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Abstract: The utilization of reclaimed wastewater is a suitable and sustainable approach to agriculture
production in water-scarce regions. However, even though the wastewater is treated to reduce
nutrient concentration such as phosphorus, the 10,600 to 14,006 m3 of water applied ha−1 year−1 on
grass and alfalfa hay crops in Nevada can lead to soil phosphorus buildup over an extended period.
This study evaluated the effectiveness of forage systems (FS) of monoculture grass, monoculture
legume, and their mixtures on herbage accumulation, tissue phosphorus concentration, and quantity
of phosphorus removed from a grassland under wastewater irrigation. The study was carried out at
the Main Station Field laboratory in Reno, Nevada, USA. A total of 23 FS using tall fescue (Schedonorus
arundinaceus (Schreb.) Dumort), alfalfa (Medicago sativa L.), red clover (Trifolium pratense L.) and
white clover (Trifolium repens L.) in monocultures or grass–legume mixtures (25:75, 50:50, and 75:25)
based on seeding rate were used. The response variables were herbage accumulation (HA), tissue
phosphorus concentration, and phosphorus removal. Forage systems means were considered different
P ≤ 0.05. Herbage accumulation, tissue phosphorus concentration, and phosphorus removal differed
among FS and year. Herbage accumulation was similar for the grass monocultures (10.5 Mg ha−1;
SE = 1.1) and the majority of the grass–legume mixtures (9.0 Mg ha−1; SE = 1.1) but both systems had
greater HA than legumes monoculture (4.3 Mg ha−1; SE = 1.1). The legume monocultures of alfalfa
and white clover had the greatest phosphorus concentrations (10.9 g kg−1 dry matter; SE = 0.44)
among all FS. Total phosphorus removed was least among legume monocultures (34.0 kg P ha−1;
SE = 6.2) in this study and generally similar for grass monocultures (67.4 kg P ha−1; SE = 6.2) and
grass–legume mixtures of 75:25 (61.7 kg P ha−1; SE = 6.2). Based on the response variables, agronomic,
and environmental considerations a grass–legume mixture that includes 75:25 or even a 50:50 seeding
rate ratio will be suitable options for phosphorus removal from phosphorus enriched grasslands in
semiarid ecosystems that utilized wastewater for irrigation.

Keywords: alfalfa; amelioration; environmental protection; herbage accumulation; phosphorus
removal; phytoremediation; red clover; tall fescue; tissue phosphorus concentration; white clover

1. Introduction

Agricultural production in semiarid and arid regions of the world is constrained by water scarcity
and nutrient-poor soils [1]. These agronomic impediments limit the capacity of these regions to
provide agricultural products for human and animal consumption. In water-scarce agroecosystems,
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crop production agriculture is heavily reliant on irrigation as the sporadic precipitation that accrued
annually is insufficient to maximize crop growth and yield. This scarcity in water for agricultural
production in these regions is further exacerbated by climate change and the associated events of
frequent and intensive droughts that cause a reduction in water resources in semiarid and arid
regions [2,3]. Therefore, alternative approaches must be sought and incorporated into traditional
water management practices to ensure sustainable agricultural production from these water-scarce
environments. One suitable and sustainable approach to agricultural production in water-scarce
regions is the utilization of alternative water resources in the form of the large quantity of wastewater
generated from municipalities [3–9]. The benefits of utilizing reclaimed wastewater are multiple,
in that it provides a reliable year-round source of water for crop production [3], crop yield optimization
through the provision of nutrients such as N, P, and K [9–11], reduced demand on fossil fuel for
synthetic fertilizer production, minimize fertilizer input cost [3], increase crop farm profit margins [12],
and enhance environmental conservation due to a reduction in synthetic fertilizer use [13].

However, even though reclaimed wastewater is treated at many water treatment plants to
reduce the concentration of biogenic compounds such as P and N, the sheer volume of wastewater
applied to croplands (10,600 to 14,006 m3 of water applied ha−1 year−1) resulted in agronomic
surpluses. This inevitably leads to soil P built-up, increased movement of P below the plow layer,
and subsequently leaching into surface and groundwater [14–17]. This culminates in water quality
impairment and eutrophication of aquatic ecosystems [18–20]. Soil P built-up on agricultural landscapes
is commonly a result of the soil P levels exceeding the quantity removed by harvested crops, and
this exacerbates the potential of P to negatively influence environmental quality [18,21]. Approaches
to sustainable agricultural practices are morphed in a multiplicity of strategies, and in this regard,
environmentally friendly strategies must be developed to mitigate this impending threat of utilizing
reclaimed wastewater on agricultural landscapes in water-scarce environments.

Forage crops have long been proposed and tested as an environmentally friendly ecosystem-based
phytoremediation approach to mitigate P loading into aquatic ecosystems off agricultural
landscapes [22,23]. However, because of the differences in biomass production and nutrient P
acquisition among cool- or warm-season forage crops, the effectiveness of their use is dependent on the
species used [24,25]. Several studies have examined P and other nutrients extractive potential of various
warm-season forage species such as bahiagrass (Paspalum notatum Flügge), bermudagrass (Cynodon
dactylon (L.) Pers.), corn (Zea mays L.), crabgrass (Digitaria ciliaris (Retz). Koel.), digitgrass (Digitaria
eriantha Steud.), elephantgrass (Pennisetum purpureum Schumach), guineagrass (Panicum maximum
Jacq.), limpograss (Hemarthria altissima (Poir.) Stapf and Hubb), sorghum-sudangrass (Sorghum bicolor
(L.) Moench), stargrass (Cynodon nlemfuensis Vanderyst), sugarcane (Saccharum spp.), and switchgrass
(Panicum virgatum L.) under varying environmental and agronomic conditions [26–32]. Moreover,
examined were several cool-season forages such as annual ryegrass (Lolium multiflorum Lam.), oat
(Avena sativa L.), perennial ryegrass (Lolium perenne L.), rye (Secale cereal L.), triticale (x Tricticosecale
Wittmack), wheat (Triticum aestivum L.), legumes of the Trifolium genera (e.g., ball clover, Trifolium
nigrescens Viv.; red clover, Trifolium pratense L.; and white clover, Trifolium repens L.), caley pea (Lathyrus
hirsutus L.), winter pea (Pisum sativum var. arvense (L.) Poir.), and hairy vetch (Vicia villosa Roth)
on their P or other nutrient acquisition potential [27,33–36]. The overarching conclusion is that the
different forage species differed in their P acquisition and biomass production potential, thus differing
rates of P removal.

In semiarid Nevada, the predominant forage production system used is monocultures of alfalfa
(Medicago sativa L.), orchardgrass (Dactylis glomerata L.), and timothy (Phleum pratense L.) hay crops
because of market demand. However, in water-scarce environments, single species cultivation of
forage crops may pose a threat to the longevity of crop stand, and thus, forage species mixtures
are deemed a more reliable choice [37]. Cultivating mixtures of forage species have been shown to
increase overall forage biomass production and nutrient content compared to monocultures [38–40] as
a result of niche complementarity [41]. For example, root morphological traits differ among forage
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species, and in mixed swards, it allows for an increase in nutrient uptake from different soil nutrient
pools compared to monocultures because of complementary root distribution [42]. Further, legumes
incorporation in mixed swards (grass–legume) reduced the dependency on inorganic N fertilizer input
due to N fixation by legumes and thus reduce the risk of N leaching into surface water. Additionally,
the potential root exudation of H+ ions or organic acids by some forages may increase the availability
of P bound in soils that are typical of semiarid and arid regions for plant uptake [43,44]. There is
limited information available on utilizing forage mixtures of the more current cultivars of grasses
and legumes and the proportion of species in the mixture on P removal from croplands irrigated
with wastewater. This study evaluated the effectiveness of forage systems of monoculture grass,
monoculture legume, and their mixtures on herbage accumulation, tissue phosphorus concentration,
and quantity of phosphorus removed from a grassland under wastewater irrigation.

2. Materials and Methods

2.1. Description of the Study Area

The study was carried out at the Main Station Field Laboratory, Reno, NV (39◦ 30′ N, 119◦44′ W;
1,339 m altitude) from the spring of 2017 and remained established for a two-year (2017 and 2018)
growing period. The soil at the experimental area is a Truckee silt loam (a fine- loamy, mixed,
superactive, mesic Fluvaquentic Haploxerolls). Before plot establishment, the site was primarily
managed as a hayfield dominated by the perennial grass tall fescue (Schedonorus arundinaceus (Schreb.)
Dumort) with a lesser composition of Kentucky bluegrass (Poa pratensis L.). The Truckee Meadows
Water Reclamation Chalk Bluff Facility, Reno, NV was the sole source of irrigated wastewater for the
past two decades. Before seeding, mean soil pH was 7.7, 57 g kg−1 soil organic matter, and CEC of
24.1 meq 100g−1. Olsen extractable P, K, Mg, Ca, Na, and S concentrations were 31, 712, 532, 3427,
192, and 10 mg kg−1 respectively. The study area is semiarid and weather data retrieved from the
Western Regional Climate Center, Desert Research Institute Weather Station showed the 30-year mean
temperature of 24 ◦C and long-term average annual precipitation of 15 mm (Figure 1). The most
pronounced difference between the study period and the 30-year averages was the relatively higher
average precipitation in 2017 (29 mm) compared to 2018 (19 mm) (Figure 1). Across growing periods of
the two years (April–October, 2017 and 2018) and the dormant months of November–March, the mean
monthly accumulated precipitation differed between the two years and 30-year average (Figure 1).
Apart from June and August, accumulated monthly evapotranspiration was greater during 2017 than
in 2018 (Figure 1). During the two years of this study and the 30-year average, the mean monthly air
temperature was similar (Figure 1).

2.2. Treatments and Experimental Design

Treatments (hereafter called forage systems; FS) were monocultures of tall fescue (Schedonorus
arundinaceus (Schreb.) Dumort) cultivars “BarOptima Plus E34” and “Fawn”, the legumes alfalfa
(Medicago sativa L.) cultivar “Ameristand 403T Plus”, red clover (Trifolium pratense L.) cultivar “Freedom”,
and white clover (Trifolium repens L.) cultivar “Barblanca” and mixtures of 25:75, 50:50, and 75:25
grass–legume percent based on recommended seeding rate for each species (Table 1, forage systems).
The seeding rates used in this study on a pure live seed (PLS) basis for tall fescue, alfalfa, red clover,
and white clover were 15, 20, 12, and 5 kg ha−1

, respectively. The seeding rates used are traditionally
utilized by forage producers in Nevada. A total of 23 forage systems (five monocultures and 18
grass–legume mixtures) were laid out in a randomized complete block design with four replicates of
each forage system. The early released endophyte-free tall fescue cultivar Fawn was selected as the
standard to compare with the newer BarOptima Plus E34. The cultivar of each forage legume species
was selected based on their ability to persist and production potential under semiarid environments.
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Figure 1. Annual monthly weather data and 30-year average at University of Nevada, Reno, Main 
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Station Field Laboratory, Reno NV, USA.

Table 1. Forage system seeding rates.

Forage System Seeding Rate (PLS †) kg ha−1

Grass monoculture

Tall Fescue ‘BarOptima Plus E34’ 15.0
15.0Tall Fescue ‘Fawn’

Legume monoculture

Alfalfa ‘AmeriStand 403T Plus’ 20.0
12.0
5.0

Red clover ‘Freedom’
White clover ‘Barblanca’

Grass–legume mixtures Grass (25%) Legumes (75%)

1) Tall Fescue ‘BarOptima Plus E34’ + Alfalfa ‘Ameristand 403T Plus’ 5.0 11.3
2) Tall Fescue ‘BarOptima Plus E34’ + Red clover ‘Freedom’ 5.0 9
3) Tall Fescue ‘BarOptima Plus E34’ + White clover ‘Barblanca’ 5.0 3.8

Grass (50%) Legumes (50%)

4) Tall Fescue ‘BarOptima Plus E34’ + Alfalfa ‘Ameristand 403T Plus’ 7.5 10.0
5) Tall Fescue ‘BarOptima Plus E34’ + Red clover ‘Freedom’ 7.5 6.0
6) Tall Fescue ‘BarOptima Plus E34’ + White clover ‘Barblanca’ 7.5 2.5

Grass (75%) Legumes (25%)

7) Tall Fescue ‘BarOptima Plus E34’ + Alfalfa ‘Ameristand 403T Plus’ 11.3 5.0
8) Tall Fescue ‘BarOptima Plus E34’ + Red clover ‘Freedom’ 11.3 3.0
9) Tall Fescue ‘BarOptima Plus E34’ + White clover ‘Barblanca’ 11.3 1.3

Grass (25%) Legumes (75%)

10) Tall Fescue ‘Fawn’ + Alfalfa ‘Ameristand 403T Plus’ 5.0 11.3
11) Tall Fescue ‘Fawn’ + Red clover ‘Freedom’ 5.0 9
12) Tall Fescue Fawn + White clover ‘Barblanca’ 5.0 3.8

Grass (50%) Legumes (50%)

13) Tall Fescue ‘Fawn’ + Alfalfa ‘Ameristand 403T Plus’ 7.5 10.0
14) Tall Fescue ‘Fawn’ + Red clover ‘Freedom’ 7.5 6.0
15) Tall Fescue’ Fawn’ + White clover ‘Barblanca’ 7.5 2.5

Grass (75%) Legumes (25%)

16) Tall Fescue ‘Fawn’ + Alfalfa ‘Ameristand 403T Plus’ 11.3 5.0
17) Tall Fescue’ Fawn’ + Red clover ‘Freedom’ 11.3 3.0
18) Tall Fescue ‘Fawn’ + White clover ‘Barblanca’ 11.3 1.3

† Pure Live Seed.
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2.3. Plot Establishment and Management

Before the preparation of seedbed, the study site was sprayed with glyphosate [N-(phosphonomethyl)
glycine] at a rate of 1.12 kg a.i. ha−1. After this, the area was disked and rototilled for a uniform
seedbed. The size of each plot was 13.9 m2 (7.62 × 1.83 m). Plots were separated by 1.5-m wide
alleys while blocks were spaced 5-m apart. Plots were seeded mid-April of 2017 at the prescribed
seeding rate (Table 1) for each forage system using an XL plot seeder (Wintersteiger AG., Salt Lake
City, Utah, USA) with eight rows and each 20.3 cm apart. From establishment throughout the growing
periods in each year of the study, supplemental irrigation was provided through a solid-set sprinkler
irrigation system using treated wastewater. Grass-reference evapotranspiration data from a weather
station located near (1000 m) the study site was used to guide the application of supplemental
irrigation once each week. Seasonal irrigation supplied was 954 mm in 2017 and 1045 mm in
2018 (Figure 1). The wastewater used was analyzed monthly from March through October of 2017
and 2018 to determine its phosphorus concentration. The monthly average concentrations were
orthophosphate 0.2 ± 0.17 mg l−1 P and total phosphate of 0.34 ± 0.18 mg l−1. In this study, only the
grass monoculture plots were fertilized with N at a rate of 80 kg ha−1 using urea fertilizer material
in a single application each year. Potassium fertilizer was not applied based on soil test results,
and because of the historical P buildup in the soil, no additional P fertilizer was applied to plots.
Broadleaf weeds were controlled during each growing season using the herbicide Butyrac 2,4-DB, 4-(2,
4-dichlorophenoxy) butyric acid at a rate of 0.84 kg active ingredient ha−1. For grass weeds, control in
monoculture legume plots, the post-emergence herbicide Clethodim (E)-2-[1-[[(3-chloro-2-propenyl)
oxy] imino] propyl]-5-[2-(ethylthio) propyl]-3-hydroxy-2-cyclohexen-1-one (Intensive) was sprayed at
a rate of 0.84 kg active ingredient ha−1 to control annual and perennial grasses within the alfalfa and
clover plots.

2.4. Data Collection

Plots were harvested twice (a common practice among local hay growers) each growing season
to determine annual herbage accumulation from an area of 5.4 m2, excluding border rows from each
plot. Plots were harvested early-August and early-October of each growing season. Separation of
each species component in the grass–legume mixtures was done by harvesting two 0.25 m2 quadrats
placed randomly in each plot before harvest and hand sorted into grass, legume, and weeds. Species
composition was quantified on a dry matter basis. A Flail Forage Harvester (Carter Mfg., Brookston,
IN) was used to harvest plots to a residual stubble height of 10.14-cm. The weight was recorded for
forage harvested from each plot, and an average of 500 g subsample was collected in cloth bags from
each plot for dry matter (DM) determination. Samples were placed in an oven and dried for 72 h at a
temperature of 60 ◦C. Forage dry matter was determined from each subsample to compute the annual
herbage accumulation of each forage system. Total annual herbage accumulation was determined
by summing the two harvests each year. The same forage subsample from each plot was ground to
pass a 1-mm screen in a Wiley mill (Model 4, Thomas Scientific, Swedesboro, NJ). Microwave-assisted
digestion using nitric acid (HNO3) was used to determine total tissue P content followed by the digests
analysis using an inductive coupled plasma atomic emission spectroscopy. The concentration of tissue
P was calculated based on the weighted sum of the matching DM for each harvest in both years.
Annual P removal from each forage system was calculated as the product of herbage accumulation
and forage tissue P concentration for each plot at harvest period. Total P removed after two years was
the sum of each annual P removal for each forage system.

2.5. Statistical Analysis

The PROC MIXED procedure in SAS version 9.4 [45] was used to determine the significance
of annual herbage accumulation, botanical composition, forage tissue P concentration, annual and
total P removal in this study. Forage system and year (discernment of year-to-year trend) were
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considered fixed effects with replicates and their interactions as random effects. Year was analyzed as
repeated measurement, and the covariance structure selected based on the ‘smaller is better’ Bayesian
Information Criterion value [46]. When significant differences were detected (P ≤ 0.05), forage systems
means were separated using the PDIFF test of the LSMEANS procedure. All means reported are
least square means. Contrasts were performed to compare the differences of the response variables
between the grouped forage systems (i.e., grass monoculture, legume monoculture, and grass–legume
mixtures of 25:75, 50:50, and 75:25) and for each group between years. The PROC CORR procedure of
SAS [45] was used to performed Pearson’s correlation analysis among herbage accumulation, tissue P
concentration, and P removal.

3. Results

3.1. Herbage Accumulation

There was a significant year × forage system interaction effect (P < 0.001) on annual herbage
accumulation (Table 2). During 2017, both cultivars of tall fescue monoculture grass had greater
herbage accumulation than the three monoculture legumes, and the grass–legume mixtures 3, 4, 6,
7, 10, 12, 14, and 15 (Table 2). Moreover, the grass–legume mixture 13 had greater annual herbage
accumulation than the monocultures of alfalfa and white clover, and grass–legume mixtures 6, 10,
12, and 14 (Table 2). Further, grass–legume mixtures 16, 17, and 18 had greater annual herbage
accumulation than the legume monoculture of white clover and grass–legume mixture 12 (Table 2).
In 2018, annual herbage accumulation was greater for grass–legume mixture 6, and both cultivars
of tall fescue monocultures than the monoculture legumes, and grass–legume mixtures 1, 2, and 11
(Table 2). The three monoculture legumes had the least annual herbage accumulation among all forage
systems in 2018 (Table 2). Except for red and white clover monocultures, and grass–legume mixtures
2, 11, and 13, all other forage systems had greater annual herbage accumulation in 2018 than the
establishment year of 2017 (Table 2).

Pertaining to the contrasts among the grouped forage systems, year × forage system interaction
effect (P = 0.002) influenced annual herbage accumulation. During 2017, annual herbage accumulation
was greater for the grass monoculture than legume monoculture, the 25:75, and 50:50 grass–legume
mixtures (Table 3). In 2018, the grass monoculture produced greater annual herbage accumulation
than legume monoculture and 25:75 grass–legume mixture (Table 3). Moreover, during 2018 the
75:25 grass–legume mixture produced greater herbage accumulation than 25:75 grass–legume mixture,
and the legume monoculture had the lowest herbage accumulation (Table 3). For each grouped
forage system, only legume monoculture did not differ between years but the four other grouped
forage systems produced greater herbage accumulation in the second year (2018) compared to the
establishment year of 2017 in this study (Table 3). Forage system did not affect the botanical composition
of each species component in the grass–legume mixture (P > 0.05). However, there was a year effect for
the grass and legume components (P < 0.05). The proportion of grass in the mixed sward was less
in 2017 (77.0%, SE = 1.7) than 2018 (98.8%, SE = 1.7). For the legumes, the proportion of legume in
the sward was greater in 2017 (18.6%, SE = 1.6) relative to 2018 (0.5%, SE = 1.6). While for the weed
component, greater in 2017 (3.7%, SE = 0.7) than 2018 (0.63%, SE = 0.7).
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Table 2. Annual herbage accumulation of different forage systems evaluated at the University of Nevada, Reno Main Station Field Laboratory during the 2017 and
2018 spring–summer growing season.

Forage System Year
SE P-Value ‡

2017 2018

Grass monoculture —–Mg DM ha−1—

Tall fescue cv. BarOptima Plus E34 8.4a † 12.6ab 1.1 0.001
Tall fescue cv. Fawn 8.4a 12.2abc 1.1 0.004

Legume monoculture

Alfalfa cv. Ameristand 403T Plus 5.1cde 3.0g 1.1 0.163
Red clover cv. Freedom 5.5bcde 3.7g 1.1 0.179
White clover cv. Barblanca 4.0e 4.5g 1.1 0.721

Grass–legume mixtures

1) Tall fescue cv. BarOptima Plus E34 (25) Alfalfa cv. Ameristand 403T Plus (75) § 7.0abcd 9.4ef 1.1 0.061
2) Tall fescue cv. BarOptima Plus E34 (25) Red clover cv. Freedom (75) 7.4abc 9.6def 1.1 0.105
3) Tall fescue cv. BarOptima Plus E34 (25) White clover cv. Barblanca (75) 5.6bcde 10.4bcdef 1.1 0.001
4) Tall fescue cv. BarOptima Plus E34 (50) Alfalfa cv. Ameristand 403T Plus (50) 5.5bcde 10.6bcdef 1.1 0.001
5) Tall fescue cv. BarOptima Plus E34 (50) Red clover cv. Freedom(50) 6.9abcd 11.9abcde 1.1 0.001
6) Tall fescue cv. BarOptima Plus E34 (50) White clover cv. Barblanca (50) 5.2cde 13.2a 1.1 <0.001
7) Tall fescue cv. BarOptima Plus E34 (75) Alfalfa cv. Ameristand 403T Plus (25) 5.6bcde 11.5abcde 1.1 <0.001
8) Tall fescue cv. BarOptima Plus E34 (75) Red clover cv. Freedom (25) 6.6abcde 12.1abcd 1.1 <0.001
9) Tall fescue cv. BarOptima Plus E34 (75) White clover cv. Barblanca (25) 6.4abcde 11.1abcdef 1.1 0.001
10) Tall fescue cv. Fawn (25) Alfalfa cv. Ameristand 403T Plus (75) 5.2cde 10.5bcdef 1.1 <0.001
11) Tall fescue cv. Fawn (25) Red clover cv. Freedom (75) 6.6abcde 8.8f 1.1 0.097
12) Tall fescue cv. Fawn (25) White clover cv. Barblanca (75) 4.5de 11.4abcde 1.1 <0.001
13) Tall fescue cv. Fawn (50) Alfalfa cv. Ameristand 403T Plus (50) 8.1ab 10.2bcdef 1.1 0.135
14) Tall fescue cv. Fawn (50) Red clover cv. Freedom (50) 5.1cde 11.1abcdef 1.1 <0.001
15) Tall fescue cv. Fawn (50) White clover cv. Barblanca (50) 6.0bcde 11.7abcde 1.1 <0.001
16) Tall fescue cv. Fawn (75) Alfalfa cv. Ameristand 403T Plus (25) 7.5abc 10.7abcdef 1.1 0.012
17) Tall fescue cv. Fawn (75) Red clover cv. Freedom (25) 7.4abc 12.0abcde 1.1 0.001
18) Tall fescue cv. Fawn (75) White clover cv. Barblanca (25) 7.3abc 9.8cdef 1.1 0.048

† Means with the same lowercase letter superscripts within each column are not different (P > 0.05). ‡ Within rows, P-value signifies differences between years. § Number in parentheses
indicates the percent of forage species based on its full seeding rate in the grass–legume mixtures.
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Table 3. Annual herbage accumulation of grouped forage systems evaluated at the University of
Nevada, Reno Main Station Field Laboratory during the 2017 and 2018 spring-summer growing season.

Grouped Forage Systems Year
SE P-Value ‡

2017 2018

——–Mg DM ha−1——-

Grass 8.6a † 12.7a 0.8 0.003
Legume 5.0b 3.8c 0.8 0.312

Grass (25) Legume (75) § 6.1b 10.1b 0.8 <0.001
Grass (50) Legume (50) 6.1b 11.5ab 0.8 <0.001
Grass (75) Legume (25) 6.8ab 12.7a 0.8 <0.001

† Means with the same lowercase letter superscripts within each column are not different (P > 0.05). ‡ Within rows,
P-value signifies differences between years. § Number in parentheses indicates the percent of forage species based
on its full seeding rate in the grass–legume mixtures.

3.2. Forage Tissue Phosphorus Concentration

Forage tissue P concentration was affected by year × forage system interaction (P = 0.014). In 2017,
the legume monocultures of alfalfa and white clover had the greatest tissue P concentration among all
forage systems (Table 4). The grass–legume mixture 4 had greater tissue P concentration than the two
tall fescue monocultures, grass–legume mixtures 6, 7, 11, 13, 14, 16, and 18 (Table 4). The grass–legume
mixtures 6, 11, 14, and 16 had lower tissue P concentration than the red clover monoculture and
grass–legume mixtures 1, 8, and 10 (Table 4). During 2018, the red clover monoculture had greater
tissue P concentration than both cultivars of tall fescue monoculture and all grass–legume mixtures
except 8 and 17 (Table 4). White clover monoculture tissue P concentration was greater than the tall
fescue cultivar BarOptima Plus E34 monoculture, and the grass–legume mixtures 2, 5, 6, 12, 16, and 18
(Table 4). However, during 2018, alfalfa monoculture did not differ in tissue P concentration compared
to all other forage systems (Table 4). For each forage system, tissue P concentration was greater in
2017 than in 2018 of this study (Table 4). For the contrast among grouped forage systems, tissue P
concentration differed (P < 0.001) among groups. The grouped legume monoculture had greater tissue
P concentration than all other grouped forage systems (Figure 2). 
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Table 4. Tissue phosphorus concentration as affected by forage system and year at the Main Station Field Laboratory, Reno, NV.

Forage System Year
SE P-Value ‡

2017 2018

Grass monoculture ——P g kg−1——

Tall fescue cv. BarOptima Plus E34 8.5cdef † 5.3c 0.44 <0.001
Tall fescue cv. Fawn 8.1def 5.4bc 0.44 <0.002

Legume monoculture

Alfalfa cv. Ameristand 403T Plus 10.9a 5.9abc 0.44 <0.002
Red clover cv. Freedom 9.0bcd 6.9a 0.44 <0.002
White clover cv. Barblanca 11.3a 6.3ab 0.44 <0.002

Grass–legume mixtures

1) Tall fescue cv. BarOptima Plus E34 (25) Alfalfa cv. Ameristand 403T Plus (75)§ 9.0bcd 5.6bc 0.44 <0.002
2) Tall fescue cv. BarOptima Plus E34 (25) Red clover cv. Freedom (75) 8.9bcde 5.2c 0.44 <0.002
3) Tall fescue cv. BarOptima Plus E34 (25) White clover cv. Barblanca (75) 8.8bcdef 5.5bc 0.44 <0.002
4) Tall fescue cv. BarOptima Plus E34 (50) Alfalfa cv. Ameristand 403T Plus (50) 9.6b 5.7bc 0.44 <0.002
5) Tall fescue cv. BarOptima Plus E34 (50) Red clover cv. Freedom(50) 8.6cdef 5.1c 0.44 <0.002
6) Tall fescue cv. BarOptima Plus E34 (50) White clover cv. Barblanca (50) 7.8f 5.3c 0.44 <0.002
7) Tall fescue cv. BarOptima Plus E34 (75) Alfalfa cv. Ameristand 403T Plus (25) 8.5cdef 5.7bc 0.44 <0.002
8) Tall fescue cv. BarOptima Plus E34 (75) Red clover cv. Freedom (25) 9.0bcd 5.9abc 0.44 <0.002
9) Tall fescue cv. BarOptima Plus E34 (75) White clover cv. Barblanca (25) 8.9bcde 5.5bc 0.44 <0.002
10) Tall fescue cv. Fawn (25) Alfalfa cv. Ameristand 403T Plus (75) 9.3bc 5.4bc 0.44 <0.002
11) Tall fescue cv. Fawn (25) Red clover cv. Freedom (75) 7.9ef 5.4bc 0.44 <0.002
12) Tall fescue cv. Fawn (25) White clover cv. Barblanca (75) 8.7bcdef 5.0c 0.44 <0.002
13) Tall fescue cv. Fawn (50) Alfalfa cv. Ameristand 403T Plus (50) 8.2def 5.6bc 0.44 <0.002
14) Tall fescue cv. Fawn (50) Red clover cv. Freedom (50) 8.0ef 5.6bc 0.44 <0.002
15) Tall fescue cv. Fawn (50) White clover cv. Barblanca (50) 8.9bcde 5.4bc 0.44 <0.002
16) Tall fescue cv. Fawn (75) Alfalfa cv. Ameristand 403T Plus (25) 7.9ef 5.1c 0.44 <0.002
17) Tall fescue cv. Fawn (75) Red clover cv. Freedom (25) 8.9bcde 5.8abc 0.44 <0.002
18) Tall fescue cv. Fawn (75) White clover cv. Barblanca (25) 8.1def 5.2c 0.44 <0.002

† Means followed by the same lowercase letter superscripts are not different within columns (P > 0.0). ‡ Within rows, P-value signifies differences between years. § Number in parentheses
indicates the percent of forage species based on its full seeding rate in the grass–legume mixtures.



Sustainability 2020, 12, 2256 10 of 18

3.3. Forage System Phosphorus Removal

In this study, P removal was significantly affected by a year × forage system interaction effect (P =

0.002). During 2017, annual P removal of the two cultivars of tall fescue monocultures was greater
than red and white clover monocultures, and the grass–legume mixtures 3, 6, 7, 10, 11, 12, and 14
(Table 5). The grass–legume mixture 13 removed a greater quantity of P than red clover monoculture,
and the grass–legume mixtures 6, 10, 12, and 14 (Table 5). Further, grass–legume mixture 6 removed a
lower quantity of P than grass–legume mixtures 1, 2, 5, 8, 16, 17, and 18 (Table 5). During 2018, the
grass–legume mixture 8, removed a greater amount of P than red and white clover monocultures, and
grass–legume mixtures 1, 2, 10, 11, 12, 13, 16, and 18 (Table 5). The monocultures of red and white
clover removed the least amount of P during 2018 (Table 5). Between years, red clover monoculture
removed a greater quantity of P in 2017 than 2018 (Table 5). However, the grass–legume mixtures 6, 7,
8, 12, and 14 removed a greater quantity of P in the second year (2018) relative to the first year (2017) of
this study (Table 5).

For the contrast among the grouped forage systems, there was a significant Year × forage system
interaction effect (P = 0.009) on P removal. During 2017, grass monoculture removed a greater amount
of P than the legume monoculture, the 25:75, and 50:50 grass–legume mixtures (Table 6). The legume
monoculture removed a lower quantity of P in 2018 than 2017, but for the 50:50 grass–legume mixture,
a greater amount of P was removed in 2018 than 2017 in this study (Table 6).

The total P removed after two years was different among forage systems (P < 0.001) in this study.
The two cultivars of tall fescue grass monoculture removed a greater quantity of P after two years than
the grass–legume mixtures 1, 3, 6, 10, 11, 12, 13, 14, 16, 17, and the three monoculture legumes (Table 5).
Additionally, grass–legume mixtures 8 and 17 removed a greater quantity of P after two years than
grass–legume mixtures 3, 10, 11, 12, 14, 18, and all three monoculture legumes (Table 5). Apart from
grass–legume mixtures 11 and 12, all other mixtures removed greater total P after two years than the
three monoculture legumes (Table 5). Contrasts among the grouped forage system were significant (P
< 0.05) for total P removed after two years. The monoculture grass and the mixtures removed greater
total P than the monoculture legume (Table 6).
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Table 5. Annual phosphorus removal by different forage systems at the Main Station Field Laboratory Reno, NV.

Forage System Year
SE P-Value ‡ Total

2017 2018

Grass monoculture ———kg P ha−1—-

Tall fescue cv. BarOptima Plus E34 33.2a † 34.2abc 3.7 0.829 67.4a

Tall fescue cv. Fawn 32.9a 34.4abc 3.7 0.737 67.4a

Legume monoculture

Alfalfa cv. Ameristand 403T Plus 25.1abcdef 7.9e 3.7 0.001 32.7e

Red clover cv. Freedom 21.8cdef 12.5e 3.7 0.035 34.3e

White clover cv. Barblanca 22.4bcdef 13.9e 3.7 0.075 35.1de

Grass–legume mixtures

1) Tall fescue cv. BarOptima Plus E34 (25) Alfalfa cv. Ameristand 403T Plus (75) § 27.8abcd 27.1bcd 3.7 0.887 54.9bc

2) Tall fescue cv. BarOptima Plus E34 (25) Red clover cv. Freedom (75) 30.2abc 25.8cd 3.7 0.349 57.2abc

3) Tall fescue cv. BarOptima Plus E34 (25) White clover cv. Barblanca (75) 23.3bcdef 28.8abcd 3.7 0.251 49.4c

4) Tall fescue cv. BarOptima Plus E34 (50) Alfalfa cv. Ameristand 403T Plus (50) 26.2abcdef 31.3abcd 3.7 0.247 57.5abc

5) Tall fescue cv. BarOptima Plus E34 (50) Red clover cv. Freedom(50) 27.6abcde 31.0abcd 3.7 0.443 58.5abc

6) Tall fescue cv. BarOptima Plus E34 (50) White clover cv. Barblanca (50) 18.7f 35.6ab 3.7 0.001 54.3bc

7) Tall fescue cv. BarOptima Plus E34 (75) Alfalfa cv. Ameristand 403T Plus (25) 22.9bcdef 33.8abc 3.7 0.015 56.7abc

8) Tall fescue cv. BarOptima Plus E34 (75) Red clover cv. Freedom (25) 28.7abc 37.4a 3.7 0.048 66.1ab

9) Tall fescue cv. BarOptima Plus E34 (75) White clover cv. Barblanca (25) 27.4abcdef 31.4abcd 3.7 0.360 58.7abc

10) Tall fescue cv. Fawn (25) Alfalfa cv. Ameristand 403T Plus (75) 21.6cdef 28.2bcd 3.7 0.135 49.9c

11) Tall fescue cv. Fawn (25) Red clover cv. Freedom (75) 24.0bcdef 23.9d 3.7 0.968 47.9cd

12) Tall fescue cv. Fawn (25) White clover cv. Barblanca (75) 19.0ef 28.7bcd 3.7 0.030 47.7cd

13) Tall fescue cv. Fawn (50) Alfalfa cv. Ameristand 403T Plus (50) 32.0ab 28.7cd 3.7 0.476 56.2bc

14) Tall fescue cv. Fawn (50) Red clover cv. Freedom (50) 19.9def 32.4abcd 3.7 0.005 52.2c

15) Tall fescue cv. Fawn (50) White clover cv. Barblanca (50) 25.2abcdef 32.3abcd 3.7 0.111 57.5abc

16) Tall fescue cv. Fawn (75) Alfalfa cv. Ameristand 403T Plus (25) 28.0abcd 27.4bcd 3.7 0.891 55.3bc

17) Tall fescue cv. Fawn (75) Red clover cv. Freedom (25) 30.8ab 34.4abc 3.7 0.407 65.1ab

18) Tall fescue cv. Fawn (75) White clover cv. Barblanca (25) 27.8abcd 26.4cd 3.7 0.754 54.3c

SEM 6.2
† Means followed by the same lowercase letter superscripts within columns are not different (P > 0.05). ‡ Within rows, P-value signifies differences between years. § Number in parentheses
indicates the percent of forage species based on its full seeding rate in the grass–legume mixtures.
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Table 6. Annual phosphorus removal by grouped forage systems at the Main Station Field Laboratory
Reno, NV.

Grouped Forage
Systems

Year
SE P-Value ‡ Total

2017 2018

—–kg P ha−1—- kg P ha−1

Grass 34.5a † 35.4a 2.8 0.856 67.4a

Legume 23.5b 11.8c 2.8 0.006 34.0c

Grass (25) Legume (75) § 24.2b 27.2b 2.8 0.326 51.0b

Grass (50) Legume (50) 24.6b 31.8ab 2.8 0.019 56.0ab

Grass (75) Legume (25) 27.7ab 31.3ab 2.8 0.856 59.4ab

SEM 4.7
† Means followed by the same lowercase letter superscripts within columns are not different (P > 0.05). ‡ Within
rows, P-value signifies differences between years. § Number in parentheses indicates the percent of forage species
based on its full seeding rate in the grass–legume mixtures.

4. Discussion

4.1. Herbage Accumulation

Our study focused on the potential of perennial forage crops in different forage systems as an
effective strategy to remove surplus soil P off agricultural landscapes. Two critical characteristics
of forage crops in ameliorating P loading are their P uptake potential based on root volume and
biomass production [30,35,47]. These characteristics are complemented with agronomic cropping
systems approaches that are suitable for the maximization of phosphorus uptake and biomass
production. For example, intercropping systems have the potential to increase phosphorus uptake due
to interspecific mutualism (e.g., the larger root system of one plant species over another or differential
release of organic exudates for phosphorus mobilization) that increases soluble phosphorus in the
rhizosphere [48].

Our study revealed that a year × forage system interaction affected herbage accumulation of the
different forage systems tested. Similar to the results of our study, herbage accumulation differences
among forage treatments were more pronounced in the establishment year compared to the succeeding
production year [37,49]. For the legume monocultures, that lack of year effect on herbage accumulation
was in complete contrast to the grass monocultures and grass–legume mixtures that favored greater
herbage accumulation in the second year. Hence, we surmised that the legumes had a faster rate
of establishment and stability in this study environment compared to the grass monocultures and
the grass–legume mixtures similar to the observation made by Aponte et al. [37]. However, contrary
to our assumption of the legumes in this study, Bork et al. [50] reported that legumes (alfalfa and
clover) were slow to reach maximum biomass production relative to the grasses. While the production
environment (year) is a critical factor in forage growth and productivity, the short duration of this
study makes it difficult to truly gauge the impact of year on herbage accumulation of the different
forage systems. In supporting evidence of our view, Bork et al. [50] reported that the maximum yield
of grass–legume mixtures was obtained two to three years after seeding. Therefore, our discussion
revolves more greatly around the differences in forage accumulation, tissue P concentration, and P
removal among forage systems tested.

Overall, with just a few exceptions, herbage accumulation for the grass monocultures and
grass–legume mixtures were mostly similar in this study. The fact that the grass monocultures were
fertilized with N and did not differ from most of the grass–legume mixtures supports the use of
grass–legume mixtures [51,52]. A similar observation was reported for alfalfa-tall fescue 50:50 seed
rate mixture relative to the fully fertilized tall fescue treatment [52]. The benefits to be derived from
the grass–legume mixtures are not only from an economic standpoint of the elimination of inorganic N
input cost into the grass–legume mixtures but also from an environmental perspective of lowering N
leaching into aquatic systems [51–53]. Even though we did not examine the harvest period effect on
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herbage accumulation, the midsummer forage deficit is a known physiological hindrance of cool-season
grasses [28]. Thus, the inclusion of legumes that are more productive during the summer months will
serve a complementary role in herbage production stability [54,55]. Phosphorus removal is heavily
dependent on herbage accumulation, and therefore, the sole use of monoculture legumes may not
be a highly effective ameliorator of phosphorus from high P soils in water-limited environments.
Bélanger et al. [56] reported that alfalfa grown in mixtures with at least one forage grass species had
greater herbage accumulation than alfalfa grown alone, and their results were in concurrence with
the results of this study. Further, the seeding rate ratio played a key role in herbage accumulation
differences among the grass monocultures, and grass–legume mixtures in this study, and a similar
observation was made by Adjesiwor et al. [57]. Therefore, the inclusion of the grass component at
only 25% of its full seeding rate oftentimes had lower herbage accumulation in reference to grass
monoculture and other grass–legume mixtures. This observation was confirmed by the contrast among
grouped forage systems based on herbage accumulation. Therefore, it was quite evident that the mixed
forage systems that include 75% or even 50% of the full grass seeding rate in this study, will be suitable
options to utilize under water-scarce environments. Based on the botanical composition, the greatest
portion of herbage accumulation was from the grass component (88%) and indicated the dominance of
the grass in mixed forage systems. The dominance of grass is a common occurrence in grass–legume
mixtures irrespective of the number of species used [58,59]. From a cultivar perspective, the similar
herbage accumulation between the two tall fescue cultivars suggests that both can be integrated into
forage systems aimed at P removal in water-scarce environments.

For this study relative to the literature, herbage accumulation values for tall fescue cultivars
BarOptima Plus E34 and Fawn were within the range of 3.1 to 15.6 Mg ha−1 reported in several
studies [37,52,60]. However, alfalfa herbage accumulation in this study was lower than the four years
average of 9.4 Mg ha−1 reported by Aponte et al. [37]. Varietal trials in Nevada by Davison et al. [61]
reported greater annual herbage accumulation for alfalfa relative to this study and indicates the erratic
nature of alfalfa responses under water-scarce environments. White et al. [62] reported annual herbage
accumulation of 9.1 and 5.9 Mg ha−1 for red and white clover respectively, and again, these values were
greater than those in our study. However, white clover herbage accumulation values in our study were
greater than the range of 1.3 to 2.3 Mg ha−1 reported by Springer and Aiken [63]. Herbage accumulation
for the grass–legume mixtures in our study falls within the 4.8 to 15 Mg ha−1 range reported in the
literature [37,64,65]. Our study revealed that the grass–legume mixtures did not improve annual
herbage accumulation over the grass monoculture, and concurred with the results reported by Minneé
et al. [65] but differs from those of Berdahl et al. [66] and Cox et al. [52]. Some possible reasons for
the observed trends in our study could be the utilization of a two-cut system that can reduce either
the grass or legume component in the sward due to shading as against more frequent harvest [40].
Additionally, the duration of the study did not allow the grass component in the sward to fully utilized
the N fixed by the legume component, which may have been hampered by the mineralization process.

4.2. Forage Tissue Phosphorus Concentration

Forage species differ in their ability to take up P and ultimately, tissue phosphorus concentration [22,
35,67]. The greater P concentration of legumes monocultures relative to the majority of the other forage
systems was not unexpected in this study. Forage systems P concentration rankings in our study were
generally consistent with earlier studies out of the southeastern state of Mississippi [33,35]. Further,
the differences in tissue P concentrations among the different forage systems could be attributed to the
dilution effect based on the negative relationship between P concentration and herbage accumulation
(P < 0.001; r = −0.60) in this study. The greater P concentration of legumes provides additional
credence for its inclusion in mixed forage systems to enhance forage P removal from high P grasslands.
Notably, only two grass–legume mixtures in the first year had greater P concentration than the grass
monocultures, and both include alfalfa at either 50% or 75% of its full seeding rate. This adds further
support to the herbage accumulation results that legumes should be included at a minimum of 50% of
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its full seeding rate in the mixture with grass. However, the results were inconsistent in the second
year that showed no grass–legume mixtures had greater P concentration than grass monoculture.
The similar P concentration among the grass monocultures and mixed forage systems can be attributed
to the dramatic decline in the legume component from 18% in 2017 to 0.5% in 2018. This may be
attributed to the two-cut harvest system utilized in this study, instead of a greater frequency of harvest
of grass–legume mixtures [68]. Unlike the lack of difference in P concentration between the two tall
fescue cultivars, Bélanger et al. [67] reported differences in tissue P concentration among genotypes of
timothy (Phleum pratense L.).

4.3. Phosphorus Removal

Given the duration of the study, we focus our discussion on the total P removed over two years.
Phosphorus removal is a product of herbage accumulation and tissue P concentration [30], and both
are instrumental in the rate at which P is removed from the soil. Our study indicated that legumes
grown as a monoculture, and to a lesser extent, when the grass component included was only 25% of
its full seeding rate will not be suitable options for P removal from P enriched grasslands. Phosphorus
removal was strongly linked to herbage accumulation (P < 0.001; r = 0.82) but not P concentration
(P = 0.309; r = −0.07) in this study. In several studies reviewed in the literature, the quantity of P
removed from the soil was strongly correlated with herbage accumulation [32,32,69,70]. The ranges
of P removal are also dependent on the type of forage species and agronomic management practices
utilized. For example, Ketterings et al. [69], Brink et al. [70], Silveira et al. [30], and Read et al. [32]
reported a range of 8–189 kg P ha−1 for different warm-season grasses and cool-season grasses and
legumes, approximately 4–45 kg P ha−1 [33,36]. Phosphorus removal in our study falls well within the
cool-, warm-season grasses, and legumes ranges reported.

To ensure sustainability, a judicious integrated system approach for phosphorus removal off

grasslands enriched with phosphorus and management thereafter will be complementary to maintaining
environmental quality. For studies like ours, utilizing forages to remediate soils high in phosphorus
has to be followed by a system of careful removal of forage materials off the grassland as baled hay or
greenchop for ruminant livestock (e.g., beef or dairy cattle) feeding. This approach is relevant as it
avoids animal grazing, which facilitates the constant recycling of the phosphorus removed by forages
through its return to the soil via defecation and urine [71]. Secondly, under confined feeding operations
(e.g., dairy or feedlot) it allows for sound management decisions of phosphorus regulations in effluents
to minimize non-point source phosphorus impact on environmental quality [72,73]. Manure or slurry
from these operations can be recycled in crop fields (e.g., corn, small grains, or perennial forages)
that required phosphorus application [72,73]. Even in fields that require P input for crop growth,
spatial heterogeneity of soil phosphorus can lead to phosphorus pollution of ground and surface water
when a uniform approach of P application is practiced. Therefore, an agronomically sound approach
can be the adoption of variable rate manure or slurry application using sensor-based technologies to
mitigate the negative impacts of phosphorus on the environment [72,73]. Other approaches to reduce
phosphorus flows and losses can include dietary manipulation of animals that increase the digestibility
of phosphorus and reduce its excretion in urine and defecation [74]. Further, the utilization of biogas
digester with lagoons can stem the flow of phosphorus into the environment after animal utilization of
the harvested forage [75].

5. Conclusions

Reclaimed wastewater utilization provides us an opportunity to conserve water resources, but this
must be carried out in a way that safeguards the environment. Based on the response variables,
agronomic, and environmental considerations a grass–legume mixture that includes 75:25 or even a
50:50 seeding rate ratios will be suitable options for phosphorus removal from phosphorus enriched
grasslands in semiarid ecosystems that utilized wastewater for irrigation.
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