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This study analyzes key factors influencing water productivity in cattle rearing, particularly in contexts characterized by water
scarcity. This was done through year-round monitoring of on-farm practices within five smallholder farms located in the Saïss area
(northern Morocco). The on-farm monitoring protocol consisted of characterizing: (i) volumes of water used for fodder production
and distinguished by source (rainfall, surface irrigation and groundwater), (ii) virtual water contained in off-farm feed resources,
(iii) total forage biomass production, (iv) dietary rations fed to lactating cows and their calves and (v) milk output and live weight
gain. Findings reveal a mean water footprint of 1.62 ± 0.81 and 8.44 ± 1.09 m3/kg of milk and of live weight gain, respectively.
Groundwater represented only 13.1% and 2.2% of the total water used to get milk and live weight gain, respectively, while
rainfall represented 53.0% and 48.1% of the total water for milk and live weight gain, respectively. The remaining water volumes
used came from surface irrigation water (7.4% for milk and 4.0% for live weight gain) and from virtual water (26.5% for milk and
44.7% for live weight gain). The results also revealed a relatively small gross margin per m3 of water used by the herd, not
exceeding an average value of US $ 0.05, when considering both milk and live weight. Given the large variability in farm
performances, which affect water productivity in cattle rearing throughout the production process, we highlight the potential for
introducing a series of interventions that are aimed at saving water, while concurrently improving efficiency in milk production and
live weight gain. These interventions should target the chain of production functions that are implemented throughout the process
of water productivity in cattle rearing. Moreover, these interventions are of particular importance given our findings that livestock
production depends largely upon rainfall, rather than groundwater, in an area afflicted with sustained droughts, overexploitation of
groundwater resources and growing water scarcity.
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Implications

Few research results linking the livestock sector and its water
use are available, at a time when a significant increase in
animal production is expected to fulfill a rapidly growing
demand. This study is based on the assumption that in
regions with water scarcity, there is a need to consider
improvements in water productivity in cattle farming opera-
tions. Our results suggest that more attention should be
devoted to the origins of water (rainfall, rather than
irrigation water from surface and groundwater, and virtual
water in purchased feed) to implement sustainable livestock
systems.

Introduction

In southern Mediterranean countries, water scarcity is
already threatening human development (Iglesias et al.,
2007). This study focuses on Morocco, where available water
resources are heavily exploited, and where climate change
may negatively affect the country’s economy (Schilling et al.,
2012). Given the importance of agriculture to rural-based
economies and the significant share of irrigation in total
water use, technologies aimed at improving its efficiency are
actively promoted (Schyns and Hoekstra, 2014). This is based
on the water productivity paradigm (more ‘crop per drop’)
and focuses mostly on irrigation water. However, recent
research indicates that these measures may actually lead to
higher water consumption due to intensification of water† E-mail: mt.srairi@iav.ac.ma
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use and field efficiencies that are far below theoretical
values (Batchelor et al., 2014). This suggests that increasing
attention should be given to rainfall, while exploring the
possibility of alternative cropping patterns, irrigation and
agricultural practices to improve water productivity
(Falkenmark, 2007). Livestock production in semi-arid
conditions is a particularly interesting system for such a
study, since it implies analyzing a series of on-farm produc-
tion functions, from water use for growing fodder, to its
conversion into feed biomass, and the effectiveness of diets
ingested by cattle (e.g. nutrient contents and impacts on
both milk production and live weight gain) (Le Gal et al.,
2009). Moreover, the integration of crops and livestock
increases farms’ resilience (Ryschawy et al., 2013). However,
few studies have analyzed complementarities between
crops and livestock, particularly from a water productivity
viewpoint. Such complementarities need to be addressed
to assess the relative pressure of both activities on available
water resources (rainfall, surface water and groundwater).
When farm structure consists mainly of smallholder units,

the study of water productivity of cattle becomes a difficult
task, for two reasons: (i) the output (i.e. milk and meat)
tends to vary due to different management practices, with
significant difficulties in obtaining accurate on-farm data and
(ii) these farms are rarely specialized in either milk or meat,
suggesting that research methodologies have to deal with
both products. In addition, this analysis needs to consider
the use of off-farm feed representing ‘virtual water’ (Allan,
1998). Recent research confirms the significant water
volumes required by livestock rearing, as a consequence of
the numerous losses that may occur (Doreau et al., 2012).
Among animal products, beef has a higher water footprint

than milk, pork or poultry products (Eschel et al., 2014).
Given the expected rise in the demand of animal products in
developing countries, a ‘Livestock Revolution’ will be
required (Delgado, 2003). Such a trend will certainly imply a
growing pressure on water resources, since livestock already
accounts for 10% of global water use (Schlink et al., 2010).
A benchmark of the water footprint of dairy farms at a global
scale reported a mean value of 1.7 m3/kg of milk (Sultana
et al., 2014). Such a figure, however, masks the existing
variability. This may add difficulties in implementing
sustainable dairy systems to cater to an increasing demand
without damaging the environment (Hoekstra, 2012).
In semi-arid contexts, sustainable water use has to be
promoted, given the ongoing trend of groundwater depletion
(Wada et al., 2012). In the case of Morocco, increased
pressure on groundwater is already threatening the
sustainability of many farming systems that depend on it
(Kuper et al., 2015). The main objective of this study
therefore consists of estimating the water footprint of
cattle products (milk and live weight gain) in dual-purpose
herds by considering the volumes of water used and their
origins: rainfall, irrigation (whether from surface water or
groundwater) and virtual water. Another goal of the study is
to evaluate the economic terms of water productivity
through cattle farming.

Methodology

Water productivity in dual-purpose herds (milk and live
weight gain simultaneously) was studied in the Saïss region
in northern Morocco (Supplementary Figure S1). It is a rich
agricultural plain, originally known for its rain-fed farming
systems (cereals, legumes, vineyards). Following recurring
droughts in the 1980s and 1990s, many farmers turned
to groundwater. Currently, some 37 000 ha are irrigated,
of which >25 000 ha rely on groundwater use. The area
also witnessed an intensification in livestock activity, with
22 000 cattle (mainly purebred Holstein or crossbred
local×Holstein) producing around 30 000 tons of milk and
2500 tons of meat annually (DPA El Hajeb, 2014).
The practices determining water productivity in cattle

farming were monitored on five farms from January to
December 2014. The protocol consisted of a series of routine
visits to farms at times of shifts in management practices,
that is, a new cut of fodder crops, a significant change in
dietary rations, the beginning of irrigation, etc. The sample
included farms with diverse structural parameters and
strategic choices (Table 1): either small farms (<5 ha) with
livestock as the main activity or combined with cash crops
(such as tobacco), or larger farms with livestock associated
with fruit trees or vegetables. The strategic options in
livestock rearing consisted of the importance of rain-fed
v. irrigated fodder, the origin of irrigation water (ground-
water from private wells or surface water from a collective
network) and changing proportions of the incomes from milk
and live animals.
Each farm had an average of 5.2 ha of arable land

(range = 1.0 to 9.7 ha), with an average animal stocking
rate of 6.5 livestock units (LU) per hectare of fodder (range
= 4.5 to 13.0 LU/ha). All farms had herds of crossbred cows
(local×Holstein) and kept their progeny after weaning. The
monitoring enabled measurement of (i) water volumes used

Table 1 Land occupation (hectare), structure of the herd and irrigation
means in the study sample farms

Farm 1 2 3 4 5 Mean

Agricultural land 1.00 3.50 9.68 5.75 6.00 5.19
Fodder land 0.75 1.75 2.43 2.00 0.50 1.49
Berseem clover – 0.50 0.50 0.50 0.25 0.35
Lucerne 0.25 0.50 0.35 – – 0.22
Maize – 0.25 0.33 0.25 0.25 0.22
Oats 0.50 0.50 1.25 1.25 – 0.70
Cereals 0.25 1.25 2.00 3.00 4.50 2.20
Fruit trees – 0.75 1.25 – – 0.40
Vegetables – – 1.25 – 1.00 0.45
Tobacco – 0.50 – – – 0.10
Number of cows 2.0 4.1 9.0 4.7 3.6 4.68
Growing calves 1.6 3.8 11.0 5.6 2.9 4.98
Cattle stocking rate (LU/ha) 4.8 4.5 8.2 5.2 13.0 6.48
Irrigation means R, S R, S R, G R, G R, G –

LU/ha = livestock units per hectare of fodder crops; R = rainfall; G = ground-
water; S = surface water.
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to produce forage, (ii) forage biomass from irrigated plots
and off-farm feed resources and (iii) the annual output of
milk and live weight gain obtained per farm. Approximately
29% of the total arable land was cultivated with rain-fed
(oats – Avena sativa) or irrigated forage (berseem clover –
Trifolium alexandrinum, lucerne – Medicago sativa, and
maize – Zea mays). Berseem clover and maize were the for-
age species grown most (in four of the five farms) since they
are complementary in the feeding calendar: berseem clover
from November to June and maize from July to October.
Oats, as entirely rain-fed forage, was also grown on four
farms. In addition, the herds were also fed cereal straw,
which is considered locally as a strategic fiber resource
(Magnan et al., 2012). Each farm was visited a total of
16 times to collect accurate information. Water volumes
were estimated by frequent measurement determination of
discharges from wells and at the entry point of fodder plots
irrigated from the collective network, combined with regular
enquiries about the durations of irrigation applications.
Rainfall data were obtained from the local meteorological
station, which was located at a maximum distance of 7 km
from farms.
Forage biomass was determined by weighing plant

samples harvested from each plot within a 1 m² quadrat
at each harvest (Martin et al., 2005). Subsequently, the
nutrients (net energy and digestible protein) supplied by this
biomass were estimated. The average dry matter (DM) con-
tents of forage crops in the context of Morocco were adopted
from Guessous (1991): berseem clover (12%), lucerne (18%),
maize (30%) and oats used as hay (88%). According to the
same author, the average net energy content was as follows:
berseem clover (0.15 Mcal/kg), lucerne (0.31 Mcal/kg), maize
(0.39 Mcal/kg) and oats (1.05 Mcal/kg). These average
nutrient values were used to calculate nutrient yields per
hectare in each farm.
Simultaneously, dietary rations (forage and concentrate)

consumed by lactating cows and growing calves were
recorded, since all the herds were in ‘zero-grazing.’ The
equivalent virtual water corresponding to off-farm feed
resources (mainly cereal grains and bran) was obtained from
international references (Hoekstra and Chapagain, 2007):
1 m3 of water per kilogram of cereal grains. Milk volumes
and live weight gains were recorded on each farm. Milk used
by suckler calves was not taken into account but was
considered as an intermediary input for live weight gain. The
growth performance of calves and heifers was estimated
indirectly using heart girth measurements. The following
formula linking live weight to heart girth was used (Heinrichs
et al., 2007):

LW = 15.7+ (66.88×HG3), where LW is live weight (kg)
and HG is heart girth (m).

The economic return from milk sales was calculated for
each farm. Gross margins for both milk and live weight gain
were determined as the difference between the incomes and
the expenses related to feed and veterinary treatments, as

well as of farm workers’wages, but without wages for family
members’ work. The economic value of live weight gain was
estimated from market prices: US $2.90/kg of live weight for
steers, US $4.00/kg live weight for heifers. Water productivity
was calculated for milk production and live weight gain
(m3/kg). Then, the economic water productivity of milk
and live weight gain was calculated as the gross margin
for these products divided by the total amounts of water
used, expressed in US $/m3.

Results

From water volumes and their origins to forage biomass
Water volumes applied to fodder crops varied widely among
farms and were largely determined by irrigation practices.
For berseem clover, the amount of water consumed ranged
from 9500 to 14 000 m3/ha. These differences can be
explained by the vegetative cycle length, since some farms
(3 and 4) continued cutting this crop until July (with addi-
tional irrigation), whereas other farms (2 and 5) performed
the final harvest in May. Although berseem clover is an
annual winter crop, it relied on irrigation for 39% of total
water use, since rainfall during the study year (451 mm) was
lower than its long-term means (1960 to 2014): 560 mm.
For lucerne, the total volume of water varied among farms

from 7980 to 20 061 m3/ha (Table 2). The maximum value
was recorded on farm 3, which was the only one equipped
with drip irrigation. On the other farms with lucerne, water
use averaged 9000 m3/ha, since irrigation water from the
collective network was not available on demand (only once
every 2 weeks). The mean contribution of irrigation to total
water use in lucerne production reached 55%.
Maize also had high water use, with a maximum value of

18 220 m3/ha, also observed on the farm with drip irrigation.
As a summer crop, maize requires large volumes of water,
but irrigation volumes may exceed its water requirements.
Oats had relatively constant water use, with a mean value of
4110 m3/ha, corresponding to the average amount of rainfall
recorded during 2014.
Marked variability among farms was also observed for the

DM yield of crops. In fact, berseem clover’s DM yield varied
significantly (10 120 to 19 300 kg/ha). Differences may be
explained by the irrigation volumes applied, as well as the
length of the vegetative cycle. The water productivity of
berseem clover reached a mean value of 0.77 m3/kg DM
(Table 3). This parameter was affected by differences in
water volumes applied, soil fertilities and vegetative cycle
lengths. This was even more evident for summer crops
(lucerne and maize), since they mainly rely on irrigation
water and require high amounts of nutrients. Moreover, it
appears that the farms that used the most water did not
necessarily obtain the highest forage DM yields, indicating
other limiting factors. For instance, farm 3 used the most
water to grow lucerne but had the lowest lucerne DM yield.
A different trend was observed for maize, since farm 4, which
used the most water to grow maize, obtained the highest DM
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yield for this crop. Variability in maize water productivity also
appeared to be less pronounced than that in lucerne because
all farms cultivated maize as a transition fodder until the end
of summer. Finally, oats had relatively homogenous water
use and DM yield per hectare.

Dietary ration variations and their impacts on cattle
performance
The monitoring of cattle dietary rations confirmed that
nutrient availability was highly variable across seasons. In
fact, nutrient availability peaked in spring (March to May)
and thereafter decreased progressively until winter (late
October to December). This was first linked to the cycle of
berseem clover, whose yield peaked in spring. A second
cause was related to the limited off-farm feed resources,
since soaring concentrate prices hindered their purchase.

Supplementary feed amounts did not exceed 1.8 kg/lactating
cow and 1.2 kg/growing calf per day (Table 4). As a con-
sequence, given the mean cattle stocking rate (6.4 LU/ha)
and the limited yields of fodder crops, the quantities of DM
ingested did not reach the optimum requirements of cattle.
Moreover, not only were the diets insufficient, they were
unbalanced. For example, on farm 4 during the spring, with
maximum berseem clover availability, the diet had a short-
age in net energy that prohibited exploitation of the clover’s
protein. Moreover, to decrease production costs, the farmer
did not use any feed concentrate. Hence, the effective milk
yield per cow on this farm reached 10.5 kg/day at a time
when its potential was 16 kg/day. By the end of summer,
there was a shift to maize, and the diet became deficient in
protein, implying a further decrease in milk yield: only
4.5 kg of milk per cow per day, whereas the potential was

Table 2 Water volumes (m3/ha) and their origins (%) to grow fodder in the five study farms

Farm 1 2 3 4 5 Mean

Berseem clover
Rainfall – 4508 (45.7) 4508 (36.7) 4145 (29.6) 4148 (43.4) 4352 (37.2)
Groundwater – – 7762 (63.3) 9870 (70.4) 5400 (56.6) 5809 (49.7)
Irrigation network – 5360 (54.3) – – – 1531 (13.1)

Lucerne
Rainfall 4600 (57.6) 4600 (53.6) 4755 (23.7) – – 4649 (38.4)
Groundwater – – 15 306 (76.3) – – 4870 (40.3)
Irrigation network 3380 (42.4) 3980 (46.4) – – – 2578 (21.3)

Maize
Rainfall – 1297 (55.9) 1295 (37.0) 725 (4.0) 725 (6.2) 1032 (12.1)
Groundwater – – 2201 (63.0) 17 495 (96.0) 10 944 (93.8) 7256 (85.1)
Irrigation network – 1023 (44.1) – – – 237 (2.8)

Oats
Rainfall* 4059 4095 4145 4145 – 4126

*No irrigation of oats: all the water used to grow oats comes from rainfall.

Table 3 Water productivity of fodder in the study farms

Farm 1 2 3 4 5 Mean

Berseem clover
Water used (m3/ha) – 9868 12 270 14 015 9548 11 693
Dry matter (DM) yield (kg/ha) – 16 880 11 780 19 300 10 120 15 149
Water productivity (m3/kg of DM) – 0.58 1.04 0.73 0.94 0.77

Lucerne
Water used (m3/ha) 7980 8580 20 061 – – 12 097
DM yield (kg/ha) 9600 9360 8660 – – 9192
Water productivity (m3/kg of DM) 0.83 0.92 2.32 – – 1.32

Maize
Water used (m3/ha) – 2320 3496 18 220 11 669 8525
DM yield (kg/ha) – 4210 4120 13 665 7640 7165
Water productivity (m3/kg of DM) – 0.55 0.85 1.33 1.52 1.19

Oats
Water used (m3/ha) 4059 4095 4145 4145 – 4126
DM yield (kg/ha) 6010 6300 7080 2210 – 5076
Water productivity (m3/kg of DM) 0.67 0.65 0.59 1.88 – 0.81
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8 kg/cow per day (Figure 1). This led to a persistent gap
between potential milk yield and actual production. The gap
decreased progressively from spring until late winter, how-
ever, due to a drop in the herd’s lactation potential, since no
calving occurred. This resulted in less income from milk sales
(Figure 2) and overall poor animal performances. For
example, milk yield per cow did not exceed a mean value of
1465 kg and mean live weight gain per cow progeny only
reached 120 kg/year. These mean figures, however, hide
wide variability among farms; for example, annual milk yield
per cow varied from 1030 to 2510 kg (Table 4).

Volumetric and economic water productivity in cattle
The mean gross margin per kilogram of milk was low, not
exceeding US $0.06. The gross margin per kilogram of live
weight gain was almost 10 times as high, however, reaching
US $0.56 (Table 4). There was huge variability among farms.
For example, both activities had a net deficit in farm 5:
US $0.01/kg of milk and US $0.33/kg of live weight gain. In
contrast, in farm 4, which had the highest average annual
milk yield per cow and live weight per cow progeny, the
economic results from the herd (both milk and live weight
gain) were the highest among all farms. The economic
profitability per kilogram of milk was the lowest in farm 2
(US $ 0.02), with the lowest average milk yield per cow. This
farm seemed, however, to favor live weight gain, obtaining
the highest value among farms: US $0.85/kg.

The results reveal a mean water footprint of
1.62 ± 0.81 m3/kg of milk (ranging from 1.26 to 3.13). Of this
total water volume, 53.0% originated from rainfall, whereas
only 7.4% came from the irrigation network. The remaining
amounts were from groundwater (13.1%) and virtual water
(26.5%). For live weight gain, the water footprint reached a
mean value of 8.44 ± 1.09 m3/kg (ranging from 7.15 to 9.80).
The respective contributions of rainfall, surface irrigation,
groundwater and virtual water to this amount were 48.1%,
4.0%, 2.2% and 44.7%. This implies a higher use of pur-
chased feed in the diets for fattening calves than for lactating
cows. The variability in these contributions among farms
showed contrasting situations. Some farms relied almost
entirely on rainfall for fodder production to feed the lactating
cows. This appeared in the prevalence of oats and berseem
clover in their forage system (farms 4 and 5). Others had a
feeding strategy mainly based on off-farm resources (farm 2).
Another option was to use all water resources in almost
equal percentages (farm 3). For live weight gain, the con-
tribution of purchased feed appeared as the most important.
However, farm 4 constituted a marked exception, since it
relied mainly on forage to feed cows’ progeny.
Assessment of the economic water productivity of milk

and live weight gain agreed with the results for water
volumes used and gross margins achieved. Farm 5’s overall
cattle activity had a negative gross margin, since the use of
1 m3 of water resulted in a loss of US $0.01. In contrast, three
farms (1, 2 and 3) had a gross margin per m3 of water of
almost US $0.05. Farms 1 and 3 had similar results for

Figure 1 The gap between the average effective and potential milk
yields per lactating cow in farm 4 during the study period.

Figure 2 Monthly change in average milk quantity delivered per cow in
farm 4.

Table 4 Virtual water use and cattle performance variability among farms

Farm 1 2 3 4 5 Mean

Total off-farm feed uses (kg) 3414.0 5416.0 8714.0 5697.0 3140.0 5276.2
Virtual water for lactation (m3/cow) 1097.5 924.9 500.6 823.0 252.5 652.5
Virtual water for live weight gain (m3/calf) 761.9 427.4 382.6 326.6 769.3 446.2
Average milk yield produced (kg/cow per year) 1557 1036 1112 2511 1421 1465
Average live weight gain (kg/cow progeny per year) 74 106 105 168 132 120
Milk profitability (US $/kg) 0.07 −0.02 0.08 0.11 −0.01 0.06
Live weight gain profitability (US $/kg) 0.10 0.85 0.60 0.83 −0.33 0.56
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economic water productivity of milk and live weight gain
(US $0.05 to 0.06). In contrast, farm 2 showed a different
trend, since water used for lactating cows resulted in a deficit
of US $0.01/m3, whereas the water used to grow calves
helped create a positive gross margin of US $0.12/m3

(Table 5). Finally, farm 4 had the highest economic water
productivity for both milk production and live weight gain.
Economic water productivity considering only irrigation
water rather than total water (including rainfall and virtual
water) was also calculated. For milk production, the results
revealed the same trends as those obtained for total water,
but with values almost twice as high, since irrigation water
represented almost 50% of the total water used. This means
that 1 m3 of water from either the collective network or a
private well helps generate an average gross margin of
around US $0.13 when used to grow fodder to feed lactating
cows. For live weight gain, economic irrigation water
productivity changed considerably compared with the one
calculated with total water use, since only 6.2% of water use
for live weight gain relied on irrigation to feed growing cat-
tle, due to the importance of virtual water (purchased feed).

Discussion

The main purpose of this study was to characterize the entire
chain of processes influencing water productivity in small-
holder dual-purpose cattle farms in a semi-arid environment
under irrigated conditions. Such cattle farming with diversi-
fied forage crops and purchased feed constitutes one of the
most complex systems for water productivity studies. The
study sample was explicitly designed to represent the reality
of farms (arable land, size of herds, type of forages) within
the El Hajeb area where the study was conducted, since
>85% rely on <5 ha and have less than five head of cattle
(DPA El Hajeb, 2014). The study evaluated the respective
contributions and complementarities of rainfall, irrigation

and virtual water, thus providing a more integrated view of
water productivity. Results revealed the wide variability in
water volumes used. This was particularly observed for
summer crops relying on irrigation. The average water
volumes used to grow lucerne obtained in this study are
similar to those reported for another large-scale irrigation
scheme in Morocco (Sraïri et al., 2009a). However, since the
previous study took place in an semi-arid region with even
lower rainfall (210 mm/year), almost 82% of total water in
that study came from irrigation. In our study, irrigation
represented 87.9% of the total amount of water applied to
maize, implying that such it exerts the highest pressure on
groundwater of the forage crops existing in the area. These
results agree with previous assessments in temperate
countries showing that the development of forage systems
based on maize may exacerbate pressure on groundwater
(Meul et al., 2012). DM yields for all fodder crops were highly
variable among farms and appear to be lower than those in
recent references, for example in the case of berseem clover
(Vasilakoglou and Dhima, 2008). The highest DM yields, for
berseem clover, illustrate its strategic role, since most of the
farms relied on it. Farmers took advantage of rainfall to
grow this crop, thus minimizing their reliance on irrigation.
Moreover, two farms used a smart strategy of elongating the
exploitation period of berseem clover until the beginning of
July, to get a maximum amount of nutrients from it. In
addition, its water requirements are mainly fulfilled from
rainfall. Lucerne DM yield reached an average of 9190 kg/ha,
which is higher than the results of a previous study (6820 kg
of DM/ha) conducted in a semi-arid irrigation scheme in
Morocco (Sraïri et al., 2009a). The differences may be
explained by higher rainfall in the current study (451 v.
210 mm). The water productivity of lucerne (1.32 m3/kg DM)
was lower than that reported by Montazar and Sadeghi
(2008), since their study was conducted on small plots,
aiming to compare irrigation methods. Finally, in the case of
maize, wide variability in water productivity was observed,

Table 5 Water productivity characteristics in milk, in live weight gain and in the whole herd in the study farms

Farm 1 2 3 4 5 Mean

Total water used per kilogram of milk (m3) 1.26 1.30 1.59 1.26 3.13 1.62
Rainfall (%) 46.2 22.3 44.0 59.5 88.2 53.0
Irrigation network (%) 46.2 9.2 – – – 7.4
Groundwater (%) – – 27.7 14.3 6.1 13.1
Virtual water (%) 7.6 68.5 28.3 26.2 5.7 26.5

Economics of total water use in milk (US $/m3) 0.06 −0.01 0.05 0.09 0.00 0.05
Economics of irrigation water use in milk (US $/m3) 0.13 −0.11 0.18 0.63 0.00 0.13
Total water used per kilogram of live weight gain (m3) 7.17 7.15 8.18 9.80 7.76 8.44
Rainfall (%) – 12.5 53.9 75.2 22.7 48.1
Irrigation network (%) – 30.5 – – – 4.0
Groundwater (%) – – 1.1 4.8 2.3 2.2
Virtual water (%) 100.0 57.0 45.0 20.0 75.0 44.7

Economics of water use in live weight gain (US $/m3) 0.04 0.12 0.07 0.08 −0.04 0.06
Economics of irrigation water use in live weight gain (US $/m3) – 0.39 6.36 1.67 −1.74 1.39
Economics of water use in the herd (US $/m3) 0.06 0.03 0.06 0.09 −0.01 0.05
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ranging from 0.55 to 1.52 m3/kg DM. These values are close
to those reported by Bouazzama et al. (2012) for maize
grown under irrigated conditions in Morocco (0.33 to
0.54 m3/kg DM). Our results did not reveal a clear relation-
ship between irrigation water volumes and DM yields of
forages, suggesting the influence of other agronomic factors,
such as irrigation frequency, soil fertility and crop diseases.
Farm 3 used almost twice as much irrigation water to grow
lucerne, but no significant increase in the DM yield was
recorded compared with average yields of the other farms.
Farm 3 was the only one equipped with drip irrigation, which
confirms earlier findings that this technique, when linked
with groundwater extraction, may not save water, as it may
induce some farmers to use higher water volumes than crop
requirements (Benouniche et al., 2014).
Analysis of the diets ingested by either lactating cows or

growing calves showed that the available forages did not
provide sufficient DM. Moreover, the nature of the available
forages implied unbalanced dietary rations, thus resulting in
nutrient wastage and reduced output of cattle products.
Similar findings were published in previous studies in emer-
ging countries (Moran, 2013; Sraïri et al., 2015), implying the
need to generalize support to smallholder farms for cattle
feed formulation to increase dairy production (Sraïri et al.,
2011). The milk delivered per lactating cow only reached an
average value of 1465 kg/year, whereas the potential is
3500 kg for crossbred Holstein× local cows. Similarly, the
annual live weight gain per cow progeny was only 120 kg, far
from the potential for beef production in Morocco.
The study determined the water footprint for cattle pro-

ducts, with average values of 1.62 ± 0.81 and 8.44 ± 1.09 m3

of water per kilogram of milk and live weight gain, respec-
tively. This agrees with previous research in Morocco (Sraïri
et al., 2009a) and other countries (Armstrong, 2004; Sultana
et al., 2014). High variability among farms was observed,
reflecting differences resulting from on-farm practices in all
production functions, from water to cattle products. The
worst-performing farm in milk water productivity (farm 5)
had the highest cattle stocking rate, leading to low feed
autonomy. Moreover, poor cropping practices such as
inadequate crop fertilization and irrigation frequencies led to
low water productivity of the forages (berseem clover and
maize). This was particularly obvious for maize, with high
irrigation volumes almost exclusively coming from ground-
water, which meant higher production costs. In contrast, the
best-performing farms in milk water productivity (farms 1, 2
and 4) had lower cattle stocking rates and better results in
the water productivity of fodder crops. This resulted in higher
feed autonomy, which helped produce more milk than the
average of the study sample and generate the highest
economic margins. Such a positive relation between feed
autonomy and gross margin of dairy farms was also found in
previous studies (Val-Arreola et al., 2006; Lebacq et al.,
2013). Similarly, it was reported that dairy farms with the
best agro-environmental performances were those with the
highest milk yields and sound management of their cropping
systems (Gaudino et al., 2014).

The situation, however, was rather different for live weight
gain. The variability in its water productivity among farms was
not as marked as that for milk. This can be explained by two
main reasons. First, little irrigated forage was used to raise
calves, since their diets relied more on purchased feed
concentrate and rain-fed roughage (oats hay and straw).
Second, there was a relatively constant rate of live weight gain
per cow progeny among farms. The mean value of 8.44 m3

of water per kilogram of live weight gain implied a water
footprint for beef carcass of almost 15.3 m3/kg, assuming that
the mean dressing percentage for dual-purpose cattle is
around 55% (Aass, 1996). This value is similar to global
references for beef production (Hoekstra and Chapagain,
2007). Almost all farms achieved positive economic results in
live weight gain production, since calves represent a key
function to achieve equilibrium in smallholder dairy farms’
gross margin, because of limited milk yields and its stagnating
farm gate prices (Sraïri et al., 2009b).
We distinguished between total water and irrigation water

economic productivities in our study. Milk irrigation water
productivity reached on average US $0.13/m3, varying from
US − $0.11 to $0.63. The best results were observed for farm
4, which had adopted good practices throughout the chain of
processes, from irrigation management to cattle rearing.
These included rational irrigation frequencies and consistent
use of manure to improve soil fertility and increase the DM
yield of fodder crops. This farm considered livestock as its
most strategic activity, given the absence of cash crops. In
addition, irrigation water economic productivity in this farm
appeared three times as high as the average gross margin
per m3 provided by irrigation in Morocco: US $0.20 (Moughli
and Benjelloun Touimi, 2000). Economic irrigation water
productivity per kilogram of live weight gain was even higher
than that of milk, reaching an average of US $1.39/m3.
This result confirms that live weight gain remains a key
component in the economics of dual-purpose herds,
particularly because of limited dairy specialization.
From a wider perspective, results indicated that distin-

guishing between different water resources is crucial. Results
confirmed the limited pressure of livestock on groundwater,
since it relied mainly on rainfall (milk) and/or virtual water
(purchased feed) for live weight gain. On the other hand, the
relative dependence of live weight gain on virtual water
induces a significant vulnerability of cattle farming, particu-
larly whenever off-farm feed prices soar, as observed globally
since 2009 (Gilbert and Morgan, 2010). Therefore, farmers
should preferably focus their efforts on feed autonomy and
be cautious in using off-farm feed resources, by ensuring that
they effectively contribute to improve the profitability of their
activities. These results converge with findings of recent
research underlining the need to add value to green water
(rainfall) rather than blue water (irrigation water) to solve the
issue of food security in the 21st century (Rockström et al.,
2009). Although groundwater may be a key component of
farms to deal with climatic hazards (Quarouch et al., 2014),
farmers should preferably focus on rainfall rather than irri-
gation to obtain higher economic margins from their herds.
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This is in line with Sultana et al.’s (2014) global evaluation of
water use in livestock farms, which concluded that the key for
sustainable dairy systems should be a decrease in the use of
irrigation, particularly from groundwater. Moreover, given the
volatile farm gate prices of the most used cash crops in the
area, particularly fruits and onions (Lejars and Courilleau,
2015), and their significant use of groundwater, livestock
appears to provide more secure incomes to farmers, since
it relies mainly on rainfall. Finally, it should be remembered
that our results mainly focus on smallholder farms, which
integrate crops and livestock. Consequently, further research
efforts should be devoted to water productivity of cattle in
large specialized dairy farms (in some cases with >3000
lactating cows), which are developing in many areas of
Morocco. In fact, these are being implemented mainly on
forage systems based on groundwater (particularly maize
silage) and virtual water, and research should help them
assess the sustainability of their activities from a water
productivity viewpoint.

Conclusion

The study demonstrates that many setbacks characterize
water productivity in cattle farming. The amount of irrigation
applied seems to be higher than crop requirements in some
farms, meaning less efficient water productivity. Significant
setbacks related to cattle performances were also identified,
due to inappropriate production practices, such as insufficient
and imbalanced dietary rations. The situation even worsens in
summer and autumn, as forage availability drops dramati-
cally, because there is no rainfall at all, inducing significant
decreases in milk yield. The results show that milk production
used only 20.5% of the total water it needed from irrigation,
the remaining volumes coming from rainfall and virtual water.
The pressure on irrigation water was even less for live weight
gain. Therefore, even in a dry year, the livestock sector in the
study area depends mainly on rainfall, whereas specialization
in cash crops implies a growing pressure on groundwater.
Consequently, perspectives for the resilience of livestock
production are good, but they would require improving its
water productivity by adopting sound practices.
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