These differences might be explained by the drier
sites (annual rainfall ranging from 160 to 680 mm/y)
studied by Bowman et al. (2004), compared to the
sites analyzed in this study, located in wetter envi-
ronments (5670 to 1,400 mm/yr) within the Pampa
region. Soils in humid environments are normally
characterized by having higher fertility and biologi-
cal activity than dry environments soils (Boix-Fay-
os et al., 1998; McKenzie and Ryan, 1999; Raich
and Tufekciogul, 2000), and this would explain the
higher biomass produced per unit of evapotrans-
pired water. Moreover, in the study of Bowman et
al. (2004), annual precipitation explained a greater
proportion of biomass variability (r=0.84), probably
because plant growth dependency on precipitation
is higher in drier than in wetter environments. At
drier sites in the Pampa region, inter-annual growth
variability was accounted for by the growing season
precipitation (Site 3 and 4) and by growing season
ETA (Site 3) (Table 4). This may be related not only

to less water availability in these environments, but
also to lower soil water-holding capacity (Table 1).
Lucerne growth at these sites hence would depend
on growing season precipitation, unlike wetter sites
that may use precipitation of previous periods.
This result agrees with those previously reported
in grassland systems (Fetcher and Trlica, 1980;
Robinson et al., 2012). At Site 2, incident radiation
and mean temperature have a marginal impact on
this variability (Table 4). Temperature could impact
alfalfa growth directly, or indirectly by influencing
mineralization rates (Jarvis, Stockdale, Shepherd
and Powlson, 1996) and therefore nutrient avail-
ability.

Although Sites 1 and 2 did not differ in terms of
annual production, they differed in terms of their
seasonal growth distribution (Figure 2). Winter
growth rate at Site 1 was 60 % higher than at Site 2,
but spring and summer growth rates were lower at
Site 1 (Table 5). Site 4 presented the highest sea-
sonality (70 % of annual growth was concentrated
in spring and summer). All responses explained
above are evidenced by the significant site x sea-
son interaction found (P=0.0131). Seasonal growth
was largely explained by seasonal ETA and inci-

Table 4: Degree of correlation (Pearson coefficient) between lucerne annual biomass production and climate variables for each site at

temporal scale.

Site 1 Site 2 Site 3 Site 4

Annual precipitation (mm/yr) 0.46 0.40 0.70 0.72
Annual ETA (mm/yr) -0.67 0.46 0.63 0.35
Incident radiation (MJ/m?.d) 0.51 0.84 0.01 -0.51
Mean Temperature (°C) 0.07 0.83" 0.31 -0.41
GS precipitation (mm/GS) 0.05 -0.19 0.96” 0.91"
GS ETA (mm/GS) -0.68 0.32 0.94" 0.86

GS: Growing season (spring and summer); ETA: Actual evapotranspiration. Bold denotes significant effects at *P< 0.1; **P< 0.05.

Table 5: Seasonal lucerne growth rate of each site (KgDM/ha.d).

Site Autumn Winter Spring Summer
1 245+ 42 239+ 35 56.1 +6.2 52.1+6.5
2 202+ 46 150+1.4 81.4+38 68.7 £+ 5.3
3 26.9 + 3.3 17.4 £ 3.7 46.0 + 10.5 33.2+99
4 16.4 £ 3.5 104 +£1.8 43.8 + 8.6 38.7 + 3.13
Values are mean =+ E.E. of the five years evaluated.
Table 6: Degree of correlation (Pearson coefficient) between seasonal growth and climate variables for each site.
Site 1 Site 2 Site 3 Site 4
Seasonal precipitation (mm/season) 0.57 " 0.37 0.63 " 0.16
Seasonal ETA (mm/season) 0.63 "~ 0.70 " 0.66 0.86
Seasonal Incident radiation (MJ/m?.d) 0.74" 0.71 ™ 0.47° 0.76 ™
Seasonal mean temperature (°C) 0.60 0.56 " 0.41 0.36

ETA: Actual evapotranspiration. Bold denotes significant effects at *P< 0.05; **P< 0.001; ***P< 0.0001.



Environmental confrols of lucerne (Medicago sativa L.) growth across a climatic... 19

dent radiation at all the sites (Table 6), and these re-
sults agree with those presented in previous stud-
ies (Brown et al., 2006; Smeal et al., 1991). This
positive relationship between both environmental
variables and lucerne growth would be due to the
positive association between evapotranspiration
rate and radiation with CO, exchange (Baldocchi,
Verma and Rosenberg, 1981). Multiple regressions
that consider ETA and incident radiation as inde-
pendent variables were significant at all the sites.
However, the relative weight of incident radiation
and ETA were both significant only at Site 2 (Figure
4). At the other sites, although the multiple regres-
sions were significant, the inclusion of ETA and inci-
dent radiation did not improve the ability to explain
seasonal growth variability, indicating that one of
the variables is limiting lucerne growth to a greater
extent. In dry environments (Sites 3 and 4), lucerne
production is mainly limited by water availability,
since precipitation and soil water storage capac-
ity are low. Conversely, Site 1 presented the high-
est ETA values in months of lucerne active growth
(spring and summer) (Table 2). This would be due
to the higher temperatures recorded in that period,
which also coincides with good water availability
owing to high precipitation and soil water retention
capacity. Thus, at this site it is incident radiation
which limits lucerne growth.

Annual WUE ranged from 9.6 to 18.3 kg DM/
ha.mm (Figure 5). Previously reported annual WUE
values in the literature also vary widely among
contrasting environments, finding values between
8.5 to 12 kg DM/ha.mm in Sudan (Saeed and EI-
Nadi, 1997), 13.83 to 17.70 kg DM/ha.mm in China
(Xu etal., 2006), 12.5to 24.1 in United States (Rechel
et al., 1991; Lindenmayer, Hansen, Brummer and
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Figure 3: Relationship between lucerne annual biomass produc-
tion and annual precipitation at four sites in the Pampa region of
Argentina: r = 0.71, P < 0.001; y = 996 + 11.55x.

Pritchett, 2011) and from 9.22 to 16 kg DM/ha.mm
in Australia (Hirth, Haines, Ridley and Wilson, 2001;
Pembleton et al., 2011). Physical and chemical soil
characteristics may explain this variability, as the
lowest annual value corresponded to the site with
coarser texture and lower fertility (Site 4) compared
to sites with the highest WUE (Sites 1 and 2; Table
1). Additionally, WUE spatial variability may be due
to differences in vapor pressure deficit (VPD) among
sites (Collino et al., 2005), since increasing the leaf-
to-air water VPD results in stomatal closure (Schulze
and Hall, 1982; El-Sharkawy, Cock and Held, 1984).
No differences were found in WUE between seasons
at Sites 1, 3 and 4 (Figure 6). This similarity in WUE
across seasons with large differences in temperature
and water availability was previously reported by
Hirth et al. (2001). However, WUE was higher in
spring than in autumn and winter at Site 2. This
variation would be further explained by changes
in lucerne growth throughout the year rather than
ETA, since the former coefficient variation was
much greater than intra-annual ETA variation (71.7
% vs. 33.9 %, respectively). The fact that growth
increases more in spring than ETA, would imply
that there were other factors that promoted spring
growth, that have not been considered in this study.
For example, differences in spring growth could
be related to increases in mineralization processes
as a consequence of higher temperatures, which
would have a more significant effect at Site 2, since
it presents a more acidic soil than the other sites
(Table 1).

The strength of this study lays in the fact it si-
multaneously analyzes lucerne aboveground bio-
mass observed through several years and at sev-
eral sites and obtained from trials using the same
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Figure 4:Relative importance (Standardized B coefficients) of
incident radiation and actual evapotranspiration on seasonal lu-
cerne growth in the multiple regression of each site; * denotes
significant B. Site 1: y = 3.75 x ETA + 5.15 x Rs - 7.37 (R = 0.76);
Site 2:y = 13.37 x ETA + 5.33 x Rs - 23.54 (R = 0.80); Site 3: y =
12.10 x ETA + 1.07 x Rs — 1.90 (R = 0.67); Site 4: y = 11.44 x ETA
+1.97 x Rs — 9.65 (R = 0.87).
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Figure 5: Annual average water use efficiency (WUE) for each
site. Values are means + SE for five years. Different letters above
bars indicate that WUE values significantly differ among sites ac-
cording to Tukey’s test (P < 0.05).

protocol. Indeed, these results demonstrate that
environmental controls of lucerne growth vary be-
tween spatial and temporal scale. At spatial scale,
growth variability was explained by annual precipi-
tation and by differences in WUE among sites. At
temporal scale, the interannual growth variation
was explained by precipitation of the growing sea-
son in drier sites, with less water retention capacity
soils. Seasonal growth variations were explained
by seasonal incident radiation and seasonal actual
evapotranspiration in all sites. However, the varia-
tion explained by each of these variables depend-
ed on the site. This information is a fundamental
piece of knowledge to a better understanding of
the ecophysiology and adaptation of lucerne for
forage production. Part of the spatial and tempo-
ral variation in lucerne growth not explained by cli-
matic variables could be attributed to the genetic
differences between plants of the same cultivar,
seed origin and plant density achieved in each site
and year (Julier, Huyghe and Ecalle, 2000; Dolling,
Lyons and Latta, 2011). Knowing the sources of
lucerne growth variability, would allow developing
more efficient livestock management due to less
uncertainty on the dynamics of forage production
(Campbell and Stafford Smith, 2000).
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