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Abstract: Preparing agricultural producers to cope with volatile weather changes, specifically drought,
requires a better understanding of forage water-use efficiency (WUE) potentials. Options to improve
farm resiliency to drought may include the use of C4 annual and perennial forages, which have
greater production efficiency during drought than commonly used C3 forages. Our objective was to
measure WUE through real-time gas exchange measurements of photosynthesis and transpiration in
(1) a greenhouse study and (2) under field-grazing conditions. Growth parameters, instantaneous
water use efficiency (iWUE), and mass-based WUE (mWUE) data were collected under greenhouse
conditions in Study 1 for the following species: crabgrass (Digitaria sanguinalis cv. ‘Red River’),
switchgrass (Panicum virgatum cv. ‘Alamo’), big bluestem (Andropogon gerardii cv. ‘OZ-70’), indiangrass
(Sorghastum nutans cv. ‘Rumsey’), eastern gamagrass (Tripsacum dactyloides cv. ‘Pete’), bermudagrass
(Cynodon dactylon cv. ‘Vaughn’s #1’), sorghum-sudangrass (Sorghum bicolor (L.) × Sorghum sudanese
(P.) cv. ‘Greengrazer’), and tall fescue (Schedonorus arundinaceus (Schreb.) Dumort). Study 2
occurred from 2014 to 2016, and evaluated iWUE of crabgrass, switchgrass, bermudagrass, eastern
gamagrass, and a big bluestem/indiangrass mix under field conditions. Overall, in situ iWUE of
crabgrass, switchgrass, eastern gamagrass, and bermudagrass did not differ, while iWUE of the big
bluestem/indiangrass was less than switchgrass and crabgrass, an advantage for these species if the
standardized precipitation index drops below zero. Bermudagrass, switchgrass, sorghum-sudangrass,
pearl millet, and indiangrass had comparable mWUE values under greenhouse-simulated drought.
These results will aid in the development of forage species recommendations for mitigating drought
and improving resiliency.
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1. Introduction

The southeastern United States has been subjected to multiple severe droughts during the past
decade and climatologists expect this trend to continue [1]. Drought conditions can drastically reduce
availability of quality forage. In 2007, the southeast experienced an intense drought, forcing many
beef producers to downsize or eliminate herds in response to forage deficits [2]. Increasing the use of
warm-season forages in the southeastern region, which is primarily composed of cool-season forages,
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may minimize impacts of future droughts and assist in maintaining beef production, which is the United
States’ largest agricultural sector [2]. Improved warm-season forage production could better prepare
producers for stochastic weather events, thereby minimizing profit loss under drought conditions.
This is particularly true for the animal industry across the southeastern United States, where the
predominant forage grass is a C3 species—tall fescue. However, it remains unclear which warm-season
forages have the greatest water-use efficiency (WUE) under water-limited and grazed conditions.

There are many grass species, especially C4 grasses, that may provide compensation for
forage loss in traditional grazing systems under drought [3–7]. Introduced annual species, such as
sorghum-sudangrass, pearl millet (Pennisetum glaucum), and crabgrass, can maintain a high stocking
density, and produce forage of equivalent nutritive value to many commonly used cool-season
grasses in the southeast, such as tall fescue [8]. Longevity of the stand may be a limitation for
utilization of warm-season annuals, as biomass accumulation is fast, but short-lived, and stands require
reseeding and fertilizer on a regular basis [8]. When compared to native warm-season perennial
grasses, root mass is less extensive and may limit access to water deeper in the soil profile during
drought. Native warm-season perennial grasses, such as switchgrass, big bluestem, indiangrass, and
eastern gamagrass, may also be suitable candidates for maintaining production during droughts [3–7].
These species are well-adapted to the region’s climate, have few pest and disease problems, and have
deep root systems [8]. In addition to large root masses, these species produce substantial aboveground
herbage mass (HM), which, when managed for grazing or hay production, can provide enough energy
to support animal growth and development, as they have yields greater than commonly used C3

grasses in the region and require fewer inputs for production [3,7,9].
Drought tolerance is a complex combination of physiological responses during times of inadequate

soil moisture that preserve plant growth. Mass-based water use efficiency (mWUE), a ratio of water input
to dry matter output, has been successfully used as an indicator of plant tolerance to drought [3,10–15].
However, measurements of whole stand mWUE are challenging in field studies due to variations
in soil type, topography, stand densities, and soil water content. Instantaneous measurements
of WUE (iWUE) can be made based on gas exchange rates in real-time using photosynthesis and
transpiration rates directly from the leaf, while creating a controlled micro-environment [16]. Utilizing
measurements of iWUE under ambient conditions in the field may be additionally helpful for screening
drought-tolerant forages.

Previous WUE studies have used iWUE to make inferences about the drought tolerance of
forage crops, but few have examined the species included in this experiment and most have been
conducted in a greenhouse setting. Beale et al. [17] compared iWUE of two perennial C4 grasses
(miscanthus (Miscanthus × giganteus) and big cordgrass (Spartina cynosuroides)) in a temperate climate,
however, the results were inconclusive. A greenhouse experiment by Taylor et al. [13] studied many
ecophysiological traits of C3 and C4 grasses including iWUE, which confirmed that C4 grasses have
greater WUEs, photosynthetic rates, and can use nitrogen more efficiently than C3 grasses. Anyia
and Herzog [12] conducted a greenhouse experiment that studied cowpea (Vigna unguiculata) under
drought and showed that there were differences in WUE among varieties of cowpea, and that iWUE
and mWUE are not necessarily correlated. Ghannoum et al. [11] conducted a greenhouse experiment
using mWUE to measure drought resistance of Australian C4 grasses and found that drought enhanced
mWUE. Jongen et al. [15] used iWUE and mWUE to investigate drought responses of mixed grasslands,
as did Hussain et al. [14] but using only mWUE values. Both observed that WUE was enhanced when
evapotranspiration rates increased.

These studies document that iWUE is worthy of further investigation in regard to forage
crop management. By monitoring and using transpiration and photosynthesis to quantify iWUE,
physiological differences and optimum pasture species for climate resiliency may be discovered for the
southeastern United States.

Drought conditions with high temperatures and low rainfall are increasingly prevalent in this
region during summer, thus drastically influencing forage availability. Decreased forage reduces
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livestock-carrying capacities and requires supplemental feeding of purchased or conserved feedstuffs
to maintain herd health. Therefore, the objective of this experiment was to quantify WUE (mWUE and
iWUE) in order to evaluate forage productive potential of commonly recommended pasture crops for
enhanced drought resilience.

2. Materials and Methods

In this experiment, we tested WUE responses to various precipitation, temperature, light, and soil
conditions in both a greenhouse and a field study via mWUE and iWUE.

The greenhouse study served as a preliminary test of potential species for the field experiment,
necessary parameters, and responses to imposed drought. Due to a limited number of paddocks, only
one annual warm-season grass could be selected for the field experiment. The field study implemented
knowledge gained from the greenhouse study into a pasture system that was actively grazed by cattle
and measured under ambient conditions.

It was hypothesized that WUE of native warm-season perennial species would be greatest, as
would iWUEs of these grasses when compared to annuals due to shallower rooting depths. It was also
predicted that WUE fluctuations would coincide with changes in soil moisture.

2.1. Greenhouse Experiment

2.1.1. Site Description

This study was divided into two experiments, one under controlled conditions and the other in
field settings. The greenhouse study took place in a University of Tennessee greenhouse in Knoxville,
TN, in a randomized complete block design and four replications. Five perennial warm-season
grasses (switchgrass, big bluestem, indiangrass, eastern gamagrass, and bermudagrass), three annual
warm-season grasses (crabgrass, sorghum-sudangrass, and pearl millet), and one cool-season perennial
grass (tall fescue) were evaluated from 29 October 2013 to 19 February 2014. Tall fescue was the only
C3 grass included to this study since it is the most widely grown forage in the region.

2.1.2. Measurements

In preparation for the greenhouse experiment, seedlings of each species were grown in plug trays
of potting soil and then transplanted on 29 October 2013 into 10 × 10 × 23 cm pots (1.6 L). Etowah silt
loam (fine-loamy, siliceous, semiactive, thermic Typic Paleudults), a moderately fine, well-drained soil
formed in alluvium or colluvium that is commonly underlain by limestone residuum [18], was collected
at the East Tennessee AgResearch and Education Center’s Plant Science Unit (35◦54′ N 83◦57′ W),
autoclaved, and sifted for use. Pots were filled with soil, each to a consistent weight of 4.80 kg, with no
supplementary nutrients applied. Upon transplanting, root material was washed and removed from
trays. Subsequently, aboveground and belowground growth was trimmed to 14 cm (from the plant
base to leaf tip and plant base to root tip) for all species, and total mass recorded thereafter. Seedlings
of all species were in early vegetative stages with one tiller.

Immediately following transplanting, pots were watered until the soil was fully saturated and
were left undisturbed over night to reach stable water-holding capacity (WHC), and then weighed.
Weights served as a guide to determine appropriate saturation levels throughout the remainder of the
experiment [19]. Four plants per species were randomly assigned to stressed (dry) and well-watered
(wet) treatments. Stressed and well-watered treatments were dictated by pot WHC, which was
equivalent to the maximum amount of water pots (averaged over all experimental units) could hold
over 24 hours post soil saturation [19].

An additional set of plants (1 plant per species per treatment) was prepared in the same manner
and observed separately under water stress conditions (defined as the WHC percentage at which
plants were fully wilted, and when gas exchange measurements could no longer be taken from leaves).
These observations were used to determine the appropriate percentage of WHC needed to induce
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drought stress and to determine photosynthetic cessation at the end of the experiment. Visual signs of
drought stress included wilting, chlorosis, and reduced growth.

A random sample of each experimental unit (i.e., single pot with one plant) per species per treatment
was weighed daily to determine water requirements for maintaining the prescribed percentage of WHC.
Both wet and dry treatments were maintained at 90% WHC from 30 October through 22 November to
monitor transplants and observe rate of tissue moisture loss (kg day−1). From 23 through 30 November,
dry treatments were maintained at 60% WHC and wet treatments were maintained at 90% WHC.
The appropriate amount of water (mm) was applied to reach the desired capacity. Expecting that
the annual forages would consume water more quickly than the perennial forages, weights from
perennials were pooled and annuals were pooled together to determine the appropriate amount of
water needed for each group at each watering.

To simulate the onset of mild drought conditions, a sub-lethal dry down was implemented from
1 through 7 December to induce drought stress. During this period, dry treatments dropped from
60% to 40% WHC and wet treatments from 90% to 70% WHC. Following the sub-lethal dry-down
period, dry and wet regimes returned to 60% and 90% respectively, from 8 December to 16 December
to mimic recovery from mild drought. A lethal dry-down period was implemented beginning on
17 December, at which time watering was terminated for the remainder of the experiment, thus
simulating extreme drought conditions for the remainder of the study period. Observations of plant
tissue health, leaf turgidity, and iWUE were taken every three days and the date of photosynthesis
cessation was recorded for each pot, with the last observation taken on 19 February 2014. Date of
photosynthesis cessation was determined based on the ratio of necrotic leaves to healthy green
leaves, which was determined based on the point at which the gas exchange data could no longer be
collected from the leaves. Once the ratio reached 4:1, it was assumed that the plants were no longer
photosynthetically active. Following plant death, herbage and root dry matter were recorded.

Gas exchange measurements were taken on four dates during the greenhouse study with the
LI-6400 XT Portable Photosynthesis System equipped with the 6400-02B LED Light Source (Lincoln,
NE, USA) [16]. On each sampling date, one gas exchange data point was taken per plant on each of the
plants in the experiment. The mean of four replicates per treatment was used to represent the iWUE of
each species per sampling date.

Throughout data collection, CO2 concentration in the leaf chamber was kept constant at 400 µmol
CO2 mol air−1. Within the chamber, leaf temperature and photosynthetically active radiation (PAR)
were adjusted to match ambient levels in the greenhouse on the day of sampling. Before each data point
was recorded, a stabilization period of one to five minutes was implemented to reach consistently steady
photosynthesis and iWUE rate values within one µmol CO2 mol H2O−1. As dictated by the greenhouse
winter management plan, greenhouse temperatures were set to heat when temperatures decreased
below 18 ◦C and to cool when temperatures increased above 29 ◦C. Average daily temperature in the
greenhouse was 21 ◦C. Leaf temperature ranged from 24.0 to 33.0 ◦C and PAR from the artificial light and
filtered natural light in the greenhouse ranged from 190.0 to 260.0 µmol m−2 s−1. The newest emerged,
fully expanded, photosynthetically active leaf of each plant were used to record photosynthesis
rate, transpiration rate, and leaf area [20]. All data points were collected between 10:00 and 15:00
hours. Using these data points, an iWUE value was calculated on each experimental unit. Dates of
data collections were as follows: 22 November 2013, during the acclimation period (post-transplant,
pre-treatment), 26 November 2013, during the wet and dry regime implementation, 3 December 2013,
during sub-lethal dry down, and 16 December 2013, following rewetting (post sub-lethal, pre-lethal).

After all watering was terminated, plants were monitored every three days with date of
photosynthesis cessation recorded to determine the length of survival in days post-watering (DPW).
At the end of the experiment, aboveground and belowground plant material was collected to determine
mWUE in total dry matter produced per liter of water applied for each plant (g DM kg−1 H2O).
The average of the four replications per treatment and sampling date was used to represent the iWUE
of each species (n = 32).
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2.1.3. Statistical Analysis

Differences among least squares means were evaluated using the PROC MIXED procedures [21].
Dependent variables were iWUE, mWUE, and survival in DPW. Each dependent variable was analyzed
separately. Fixed effects were species, water treatment, and lifecycle (annual vs. perennial), and
replication was a random effect. Pearson correlation coefficients (PROC CORR) were used in SAS [21]
to test relationships between iWUE, temperature, humidity, and PAR during leaf gas exchange
measurements. PROC MIXED procedures were used to run analysis of covariance in SAS [21] for
mass as a covariate with iWUE. All results were evaluated for significance at p < 0.05 and checked
for normality.

2.2. Field Experiment

2.2.1. Site Description

The second experiment was conducted at Highland Rim AgResearch and Education Center
(HRREC) in Springfield, TN (36◦28′ N, 86◦49′ W, 203 m elevation), and at Ames Plantation AgResearch
and Education Center (APREC) in Grand Junction, TN (35◦8′ N, 89◦12′ W, 174 m elevation), during
growing seasons of 2014–2016. Treatments (species) were assigned to paddocks with an area of 1.2 ha
(experimental units) under a completely randomized design with three replications. At HRREC,
treatments consisted of four species: switchgrass, crabgrass, and a mixed pasture of big bluestem
and indiangrass, totaling 9 paddocks. At APREC, treatments consisted of six species: switchgrass,
crabgrass, bermudagrass, eastern gamagrass, and a mixed pasture of big bluestem and indiangrass,
totaling 15 paddocks. Crabgrass was selected as the annual comparison.

At both locations, experimental units were continuously grazed by weaned heifers from 16 May
to 6 August 2014, 15 May to 17 August 2015, and 12 May to 1 September 2016 at HRREC, and 13 May
to 6 August 2014, 8 May to 17 August 2015, and 6 May to 16 August 2016 at APREC. Crabgrass at
both sites was offset by 30 days to allow for establishment of the annual forage crop. Stocking rate
was adjusted as needed to keep forage at a manageable height and allow adequate animal intake.
Target heights were 60–76 cm (switchgrass), 40–46 cm (big bluestem and indiangrass blend), 45–60 cm
(eastern gamagrass), and 7–20 cm (bermudagrass and crabgrass). These forage heights were selected
to balance pasture and animal productivity with stand persistence [8,22,23]. Target heights differed
between grass species, owing to differences in plant morphology and grow point heights.

Bermudagrass paddocks were established in 2013 at a seeding rate of 11 kg pure live seed (PLS)
ha−1 at both APREC and HRREC; however, following high seedling mortality resulting from an
abnormally cold winter, bermudagrass was replanted at HRREC on 13 May 2014. Native perennial
paddocks were established for a previous experiment in spring 2008 and 2009. Switchgrass and the
indiangrass-big bluestem blend were seeded with a no-till drill at the following rates: indiangrass
4 kg PLS ha−1, big bluestem 7 kg PLS ha−1, and switchgrass 7 kg PLS ha−1. Eastern gamagrass was
planted with a corn planter at 13 kg PLS ha−1. Crabgrass was seeded at 7 kg PLS ha−1 on the following
dates: 8 May (HRREC) and 21 April (APREC) in 2014, 8 May (HRREC) and 6 May (APREC) in 2015,
and 20 April (HRREC) and 8 May (APREC) in 2016.

The most prominent soil type in paddocks at HRREC was a Sango silt loam (coarse-silty, siliceous,
semiactive, thermic Glossic Fragiudults), a moderately well-drained soil formed in residuum weathered
from cherty limestone, pH = 6.6 [18]. The most prominent soil type in paddocks at APREC was a
Memphis silt loam (fine-silty, mixed, active, thermic Typic Hapludalfs), a well-drained soil formed in
loess deposits, pH = 6.6 [18].

2.2.2. Measurements

At both sites, iWUE was recorded approximately every 28 days. Measurements of iWUE were
collected on four occasions per year at HRREC (28 May, 25–26 June, 23–24 July, and 29–30 August in
2014, 2–3 June, 29–30 June, 27–29 July, and 22–23 August in 2015, and 14–15 May, 11–12 June, 10–11 July,
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and 13–14 August in 2016) and at APREC (4–6 June, 8–10 July, 4–6 August, and 5–7 September in 2014,
25–27 May, 23–25 June, 22–23 July, and 13–16 August in 2015, and 16–18 May, 26–28 June, 30–31 July,
and 27–28 August in 2016) (Figure 1).
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Figure 1. Mean instantaneous water-use (iWUE) per experimental unit (paddock) by species and
sampling cycle at Highland Rim AgResearch and Education Center, Springfield, TN, and Ames
Plantation AgResearch and Education Center, Grand Junction, TN, 2014–2016.

Three iWUE samples were taken from each of three randomly placed exclusion cages per paddock.
Cages protected leaves from defoliation by cattle and were randomly moved to new locations within the
paddock two weeks before each sampling date to ensure that the forage measured had been exposed to
grazing but also had two weeks to regrow after grazing. Moving the cages also prevented sampling the
same plant twice, as well as allowed for sampling of non-damaged, fully emerged sampling for iWUE.

In April 2015, Watermark 200SS soil moisture sensors (The Irrometer Company, INC. Riverside,
CA, USA) were placed at both HRREC and APREC in each paddock to take observations of soil tension
throughout the experiment. Within each paddock, one sensor was placed at each of two soil depths,
0–20 cm and 20–40 cm, and at mid-slope positions. Readings of soil water tension (ranging from 0
to 239 kPa, with zero being fully saturated) were collected from each sensor concurrent with iWUE
sampling. Prior to installation, all sensors were calibrated to read 0 kPa at 100% saturation.

Gas exchange measurements were taken with the LI-6400 XT Portable Photosynthesis System
(Li-Cor, INC. Lincoln, NE, USA). Leaf readings were taken from the most recently emerged, non-injured,
fully expanded, photosynthetically active central leaf of the plant between 10:00 and 15:00 h.
CO2 (400 µmol CO2 mol air−1) and irradiance (1500 µmol m−2 s−1) were kept constant within
the leaf chamber for all measurements. Appropriate PAR levels were established using data from light
curves developed during the greenhouse experiment for each native species, with 1500 µmol m−2 s−1

being the average light saturation point and the light level used in the gas exchange chamber during
sampling. Leaf temperature in the chamber was set based on the ambient temperatures at the start
of each sampling day and kept constant until the end of daily sampling. Over the whole study, leaf
temperature ranged between 17.6 and 39.1 ◦C. Leaf area was recorded for each data point.

Gas exchange measurements were used to calculate iWUE. Measurements per species were taken
in random order (within replicates) and replicate order was also randomized on each sampling date to
account for diurnal fluctuations.

2.2.3. Statistical Analysis

Differences among least squares means were evaluated using the PROC MIXED procedures,
adjusted for Tukey’s method for least square means separation of SAS [21]. The dependent variables
were mWUE and iWUE. Fixed effect was species. Random effects were year, location, date, and replicates.
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Residuals were checked for normality and interactions between year x species were not significant
for all dependent variables, therefore data were analyzed across years. The PROC MIXED procedure
was also used to run analysis of covariance in SAS [21], with soil moisture as a covariate for iWUE.
All results were evaluated for significance at p < 0.05.

3. Results

3.1. Greenhouse Experiment

3.1.1. Water-Use Efficiency

iWUE differed (p < 0.05) by species, but there was no water treatment effect or species by
water treatment interaction for iWUE (Table 1). Instantaneous WUE was significantly different when
compared by species (p < 0.05). Therefore, iWUE by species did not change when subjected to the
stressed and well-watered treatments. The three annual species did not differ, nor did they from
switchgrass and eastern gamagrass (p ≥ 0.05). Likewise, iWUE was not different among perennials.
Sorghum-sudangrass (47.2 µmol CO2 mol H2O−1) and pearl millet (46.0 µmol CO2 mol H2O−1) had
greater iWUE values than indiangrass (28.1 µmol CO2 mol H2O−1), big bluestem (27.5 µmol CO2

mol H2O−1), bermudagrass (20.3 µmol CO2 mol H2O−1), and tall fescue (15.2 µmol CO2 mol H2O−1).
Crabgrass, switchgrass, and eastern gamagrass were not different than any of the species evaluated.

Table 1. Least square means of iWUE (µmol CO2 mol H2O−1) by species in the greenhouse experiment
across four sampling dates, for both dry and wet treatments, University of Tennessee, Knoxville, TN,
2013 (n = 32).

Species Mean Minimum Maximum Standard Deviation

Sorghum-sudangrass 47.2 a† 31.9 64.9 11.5
Pearl millet 46.0 a 25.0 54.2 9.1
Crabgrass 39.8 ab 26.7 49.0 6.7

Switchgrass 35.2 ab 21.0 52.1 8.2
Eastern gamagrass 34.8 ab 31.2 39.2 2.4

Indiangrass 28.1 b 21.0 36.0 4.9
Big bluestem 27.5 b 21.5 37.4 4.6

Bermudagrass 20.3 b 6.56 36.3 9.9
Tall fescue 15.2 b 10.0 24.6 4.6

† Means within a column without a common superscript letter differ (p < 0.05).

Species and water treatment interacted to affect mWUE (Table 2). During the dry treatment,
bermudagrass (25.9 g DM kg−1 H2O) accumulated greater mWUE than tall fescue (16.8 g DM kg−1 H2O),
crabgrass (14.9 g DM kg−1 H2O), big bluestem (12.3 g DM kg−1 H2O), and eastern gamagrass (11.8 g
DM kg−1 H2O), but was not greater than switchgrass, sorghum-sudangrass, pearl millet, or indiangrass
(p > 0.05). Results of the wet treatment indicate that among perennials, only bermudagrass (14.9 g DM
kg−1 H2O) and big bluestem (4.4 g DM kg−1 H2O) differed. Sorghum-sudangrass (23.9 g DM kg−1

H2O) had greater mWUE than bermudagrass, crabgrass (8.2 g DM kg−1 H2O), switchgrass (7.9 g DM
kg−1 H2O), tall fescue (7.7 g DM kg−1 H2O), eastern gamagrass (7.5 g DM kg−1 H2O), indiangrass
(6.7 g DM kg−1 H2O), and big bluestem. Pearl millet (17.0 g DM kg−1 H2O) had greater mWUE than
crabgrass, switchgrass, tall fescue, eastern gamagrass, indiangrass, and big bluestem. Bermudagrass
had greater mWUE than big bluestem.
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Table 2. Least square means mWUE (g DM kg−1 H2O) of each species averaged across four sampling
dates, University of Tennessee, Knoxville, TN greenhouse, 2013. Species differed between dry
(60% water-holding capacity) and wet (90% water-holding capacity) treatments (p < 0.0001). Values are
comparable for both the dry and wet treatments by column (n = 16 per species).

Treatment Species Mean Minimum Maximum Standard Deviation

Dry regime

Bermudagrass 25.9 a† 18.2 32.7 5.2
Switchgrass 22.7 ab 16.4 32.7 6.1

Sorghum-sudangrass 21.5 ab 17.5 26.7 4.1
Pearl millet 18.4 abc 16.0 20.9 1.9
Indiangrass 16.8 abc 12.7 23.6 4.1
Tall fescue 16.8 bc 9.1 21.8 4.9
Crabgrass 14.9 bc 13.1 16.0 1.1

Big bluestem 12.3 bc 9.1 14.5 2.4
Eastern gamagrass 11.8 bc 7.3 16.4 3.3

Wet regime

Sorghum-sudangrass 23.9 a 11.4 36.8 12.4
Pearl millet 17.0 ab 15.1 20.8 2.3

Bermudagrass 14.9 bc 8.9 16.9 1.1
Crabgrass 8.2 cd 7.3 10.0 1.1

Switchgrass 7.9 cd 4.8 12.1 2.9
Tall fescue 7.7 cd 5.6 8.9 1.2

Eastern gamagrass 7.5 cd 3.2 16.9 5.5
Indiangrass 6.7 cd 3.2 10.5 2.8

Big bluestem 4.4 d 3.2 6.5 1.3

†Means without a common superscript letter within dry treatment and the wet treatment differ (p < 0.05).

3.1.2. Survival Length

Species affected (p < 0.05) survival length but water treatments did not (Table 3). Average
survival length for all species ranged from 12 to 57 DPW. Eastern gamagrass (45.8 DPW), big bluestem
(40.8 DPW), and indiangrass (39.6 DPW) survived longer than the remaining species, while switchgrass
(29.8 DPW) survived longer than tall fescue (21.5 DPW), pearl millet (19.3 DPW), sorghum-sudangrass
(18.1 DPW), bermudagrass (17.3 DPW), and crabgrass (15.8 DPW). There were no survival differences
among annuals.

Table 3. Least square means for length of survival (days post-watering) by species in greenhouse
experiment, University of Tennessee, Knoxville, TN, 2013.

Species Mean Minimum Maximum Standard Deviation

Eastern gamagrass 45.8 a† 34 57 7.5
Big bluestem 40.8 a 29 47 5.8
Indiangrass 39.6 a 29 50 7.7
Switchgrass 29.8 b 22 39 6.3
Tall fescue 21.5 c 20 22 0.9
Pearl millet 19.3 c 18 22 1.5

Sorghum-sudangrass 18.1 c 12 22 2.9
Bermudagrass 17.3 c 15 18 1.3

Crabgrass 15.8 c 15 18 1.3
† Means within a column without a common superscript letter differ (p < 0.05).
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3.1.3. Correlations

Correlations of iWUE, dry or wet treatment, total mass, and length of survival were evaluated.
Results indicated that total mass was positively correlated to iWUE (0.61) and negatively correlated to
length of survival for all species (−0.56). Mass was then used as a covariate to iWUE, but despite a
moderately strong relationship (R2 = 0.66), it was not significant for any species tested (p = 0.49).

3.2. Field Experiment

3.2.1. Weather

From May through September in 2014, precipitation at HRREC was 23% lower than average
(525 mm) and precipitation at APREC was 46% greater than average (561 mm). In 2015, from May
through September, precipitation at HRREC was 13% lower than average and at APREC, was 8%
greater than average. In 2016, from May through September, precipitation at HRREC was 40% greater
than average and at APREC, was 22% lower than average (Figure 2). Temperatures recorded at HRREC
and APREC were near or somewhat above average during the study. In 2014, temperature from May
through September at HRREC was 0.5 ◦C greater than average (22.9 ◦C), 0.9 ◦C greater than average
in 2015, and 1.5 ◦C greater than average in 2016. In 2014, temperature from May through September
at APREC was 0.2 ◦C lower than average (23.9 ◦C), 0.6 ◦C greater than average in 2015, and 1.42 ◦C
greater than average in 2016.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 14 
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3.2.2. Water Use Efficiency

Across both locations (as locations did not differ), differences (p < 0.05) were observed among
species (Table 4). Switchgrass, crabgrass, eastern gamagrass, and bermudagrass performed similarly
(µ > 70.0 µmol CO2 mol H2O−1). Eastern gamagrass, bermudagrass, and indiangrass did not differ
(µ > 65.0µmol CO2 mol H2O−1), neither did bermudagrass, indiangrass, or big bluestem (µ > 63.0 µmol
CO2 mol H2O−1) (Table 4).

Table 4. Least square means of iWUE (µmol CO2 mol H2O−1) by species during field experiment
conducted at Highland Rim AgResearch and Education Center, Springfield, TN and Ames Plantation
AgResearch and Education Center, Grand Junction, TN, across years (2014–2016) and locations.

Species Mean Minimum Maximum Standard Deviation

Switchgrass (n = 24) 74.5 a† 37.3 169.1 4.4
Crabgrass (n = 21) 74.1 a 44.0 148.8 4.6

Eastern gamagrass (n = 12) 74.4 ab 40.1 167.5 5.3
Bermudagrass (n = 11) 70.8 abc 21.2 84.6 5.2

Indiangrass (n = 24) 65.1 bc 29.7 104.8 4.4
Big bluestem (n = 24) 63.9 c 32.1 152.1 4.4

† Means within a column without a common superscript letter differ (p < 0.05).

3.2.3. Soil Moisture

Throughout the experiment, soil moisture ranged from fully saturated to near the permanent
wilting point (~200 kPa). However, plants did not exhibit drought symptoms, such as wilting or
premature senescence (Table 5). On average, soil moisture was greater at the 20 cm depth (µ = 62.50 kPa)
than at the 40 cm depth (µ = 82.15 kPa). Analysis of covariance did not indicate a consistent relationship
between soil tension and iWUE among species.

Table 5. Soil tension (kPa) at two depths (20 and 40 cm) for experimental paddocks by species, 2015–2016
at Highland Rim AgResearch and Education Center, Springfield, TN, and Ames Plantation AgResearch
and Education Center, Grand Junction, TN, across years and locations. Number of observations per
species is represented by n.

Depth Crabgrass Switchgrass Bermudagrass Eastern
Gamagrass

Big
Bluestem-Indiangrass

(n = 48) (n = 48) (n = 24) (n = 24) (n = 48)

20 cm 60.1 67.6 64.9 60.5 61.7
40 cm 68.2 97.7 67.3 90.9 86.5

4. Discussion

4.1. Greenhouse Experiment

4.1.1. Water-Use Efficiency

Plants tested in the greenhouse experiment were seedlings as opposed to the fully mature plants
in the field experiment. All plants were planted and transplanted on the same dates. However,
the annual plants grew leaf and root tissue more quickly than perennials. This was expected due to the
physiological differences between annuals and perennials and the completion of their lifecycles [24].
Therefore, we evaluated water treatment separately for annuals and perennials. Initial statistical
analysis revealed that lifecycle was not significant for iWUE, mWUE, or survival length, and therefore,
was omitted from the final statistical analysis.

During the greenhouse experiment, PAR did not reach a level that would allow any of the plant
species to reach their light saturation points. This was because light from the source to the leaf canopy
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in the greenhouse during late fall–early winter dissipated rapidly. During greenhouse measurements,
PAR ranged from 190.0 to 260.0 µmol m−2 s−1, while most species had a light saturation point around
1500 µmol m−2 s−1. Mitchell et al. [22] documented reduced photosynthetic rates for switchgrass under
cool temperatures and low light intensities in a controlled greenhouse environment, such as ours.
Light in the greenhouse was a limiting factor for iWUE across all species. However, matching PAR
in the gas exchange readings to the ambient levels of the greenhouse was representative of regional
growing conditions.

Species varied for each variable tested, while water treatment (dry vs. wet) was only significant for
mWUE (Table 2). These results suggest that the dry treatment did not impact the carbon assimilation
rates of the species tested or their lengths of survival after termination of watering (Table 3). Anyia and
Herzog [12] conducted an imposed drought study under greenhouse conditions which had variable
results for different varieties of cowpea, some of which increased iWUE while some showed no change
in iWUE under severe drought stress. It is possible that species evaluated in the greenhouse truly
do not differ in iWUE under drought stress, or it could be that the drought imposed was not severe
enough to trigger a significant response. Byrd and May encountered similar results when imposing
drought on switchgrass in a greenhouse setting and measuring transpiration efficiency [19].

Imposed drought did impact mWUE, with greater g DM kg−1 H2O being obtained under drought
conditions for all species, except for sorghum-sudangrass (21.5 g DM kg−1 H2O in the dry treatment and
23.9 g DM kg−1 H2O in the wet treatment) (Table 2). Similar responses were observed by Ghannoum
et al. [11] on Australian C4 grasses in an imposed drought greenhouse study.

Survival length was more favorable to the native warm-season perennial grasses, eastern
gamagrass, big bluestem, indiangrass, and switchgrass than to the annuals or the introduced perennials.
The more prevalent natural wax coating on the leaves of these species likely gave them an advantage
compared to the annuals and bermudagrass. Tall fescue, which also has a waxy cuticle, was not
as persistent as the native warm-season perennials but was similar to the warm-season annuals
and bermudagrass.

Tall fescue performed fairly well compared to the other species and variables evaluated in the
greenhouse. Tall fescue is more drought-tolerant than other C3 grasses, which continues to lend it favor
with livestock producers throughout the southeastern United States, despite the negative impacts of
the fescue endophyte which can lead to vascular constriction in grazing animals that present symptoms
including reproductive failure, difficulty regulating body heat, reduced appetite, and, in severe cases,
the loss of hooves or tails [25]. The warm-season forages included in this study do not have endophyte
issues and are often recommended to help mitigate the negative impacts of fescue endophyte along
with drought conditions [25].

Correlations between variables suggest that as DM increases, plant iWUE increases. In addition,
correlations from the greenhouse experiment suggest that as total DM accumulation increases, length
of survival post-watering decreases. This corresponds with the theory that leaf expansion is highly
sensitive to drought [26]. It has been repeatedly observed that when plants are under drought stress,
leaves will have decreased surface areas compared to those produced when water is adequately
available [12,14,26,27]. Producing leaves with smaller areas and less mass will reduce transpiration
loss and thereby increase survival length during drought.

4.1.2. Summary

Throughout the greenhouse study, annuals were evaluated for logical inclusion in the field study.
While there were no differences between sorghum-sudangrass, pearl millet, and crabgrass for iWUE or
DPW, crabgrass only differed from the native warm-season perennials for mWUE in the wet treatment.
Due to the commonalities observed between crabgrass and the native warm-season perennials and a
need for additional field tests of grazed crabgrass in the region, crabgrass was selected to be included
in the field experiment. Although, all three warm-season annuals studied have potential for success
mitigating drought on grazing lands in the southeastern United States.
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4.2. Field Experiment

4.2.1. Weather

Temperature and precipitation throughout the three years of field study were not conducive
with drought conditions (Figure 2). Temperatures were similar to the 30-year average. Although
precipitation varied between years and locations, soil moisture remained adequate for growth through
all three summers.

4.2.2. Water-Use Efficiency

Dates of sampling cycles varied between locations and among years (Figure 1). Given that these
plants reach peak productivity mid-summer [28], the date at which sampling occurred in relationship
to peak growth was not consistent among years, which would create variation in iWUE [29]. Also,
total precipitation per growing season was not consistent, which would have created a wider spread of
iWUE values observed [30]. However, this variation did not result in differences with respect to year,
location, or sampling cycle for species or interactions, hence year was evaluated as a random effect
throughout the experiment.

The iWUE values observed in this experiment were similar to those reported for warm-season
grasses [13,17,29,31–33]. Switchgrass and crabgrass performed similarly and yielded greater iWUE
values than indiangrass and big bluestem (p ≤ 0.05). Bermudagrass iWUE was similar to all species
tested (Table 4). These iWUE values for native species ordinated nearly the same in the field experiment
as those observed in the greenhouse experiment, with the exception of bermudagrass (Table 1),
suggesting that these may reflect real trends in iWUE.

Higher ratios of photosynthetic rate to transpiration rates were observed in the field at higher
temperature and PAR, which is justified by the species light saturation points. The light saturation
point is the point at which photosynthetic rate is maximized by PAR [34]. Although PAR can increase
additionally, photosynthesis will not. Temperature is directly related to photosynthetic rate and
therefore impacts WUE [35]. For C4 plants, if moisture is not limiting, peak photosynthesis occurs
near 34 ◦C [28], which leads us to believe that peak photosynthesis could have been inhibited early in
the growing season and in the greenhouse by temperature and PAR. Beale et al. [17] observed similar
patterns of limited growth due to light levels and temperatures when testing C4 perennial grasses in
the field in a temperate environment.

4.2.3. Soil Moisture

Precipitation at HRREC was slightly below average in 2014 and 2015 (Figure 2). Average soil water
tension was less than 100 kPa at both locations and both soil depths (Table 5), confirming that moisture
conditions were adequate for plant growth as deep as 40 cm throughout the growing seasons [36].
Gas exchange is reduced by plant-available water when drought ensues, although leaf expansion is
more sensitive to drought and is visually noticeable [26]. Signs of plant stress indicating drought were
not observed during any of the sampling dates. Had drought occurred in the years of study, there could
have been additional iWUE differences among species, such as was observed by Hussain et al. [14] in
managed grasslands in Germany and by Jongen et al. [15] on a Mediterranean grassland in Portugal.

4.2.4. Summary

The individual observations of iWUE from this study provided readings of what is physiologically
occurring on one leaf of the plant at that moment, which can easily be influenced by small changes in
the plant or environment, such as energy partitioning or soil moisture, that cannot be controlled within
the leaf chamber of the infrared gas analyzer [30]. Therefore, additional investigations are needed in
subsequent years during persistent drought conditions to gain an understanding of these interactions
and how they influence iWUE. While iWUE is not a practical means of measuring drought tolerance or
resilience by grazing managers in a typical farm or ranch setting, a dynamic dataset of iWUE values
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under various conditions could help farmers and ranchers make better decisions about what types of
forages can improve grazing conditions during times of drought and heat stress. Though the moisture
conditions during the years of this study were not considered droughty, there were still differences in
WUE of the forages studied during 2014–2016 that could be helpful for future on-farm research.

5. Conclusions

Integration of perennial and annual warm-season grasses is of interest to beef cattle producers.
Due to a lack of localized research on drought tolerance of many forages, this experiment tested
multiple species in both a controlled greenhouse and a grazing field experiment. Data collected
in the greenhouse confirmed that mWUE was enhanced by drought in all species tested. Overall
results of the in-field grazing experiment were comparable to those of the greenhouse experiment.
Switchgrass and crabgrass had the greatest iWUE compared to indiangrass and big bluestem. Eastern
gamagrass and bermudagrass were intermediate among species tested. Results continue to support
that native grasses have greater WUEs than cool-season grasses, which are commonly used in humid
pastures of the southeastern United States. Based on these results, switchgrass and crabgrass are more
efficient carbon assimilators than indiangrass and big bluestem. Further evaluation of these species
should be conducted across a broader range of moisture conditions to detect differences between
species during documented drought. In addition, dry matter production, leaf area, and whole canopy
responses to drought are necessary for drawing field-landscape conclusions. Overall, results indicate
that native warm-season grasses, bermudagrass, and crabgrass are complementary summer forages to
help mitigate drought in pastures in the southeastern United States.
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