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Abstract
Interseeding alfalfa (Medicago sativa L.) can improve forage quality of grasslands by

adding a high-protein species, but this runs the risk of accelerating soil water deple-

tion. The objective was to evaluate effects of cultivar and row spacing of alfalfa on soil

water balance and plant water potentials (Ψ) of two upright-type cultivars, NuMex Bill

Melton and WL 440HQ, and a prostrate-type Falcata-Rhizoma blend, interseeded into

native grasses in October 2015 near Lubbock, Texas. Alfalfa was interseeded at 36-

cm (narrow) and 71-cm (wide) row spacings. Soil volumetric water content (VWC)

and middayΨstem andΨleaf were measured weekly in 2017 and 2018 growing seasons.

Soil VWC was not affected by alfalfa cultivars (P > .05), whereas alfalfa row spacings

differed (P < .05). Narrow spacing caused lower (P < .05) VWC than wide spacing

relative to the grass-only control in both the upper 40- and 40- to 100-cm layers of

the soil. Wide-row spacing had similar VWC to control in 2017 for both soil layers

(P > .05). Soil water depletion increased with alfalfa crown density (r = .60, P < .05)

in association with enhanced evapotranspiration and denser root mass below 30-cm

soil depth. Grass and alfalfa Ψstem and Ψleaf were depressed in narrow rows relative to

wide rows and control, indicating that presence of alfalfa intensified competition with

the grass for soil water. The wide-row treatment seldom had adverse effects on grass

water stress. Wide-row spacing achieved a favorable compromise between enhanced

water use and improved stand productivity.

1 INTRODUCTION

Inclusion of alfalfa (Medicago sativa L.) into grass pastures is

potentially advantageous thanks to its high yield and ability to

fix atmospheric nitrogen (Lauriault, Guldan, & Martin, 2003;

West & Wedin, 1985). Interseeding alfalfa also increases for-

age quality because of its high concentration of crude protein,

Abbreviations: DP, deep percolation; ET, evapotranspiration; ETo,

reference evapotranspiration; FR, Falcata-Rhizoma; NuMex, NuMex Bill

Melton; SHP, southern High Plains; SWD, soil water depletion; VWC,

volumetric water content; WL, WL 440HQ.

© 2020 The Authors. Agronomy Journal © 2020 American Society of Agronomy

digestible dry matter, magnesium, and other minerals essen-

tial for livestock nutrition (Van Keuren & Matches, 1988).

Despite its benefits, farmers in the southern High Plains

(SHP) have perceived the crop as a heavy water user. More-

over, problems with stand decline (Misar et al., 2016) and

diminished water output from irrigation wells due to deple-

tion of the Ogallala Aquifer (Allen, Baker, Segarra, & Brown,

2007) have limited the use of alfalfa in the SHP.

Alfalfa is recognized for its deep roots relative to most other

crops (Abdul-Jabbar, Sammis, & Lugg, 1982), which allows

it to extract water from below most grass root systems (Cham-

blee & Collins, 1988). Alfalfa is produced on about 40,600 ha

under irrigation in Texas with average annual productivity
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of 11 Mg ha−1 (NASS, 2018). Given that the Ogallala

Aquifer (underlying ∼450,000 km2 of land area) is the most

intensively exploited aquifer for irrigation in the United States

(Allen et al., 2007), the aquifer has lost 10% (410 km3) of its

total water reserve, and 50% of the reserve in the SHP sector

from 1935 to 2012 (Haacker, Kendall, & Hyndman, 2016).

Considering that pumping capacity of wells is projected to

decline by 10–20% per decade in the SHP (Haacker et al.,

2016), management practices will necessitate reduced irriga-

tion rates and shifting to more dryland production. Allen et al.

(2007, 2012) advocated for integrating forage-based livestock

production as a complement to annual row-crop production

in the SHP to prolong the useful capacity of the aquifer while

maintaining the economic viability of agriculture.

Without irrigation, soil water deficit in the root zone is a

major limiting factor for plant growth and development in

arid and semiarid environments (Yimam, Ochsner, Kakani,

& Warren, 2014). Interseeding alfalfa into semiarid grass-

land may intensify soil water depletion (SWD) and exacer-

bate competition with grasses for water. Strategies that focus

on planting densities as modified by row spacings that are

substantially lower than typical for irrigated, pure stands of

alfalfa and use of drought-tolerant cultivars may be practi-

cal in a rainfed, semiarid grassland. There is scant evidence

of wide variation among alfalfa cultivars in soil water use

(Attram, Acharya, Woods, Smith, & Thomas, 2016; Jeffer-

son & Cutforth, 2005; Lindenmayer, Hansen, Brummer, &

Pritchett, 2011; Undersander, 1987). However, a few stud-

ies reported differences between cultivars in efficiency of

using soil water (Dobrenz, Wright, Humphrey, Massengale, &

Kneebone, 1969; Grimes, Wiley, & Shesley, 1992). Anatom-

ical and morphological differences in growth types gener-

ally influence alfalfa water use and capability to tolerate

water deficit or cold by expressing fall dormancy (Paquin &

Mehuys, 1980), reducing leaf size (Jung & Larson, 1972), and

deepening root elongation (Defez et al., 2017).

Breeding efforts in alfalfa in recent years have focused on

traits that enhance stress tolerance, yield, and quality under

periodic drought (Liu, Wu, Ge, Han, & Jia, 2017; Ray, 2010;

University of California ANR, 2015). Novel, upright-type

cultivars such as ‘NuMex Bill Melton’ have been tested in

the semiarid region under low water supply (Lauriault et al.,

2018). This cultivar has revealed the potential to be grown

under deficit irrigation (50% of normal) in the SHP (Ray,

2010). Despite extensive research on alfalfa cultivar selection

and water requirements, most studies concentrated on sim-

ulated hay or silage-cutting practices in pure stands, which

makes it difficult for producers to select suitable cultivars for

use in dryland, grass-based pastures.

The choice of optimal row spacing or seeding rate of alfalfa

affects seed cost, establishment success, subsequent stand

yield, and longevity. Hall, Nelson, Coutts, and Stout (2004)

found that alfalfa densities at 4 yr after seeding were posi-

Core Ideas
• Hay-type and grazing-type alfalfa cultivars had

similar effects on soil water depletion.

• Evapotranspiration and soil water depletion

increased with decreasing alfalfa row spacing.

• Wide-row spacing of alfalfa had minimal effects

on water status of companion grasses.

• Improving native grass pasture by interseeding

alfalfa at wide spacing minimizes the risk of

depleting soil water.

tively correlated with seeding rates between 3 and 17 kg ha−1,

above which there were no further increases in plant den-

sity. Kephart, Twidwell, Bortnem, and Boe (1992) indicated

that water deficit might have contributed to lack of alfalfa

yield response to low seeding rates in a semiarid site in South

Dakota. Literature is lacking on the effect of alfalfa row spac-

ing on SWD. In comparing within-row spacings of cassava

(Manihot esculenta L.), Opara-Nadi and Lal (1987) reported

greater cumulative SWD (cm) and flux (cm d−1) at 0- to

95-cm soil depth in narrow spacing.

Accurate monitoring of soil volumetric water content

(VWC) aids in quantifying changes in root-zone water storage

and their causes such as evapotranspiration (ET) or deep per-

colation (DP; Deb, Shukla, Sharma, & Mexal, 2013). Trends

in plant water potential reflect changes in plant-available

water supply in the soil, and therefore can indicate effects of

management practices such as irrigation (Deb et al., 2013)

and cultivar (Grimes & Williams, 1990). The literature lacks

reports of plant water status in alfalfa–grass mixtures as

affected by interseeding alfalfa.

We hypothesized that interseeding alfalfa into native grass

pastures at wide-row spacing would have a minimally neg-

ative effect on soil and plant water relations. The objec-

tive was to test the effects of alfalfa growth types and row

spacing on soil water balance and alfalfa and grass tissue

water potentials. The approach was to use changes in VWC

to calculate selected components of the water balance equa-

tion and cumulative SWD and relate treatments and soil

variables to plant water status and root weight density by

soil depth.

2 MATERIALS AND METHODS

2.1 Research site

A plot-scale study was conducted at the Texas Tech Forage-

Livestock Research Laboratory located 24 km northeast

of Lubbock, TX, in northeast Lubbock County (33◦44′N,
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101◦44′W; 993-m elevation), from 2015 to 2018. The tax-

onomic soil class of the research area was a Pullman clay

loam (fine, mixed, superactive, thermic Torrertic Paleustolls)

on 0–1% slopes. The diagnostic subsurface horizons of this

soil series were Bt and Btk having illuviated clay (clay loam

to clay) content overlying secondary calcium carbonate layer

(3–40% CaCO3, caliche) within 60 to 130 cm of the soil sur-

face (Allen et al., 2007). Dhakal, West, Deb, Kharel, and

Ritchie (2019a) measured the chemical and physical proper-

ties of this soil in two slightly heterogeneous replicates. The

average clay and organic matter contents of the soil ranged

from 34% and 2.8 g kg−1 in the top 20 cm to 28% and

0.2 g kg−1 in the 90- to 100-cm soil interval, respectively.

Bulk density of soil was 1.46 Mg m−3 in the top 20 cm,

1.52 Mg m−3 in the middle 40–70 cm, and 1.47 Mg m−3 in

the bottom 90- to 100-cm interval. Kharel (2018) observed

that field capacity (−0.032 MPa) and permanent wilting

point (−1.50 MPa) VWC values were 0.35 m3 m−3 and

0.20 m3 m−3, respectively, for the top 20-cm soil depth in the

same pasture.

The climate of this region is semiarid, which supports

shortgrass prairie dominated by blue grama [Bouteloua gra-
cilis (Willd. ex Kunth) Lag. Ex Griffiths] and buffalograss

[Bouteloua dactyloides (Nutt.) J.T. Columbus]. The long-

term (1911–2008) mean annual precipitation for Lubbock

County is 469 mm. Rainfall often exceeds 50 mm per month

from May to October (Texas A&M AgriLife Extension,

2018). Average daily maximum temperature exceeds 30◦C

during summer (June–Aug.), and the daily minimum tem-

perature may fall below 0◦C from December to February.

The mean annual reference evapotranspiration (ETͦ) for Lub-

bock County is 1500 mm. Mean monthly ET ͦ ranges from

59 mm for December–January to 195 mm for June–July

(Texas A&M AgriLife Extension, 2018). An on-site weather

station recorded meteorological data from October 2015

to August 2018.

2.2 Research design

The experiment was laid out in a two factor (cultivar and row

spacing), randomized complete block design in four replicate

grass pastures. Each replicate block was isolated from the

rest of the pastures by a temporary electric fence to exclude

cattle and a 50-cm high mesh fence to exclude small herbi-

vores. Blocks were further subdivided into six experimen-

tal plots and a grass-only control. The size of each plot was

9.1 by 18.3 m, and alfalfa rows were oriented east–west. The

native grass stands consisted of blue grama, sideoats grama

[Bouteloua curtipendula (Michx.) Torr.], buffalograss, and

green sprangletop [Leptochloa dubia (Kunth) Nees]. Three

replicate pastures were located at the east side of the pas-

ture area and one at the southwest corner of the area, which

possessed slightly different soil characteristics (Dhakal et al.,

2019a). These pastures had been part of previous grazing tri-

als, with the western dryland pasture established in 2002,

and the eastern, subsurface drip-lined pastures established in

2008, but without buffalograss.

2.3 Alfalfa establishment

Two upright-type alfalfa cultivars, NuMex Bill Melton

(NuMex; Old Mill Farm & Ranch Supply, Belen, NM, fall

dormancy rating of 7), and WL 440HQ (WL; W-L Research,

Nampa, ID, fall dormancy rating of 6), and prostrate-type

blend of Falcata (M. sativa ssp. falcata) and Rhizoma [M.
sativa L. ssp. sativa × ssp. varia (Martyn) Arcang.; Small,

2011; FR; Wind River Seed, Manderson, WY] were planted

on 6 October 2015. Seed was inoculated with a combined

inoculum of Sinorhizobium meliloti (2 × 108 CFU g−1) and

Rhizobium leguminosarum var trifolii (2 × 108 CFU g−1;

N-DURE, Verdesian Life Sciences). Alfalfa was interseeded

into the mowed stubble of native grasses using a 3-m wide

tractor-pulled Tye 2010 Stubble Drill (AGCO, Dululth, GA)

having a small seed box, disk openers with depth bands, and

packer wheels to place seeds accurately at 1.5- to 2-cm deep.

The planter was calibrated to control flow through tubes so

that targeted seeding rates of 700 and 350 pure live seed

m−2 for 36- and 71-cm row spacings, respectively, could be

achieved. Seeding rates of 12.3, 15.9, and 16.2 kg ha−1 for

36-cm row spacing and 6.2, 8.0, and 8.1 kg ha−1 for 71-cm

row spacing were targeted for FR, NuMex, and WL, respec-

tively, to deliver the same number of viable seeds per meter

of row length. The row spacing was adjusted by taping over

the tube holes in the seed box to make 27 rows per plot for the

36-cm row spacing treatment and 15 rows per plot for the 71-

cm treatment. The narrow-row spacing was intended to pro-

duce high-density alfalfa per unit area, and the wide-row spac-

ing was for low density.

Irrigation was provided only to prevent desiccation of

seedlings by hand-spraying from a nurse tank. Experimen-

tal plots, including the grass-only controls, received 6.6- and

3.3-mm water in 2016 and 2017, respectively. Otherwise, the

study was treated as dryland. Insect and weed control were

explained in Dhakal, West, and Villalobos (2019b). Multi-

ple forage harvests took place each year between May and

October to determine yield: June and September 2016; June,

July, August, and October 2017; and May, June, July, August,

and October 2018. Alfalfa seedling and crown density (plants

m−2) were recorded for 3.5 yr at the beginning and end of the

growing season, that is, March and October for each of the

years from 2016 through 2018 and reported in Dhakal, West,

& Villalobos (2019b).
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2.4 Soil water monitoring and profile probe
calibration

In April 2017, soil access tubes were installed to 1-m depth in

all plots between two alfalfa rows per plot. A dielectric capac-

itance probe (PR2/6 Profile Probe, Delta-T Devices, Cam-

bridge, UK) and a data logger were used to monitor soil VWC

every week from April 2017 to the end of 2018. The excep-

tion was that measurements were made every other week from

November 2017 to February 2018. The probe provided VWC

data for six depth increments (0–10, 10–20, 20–30, 30–40,

50–60, and 90–100 cm). The PR2 probe was calibrated in

situ to correct the VWC readings given by the manufacturer’s

default equation. The performance of the default and the cali-

brated equations was described in Dhakal et al. (2019a). Coef-

ficients in the manufacturer’s equation were modified and

applied to all soil VWC data.

2.5 Estimation of water budget components

Meteorological data were collected from an in-situ weather

station, including maximum and minimum air temperatures,

solar radiation, precipitation, and relative humidity, recorded

every 10 min. Wind speed was recorded 2 m above the soil

surface every 2 min. Based on weather data, daily ETͦ for

0.5-m crop height was estimated using the FAO 56 Penman–

Monteith equation (Allen, Pereira, Raes, & Smith, 1998). The

actual ET of an alfalfa–grass mixture from a plot was esti-

mated by using a soil-water balance equation given by Lal

and Shukla (2004) within 100 cm of the mineral soil surface:

ET = IR + 𝑅 − Δ𝑆 − RO − DP (1)

where ET is evapotranspiration (mm), IR is depth of irriga-

tion (mm), R is rainfall (mm), ΔS is change in soil water

storage (mm), RO is runoff (mm), and DP is deep perco-

lation (mm) below 1-m soil depth. The ΔS, depth of water

extracted or added to the 1-m soil profile, was determined

by subtracting the previous depth of water from the current

depth for two consecutive VWC recordings (Deb et al., 2013).

We assumed that there was only vertical flow of water across

the soil profile, measured along the access tube depth. As the

slope of field was less than 1%, no evidence of surface runoff

was observed during rainy days. Weekly ETͦ was computed in

place of ET in Equation 1 to estimate the total DP, which was

a total of 56 and 28 mm in the 2017 and 2018 growing sea-

sons, respectively. Then ET was solved from Equation 1 as the

difference between R + IR and ΔS. The ΔS for the combined

1-m profile was determined from the average depth of water

derived by taking weighted average of VWCs of eight soil

depths (0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–90,

and 90–100 cm). The VWC values for 40- to 50-cm and 60-

to 90-cm depths were interpolated from the sensors at 40, 60,

and 100 cm. Sum of all weekly ΔS for an entire growing sea-

son yielded the net change in water storage in measured soil

profile for the growing season (ΔSseason). Soil water depletion

was calculated by subtracting the soil water depth measured at

the end of a given week from that at the beginning of the week.

A positive SWD for a given week represented depletion in soil

water content, whereas a negative SWD represented soil water

recharge (Deb et al., 2013). Sum of all positive SWD values

for a season represented the total SWD for that season. The

ratio of ET/ETͦ was calculated to show the proportional deficit

of soil water for each treatment. The percentage of ET con-

tributed by SWD for each season was calculated (Lu, Chen,

Wilske, Sun, & Chen, 2011).

2.6 Stem and leaf water potentials

Midday (1200–1400 h, solar time) alfalfa and grass stem and

leaf water potentials (Ψstem and Ψleaf) measurements were

conducted weekly on the same day soil moisture was mea-

sured, using the techniques described by Boyer (1967) and

Williams and Araujo (2002). For Ψleaf, a single blade of

grass or a leafy shoot of alfalfa was excised and quickly

placed inside a pressure chamber instrument (Model 615,

PMS Instrument Company, Albany, OR) whose pressuriza-

tion rate of 0.006 MPa s−1 was maintained by the gas-control

valve. Separate gland gaskets of the pressure chamber were

used for alfalfa and grass. The time between leaf excision and

chamber pressurization was not more than 15 s. For Ψstem,

grass and alfalfa tillers were fully covered with aluminum-

laminated plastic bags of 10 by 15 cm (Model S-11661, Uline,

Pleasant Prairie, WI) for at least 1 h before measurements, and

the technique was the same as for Ψleaf. Plant parts chosen for

Ψleaf and Ψstem were of the same growth stage, healthy, and

from the same crown. Samples were taken within 1-m radius

of the access tube. Grass water potential was not measured

during dry periods when leaves were not fully expanded.

2.7 Root weight density

Volumetric soil-root samples were collected in October 2017

to 100-cm depth using a Giddings coring machine (25-

TS/Model HDGSRTS; Giddings Machine Company, Wind-

sor, CO). Twenty-eight, 1-m long soil cores (2 reps, west and

east, with 7 treatments and 2 samples) with inner diameter of

4.4 cm were obtained, 14 samples within the alfalfa row and

another 14 between two rows. Soil cores were segmented into

subsamples corresponding to 0- to 5-, 5- to 10-, 10- to 20-, and

subsequent 10-cm segments down to 90–100 cm. Because of

the high clay content of soil, samples were soaked overnight in



DHAKAL ET AL. 5

5% sodium hexametaphosphate solution and stirred until the

whole soil volume dispersed into particles to facilitate wash-

ing. The soil–root slurry was poured over columns of sieves

with mesh size varying from 0.2 to 2 mm2. Retained roots

were separated by the hand-washing method (Böhm, 1979)

with a spray of water. Washed roots were dried with blot-

ting paper and fresh weight was recorded (Aycock & McKee,

1975). Roots were oven dried to a constant weight at 55
◦
C for

24 h to determine dry biomass. Total root biomass was calcu-

lated by estimating the influence percentage of the core hole

described by Frasier, Noellemeyer, Fernández, and Quiroga

(2016).

𝐼𝐶𝑅 (%) = 𝐷 (2∕𝑏) 100 (2)

where, ICR is the influence percentage for the crop-row core

sample, D is the core diameter, and b is the distance between

crop rows.

𝐼𝐵𝑅 (%) =
[
(𝑏 − 2𝐷)∕𝑏

]
100 (3)

where, IBR is the influence percentage for the between-row

core sample.

Influence percentage of core hole was used to estimate

within crop-row and between-row root biomass. Root biomass

was calculated as:

CR
(
gm−2) =

Σdry weight CR
𝑁

(
π𝐷2∕4

)
(
𝐼𝐶𝑅∕100

)
(4)

where CR is the within crop-row root biomass (g m−2), and N
is the number of samples taken. Similarly,

BR
(
gm−2) =

Σdry weight BR
(
π𝐷2∕4

)
(
𝐼𝐵𝑅∕100

)
(5)

where BR is the between-row root biomass (g m−2).

The total root biomass was determined as the sum of crop-

row and between-row root biomasses.

TRB
(
gm−2) = BR + CR (6)

where TRB is the total root biomass (g m−2) and expressed

on a volume basis as root weight density (g m−3). It was cal-

culated as the root dry weight per unit volume of soil (Wu,

Wang, Yang, Meng, & He, 2017) for discrete soil layers down

to 1 m.

2.8 Statistical analysis

The soil profile was divided into two segments, 0–40 and

40–100 cm by taking simple and weighted averages of VWC

at variable depth intervals. The VWC, ΔS, total SWD, ET,

ET/ETo, SWD/ET, Ψleaf, and Ψstem were analyzed for alfalfa

cultivars and row spacings plus grass-only control. Data were

analyzed using PROC MIXED in SAS 9.4 (SAS Institute,

Cary, NC). The REPEATED statement was used to test for

changes over time, and the interaction between time and

treatments was tested by modeling covariance in the data

(Littell, Milliken, Stroup, Wilfinger, & Schabenberger, 2006).

Denominator degrees of freedom was approximated by using

DDFM = KENWARD-ROGER prompt option to get appro-

priate standard errors and F-statistics in Restricted Maximum

Likelihood (Kenward & Roger, 2009). Row spacings and cul-

tivars were set as fixed effects and replicate as a random

effect. Treatment means were compared using the LSMEANS

statement and Tukey’s Honest Significant Difference test at

α= .05. Regression procedure in SAS was used to regress total

SWD and ET against alfalfa density at P < .05. Partial residu-

als were analyzed to determine the linearity of the regression

model. Influential outliers observed during the heavy rainy

periods were removed by analyzing studentized residuals and

Cook’s D at α = .05. Root weight data were log-transformed

before analysis.

3 RESULTS AND DISCUSSION

3.1 Weather data

Average minimum and maximum temperature during the 3 yr

generally followed long-term means (long-term means not

shown- Figure 1). Total annual mean precipitation for 4 yr

(2015–2018) was 517 mm, which was 48 mm greater than

the long-term regional average. Average rainfall for the grow-

ing season from March through October was 14 and 9% less

than normal in 2016 and 2018, respectively. In contrast, 2017

received 19% greater than normal seasonal rainfall, although

abnormally distributed. Rainfall in October 2015 was more

than double the long-term average (114 mm). The October

precipitation recharged the 0- to 100-cm soil profile such that

VWC was maintained between 0.21 and 0.33 m3 m−3 through

April, 2016 (data not shown). Although the cumulative rain-

fall from March to October was greater in 2018 than in 2016,

rainfall was below normal for most of 2018. The ET ͦ estimated

for 2016 and 2017 and 10 months of 2018 was 1890, 1856,

and 1725 mm, respectively. The ET ͦ for the growing seasons

(Mar.–Oct.) were 1474, 1465, and 1515 mm for 2016, 2017,

and 2018, respectively.

3.2 Changes in soil volumetric water content

The soil VWC at different soil layers responded distinctly to

rainfall events across the 2-yr measurement period, portrayed

by the contour diagram (Figure 2), showing clear distinction

between the row spacings and grass-only control with colors
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F I G U R E 1 Maximum and minimum temperature and rainfall from January to December during 4 yr in New Deal, TX. Red line represents

average monthly rainfall during this time frame; letters along the x-axis correspond to months of the year (Jan.–Dec.)

representing ranges of VWC. The time series of soil VWC

provides information about wetting, redistribution, and water

uptake at different soil layers for two planting densities. Cul-

tivar had no effect on soil water distribution (P > .05), there-

fore means of cultivars within row spacings are shown. The

wet zones (blue to green) at 0–20 cm followed roughly 1-wk

cumulative rainfalls that exceeded 6 mm. Less than 6 mm

of cumulative weekly rainfall did not cause any sustained

changes in VWC. Such low amount was likely returned to

the atmosphere through evaporation. A total of six cumu-

lative rainfall events resulted in wetting the soil profile to

1 m. Those included Days of Year 182–186 (99 mm), 213–

215 (48 mm), 225–228 (62 mm), and 268–273 (81 mm) in

2017, and 279–283 in 2018 (67 mm). The late-season rain

in both years (September and October) exceeded potential ETͦ

for those specific periods, therefore excess water was expected

to move below 1 m.

Row spacing of alfalfa affected the soil VWC (P < .05)

when analyzed for two soil layers: 0–40 cm and 40–100 cm

(Table 1). Narrow-row spacing (36 cm) had lower average soil

VWC during the growing season than that of wide spacing

(71 cm) and grass-only control, except for the upper 40-cm

layer in 2018 where wide spacing was intermediate between

narrow spacing and the control. Soil at 60-cm depth showed

VWC consistently greater than 0.25 m3 m−3 for control and

wide-row alfalfa planting (Figure 2). There was no row spac-

ing effect (P > .05) on VWC in the surface 10- to 20-cm soil.

From April to May 2018 (Day of Year 91–151), VWC at the

30- to 100-cm depth was reduced significantly in the narrow

spacing relative to control (P < .05); VMC was below the per-

manent wilting point of 0.20 m3 m−3 in most cases.

The consistent SWD at 1-m depth relative to grass-only

control exhibited by both alfalfa row spacings (Figure 2) indi-

cates the strong ability of alfalfa to extract deep soil water. It

also suggests greater difficulty with alfalfa present in achiev-

ing annual soil profile recharge in such a low-rainfall envi-

ronment. Cultivars may have shown effects on VWC if there

were more than one access tube per plot, which may have

reduced variability among replicates. Hattendorf, Evans, and

Peaden (1990) reported that the total water use for ‘Vernal’

(dormant type), ‘Vernema’ (moderately dormant type), and

‘CUF 101′ (nondormant type) was not different among culti-

vars, although mean daily water use of CUF 101 was 2.1 mm

greater than Vernal during early spring growth in Washington.

3.3 Soil water storage and depletion

Annual net change in soil water storage (ΔSseason) and total

SWD for the entire 1-m soil column were not influenced by

cultivar (P > .05). Net ΔSseason was the most negative for

narrow-row spacing and the most positive for the grass-only

control in both years (Table 1). Net ΔSseason for the wide-row

treatment was intermediate between those extremes, being

different from the control and narrow-row spacing in both

years. Likewise, total SWD was greatest with narrow spacing

of alfalfa and least in the control in both years (P < .05), with

wide-spaced alfalfa being intermediate. These results indi-

cate that increased density of alfalfa exacerbates SWD. There

was a linear relation between total SWD and observed crown

density (Dhakal et al., 2019b) for both years (P < .05) with

r = .59 and .60 in 2017 and 2018, respectively. Treatment
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F I G U R E 2 Soil volumetric water content (indicated by color, see legend on right) from 11 April 2017 to 28 October 2018 (x-axis), by depth

(y-axis), for two alfalfa row spacings (36 cm and 71 cm) and grass-only control. Data were averaged across three cultivars (FR, Falcata Rhizoma;

NuMex, NuMex Bill Melton; WL, WL 440HQ) and four replications. Size of triangles on the top indicates relative intensities of rainfall events
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T A B L E 1 Soil volumetric water content (VWC) at two soil depth increments (0–40 cm and 40–100 cm), seasonal change in soil water storage

(ΔSseason), total soil water depletion (SWD), evapotranspiration (ET), ratio of ET to reference ET (ET ͦ), and percent contribution of SWD to ET for

2017 and 2018 crop seasons (Mar.–Oct.) as affected by interseeding alfalfa in two row spacings (36 or 71 cm) or control. Data are averaged across

cultivars, sampling periods, and replicates

2017 2018
Variables 36 cm 71 cm Control 36 cm 71 cm Control
VWC (0–40), m3 m−3; n = 812a 0.211 bb 0.239 a 0.244 a 0.160 b 0.175 ab 0.192 a

VWC (40–100), m3 m−3; n = 812 0.227 b 0.271 a 0.289 a 0.215 c 0.238 b 0.259 a

ΔSseason, mm; n = 28 −28 cc 23 b 45 a −47 c −34 b 23 a

Total SWD, mm; n = 28 261 a 202 b 172 c 269 a 233 ab 193 b

ET, mm; n = 28 696 a 636 b 622 b 593 a 574 ab 544 b

ET/ET ͦ; n = 28 0.475 a 0.434 b 0.425 b 0.391 0.379 0.359

SWD/ET, %; n = 28 37.5 a 31.8 b 27.6 b 45.4 a 40.6 b 35.1 c

an is the number of observations used for analysis within a year.
bMeans followed by different lowercase letters within the rows are different at P < .05.
cNegative numbers indicate the seasonal SWD and positive numbers are the recharge.

effects on soil water storage and depletion varied somewhat

between years, in that results for wide spacing were similar to

the control in 2017, but more centrally spaced between nar-

row spacing and the control in 2018. This difference could be

attributable to changes in alfalfa stand development. In 2017,

the wide spacing had relatively few small plants with large

inter-row gaps that were not yet exploited by alfalfa roots. By

October 2018, alfalfa crown density at the narrow spacing had

declined to a level similar to that of the wide spacing (Dhakal

et al., 2019b).

Under the assumption of no runoff, precipitation exceed-

ing ET on rainy days is usually stored and utilized by the

plants during the nonrainy periods. The grass-only control

maintained the reserve water (positive values in Figure 3)

from November 2017 to March 2018, having depleted only 5%

(13 mm) of its water during that period, but interseeded stands

removed greater amounts: 14 and 12% (42 and 37 mm) at 36-

and 71-cm row spacing, respectively. We observed that alfalfa

maintained functional (thus transpiring) leaf area during the

winter season while native grasses were completely dormant

and mulch-like. Narrow-row planting started depleting water

from October 2017, 2 wk after cessation of rain, while sur-

plus water in wide-row planting persisted until the end of the

year (approaching zero in Figure 3). The grass-only stands

utilized the 2017 reserve until mid-summer 2018. Both row-

spacing treatments and the control continued depleting water

during summer 2018 as the season was extremely dry. How-

ever, the control stopped depleting water after the first week of

July, which corresponded to visually observed senescence of

grasses. In contrast, alfalfa plots stopped depleting water after

mid-August, which corresponded to visually observed reduc-

tions in alfalfa leaf size and shoot growth. Native grasses did

not flower in 2018 until mid-August, which was different from

years with normal distribution of rainfall, where they started

flowering in mid-June at this location.

Increased depletion of soil water due to alfalfa presence was

reported by Van Riper (1964) in Nebraska, given that pure

stands of orchardgrass (Dactylis glomerata L.) and birdsfoot

trefoil (Lotus corniculatus L.) depleted less water at deeper

depths (>60 cm) than pure alfalfa and an alfalfa–orchardgrass

mixture during a dry period. Also in Nebraska, Kiesselbach,

Russel, and Anderson (1929) reported that alfalfa reduced

VWC to 0.03 m3 m−3 at 2.1-m depth within 2 yr, and at 7.6 m

by the end of Year 6. It was determined that 46% of the VWC

depleted by alfalfa was from the top 30.5 cm of the soil pro-

file, 22% was from 30.5 to 61 cm, and 10% each from 61

to 91.5, 91.5 to 122, and 122 to 152.5 cm (Houston, 1955).

Huang et al. (2018) reported increased SWD with alfalfa com-

pared with similarly aged grassland in arid China where SWD

at 6 yr after planting was 44 and 50% from 50- to 100- and

100- to 150-cm soil layers, respectively. The effect was less

pronounced (<10%) below 200 cm. Our results indicate that

wide-row (71 cm) planting of alfalfa modulated the degree of

SWD compared with the narrow-row spacing.

3.4 Evapotranspiration

Neither actual ET of the alfalfa–grass mixture (crop water

use) nor ET/ET ͦ ratio varied among the cultivars within years

(P < .05). Total ET was greater in narrow-row spacing than

in wide spacing and control in 2017 (P = .029), whereas

ET at narrow spacing was only greater than control in 2018

(Table 1). Greater ET in 2017 than in 2018 was likely due to

greater rainfall in the 2017 growing season. The stands were

under water deficit for most of the time, especially in 2018,

as the ratio of actual ET/ETͦ was less than 1, except during a

few weeks following significant rainfall. The ratio was greater

at narrow-spaced planting than at wide-spaced planting and

grass-only control in 2017 (P < .05), indicating a greater
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F I G U R E 3 Cumulative change in soil water storage (ΔS) across sampling periods in 2017 and 2018 at two row spacings (36 and 71 cm) and

grass-only control. Negative ΔS values indicate water loss and positive values represent soil water recharge for the given sampling interval. Calendar

dates expressed as month/day

proportional use of available water in narrow-row spacing.

The ET/ETͦ ratio at wide-row spacing was on par with grass-

only control in 2017. In the drier year of 2018, there was no

effect of row spacing on the ratio (P > .05). The weekly accu-

mulated ET showed positive correlations with alfalfa crown

density with r values of .65 and .72 for 2017 and 2018,

respectively.

The rainfall deficit in fulfilling ET was even greater in

2018, due to high ET demand (ETͦ of 1465 mm in 2017 vs.

1515 mm in 2018) and low soil water storage, which was

reflected in lower VWC, more negative ΔSseason, and greater

SWD than in 2017 (Table 1). However, the percentage of ET

contributed by SWD within the soil profile (SWD/ET %) was

greater in 2018 than in 2017 for all row-spacing treatments

because of the lower rainfall, and thus reduced ET, in 2018.

Cultivars had no effect (P < .05) on the proportional contribu-

tion of SWD to ET, whereas narrow-row spacing had greater

SWD to ET values than the wide-row spacing and control in

both years (P < .05).

Many published studies reported no difference in water use

among alfalfa cultivars due to similar ET rates. A 2-yr irri-

gation study in Utah showed no difference in water use and

biomass yield among alfalfa cultivars ‘Ladak,’ ‘Washoe,’ and

‘Mesilla’ (Retta & Hanks, 1980). Grimes et al. (1992) found

slightly greater water-use efficiency for ‘WL 318’ compared

with ‘CUF 101’ and ‘Moapa 69’ during spring, but found no

difference when evaluated over the whole summer. The dif-

ference in water use between grass and alfalfa is more under-

standable than between cultivars as species possess different

root and shoot structures. Wright, Allen, and Howell (2000)

pointed out that alfalfa had greater aerodynamic and surface

conductance than grasses, therefore, alfalfa tends to transpire

water at rates greater than grasses even in arid and semi-

arid environments (Irmak et al., 2008). In our study, the high

proportion of alfalfa cover in the narrow-row stands (Dhakal

et al., 2019b) apparently increased canopy transpiration com-

pared to wide rows and grass-only control. Ritchie (1972)

reported that canopy development and growth affect transpi-

ration, which increases linearly with leaf area. However, row

spacing of a crop would affect the partitioning of the ET by

reducing the soil water evaporation and increasing canopy

transpiration in a monoculture (Hatfield & Dold, 2019). Nev-

ertheless, deeply rooted crops increase the contribution of

transpiration to ET even in semiarid and arid environments

(Kizito, Dragila, & Sene, 2006), which mainly drives total ET.

Transpiration composed up to 59% of ET in a semiarid grass-

land in Mongolia (Tsujimuraa, Sasaki, & Yamanaka, 2007)

and 96–98% of ET in a wheat (Triticum aestivum L.) field in

Israel (Wang & Yakir, 2000). The current study indicated that

the greater SWD in narrow-row spacing than in wide spac-

ing and control contributed to greater ET as a result of greater

alfalfa root activity in favor of transpiration, rather than only

the evaporative demand.

3.5 Plant water status

Plant water potentials of grass and alfalfa components were

monitored from early August 2017 to late August 2018,

with a gap between late October 2017 and mid-April 2018

(Figure 4). Water potential was used to ascertain how alfalfa

row-spacing affected plant stress level, which can serve as an

index of competition between alfalfa and grass for soil water.

Alfalfa cultivar effects were almost always nonsignificant,

therefore only the means of cultivars are presented. Interseed-

ing alfalfa at both row spacings reduced grass Ψstem relative
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F I G U R E 4 Mid-day stem and leaf plant water potentials (Ψstem and Ψleaf) at 36-cm and 71-cm row spacings and control for (a) grass and (b)

alfalfa from 7 August 2017 to 31 August 2018. The upper row of asterisks (*) represents significant (P < .05) row-spacing effects for Ψstem, and the

lower row represents significant row-spacing effects for Ψleaf by Day of Year. Lack of grass data between Days 173 and 222 in 2018 was due to grass

shoot senescence

to that of the control in 2017 on Days 223 and 257 (Figure 4a,

upper asterisks). On Day 300, grass Ψstem of only the 36-cm

spacing declined relative to control. In 2017, there were seven

dates of reduced grass Ψleaf relative to control (Figure 4a,

lower asterisks), of whichΨleaf depression was expressed only

at the narrow-row planting on five dates (Days of Year 242,

251, 284, 290, and 300).

In 2018, water potentials were generally lower than in 2017

because of the below-normal rainfall since the previous fall.

Grass Ψstem in the interseeded plots was below that of the con-

trol on most dates. On Days 145, 159, and 166, grass Ψstem of

the narrow-row spacing (36 cm) treatment were significantly

lower than that of the wide-spacing (71 cm) treatment and

grass-only control. There were fewer instances of significant

treatment effects on grass Ψleaf because of high variability.

Days 151, 159, and 166 exhibited consistent Ψleaf depressions

in the 36-cm treatment relative to control, while the 71-cm

treatment was essentially equal to the control. Lack of grass

data from late June to early August in 2018 was due to nearly

complete shoot senescence resulting from extended drought.

Alfalfa Ψstem and Ψleaf (Figure 4b) tracked similarly to those

of the grass component and mirrored rainfall events. On all

dates showing significant treatment effects, Ψstem and Ψleaf

were lower at 36-cm than at 71-cm row spacings. Alfalfa was

better able than the grass to produce enough stem and leaf

material during the dry mid-summer to allow sampling, likely

as a result of deeper rooting by alfalfa.

Interseeding alfalfa often resulted in increased severity of

water deficit stress in the companion grass, suggesting that

alfalfa competed with the grass for soil water. On several

dates, the depressions in grass Ψstem and Ψleaf relative to

control were more intense in the 36-cm than in the 71-cm

row spacing of alfalfa, therefore competition was intensified

as alfalfa density increased. Frequently, the wide-row spac-

ing treatment was not different from the control. This sug-

gests that even though soil water extraction, as indicated by

mean soil VWC, total SWD, and SWD/ET, of the wide-row

treatment was intermediate between control and narrow-row

spacing (Table 1), it frequently imposed negligible additional

stress on the grass component. The grass Ψstem and Ψleaf data

on Days 229–243 in 2018 are difficult to interpret because

the grasses were beginning to recover from drought-induced
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F I G U R E 5 Root weight density (g m−3) at various depth

increments at two alfalfa row spacings and grass-only control on 20

October 2017. Symbols are placed at the midpoint of a depth

increment. * F-test for row-spacing effect significant at P < .05; ** at

P < .01; *** at P < .001

quiescence and still exhibited minimal growth. There were no

row-spacing differences in alfalfa Ψstem and Ψleaf during the

period of grass quiescence and recovery from mid-summer

drought. This corresponded to a period when alfalfa mortal-

ity caused actual alfalfa crown densities of the treatments to

converge to a common level of around 6.5 plants m−2 (Dhakal

et al., 2019b), thus removing effects of the original row

spacings.

3.6 Root weight density

Root weight density (composite of all species, measured in

October 2017) was not different among the cultivars (P > .05)

for individual depth increments down to 40 cm and for the

average of those depths. In contrast, root weight density was

greatest (P < .05) for NuMex (341 g m−3), intermediate

for WL (300 g m−3), and least for FR (250 g m−3) treat-

ments when averaged across the 40- to 100-cm soil depth,

where the results were significant for 40- to 50-cm and 70-

to 80-cm intervals. Root weight density was unaffected by

alfalfa row spacings at the 0- to 5-cm and 5- to 10-cm layers

(Figure 5). At 10–20 cm, the control had greater root density

than the 71-cm treatment. At all deeper increments except at

30–40 cm, interseeding alfalfa resulted in greater root weight

density than the grass-only control, with the narrow-row spac-

ing tending to be greatest and the wide spacing intermedi-

ate. The upper 40-cm soil contained 72% (3.68 Mg ha−1) of

the total root mass in alfalfa–grass mixtures and 88% (3.73

Mg ha−1) in grass-only control. Adding alfalfa into the native

grass pasture increased total root mass by 30% within 1-m

soil depth (5.51, 4.68, and 4.23 Mg ha−1 at 36 cm, 71 cm,

and control, respectively). Similar results were reported by

Fan, McConkey, Wang, and Janzen (2016), in that 61–68%

of the root mass was in the uppermost 30-cm soil profile for

alfalfa and other annual legumes. They accounted for 95% of

the alfalfa roots down to 136 cm, and maximum rooting depth

attained 177 cm.

In the present trial, enhanced root mass in the alfalfa–grass

mixtures relative to the control at depths greater than 20 cm at

least partially explains their greater SWD (Table 1), especially

in the narrow-row spacing. Lu et al. (2011) reported a positive

correlation (r = .82) between root biomass and the fraction

of water at 0- to 50-cm depth that contributed to ET. Counts

of alfalfa plant density at the time of root sampling were 26

and 15 crowns m−2 for 36- and 71-cm row spacings, respec-

tively (Dhakal et al., 2019b). Deep-soil VWC was diminished

throughout 2017 and most of 2018 by the narrow-row spac-

ing (Figure 2). These results confirm the direct relationship

between alfalfa planting density (row spacing) and increased

water extraction as indicative of high root activity in the soil

profile. This interpretation is supported by Sun et al. (2018),

in that increases in belowground alfalfa biomass with stand

age (3.0, 4.2, and 4.5 kg m−2 at 2, 4, and 7 yr, respectively)

followed increases in soil water extraction.

3.7 Significance for pasture improvement

The effects of interseeding alfalfa on overall forage pro-

duction, water use efficiency, and quality inform whether

enhanced SWD and ET can be considered positive invest-

ments. Annual forage yield of the alfalfa–grass mixtures,

averaged over all treatments and 2 yr, was 4160 kg ha−1,

which was 36% greater than that of the grass-only control

(3050 kg ha−1; P < .01; Dhakal, 2019). The narrow-row treat-

ment, established with twice the seeding rate of the wide-row

treatment, yielded only 6% more forage than the latter treat-

ment (4280 kg ha−1 vs. 4040 kg ha−1; P < .05), while often

exhibiting greater SWD (Figure 3). Although interseeding

alfalfa exacerbated soil water extraction relative to the con-

trol, it increased the water use efficiency (harvested biomass

per unit volume of ET) of the mixture mean by 25% over

the grass-only control, when averaged across years (0.66 vs.

0.52 kg m−3, respectively; P < .05; Dhakal, 2019). Inter-

seeding alfalfa also enhanced indicators of forage quality. For

example, crude protein concentration of the mean of the mix-

tures was 140 g kg−1 vs. 84 g kg−1 for the control (P < .01;

Dhakal, 2019). Concentrations of total digestible nutrients

(analogous to digestible energy content) were 566 and 504 g
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kg−1, respectively; P < .05; Dhakal, 2019). Such enhance-

ments in forage quality lessen the necessity for supplemental

feeds to meet the nutritional needs of growing and lactating

cattle (NRC, 2016). Differences between row-spacing treat-

ments for the forage quality attributes were small in compar-

ison with their differences from the control, and were related

to the proportion of alfalfa in the biomass (Dhakal, 2019).

Interseeding alfalfa induced greater exploitation of soil

water with the result of increased forage productivity and

quality. The enhanced water use efficiency indicates that the

extra investment in water extraction would cause a beneficial

return in pasture productivity. Since benefits in yield and qual-

ity of narrow-row planting relative to wide-row planting were

generally small, and narrow-rows promoted greater SWD and

ET than wide rows, planting in 71-cm rows would capture

most of the benefit of introducing alfalfa at half the seed cost.

Another advantage of the wide-row spacing is its reduced neg-

ative effect on the companion grass water status (Figure 4).

This indicates that practical improvements in forage yield and

quality can be realized at wide spacing with little risk of induc-

ing excessive water deficit stress in the grasses through com-

petition for soil water. By the end of the 2018 season, the

row-spacing treatments were equal in soil water extraction

(Figure 3) and in alfalfa plant density due to higher alfalfa

mortality in narrow-rows (Dhakal et al., 2019b). This indi-

cates that the wide rows favored conservation of soil water

and lower input cost of pasture improvement.

4 CONCLUSION

Interseeding alfalfa into native grass stands intensified soil

water loss in this semiarid environment, especially in rela-

tively narrow rows (36 cm), due to enhanced root penetration

and water uptake deeper in the soil profile than in grass with-

out alfalfa. Narrow-row alfalfa reduced tissue water poten-

tials of the grass component of the mixtures relative to the

grass-only control to a greater degree than with alfalfa planted

in wide rows (71 cm). Wide-row alfalfa expressed minimal

competitiveness with the grass for soil water, and therefore

lower risk of inducing excessive water deficit stress in the

grass. Growth type of alfalfa cultivars had negligible effects

on soil water balance. Introducing alfalfa into semiarid grass-

land incurs a cost of augmented SWD but with the benefit of

pasture improvement. Wide-row spacing can achieve a favor-

able compromise between enhanced water use and improved

stand productivity.
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