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Abstract: Water scarcity for agricultural irrigation is increasing globally while generation of treated
municipal wastewater (TWW) is increasing due to urban expansion. Municipalities seek uses for their
TWW, which is safe to apply to forage crops. Alfalfa (Medicago sativa) is the most important forage
crop worldwide being adapted to a wide range of environmental factors, including irrigation with
low quality water. A strip plot study with four replications at New Mexico State University’s Rex E.
Kirksey Agricultural Science Center at Tucumcari, NM USA, compared the effects of surface water
(SW) and TWW on alfalfa establishment and soil fertility and microbial growth. Alfalfa established
equally well when irrigated with equal amounts of TWW or SW. After one year, the application of
TWW increased soil P and plant N and P more so than SW. Most microbial soil health indicators were
positively increased by alfalfa establishment in virgin soil; however, the effect was greater with TWW
compared with SW (1147, 1184, 1961, and 4991 nmol g−1 for total microbial biomass of soil irrigated
with SW and TWW at seeding and after one year, respectively, LSD0.05 = 710). Thus, TWW irrigation
could reduce applied fertilizer P to meet alfalfa’s requirement and increase soil health compared
with SW.

Keywords: alfalfa; establishment; irrigation; microbial biomass; soil fertility; treated municipal
wastewater

1. Introduction

Water scarcity is increasing globally, particularly for agricultural irrigation [1–4]. At
the same time, treated municipal wastewater (TWW) is generated at an increasing rate
due to ongoing urban expansion [3,5]. Municipalities seek uses for their TWW, which is
generally safe to apply to animal feed and fiber crops while utilizing soils in their filtering
function. Water purification via soil filtration minimizes the release of potential pollutants
into surface and ground water bodies as well as saving fresh water for other uses [3,6–9].

Municipal TWW has multiple advantages compared with surface water (SW), the
untreated form of freshwater from streams or stored in lakes and generally used for agri-
cultural irrigation. These advantages include increasing and consistent availability of the
water due to ongoing urban expansion [3,5], serving as a nutrient source [5,7], and improv-
ing soil health [2,5]. However, secondary-treated wastewater could pose environmental,
crop safety, and livestock and human health concerns associated with a wide array of
contaminants, also called compounds of concern [3,5–10], because the secondary treatment
processes most commonly used do not remove the compounds of concern, including heavy
metals [3,5,6,8] and organic compounds from pesticides and pharmaceuticals [3,4,8,11];
only solids and pathogens are removed or killed [11]. Additionally, treated municipal
wastewater for irrigation is regulated by environmental guidelines [7,8,12], sometimes

Soil Syst. 2022, 6, 67. https://doi.org/10.3390/soilsystems6030067 https://www.mdpi.com/journal/soilsystems

https://doi.org/10.3390/soilsystems6030067
https://doi.org/10.3390/soilsystems6030067
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com
https://orcid.org/0000-0003-4636-8006
https://doi.org/10.3390/soilsystems6030067
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com/article/10.3390/soilsystems6030067?type=check_update&version=1


Soil Syst. 2022, 6, 67 2 of 15

limiting availability due to non-compliance (L. Lauriault, personal observation). While
TWW in southern U.S. forage production poses an attractive alternative water source if
managed appropriately, the effects of TWW on crop establishment, yield, and quality as
well any potential interaction with regional that may soils arise, are still largely uncertain.

Alfalfa (Medicago sativa) is the most important forage crop worldwide being adapted to
a wide range of environmental factors, including irrigation with low quality water [1,2,4,8],
especially compared with forage grasses [3]. As a nitrogen-fixing legume [13], alfalfa also
has greater crude protein (CP) and other nutritive value components for livestock feed than
grasses [4,8,14,15].

Considerable research has been done on the effects of using various sources of wastew-
ater on alfalfa production and soil health elsewhere. Adrover et al. [5] reported non-
detrimental effects on alfalfa rotated with maize (Zea mays) and barley (Hordeum vulgare)
after >20 years of flood irrigation with TWW, although soil pH was increased due to in-
creased Na levels. Adrover et al. [2] found that soil salinity was increased with TWW
irrigation compared with sea water-intruded groundwater, despite greater salinity in the
groundwater, especially when soil clay and organic matter content were greater. Otherwise,
Elfanssi et al. [4] reported a difference in the benefits of various irrigation water qualities,
such that TWW increased agronomic productivity of alfalfa compared with fresh well
water, but untreated (raw) municipal wastewater irrigation adversely influenced plant
physiological measurements, such as stomatal conductance and chlorophyll inflorescence
and content, leading to reduced yields. The effects of pharmaceutically-active compounds
in TWW on crops are generally limited to prolonged germination periods, reduced seedling
growth rates, and biochemical processes, namely, enzymatic activity, proline, sugars, and
macro- and micronutrient contents [3,11]. Elfanssi et al. [4] deduced that TWW does not
negatively influence the physiological state of alfalfa as did untreated (raw) wastewater, as
indicated by proline content.

Determining the potential effects of irrigating alfalfa during establishment with TWW
could assist producers in deciding whether to use that source of water for alfalfa irrigation.
Consequently, the objectives of this study were to compare the effects of SW and TWW on
establishment and the year after seeding of alfalfa, as well as soil fertility and microbial
growth and diversity.

2. Materials and Methods

The test was conducted at New Mexico State University’s Rex E. Kirksey Agricultural
Science Center at Tucumcari, NM USA (35.20◦, −103.69◦; elev. 1246 m; Figure 1).

Strip plots were established on Redona fine sandy loam: fine-loamy, mixed, su-
peractive, thermic ustic calciargids (https://soilseries.sc.egov.usda.gov/OSD_Docs/R/
REDONA.html; accessed on 7 August 2022) in areas that had been center pivot irrigated by
either SW or TWW. Wastewater treatment involved a Class 1B treatment [12] with mean 2
E. coli colony forming units/100 mL following 100% intensity UV irradiation as a secondary
treatment. Water treatments were applied during the previous 18 months, during which
time warm-season annual cereal forages were grown for pasture and hay production. Strip
plots were separated by 90 m to allow for transition of the irrigation system between water
sources. There were 4 replications within each irrigation water source strip plot and while
this was part of a larger study, only results from the control plots from that study from each
replicate are analyzed and reported here because the data for remaining treatments were
proprietary. Figure 1 shows the study area with strip plots identified and location of the
water source transition point. Unreplicated soil samples (16 2.5-cm diameter cores to 30 cm
deep combined by strip plot) were collected immediately pre-planting for fertility [16]. A
sample of each water source was collected for irrigation quality analysis [16] from an outlet
at the irrigation system before and after the study period (August 2017 to October 2018).
Weather data were collected from a station within 1 km of the study site (Table 1).

https://soilseries.sc.egov.usda.gov/OSD_Docs/R/REDONA.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/R/REDONA.html
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Figure 1. Map of the study site at Tucumcari, NM, USA, with irrigation water source strip plots
identified.

Table 1. Monthly mean air temperatures and total precipitation and irrigation amounts at Tucumcari,
NM, USA, during the study period in which alfalfa was planted on 18 August 2017 and sampled
in late October of 2017 and 2018, and the long-term temperature means and precipitation totals
(1905–2018).

Year Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. Annual

Temperature, ◦C
2017 3.9 10.0 6.7 14.4 17.8 25.6 27.8 23.9 21.1 15.6 11.9 4.8 15.3
2018 3.3 6.1 11.1 13.3 22.2 27.2 27.2 25.6 22.2 14.4 6.7 3.9 15.3

Long-term 3.3 5.6 9.4 14.4 18.9 24.4 26.1 25.0 21.7 15.6 8.9 3.9 14.7

Precipitation, mm
2017 26 4 55 69 46 25 40 165 67 92 0 0 590
2018 0 1 4 13 46 14 29 85 20 108 14 16 351

Long-term 11 13 20 30 51 51 70 73 42 35 19 15 429

Irritation, mm, applied nearly equally to treatments
2017 0 0 25 51 6 191 146 13 25 0 0 0 457
2018 0 0 0 0 32 89 85 49 44 0 0 0 299

Based on performance in New Mexico alfalfa variety tests [17,18], alfalfa variety, 6829R
(NEXGROW Alfalfa, West Salem, WI, USA), was selected for use in the study. Prior to
planting, a conventionally tilled, flat seedbed was prepared by chisel plowing to 60 cm
followed by disking, leveling, and firming. Plots (1.5 m × 6.1 m) of multiple treatments
including a control were sown under a pivot irrigation system on 18 August 2017, using a
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disk drill fitted with a seed-metering cone at 22.45 kg inoculated seed ha−1 in a strip-plot
design. The effective planting width was 1.22 m with a 15-cm row spacing. All irrigations,
before and after seeding alfalfa, were applied at a minimum rate of 6 mm. The irrigation
system failed in early October 2017 and was not repaired until late May 2018. No fertilizers
or pesticides were applied in 2017. The irrigation system failure and another shutdown
took place from 19 to30 August 2018 and again in late September 2018, the latter of which
was not repaired until well after the growing season. Since the same irrigation system was
used for both strip plot treatments, the effects of the irrigation system failures were equal,
and the irrigation frequencies and application rates were nearly equal. To supplement
664 mm of precipitation during the study period, a total of 337 mm of irrigation was applied
from August 2017 to October 2018 (Table 1), which is when the test was terminated. On
26 June 2018, 19 kg N and 63 kg P2O5 ha−1 were applied to the entire field in which both
strip plots were located (Figure 1).

On 29 August and 6 September 2017, plants were counted within 1 m of row and
averaged. On 25 October 2017 (68 days after planting (dap)), all plants in 0.37 m−2 from
the end of each plot, including all rows, were hand-clipped to ground level weighed,
dried at 60 ◦C for 48 h, and reweighed for calculation of dry matter proportion and dry
weight. These samples were held for estimation of plant chemical constituents by near-
infrared spectroscopy (NIRS; Ward Laboratories, Kearney, NE, USA [16]) using an equation
developed for alfalfa. Forage nitrogen was calculated as the NIRS-generated estimate for
CP/6.25 [14]. Immediately following plant sampling, the soil surrounding one plant (crown
and root) from each of the two center rows within the plant sampled area of each plot was
also sampled (2.5 cm) to 7.5 cm within the clipped area and the two cores from each plot
were composited for soil fertility and phospholipid fatty acid (PLFA) analysis also by Ward
Laboratories [16]. During the sampling, nodulation was verified on each seedling with
intact root.

During 2018, whole plot standing forage was removed as growth permitted on 10 July
and 15 September, but not measured. On 30 October 2018, regrowth forage from each plot
was collected and handled as previously described. The area that had been sampled in
2017 was avoided for this sampling. On 20 November 2018, stand percentage was rated, as
determined by seeded row fill, and two 2.5-cm diameter soil cores from within the area
from which plants were sampled in each plot were collected to 30 cm and combined for
soil fertility and PFLA analysis [16].

Statistical Analysis

Pre- and post-study water analyses from each water source were subjected to SAS
MIXED [19] procedures for tests of significance to compare water source (surface water
or treated wastewater) using year (2017 and 2018) as the replication factor. Forage dry
matter m−2, dry matter proportion, and plant chemical constituents and soil PLFA data
from 2017 and 2018 were subjected to SAS MIXED [19] procedures for tests of significance
to compare water source treatments (surface water or treated wastewater) and year (2017
and 2018) and their interaction. Plants m−2 from 2017 and stand percentage and soil fertility
from 2018 were subjected to SAS GLM [19] procedures for tests of significance to compare
water source treatments. For each analysis, replicates were defined as unique within water
source and considered random and used as denominators for tests of significance [20]. All
differences reported are significant at p ≤ 0.05 as well as when a biologically significant
trend (0.05 < p < 0.10 [21] is indicated. When a main effect or interaction was significant, a
biologically significant trend (0.05 < p < 0.10 [21] was indicated, protected (p ≤ 0.05) least
significant differences were used to determine where differences occurred among treatment
means using the PDMIX800 SAS macro [22].

Data variabilities, medians, and means of PLFA microbial biomass as well as commu-
nity composition were graphed in R version 4.0.4 (The R Foundation, 2021; www.r-project.
org; accessed on 7 August 2022). Changes in microbial community composition based on
applied treatments were visualized with nonmetric multi-dimensional scaling (NMDS)

www.r-project.org
www.r-project.org
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using the vegan package in R. PERMANOVA was applied to test for differences between
sampling years and water source treatment. Further, due to mostly non-normal distribu-
tion, microbial PLFA groups were related to soil chemistry variables using Spearman Rank
correlations with the ‘rcorr’ function in the Hmisc package and visualized as heatmaps
with the ‘corrplot’ function in the R package, Corrplot.

3. Results and Discussion
3.1. Weather

Weather data for 2017 and 2018 are presented in Table 1. Temperatures were cooler
than average in August 2017, but near average in September and October and warmer than
average in November. The first autumn freeze occurred on 9 November 2017. Precipitation
also was greater than average from August to October 2017 and irrigations totaling 38 mm
were applied in August and September to supplement precipitation (Table 1). These
conditions should have promoted growth for establishment well before the onset of the
first temperature of −2.8 ◦C [23,24]. Additionally, Darapuneni et al. [25] reported that,
for otherwise fully-irrigated alfalfa, irrigation termination after mid-September had little
influence on overall alfalfa yield. In 2018, late spring and early summer temperatures were
slighter warmer than average (Table 1). Irrigations totaling 299 mm were applied when
possible, from May to October 2018 to supplement 328 mm of precipitation from November
2017 to October 2018.

3.2. Water Sources

Results of irrigation water quality analyses comparing SW and TWW are reported in
Table 2. The lack of difference between water sources and values for water pH indicate
a low concern for increasing Na problems [26] as also indicated by sodium absorption
ratio (SAR) [27]. Differences between water sources existed for SAR, adjusted SAR, total
dissolved solids (TDS), electrical conductivity (EC), cations, Na, K, Cl, and B, with trends
(0.05 < p < 0.10) [21] for Mg and hardness, such that TWW had greater values that SW.
These greater values represent relatively greater nutrient status of TWW over SW [4,5,7,8].
Other variables had numeric differences at p < 0.20. The combination of SAR and EC
for both water sources (Table 2) indicates a low risk of soil infiltration problems with no
reduction in alfalfa yield [26]. Regarding EC and TDS, SW presented a low salinity hazard
(0.25–0.75 mmhos cm−1 EC and 160–480 ppm TDS; [26]), while TWW presented a medium
salinity hazard, although barely (0.75–2.0 mmhos cm−1 EC and 480–1280 ppm TDS; [26])
(Table 2).

Based on these irrigation water quality analyses, SW, such as that used in the present
study, should not be applied by overhead irrigation at rates < 5 mm [26]. Additionally,
TWW should not be applied through overhead irrigation at all unless 3 kg H2SO4 ha-mm−1

are injected into the water to avoid lime deposits in crop leaves or fruit [26]. All irrigations
were applied at >5 mm and no H2SO4 was used, although no lime residue was observed on
the alfalfa. The analysis components for SW were somewhat consistent to those reported
by Hopkins et al. [26] for canal water, which is the same as SW in the present study and are
likely driven by the composition of the soil surrounding the streams, storage lakes, and
canals that comprise each system. Alfalfa is relatively tolerant of low-quality irrigation
water [2] and not considered a sensitive crop in regard to the levels of Cl and B in either
water source (Table 2) [26]. Regarding plant nutrients, both water sources had low NO3-N,
Ca, and SO4-S, while SW had low P and high Mg and TWW was high in both Mg and P
(Table 2) [27]. Although statistically not significant, TWW had greater bicarbonates and
alkalinity than SW.



Soil Syst. 2022, 6, 67 6 of 15

Table 2. Means of irrigation water quality analysis and results of statistical analyses of canal water
and Class 1B treated municipal wastewater used to irrigate alfalfa during establishment at Tucumcari,
NM, USA. Values are the least squares means of samples (one from each water source) collected
before and after the study period (2017–2018).

Variable Canal Water Wastewater p-Value SED

pH 8.05 7.85 0.6286 0.35
SAR 1.50 4.50 0.0194 0.42
AdjSAR 1.65 5.10 0.0182 0.47
TDS, ppm 416 694 0.0237 44
EC, mmho cm−1 0.69 1.16 0.0250 0.08
Cations, me L−1 8 13 0.0231 1
Anions, me L−1 8 15 0.1418 3
Cations:anions 1.02 0.92 0.5863 0.13
Na, ppm 56 171 0.0229 18
K, ppm 7 22 0.0358 3
Ca, ppm 59 40 0.1273 8
Mg, ppm 26 42 0.0716 5
Hardness, ppm CaCO3 253 271 0.0903 3
NO3-N, ppm 0.1 0.6 0.5000 0.5
SO4-S, ppm 66 73 0.7956 24
Cl, ppm 18 94 0.0321 14
CO3, ppm 1.0 0.5 1.0000 1.0
HCO3, ppm 177 478 0.1354 65
Alkalinity, ppm CaCO3 147 408 0.1540 65
B, ppm 0.06 0.42 0.0274 0.06
Ortho P, ppm 0.06 3.35 0.1769 1.61
Total P, ppm 0.05 3.36 0.1614 1.52

SED, SAR, and TDS signify standard error of the difference between means, sodium absorption ratio, and total
dissolved solids, respectively.

3.3. Soil Fertility

Results of soil fertility analysis in 2017 and 2018 with statistical analysis for 2018 are
presented in Table 3. Preplant soil analysis revealed no apparent issues in regard to fertility
(including toxicities) or potential salt problems for either strip plot, both of which had
been irrigated with the respective test water source for at least 18 months before the alfalfa
was planted.

Differences or trends (0.05 < p < 0.10) [21] between water sources existed in 2018 for
all variables except for Fe, Mn, and Mg saturation (Table 3). The application of TWW led to
an increase in soil salt content after one additional year of application. Soil P at planting in
2017 was below levels for optimum alfalfa growth [16], but at the end of study in 2018, the
soil P content was statistically greater in the TWW-irrigated soil compared to SW-irrigated
soil (Table 3), which is consistent with the findings of others who attributed to the high P
content in the TWW [4,5,10], although it was not significantly greater in the present study
than SW (Table 2). This may be due to greater bicarbonates in the TWW compared with
SW. Bicarbonates tend to compete with the P in the soil to form carbonate complexes with
Ca and Mg and hence increase the P availability in the soil [28]. In any case, while the P
fertilizer application alone was not sufficient to increase the soil P above the critical level for
alfalfa production of 25 ppm, possibly due to plant uptake, in TWW-irrigated soil, the soil
P levels were elevated and could reduce the applied P fertilizer requirement, depending on
the yield goal [16].
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Table 3. Pre-planting soil analysis of irrigation water source strip plots (surface water or Class 1B,
UV-irradiated treated municipal wastewater) in 2017 and results of by-plot sampling in 2018 one year
after alfalfa establishment at Tucumcari, NM, USA. Soil testing in 2017 was not replicated and thus
no statistical analysis was possible. Values for 2018 are the means of four replicates within each water
source strip plot.

Variable

2017 Pre-Planting 2018

Surface
Water Wastewater Surface

Water Wastewater SED p-Value

pH 8.3 8.3 8.2 8.3 0.35 0.6286
Salts, mmho cm−1 0.29 0.24 0.23 0.36 0.05 0.0225
OM, % 1.3 1.1 1.3 1.7 0.4 0.0171
P, ppm 8.4 13.3 11.3 27.3 5.0 0.0001
K, ppm 253 332 458 720 209 0.0011
S, ppm 29 18 6 11 7 0.0689
Fe, ppm 4.8 5.8 7.1 9.1 1.1 0.1101
Mn, ppm 4.5 6.8 6.2 6.6 2.3 0.2257
Cu, ppm 0.36 0.35 0.38 0.49 0.02 0.0015
Ca, ppm 2230 1564 1787 2095 754 0.0608
Mg, ppm 256 287 372 434 32 0.0007
Na, ppm 134 167 48 131 71 0.0030
CEC 14.5 11.8 13.4 16.5 4.0 0.0112
K Saturation, % 4 7 9 11 1 0.0195
Ca Saturation, % 77 66 67 63 1 0.0117
Mg Saturation, % 15 20 23 22 5 0.4136
Na Saturation, % 4 6 1.5 3.3 3 0.0203

SED, OM, and CEC signify standard error of the difference between means, organic matter, and cation exchange
capacity, respectively.

3.4. Soil Microbial Biomass and Community Composition

Microbial biomass, taxonomic composition, and diversity were different between years,
water source treatments, and their interaction. Specifically, microbial biomass increased
distinctly from 2017 to 2018 (Table 4; Figure 2A).

Table 4. Soil microbial biomass (nmol g−1) and diversity index before and one year after alfalfa
establishment when irrigated with surface water or treated municipal wastewater (Class 1B, UV-
irradiated) at Tucumcari, NM, USA. Values are the means of four replicates within each water source
strip plot each year.

Variable

2017 2018

SED

p-values

Surface Water Waste-Water Surface Water Waste-Water Year Source Year ×
Source

Total biomass 1147 C 1184 C 1961 B 4991 A 326 <0.0001 <0.0001 <0.0001
Total Bacteria 452 C 519 C 836 B 2225 A 125 <0.0001 <0.0001 <0.0001
Actinomycetes 67 C 81 C 178 B 385 A 19 <0.0001 <0.0001 0.0003
Gram-Negative 211 B 205 B 326 B 1102 A 90 <0.0001 <0.0001 <0.0001
Rhizobia 0 0 1 31 13 0.1270 0.1480 0.1480
Total Fungi 68 B 36 B 183 B 731 A 98 <0.0001 0.0030 0.0013
AM 14 C 0 C 66 B 174 A 13 <0.0001 0.0031 0.0006
Saprophytes 54 B 36 B 117 B 558 A 87 0.0031 0.0143 0.0096
Protozoa 0 B 0 B 5 B 33 A 7 0.0071 0.0280 0.0280
Gram-Positive 241 C 314 C 510 B 1123 A 64 <0.0001 <0.0001 <0.0001
Undifferentiated 627 B 630 B 937 B 2002 A 155 <0.0001 0.0004 0.0004
Diversity Index 1.28 B 1.18 B 1.47 A 1.53 A 0.04 <0.0001 0.5616 0.0662

SED and AM signify standard error of the difference between means and arbuscular mycorrhizae, respectively.
Means within a row followed by similar letters are not significantly different at p < 0.05, even when a biologically
significant trend (0.05 < p < 0.10) is indicated by the p-value for the interaction.
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Figure 2. Soil microbial characteristics before and one year after alfalfa establishment when irrigated
with surface water or treated municipal wastewater (Class 1B, UV-irradiated) at Tucumcari, NM,
USA. (A) Total microbial biomass; (B) microbial biomass comparing bacteria and fungi; (C) relative
abundance of microbial phospholipid fatty acid (PLFA) groups; (D) nonmetric multi-dimensional
scaling (NMDS) ordination plot of the PLFA data.

Comparing across water sources, no microbial biomass differences were observed
between TWW and SW water source plots in 2017. However, in 2018, TWW had signifi-
cantly greater microbial biomass compared with SW. Lack of irrigation from October 2017
to May 2018 may have reduced microbial biomass; however, the event was equal to both
water source treatments and likely not a factor in treatment differences. Furthermore,
greater bacterial and fungal biomasses also were observed when TWW was the irrigation
source (Figure 2B, Table 4). Water and nutrients are the strongest limiting factors for mi-
crobial and plant growth in semi-arid regions [1,29]. Thus, a temporal modification of
the soil microclimate and nutrient availability (Tables 2 and 3) may explain the observed
results (Table 4; Figure 2). For example, an increase in microbial biomass could be linked
to interannual changes in the soil climate during alfalfa crop establishment in semi-arid
agroecosystems [29]. While alfalfa is in the early growth stages a large area of the soil is
still exposed to the climatic elements of semi-arid regions with high radiation, air and soil
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temperature, water loss, and erosive forces that feed back into limiting microbial growth
and activity [29]. Later on, a denser stand with established alfalfa plants in 2018 may
have buffered against these harsh climatic conditions and moderate temperature and soil
moisture and, consequently, the soil microbiome can proliferate [29]. The greater nutrient
status of TWW (Table 2) may have additionally stimulated microbial growth [5,29]. The
combination of plant soil feedbacks and greater nutrient availability in the TWW-irrigated
soil (Tables 2 and 3) may have driven the proliferation of soil microbes observed (Table 4).

Aside from undifferentiated microbes (not identifiable by PLFA), the most abundant
microbes in our samples were bacteria, with gram-negative bacteria, gram-positive bacteria,
and actinobacteria in decreasing abundances (Figure 2C, Table 4). Fungi were the next most
abundant group, while rhizobia and protozoans were rare and only detected in 2018. Only
in 2018 in the TWW plots, fungi were the fourth most abundant microbial group followed
by actinobacteria (Figure 2C). Saprophytic fungi were greater in abundance than arbuscular
mycorrhizal (AM) fungi, which is typical for agroecosystems [15].

The absolute biomass values of individual microbial groups exhibited year × water
source interactions except for Rhizobia (Table 4). However, this difference was not apparent
when comparing the relative abundances of the microbes where only percent total fungi
and gram-negative bacteria showed a significant year × water source interaction. Aside
these interactions, the sample year comparison detected the most differences in relative
abundances of soil microbial groups (Table 5) with 2018 having the highest values for Acti-
nomycetes, Saprophytic and AM Fungi, and Protozoans, while undifferentiated microbes
were comparable less abundant, declining by 10% from 2017 to 2018 (Table 5).

Table 5. Relative abundance values (%) of soil microbial biomass before and one year after alfalfa
establishment when irrigated with surface water or treated municipal wastewater (Class 1B, UV-
irradiated). Values are the means of four replicates within each water source strip plot.

Variable

2017 2018

SED

p-Values

Surface Water Waste-Water Surface Water Waste-Water Year Source Year ×
Source

Total Bacteria 43 2 0.2312 0.3076 0.5921
Actinomycetes 6.36 B 8.52 A 0.51 0.0209 0.6740 0.1374
Gram-Negative 18 AB 17 B 17 B 22 A 2 0.2434 0.2424 0.0462
Rhizobia 0.00 0.00 0.06 0.59 0.25 0.1180 0.1915 0.1915
Total Fungi 6 BC 3 C 10 AB 14 A 2 0.0004 0.5709 0.0415
AM 1.12 B 0 C 3.41 A 3.47 A 0.38 <0.0001 0.1121 0.0553
Saprophytes 5 B 3 B 6 B 11 A 2 0.0048 0.3231 0.0528
Protozoa 0.00 B 0.48 A 0.16 0.0225 0.3653 0.3653
Gram-Positive 21 A 26 A 26 A 23 A 3 0.6408 0.7772 0.0518
Undifferentiated 54 A 44 B 3 0.0031 0.2233 0.3692
Fungi:Bacteria 0.14 BC 0.07 C 0.22 AB 0.32 A 0.05 0.0007 0.7547 0.0372
GramPos:GramNeg 1.18 A 1.57 A 1.60 A 1.05 A 0.27 0.7842 0.7048 0.0339
Saturated:Unsaturated 3.05 AB 3.50 A 2.35 BC 1.40 C 0.50 0.0018 0.4991 0.0701

UV, SED, and AM signify ultraviolet standard error of the difference between means and arbuscular mycorrhizae,
respectively. Test mean and SE for total bacteria are given due to lack of any significant differences at p < 0.20.
Year means are given when only the year effect was significant. Means within a row followed by similar letters
are not significantly different at p < 0.05, even when a biologically significant trend (0.05 < p < 0.10) is indicated by
the p-value for the interaction.

Furthermore, the increase in relative abundance of these microbial groups was the
greatest in TWW-irrigated soil, which had the greatest relative abundance of all identifiable
microbial groups (Table 4, Figure 2C). The increase in microbial abundances of multiple
groups seems to indicate that within one year TWW does not preferentially select for the
proliferation of one specific microbial group but a suite of diverse microbes including
symbionts (AM), decomposers (saprophytes), and predators (protozoans), which could
stimulate nutrient cycling and soil health. Further, significant interactions for total microbial
biomass, total bacteria, Actinomycetes, AM, and gram-positive microbes all indicate an
increase from 2017 to 2018 also when SW was the irrigation source (Table 4). This suggests
that irrigated alfalfa production alone can stimulate the growth of a diverse soil microbial
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community with several functional groups similar to the report by Bhandari et al. [15] who
compared monoculture grass with an alfalfa–grass mixture.

Rhizobia were present in 2018, but not detected in the PLFA samples in 2017 (Table 4),
although the alfalfa roots were nodulated. While the soil samples were collected to include
plant roots, most plant parts were excluded from the soil samples submitted for fertility
and PLFA analysis. It is not surprising that Rhizobia was not detected in 2017, as alfalfa
had not been grown in the field for at least 25 years, if ever [13,30]. Additionally, perhaps
there was a lack of detectable Rhizobia (Table 4) because either nodules had not been shed
to release nitrogen into the soil, which also would have released the Rhizobia [30], or the
population sizes were too low to be detected with the PLFA analysis. In 2018, alfalfa was
cut and removed twice before the regrowth allowing nodule shedding and Rhizobia release
into the soil [30].

In addition to effects to microbial biomass, abundance, and taxonomic composition
sampling year and water source impacted microbial diversity. Soil microbial alpha diversity
index increased from 2017 to 2018 with a trend [21] toward a year × treatment interaction
because diversity increased more when TWW was the irrigation source (Table 4). The
increase of diversity was mostly attributed to the detectable amounts of Protozoans and
Rhizobia, which were not observed in 2017. The NMDS ordination visualizing patterns of
microbial turnover (beta diversity) data revealed distinct similarities of samples by year
with 2017 samples grouping on the left of the origin and 2018 samples grouping on the
right (Figure 2D). Results of the PERMANOVA indicated a significant (p < 0.01) difference
of microbial community beta diversity by year. This result supported our findings of an
increase in microbial abundance and suggests similar factors may be the driving force for a
diversity change. Although not significant, there was a trend of samples grouping together
by water source (Figure 2D).

A suite of soil chemical variables was related to the abundances of PLFA microbial
groups (Figure 3). Gram-negative bacteria correlated positively with organic matter and
potassium while this relationship was negative for gram-positive bacteria. Rhizobia were
strongly influenced by phosphorus and sulfate (Figure 3). Phosphorus availability was also
associated with a higher abundance of protozoans. We further observed strong positive
correlations of saprophytic fungi biomass with soil cation exchange capacity, P, and K
(Figure 3). Sodium, Cu, and Fe were also associated with greater abundances of saprophytic
fungi. Correlations of soil chemical variables with AM fungi were much weaker compared
with saprophytes with phosphorus being the strongest factor (Figure 3). Although our
correlation analysis does not permit us to deduce causal relationships, complex links can
exist between soil chemical variables and the soil microbiome. For example, increased
microbial activity and population sizes due to the application of TWW (Table 4) can lead to
higher rates of nutrient cycling and decomposition, which release greater amounts of plant
and microbial available nutrients [2,5,15] while plant soil feedbacks derived by planting
perennial crops, such as greater soil moisture availability and increased organic matter,
can feed and stimulate the growth of the soil microbiome and vice versa [15]. Future
manipulative studies should investigate these interesting multilevel relationships.
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Figure 3. Correlation heat map relating soil chemistry data to PLFA soil microbial groups for the
2018 sampling year. Scale shows the Spearman rank correlation coefficient. Only significant (p < 0.05)
relationships are shown in colored tiles.

3.5. Forage Dry Matter and Plant Chemical Constituents

Considerable variation in plant vigor was observed between the water source strip
plots at plant sampling time in 2017 (68 dap) (data not shown), suggesting a degree
of variation over time in germination and/or emergence of the alfalfa associated with
irrigation with TWW, similar to that reported by Rekik et al. [3]. Data and results of
statistical analysis for forage components are presented in Table 6. While there was no
difference between irrigation sources in the number of plants m−2 in 2017, there was a
difference in stand percentage in 2018, which may indicate more rapid stand failure due
to irrigation with the treated wastewater. Adrover et al. [2,5] reported no concerns for
alfalfa persistence after 20 years of irrigation with secondary TWW in Spain. Dry matter
proportion was greater for seedling alfalfa irrigated for establishment using SW compared
with TWW, but for 1-year-old alfalfa, the dry matter proportion was greater when TWW-
irrigated (Table 6). However, there were no differences between water source treatments in
plant dry matter g m−2 and no year × water source interaction, which is consistent to the
findings of Elfanssi et al. [4]. The lack of interaction is indicative of alfalfa’s resilience in
remaining productive until there is a significant stand decline. Unpublished data from the
location of this study (Lauriault unpublished data) suggests that individual harvest yields
and season-long yields will not be different between stand percentages of 95 and 88% for
surface water-irrigated alfalfa in the first production year after late summer seeding.
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Table 6. Alfalfa plant counts, stand percentage, dry matter production, and selected plant chemical
components after planting and one year after alfalfa establishment when irrigated with surface water
or treated municipal wastewater (Class 1B, UV-irradiated). Values are the means of four replicates
within each water source strip plot each year.

Variable

2017 2018

SED

p-Values

Surface Water Waste-Water Surface Water Waste-Water Year Source Year ×
Source

Plants m−2, 2017 324 330 ——– ——– 51 ——– 0.9151 ——–
Stand %, 2018 ——– ——– 94 A 87 B 2 ——– 0.0086 ——–
Dry matter, g kg−1 267 A 260 B 232 D 240 C 3 <0.0001 0.7907 0.0043
Dry matter, g m−2 10.29 B 26.06 A 2.81 0.0011 0.2604 0.5251
aNDF, g kg−1 283 aA 236 aB 199 bA 172 bB 7 <0.0001 0.0013 0.1821
ADF, g kg−1 211 A 181 B 168 BC 156 C 67 0.0002 0.0064 0.0665
Lignin, g kg−1 53.7 A 44.4 B 37.4 C 34.2 C 1.6 <0.0001 0.0044 0.0070
Nitrogen, g kg−1 37.9 C 38.7 C 44.8 B 50.2 A 0.9 <0.0001 0.0005 0.0042
Phosphorus, g kg−1 2.38 C 2.73 B 2.93 B 3.53 A 0.10 <0.0001 <0.0001 0.1089

SED, aNDF, and ADF signify standard error of the difference between means, amylase-treated neutral detergent
fiber and acid detergent fiber, respectively. Data for plants m−2 and stand % are presented within a year because
data were only collected that year. Means within a row followed by similar letters are not significantly different at
p < 0.05 for the highlighted effect, even when a biologically significant trend (0.05 < p < 0.10) is indicated by the
p-value. aNDF means followed by lower case letters are not significantly different at p < 0.05 for the main effect of
year and when followed by similar upper-case letters they are not significantly different for the main effect of
water source.

The irrigation system failure, coupled with little precipitation from November 2017 to
May 2018 delayed growth in spring 2018 and the alfalfa in both water source strip plots
struggled to recover, especially in light of warmer spring and early summer temperatures
(Table 1). Darapuneni et al. [25] reported that total annual yields of alfalfa would be reduced
by about 3 Mg ha−1 when irrigation was withheld until May, from early July to mid-August,
and again after mid-September at this location (designated treatment 2-3-5 in Darapuneni
et al. [25]. The amount of irrigation applied in that scenario was approximately the same as
that applied in 2018. The late October/early November yield of that 2-3-5 treatment with
the same regrowth period averaged 0.41 Mg ha−1 [25], which is only slightly more than the
0.26 Mg ha−1 measured in the present study (calculated from Table 6).

Year × water source treatment interactions or trends [21] also existed for all plant
chemical constituents, except amylase-treated neutral detergent fiber and P (Table 6).
Greater fiber values in the seedling stage may be related to a longer growth period from
August to late October in 2017 than between mid-September and late October in 2018.
The greater reduction for acid detergent fiber and the trend [21] toward that for lignin, as
indicated by the year × source interaction (Table 6), both to the point of no difference in
2018, suggest that the surface water-irrigated alfalfa was more mature when sampled in
2017. This could indicate that water source was a factor in the rapidity of establishment
that was overcome within a year after seeding and did not influence dry matter production
that year.

Plant N and P contents of the alfalfa measured in the present study were similar to or
greater than those measured elsewhere [8] and sufficient to high for whole plant levels [16].
This could be due to stage of maturity at harvest as plants were completely vegetative in
the present study while the alfalfa is generally in at least an early stage of reproduction
when evaluated for forage production. The increase in plant nitrogen across years, even for
surface water-irrigated alfalfa (Table 6) could be related to nitrogen fixation by Rhizobia in
low organic matter soils (Tables 3–5) coupled with the N applied in the fertilizer in 2018;
however, the interaction shows that the increase for wastewater-irrigated alfalfa was greater
than for surface water-irrigated alfalfa (Table 6), which is not explained by a year × source
interaction for Rhizobia biomass (Table 4).

The fertilizer application also could be a factor in the increase in P across years in the
alfalfa (Table 6), but the trend [21] toward a year × source interaction with a greater change
for wastewater-irrigated alfalfa having greater plant P is likely due to additional P added
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through the wastewater (Table 2) bringing soil test levels from the medium range for the
Olsen P test of 9–16 ppm in 2017 to the high range in 2018 (Table 3) [10,16]. Greater soil
P availability (Table 3) in the ionic form increases the P uptake by plants (Table 6) [31,32].
Elfanssi et al. [4] also observed greater alfalfa plant P when irrigated with TWW than with
well water. The increase in AM biomass (Table 4) also may have been a factor as AM is
known to increase P availability for plant uptake [33]. Both P and water availability can
have the effect of reduced acid detergent fiber, which, in turn, influences digestibility [34].
While whole plant P was sufficient to no limit growth [16], soil P when SW-irrigated
(Table 2) suggests that annual application would be necessary to replace P removed by the
alfalfa crop.

4. Conclusions

Alfalfa established equally well when irrigated with TWW compared with SW, despite
the less than optimum quality of both water sources. Over the course of alfalfa establish-
ment and the first production year, the application of TWW increased soil P and plant P
more so than SW, in addition to increasing plant N, which is the basis for crude protein that
is critical for livestock production. Thus, irrigation with TWW could reduce the amount of
fertilizer P necessary to meet alfalfa’s requirement and increase crude protein content in
the alfalfa. Nearly all microbial indicators of soil health were positively increased by alfalfa
establishment where it had not been previously grown; however, the effect was greater
when TWW was used as the water source for establishment.
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