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Abstract: Alfalfa is one of the most nutritive and high-yielding forage legumes planted in rotation
with cereal crops across the United States. Under semiarid and arid climates with limited water
resources, sustainable management of the available resources is required. The objective of this study
was to investigate the effect of different irrigation regimes and fungicide applications on alfalfa in the
high desert region of the Colorado Plateau of the U.S. Field experiments were conducted during
the 2012–2014 period. Alfalfa was planted in fall 2012, uniformly irrigated for crop establishment
and subjected to seven different irrigation regimes after the first cut in spring 2013. Alfalfa was
treated by fungicide application and was harvested at 10% blooming. The maximum amounts of
applied water were 350, 300, 208, and 312 mm, respectively, during the first, second, third, and fourth
regrowth cycles in 2013, and 373, 282, 198, and 246 mm in 2014 for the respective regrowth cycles
in 2014; the seasonal applied irrigation amount varied from 711 to 1171 mm in 2013 and from 328 to
1100 mm in 2014. The results showed non-significant effect of fungicide application on the forage
yield. Alfalfa forage yield was significantly affected by the irrigation regimes and showed a third
order polynomial relationship with the applied irrigation amounts during each regrowth cycle and
on seasonal scale. Forage yield decreased from the first cut to the fourth cut and the annual forage
varied from 10.6 to 25.7 Mg/ha for the treated alfalfa and from 11.5 to 25.6 Mg/ha for the non-treated
alfalfa. Forage yield at each cut accounted for 39.6, 24.2, 17.6, and 18.6% of the 2013 season forage
yield and 31.4, 23.8, 21.6, and 23.2% of the 2014 season forage yield, for the first, second, third, and
fourth cut, respectively. Alfalfa water use efficiency varied from 0.06 to 3.3 kg/m3. The relationships
developed in this study could be used by forage growers, crop consultants, and project managers for
decision making and planning to improve the productivity of water under the semiarid and arid
climate of New Mexico and the surrounding regions.
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1. Introduction

Agricultural water is the most limiting factor for crop production in arid and semiarid
environments, where actual crop evapotranspiration is not met by the received precipitation. Under such
conditions, supplementary irrigation is necessary for crops to meet their water requirements for
optimum food and fiber production [1]. Irrigation water requirements for alfalfa vary with climate and
local precipitation patterns and amounts, and its yield depends on watering regimes and management.
Linear increase of alfalfa yield with irrigation amount was reported by Rogers et al. [2] in Australia
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with yields ranging from 1.4 to 17.7 Mg/ha. A similar relationship was found by Shewmaker et al. [3],
Arshad et al. [4], and Lei et al. [5], who pointed out that drought tolerance in alfalfa is a key challenge
in improving its productivity. Lindenmeyer et al. [6] reported an increase in alfalfa biomass yield
as a function of seasonal evapotranspiration across the U.S. Great Plains with annual crop water
use from 615 to 1448 mm. Alfalfa has a relatively high irrigation water requirement and long
growing season and the irrigated alfalfa represents 12% of the alfalfa-produced area in the U.S. [7,8].
Putnam et al. [9] suggested that deficit irrigation on alfalfa might help in achieving significant water
savings. Undersander et al. [10] indicated that water stress is the most limiting factor for alfalfa
production. Lindenmayer et al. [11] and Ismail and Almarshadi [12] indicated that alfalfa forage quality
and water productivity were improved under deficit irrigation with yield reduction [13,14]. Li et al. [15]
reported significant impact of irrigation regime on the alfalfa annual forage yield with significant
differences between 100, 80, and 60% evapotranspiration (ET) irrigation levels. They reported that
the seasonal yields for each cutting were significantly affected by irrigation level, except for the third
cutting with better precipitation received. The yield of the first cutting is a major determinant of
forage annual yield [16,17]. The first cutting usually benefits from longer growth period with greater
accumulated thermal units allowing greater biomass accumulation [15,17,18]. Li et al. [15] reported
quadratic relationships between forage yield and the applied irrigation amount during the 1st, 2nd,
and 3rd cuts. Yield reduction of alfalfa under deficit irrigation has been reported by other studies
elsewhere [2,3,11–13,19–25]. Rogers et al. [2] reported the capacity of alfalfa to recover from drought.
Under semiarid and arid conditions, alfalfa is mostly adapted to drought due to its deep rooting
system [26–30]. Summers et al. [31] found that irrigated alfalfa represents more than 90% of the alfalfa
acreage across the western states while rainfed alfalfa is produced in some western regions such as
Montana. Li and Su [32] reported alfalfa annual forage yield as a function of irrigation amount and
which varied from 11.7 to 18.6 Mg/ha in China with an increasing trend in seasonal irrigation [12,33].
Bolger and Matches [34] reported alfalfa first cut yield to be 41–46% of the annual yield while Li and
Su [32] indicated the first cut yield as 35–50% of the annual forage yield relative to irrigation rates.
Cavero et al. [35] reported that the maximum alfalfa forage yield was lower in the first year (17 Mg/ha)
than in the two following years (20–22 Mg/ha). Tesar and Marble [36] reported that optimum alfalfa
plant populations varied from 140 to 260 plants/m2 for maximum forage yield while Krueger et al. [37]
and Kephart et al. [38] reported the relationships between stem diameter, shoot weight, and planting
date. In most of the western U.S., alfalfa production depends on irrigation, while elsewhere in the U.S.,
alfalfa can be grown under rainfed conditions without any supplementary irrigation [39].

The water use efficiency (WUE) of alfalfa under sprinkler irrigation, defined as alfalfa dry biomass
production per unit volume of water, varied from 1.90 to 2.7 kg/m3 in China [15,32]. Kuslu et al. [40]
reported alfalfa water productivity that varied from 0.9 to 1.5 kg/m3 within the range of rainfed, deficit,
and fully sprinkler irrigated alfalfa in Turkey. The timing of deficit irrigation on alfalfa has different
impacts on the biomass production—Orloff and Hanson [41] found that alfalfa yield was reduced by
imposing deficit irrigation after the first cutting by 1.5 to 5.4 Mg/ha, while irrigation cutoff after the
second cutting reduced yields by 0.8 to 3.3 Mg/ha in California.

Alfalfa is subjected to abiotic and biotic stresses that can induce considerable hay yield reduction.
Environmental conditions cause the main abiotic stresses and diseases are caused by biotic stresses,
namely nematodes, bacteria, viruses, and fungi [42]. Foliar diseases can cause defoliation, yield
reduction, and quality deterioration. In particular, fungus-like Pseudopeziza medicaginis ([Lib.] Sacc.) is
the agent of alfalfa common leaf spot, Peronospora trifoliorum (de Bary) causes downy mildew on alfalfa,
and Phoma medicaginis (Malbr. & Roum.) causes spring blackstem on alfalfa crop. Stagonospora meliloti
(Lasch) Petr. and Stemphylium botryosun (Wallr.) cause spots on leaves and stems, and Colletotrichum
trifolii (Bain. & Essary) causes anthracnose [42]. Several studies have reported yield improvement
with fungicide applications [43–46]. Samac et al. [46] used a broad-spectrum fungicide that reduced
alfalfa defoliation in 10 out of 14 harvests. Fungicides have the potential to increase alfalfa forage
yields during periods of high disease pressure when used with irrigation management practices that
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maximize yields. Considering the paradigm of high water requirements by alfalfa versus the sensitivity
of fungal diseases to high soil moisture and high intercepted irrigation or rainfall water by the crop, the
application of fungicide under limited irrigation might improve alfalfa hay yield, water use efficiency,
and economic return for alfalfa producers.

Alfalfa is one of the worldwide-grown perennial forage crops with high yields and high nutritive
value. Alfalfa is characterized by high protein content and is often preferred by livestock compared to
grasses [47–49]. Alfalfa is considered a high-value cash crop as well as having value as a cover crop
incorporated into cropping systems preceding maize, wheat, and barley, for example [50]. Alfalfa is
mostly planted in fall and its stand and establishment throughout the winter and the spring during the
first year play a key role in its production and yield capacity. Annual alfalfa hay production in the U.S.
was greater than 49 million Mg with a harvested area greater than 6.7 million ha [8]. Alfalfa is the
second-most important crop grown in New Mexico with total harvested area of 76,890 ha with a total
production of 950,000 Mg corresponding to a value of $171 million in 2017 [8]. Alfalfa hay is the most
important hay in New Mexico valued at $198 per Mg while other hay was $179 per Mg in 2017 [8].
Alfalfa average state yield is 11.2 Mg/ha and its average yield in San Juan county, New Mexico (NM),
was 11.7 Mg/ha in 2017. Improving alfalfa forage yield will help crop growers and the dairy economy
that depends on alfalfa hay across the state. Accordingly, this research aims to investigate the effect
of different irrigation regimes and fungicide application on alfalfa in the high desert region of the
Colorado Plateau of the U.S. Due to the limited water resources and the aridity of the climate across
the study area against the high water requirements of alfalfa, deficit irrigation strategies might help
in improving water management in disease-free alfalfa and optimizing alfalfa water use efficiency
under fungicide application.

2. Materials and Methods

2.1. Study Area

This study was conducted at the New Mexico State University (NMSU) Agricultural Science
Center at Farmington, NM (36.69◦, 108.31◦, elev. 1720 m) during the 2012–2014 period. The soil type at
the study site is a Doak fine-loamy, mixed, active, mesic Typic Haplargid. Climatic variables such as
minimum temperature (Tmin), maximum temperature (Tmax), average temperature (Tmean), solar
radiation, wind speed, and precipitation were collected daily from an automated weather station
installed at the study site.

2.2. Crop Management

A field previously planted to canola (Brassica napus L.) was prepared for alfalfa planting in May 2012.
The field was disked and fertilized with 28 kg N ha−1 and 133 kg P2O5 ha−1 on 17 May 2012. Fertilizer
was broadcast and incorporated into the soil with spring tooth and spike tooth harrows prior to
planting. Alfalfa (cv. Genuity® RR) seed was dropped onto the soil surface at an approximate rate of
24 kg seed ha−1 with a grain drill and then incorporated into the soil with a harrow on 17 May 2012.
A roller was then used to lightly pack the soil to provide good seed-soil contact. The total planted
area was 36.6 m × 55 m (0.20 ha). A solid-set sprinkler irrigation system consisting of 98.5-m long
sprinkler lines spaced 15.2 m apart was set up to irrigate the plot after planting and the first irrigation
event at a depth of 38 mm was applied on 21 May 2012. Light irrigations at the rate of 5 mm were
applied every two to three days through mid-June for seed germination and establishment. A mix of
Raptor (420.3 g ha−1), Roundup Weathermax (2241.7 g ha−1), crop oil concentrate (1120.9 g ha−1), and
sprayable ammonium sulfate (2.2 g ha−1) was sprayed on the alfalfa on 13 June 2012 for weed control
(mainly pigweed, Russian thistle, and puncture vine). Irrigations were then applied twice per week
at a depth of about 19 mm/irrigation throughout the rest of the growing season. A mix of Roundup
(Powermax), ROC, and ammonium sulfate at rates of 1105.6 g, 249.5 g, and 124.7 g, respectively,
was sprayed on 5 July 2012 to control primarily Russian thistle. Alfalfa was cut for the first time on
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6 August 2012. The final 2012 season irrigation was applied on 11 October. The 2012 season was
an establishment year and no treatments were applied, and yield data were not collected.

The treatments (combination of fungicide and irrigation regimes) were applied in 2013 and 2014.
Priaxor® is a fungicide containing 14.3% fluxapyroxad and 28.6% pyraclostrobin that is registered for
controlling various fungal diseases in a variety of crops. In 2013, the alfalfa was irrigated uniformly
during the first growing period (cut 1) to quantify relative damage to plot areas caused by pocket
gophers (Geomys bursarius) prior to initiating irrigation or fungicide treatments. Gopher chasers (noise
makers) and traps were used to help minimize further damage by the rodents during this first growth
period. An initial, 50.4 mm, irrigation was applied on April 8. Subsequent irrigations during cut 1 were
applied about every six to seven days at depths equal to estimated alfalfa evapotranspiration (ET) since
the previous irrigation. Beginning on 14 June (after the first harvest), irrigation treatments were applied
using a sprinkler line-source (SLS) design [51]. The design consisted of a single 76.2 mm diameter
sprinkler line with Rainbird® 30H sprinklers mounted on 1.2 m, 25.4 mm diameter risers spaced at 6-m
intervals. The plot size was 1.5 m × 12.2 m. Seven irrigation regimes (50, 60, 70, 80, 90, 100, and 110%
of crop evapotranspiration (ETc) at full irrigation) were combined with two fungicide rates (treated
and non-treated) and arranged in the complete blocks design with six replications. Daily alfalfa crop
evapotranspiration for the full irrigation treatment was estimated as the product of the daily United
Nations Food and Agriculture Organization (FAO) Penman–Monteith reference evapotranspiration
(ETo) by alfalfa crop coefficients, kc (ETc = kc ETo). Daily FAO Penman-Monteith ETo values were
estimated using the climate variables measured and monitored on site by an automated weather station.
Irrigation event dates were the same for all irrigation treatments in 2013 and 2014. A backpack sprayer
was used to apply Headline broad-spectrum fungicide at a rate of 420.3 g ha−1 to the treated plots
when alfalfa reached 15.2 cm in height after the cuts 1, 2, and 3. Alfalfa forage was harvested four times
during 2013 and 2014 at approximately 10% bloom stage using an Almaco forage harvester equipped
with a weigh bin and scales. Alfalfa dry weight per plot was determined after oven drying at 55 ◦C
until constant weight. Forage yield was reported at a calculated moisture percent of 20%. Irrigation
water use efficiency was estimated by the ratio of the forage yield to the applied irrigation amount.

2.3. Statistical Analysis

The analysis of variance (ANOVA) was performed to analyze alfalfa forage yield and irrigation
water efficiency per cutting and growing season using CoStat statistical software. The data were
checked for variance homogeneity before the ANOVA processing. Means were cross-paired and
compared using LSD at 5% significance level. Significant differences were determined among irrigation
regimes for forage yield using the analysis of variance and the least significant difference (LSD).
Regression analysis was also performed to develop the relationships between alfalfa forage yield and
the irrigation amounts during each regrowth cycle and the growing season. Similar relationships
were developed between alfalfa water use efficiency and the irrigation amounts. The coefficient of
determination R2 was used to quantify the fitness of the relationships.

3. Results and Discussion

3.1. Air Temperature and Precipitation Conditions during the 2012–2014 Period

Daily average temperature varied from −10.3 to 29.2 ◦C in 2012, from −13.1 to 28.6 ◦C in 2013,
and from −9.7 to 28.3 ◦C in 2014. Annual average temperature was 12.6, 11.2, and 12.1 ◦C in 2012,
2013, and 2014, respectively (Figure 1). The highest average daily temperature was reached on 22 June
in 2012, 13 July in 2013, and 22 July in 2014. The lowest temperature was reached on 20 December
in 2012, 15 January 2013, and 26 December 2014. With the base temperature of 5 ◦C [18], the thermal
units available for alfalfa production were 3189, 2992, and 2989 ◦C in 2012, 2013, and 2014, respectively.
With alfalfa thermal requirements of 585 ◦C for the first alfalfa cut and 425 ◦C for the subsequent cuts
(1860 ◦C for four cuts), alfalfa should theoretically be cut four times during each year and regrow
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significantly after the fourth cut before winterizing. Total annual precipitation was 121.4, 228.8, and
167.9 mm in 2012, 2013, and 2014, respectively, and the received precipitation amount during alfalfa
growing season (March to October) was 67.3, 172.2, and 104.9 mm in 2012, 2013, and 2014, respectively
(Figure 1). The limited amount of precipitation during alfalfa growing period calls for irrigation
demand under the semiarid climate in northwest New Mexico [52].
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Figure 1. Evolution of the (a) daily maximum (Tmax), minimum (Tmin), and mean (Tmean) air
temperatures, (b) precipitation during the 2012–2014 period, and (c) the 2012–2014 average daily
maximum, minimum, and mean air temperatures, and daily precipitation.

3.2. Alfalfa Response to Irrigation Regimes during Each Crop Regrowth Cycle and Crop Growing Season

During the 2013 and 2014 growing seasons, alfalfa forage yield showed a third order polynomial
relationship with the applied irrigation amount with the coefficient of correlation greater than
0.93 during each regrowth cycle (Figures 2 and 3). Fungicide application showed non-significant effect
on forage yield in 2013 and 2014 (Table 1; p = 0.6307). Forage yield at the first cut in 2013 was similar for
all treatments as the same irrigation amount was applied to all treatments for better crop establishment.
The maximum amount of applied water was 350, 300, 208, and 312 mm during the first, second, third,
and fourth regrowth cycles in 2013, respectively (Figure 2). The greatest total irrigation amounts
applied in 2014 were 374, 282, 198, and 246 mm for the respective regrowth cycles. Alfalfa forage
yield significantly decreased from the first cut to the fourth cut. Maximum forage yield of 7.5 Mg/ha
was obtained under the irrigation amount of 279.4 mm and yield decreased at high irrigation amount
during the second cut in 2013 while forage yield plateaued at irrigation amount of 190.5 and 208.3 mm
during the third regrowth period. During the fourth regrowth period, forage yield increased with the
applied irrigation. The maximum yield was obtained at 241.3 mm and the yield decreased significantly



Water 2020, 12, 1721 6 of 13

thereafter with increasing irrigation amount (Table 1) (Figure 2). Forage yield averaged 7.8, 4.6, 3.4,
and 3.9 Mg/ha for the treated alfalfa and 8.1, 5.0, 3.6, and 3.5 Mg/ha for the untreated alfalfa for the first,
second, third, and fourth cuts in 2013, respectively. The maximum applied irrigation amounts were
373.4, 282, 198, and 246.4 mm during the first, second, third, and fourth regrowth cycles, respectively,
in 2014. The highest forage yield was obtained under the highest irrigation except for the last regrowth
cycle where the maximum forage yield was obtained at the applied irrigation amount of 193 mm.
The maximum forage yield was 9.0, 6.6, 5.7, and 4.5 Mg/ha under fungicide treatment and 8.6, 6.6, 5.9,
and 4.5 Mg/ha under non-fungicide treatment during the first, second, third, and fourth cuts in 2014,
respectively. These results are in contrast to Nutter et al. [44] who reported significant forage yield
loss of 19.2% due to fungal diseases across Iowa, Ohio, Vermont, and Wisconsin from 1995 to 1998.
Alfalfa forage yield increase of 7.4% was associated with the fungicide Mancozeb in Kansas [53] while
in Arizona, Matheron and Matejka [54] reported alfalfa yield increased within the range of 7.5–13.0%
with chlorothalonil application. The difference in the research results might have been influenced
by the difference in the climatic conditions between the humid region and semiarid to arid region of
northwest New Mexico. While fungal diseases are present in the study area, based on classic climatic
comparisons, the emergence and severity of the pressure and impact of these diseases in a semiarid area
are non-significant and sometimes completely unexpected [55–58]. In fact, the low relative humidity
and high air temperature are non-favorable conditions for the development and spread of the fungal
diseases in the desert area.

Alfalfa total annual forage also showed a third order polynomial relationship with the seasonal
irrigation amount in the 2013 and 2014 (Figure 4). Seasonal applied irrigation amount varied from
711 to 1171 mm in 2013 and from 328 to 1100 mm in 2014. The lower limit of applied irrigation amount
in 2013 was greater than the lower limit in 2014 due to uniform irrigation amount application during
the first regrowth period in 2013 for better crop establishment. Similar to each regrowth cycle, there
was no significant difference between the treated and untreated alfalfa forage yields (Table 1; p ≥ 0.05).
Annual forage varied from 10.6 to 25.7 Mg/ha for the treated alfalfa and from 11.5 to 25.6 Mg/ha for
the untreated alfalfa in 2013 while it varied from 4 to 25.8 Mg/ha for the treated alfalfa and from
2.9 to 25.6 Mg/ha for the untreated alfalfa during the 2014 crop growing season. In 2013, seasonal
forage yield significantly increased with irrigation amount up to 1112.5 mm and decreased at the
seasonal applied irrigation amount of 1171 mm. In 2014, alfalfa seasonal forage yield also increased
significantly with the applied irrigation amount and the applied irrigation amount of 1003.3 and
1100 mm obtained non-significantly different yields (Figure 4). The 2013 and 2014 data pooled together
showed a significantly increasing trend in alfalfa forage yield with the applied irrigation amount and
the yield plateaued with 24.5 Mg/ha at the applied irrigation rate of 1031 mm and thereafter. The curve
of developed alfalfa response to irrigation could be used by alfalfa hay producers for decision making
with regard to the seasonal available water for planning and in-season water management.

The first, second, third, and fourth cut accounted for 39.6, 24.2, 17.6, and 18.6% of the 2013 season
forage yield and 31.4, 23.8, 21.6, and 23.2% of the 2014 season forage yield, respectively. These results
are in agreement with Djaman et al. [17] who found alfalfa forage yield decreased from the cut 1 to
the cut 4, which represented on average 33, 29, 22, and 16% of the annual yield that varied from
15.5 to 29.9 Mg/ha. Li and Su [32] reported increasing forage yield of alfalfa with irrigation and
it varied from 11.6 to 18.6 Mg/ha in the desert climate of north China. However, the forage yield
reported in this study is higher than the reported yields by Li and Su [32]. Bolger and Matches [34]
found that the first cut of alfalfa represented about 41–46% of the seasonal yield. Hanson et al. [20]
reported a curvilinear relationship between alfalfa forage yield and the applied irrigation amount
in the arid region of the southern U.S. However, they pointed out that this relationship varied with
the regrowth cycles as the stored soil moisture and the early spring precipitation may be sufficient
for alfalfa growth during the first regrowth cycle. The decrease in alfalfa forage yield after a certain
amount of irrigation is applied indicated irrigation exceeding maximum crop evapotranspiration as
noticed during the second and fourth regrowth cycles in 2013 and the fourth regrowth cycle in 2014.
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A third order polynomial relationship in eastern China was reported by Yang et al. [59]. A linear
relationship was reported between alfalfa forage yield and applied irrigation amount in the northern
desert zone of China [32]. A similar relationship was reported by Sammis [60] and Shewmaker et
al. [3]. A quadratic relationship was reported by Montazar and Sadeghi [61] while Klocke et al. [62]
reported nearly a linear relationship between alfalfa forage yield and the applied irrigation amount
during from the second to the fourth year of production and a linear relationship during the fifth
year of alfalfa production. Different relationships were reported between alfalfa forage yield and
irrigation amounts during different alfalfa regrowth cycles [34]. The precipitation distribution and
magnitude at the site might have impacted these relationships as, similarly to the present research
location case, irrigation is more critical under semiarid and arid climates. Alfalfa forage yield response
to the applied irrigation amount should be looked at closely as it may vary from year to year and be
impacted by the seasonal precipitation, the stored soil moisture, other biotic and abiotic stresses, and
other environmental conditions.
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Figure 2. Forage yield as a function of irrigation amount at each cut during the 2013 growing season.
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Figure 3. Forage yield as a function of irrigation amount at each cut during the 2014 growing season.
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Figure 4. Annual forage yield as a function of irrigation amount in the 2013 and 2014 growing seasons
and on average for 2013–2014.

Table 1. Summary of the analysis of variance (ANOVA) of the 2012–2014 alfalfa experiment.

Source df Type III SS MS F P Significance

Blocks 5 61.83997802 12.36799 5.721 0.000 ***
Main effects

Irrigation 6 1991.41806 331.9030 153.53 0.000 ***
Fungicide 1 0.500182573 0.500183 0.231 0.631 ns

Cut 3 919.469364 306.48979 141.77 0.0000 ***
Interactions

Irrigation × fungicide 6 1.175629246 0.1959382 0.090 0.997 ns
Irrigation × cut 18 190.3570301 10.575391 4.891 0.0000 ***
Fungicide × cut 3 3.903725634 1.3012419 0.602 0.6139 ns

Irrigation × fungicide × cut 18 1.516643377 0.084258 0.039 1 ns
Error 611 1320.86208 2.1618037
Total 671 4491.042693

Model 60 3170.180612 52.836344 24.440 0.000 ***

df = degree of freedom, SS = sum squares, MS = mean squares, F = the test statistic, P = p-value, Significance:
ns = non-significant; *** = significant at p value = 0.001.

3.3. Alfalfa Water Use Efficiency as a Function of Applied Irrigation Amount during Each Crop Regrowth Cycle
and Crop Growing Season

Alfalfa water use efficiency varied with the applied irrigation amount and regrowth cycle with
non-significant higher water use efficiency under fungicide application in 2014. It ranged from 2.2 to
2.3 kg/m3, 1.16 to 2.85 kg/m3, 0.06 to 3.3 kg/m3, and 0.9 to 2.2 kg/m3 for the first, second, third, and
fourth cuts in 2013 (Figure 5) and from 0.20 to 2.6 kg/m3, 0.7 to 2.6 kg/m3, 1.6 to 3.1 kg/m3, and
1.4 to 2.8 kg/m3, for the respective regrowth cycles in 2014 (Figure 6). Except for the first regrowth
cycle in 2013, with uniform applied irrigation amount, the maximum alfalfa water use efficiency
was obtained with 246.8, 190.5, and 241.3 mm of applied water for the second, third, and fourth
regrowth cycles in 2013 and 337.8, 251.5, 182.8, and 165.1 mm for the respective regrowth cycles in 2014.
The optimum irrigation amounts with the maximum water use efficiency are lower than the applied
irrigation amounts coinciding with the maximum forage yield during each regrowth cycle and should
be considered for sustainable forage production system under limited water resources in the arid and
semiarid climate of northwest New Mexico and the regions with similar climate and crop management
practices. On a seasonal basis, alfalfa water use efficiency increased from 1.5 kg/m3 to 2.5 kg/m3 at the
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applied irrigation amount of 1031.2 mm and decreased thereafter with increased irrigation amount
in 2013 while it increased from 0.8 kg/m3 to 2.5 kg/m3 under applied irrigation amount of 853.4 mm and
decreased with higher applied irrigation water (Figure 7). The water use efficiency values observed
in this study are in agreement with Yang et al. [59] who reported water use efficiency values that
ranged from 1.3 to 2.5 kg/m3 under desert climate in China. Li and Su [32] reported alfalfa water
use efficiency within the range of 2.3–2.7 kg/m3 in northwest China. Lamm et al. [63] indicated large
variation in alfalfa response to the applied irrigation water due to the deep rooting system of the crop
that allows extraction of soil water in the deep soil layer under limited water supply [64].
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Figure 5. Irrigation water use efficiency of alfalfa as function of irrigation amount at each cut during
the 2013 growing season.
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4. Conclusions 

This study evaluated alfalfa response to irrigation under fungicide and non-fungicide 
application during the 2012–2014 period. Alfalfa forage yield showed a curvilinear relationship with 
the applied irrigation amount during each of the four regrowth cycles in 2013 and 2014 and at 
seasonal scale. The fourth regrowth cycle required less water than the first three regrowth cycles and 
forage yield decreased from the first to the fourth cut. Fungicide application had no significant effect 
on alfalfa forage yield. There was a “significant” difference in alfalfa water use efficiency among cuts. 
At seasonal scale, the highest alfalfa water use efficiency value of 2.5 kg/m3 was obtained with 1031.2 
mm and 853.4 mm of applied irrigation water in 2013 and 2014, respectively, which corresponded to 
90% of alfalfa irrigation requirements. This treatment allows a 10% savings in irrigation water that 
could be used to expand production or be reported to the following seasons under the semiarid and 
arid conditions of the study area. However, the interannual variability in the weather conditions in 
the study area may impact the optimum applied irrigation amount. The results of this study may 
help forage growers, consultants, and project managers improve project design and water resource 
planning and management under the unpredictable semiarid climate in New Mexico and 
neighboring regions.  

Author Contributions: Conceptualization, D.S.; methodology, D.S.; software, K.D; validation, D.S., K.D., and 
K.K.; formal analysis, K.D.; investigation, D.S.; resources, D.S.; data curation, K.K.; writing—original draft 

y = −1×10-6 x3 + 0.0005x2−0.0453x + 3.3773
R² = 0.9578

y = −8×10-7 x3 + 0.0003x2−0.0282x + 2.3517
R² = 0.9735

0

1

2

3

4

0 100 200 300 400

Irr
ig

at
io

n 
w

at
er

 u
se

 e
ffi

cie
nc

y 
(k

g/
m

3 )

Irrigation amount (mm)

Cut 3

Treated

Untreated

y = −2×10-7x3 − 3×10-5 x2 + 0.0321x − 0.6993
R² = 0.9103

y = 2×10-8 x3 − 0.0001x2 + 0.0479x − 1.6607
R² = 0.9438

0

1

2

3

4

0 100 200 300 400

Irr
ig

at
io

n 
w

at
er

 u
se

 e
ffi

cie
nc

y 
(k

g/
m

3 )

Irrigation amount (mm)

Cut 4

Treated

Untreated

y = −2×10-8 x3 + 6×10-5 x2−0.0424x + 11.203
R² = 0.9969

y = −2×10-8 x3 + 5×10-5 x2−0.0327x + 8.7409
R² = 0.9807

0

1

2

3

300 500 700 900 1100 1300

Irr
ig

at
io

n 
W

UE
 (k

g/
m

3 )

Irrigation amount (mm)

(2013)Treated

Untreated

y = −8×10-9 x3 + 1×10-5 x2 − 0.0044x + 1.4362
R² = 0.9761

y = −8×10-9 x3 + 1×10-5 x2 − 0.0048x + 1.1758
R² = 0.9928

0

1

2

3

300 500 700 900 1100 1300

Irr
ig

at
io

n 
W

UE
 (k

g/
m

3 )

Irrigation amount (mm)

(2014)Treated

Untreated

Figure 6. Irrigation water use efficiency of alfalfa as function of irrigation amount at each cut during
the 2014 growing season.
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Figure 7. Irrigation water use efficiency of alfalfa as function of irrigation amount in 2013 and 2014
growing seasons.

4. Conclusions

This study evaluated alfalfa response to irrigation under fungicide and non-fungicide application
during the 2012–2014 period. Alfalfa forage yield showed a curvilinear relationship with the applied
irrigation amount during each of the four regrowth cycles in 2013 and 2014 and at seasonal scale.
The fourth regrowth cycle required less water than the first three regrowth cycles and forage yield
decreased from the first to the fourth cut. Fungicide application had no significant effect on alfalfa
forage yield. There was a “significant” difference in alfalfa water use efficiency among cuts. At seasonal
scale, the highest alfalfa water use efficiency value of 2.5 kg/m3 was obtained with 1031.2 mm and
853.4 mm of applied irrigation water in 2013 and 2014, respectively, which corresponded to 90% of
alfalfa irrigation requirements. This treatment allows a 10% savings in irrigation water that could
be used to expand production or be reported to the following seasons under the semiarid and arid
conditions of the study area. However, the interannual variability in the weather conditions in the
study area may impact the optimum applied irrigation amount. The results of this study may help
forage growers, consultants, and project managers improve project design and water resource planning
and management under the unpredictable semiarid climate in New Mexico and neighboring regions.
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