IRRIGATION AND NITROGEN IMPACT ON
BERMUDAGRASS YIELD RESPONSE
IN THE SOUTHEASTERN COASTAL PLAIN
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ABSTRACT. In the southeastern region of the U.S., the cattle industry has a critical need for sustainable hay production.
Yet this production is threatened by frequent short-term regional drought. This drought threat can be mitigated by properly
managed irrigation. In this study on Tifton 85 bermudagrass, irrigation management, nitrogen fertility levels, and harvest
interval were evaluated for their impact on hay quality and yield. The experimental treatments were arrayed in a split-plot
design with harvest interval as the main treatment,; irrigation by nitrogen (N) levels were the subplots. Treatments had
four replicates and were repeated for two years. The optimal irrigation rate was set to maintain soil water potentials be-
low -30 kPa. When needed, the full irrigation treatment received a 12.5 mm irrigation application. The reduced irrigation
treatments received water at rates of 0%, 33%, and 66% of the full irrigation rate. In addition, each irrigation treatment
had nitrogen rates of 168, 336, and 504 kg N ha''. The irrigation and nitrogen treatments were harvested at four-week or
eight-week intervals. Total harvests per year ranged from three to six. Over both years and for all harvests, there was no
irrigation-nitrogen interaction for hay yield. Over all harvests, nitrogen significantly increased bermudagrass hay yield,
nutrient concentrations, and forage quality. Forage quality was higher for the four-week harvest interval. Throughout the
study, forage quality was maintained within desired industry standards. When irrigation was required, it significantly in-
creased hay yield. During these periods, the four-week and eight-week 100% irrigation treatments yielded 612 and 1600
kg ha' greater, respectively, than the non-irrigated treatments. The four-week harvest interval was more sensitive to irri-
gation. Additionally, we observed a linear relationship between non-irrigated bermudagrass hay yields and average soil
water potential. As soil water was depleted, non-irrigated hay yields decreased 31 kg ha' per kPa. Timely supplemental
irrigation to maintain soil water potentials above -30 kPa can increase bermudagrass yields. Thus, irrigation manage-
ment should be critically assessed for its potential role in sustaining hay production in the southeastern Coastal Plain.
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n almost all southeastern U.S. states, cattle production
ranks in the top ten leading commodities by cash re-
ceipts (USDA-ERS, 2011). This cattle production is
vital to the regional economy. In this region, the cattle
production industry has a critical need for sustainable hay
production. Bermudagrass has become a major crop for
forage and hay production crop in the southeastern U.S.
(Muir et al., 2010; Alderman et al., 2011). However, hay
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production has been impacted by frequent short-term re-
gional drought. This drought threat can potentially be miti-
gated by properly managed irrigation.

Bermudagrass is a drought-tolerant forage widely grown
in the southeastern U.S. (Burton et al., 1957). In a three-
year study, Burton et al. (1987) found that Coastal bermu-
dagrass irrigation increased yields in only two of 23 cut-
tings. However, in their study, growing season rainfall
ranged from 77% to 92% of the long-term average. In Ala-
bama, Doss et al. (1962) found that maintaining adequate
water in the soil profile increased Coastal bermudagrass
production. In all three years of their study, they observed
increasing yields with increasing available soil water. Ash-
ley et al. (1965) reported a small increase in Coastal ber-
mudagrass forage yield with irrigation, but only at high N
levels. They also reported increased forage yields with irri-
gation particularly during low rainfall periods. In the Texas
High Plains, Marsalis et al. (2007) investigated irrigated
bermudagrass as an alternative to cotton production due to
decreasing groundwater levels and water availability in the
region. In a two-year study, they observed excellent Tifton
85 forage yields when irrigation was limited to approxi-
mately 300 mm year” and observed rainfall was approxi-
mately 190 mm year™.
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Much of the recent research on irrigated bermudagrass
hay production has been in association with land applica-
tion of wastewater. Most of these research findings focused
on bermudagrass nutrient utilization rather than irrigation
(Burns et al., 1985; Westerman et al., 1985). Using subsur-
face drip irrigation for effluent application, Stone et al.
(2008) reported a significant increase in bermudagrass hay
yields with increased nitrogen rates, but no corresponding
significant increase in yields with irrigation. In Brazil, da
Fonseca et al. (2007) reported that supplemental irrigation
with secondary-treated wastewater could significantly in-
crease bermudagrass hay production. However, their yield
responses were dependent on the growing season rainfall
intensities.

Most previous research on bermudagrass water use re-
ported that periods of low rainfall or drought can impact
production. Stone et al. (2010) reported that climate change
and weather extremes were impacting water resources
availability in the U.S. and throughout the world. Weather
extremes (droughts and flooding) have been occurring with
a higher frequency in the central U.S., with a higher per-
centage of extreme events occurring in the western U.S.
and to some extent the eastern U.S. These weather ex-
tremes, particularly short-term droughts, have the potential
to impact bermudagrass hay production. The expectation of
more frequent drought periods provides an incentive to in-
vestigate irrigation responses for stable bermudagrass hay
production. Additionally, most of the previous research on
bermudagrass irrigation was conducted with older cultivars
that yielded about 75% of the current cultivars (Burton et
al., 1993). Increased forage production with the newer cul-
tivars suggests that reaching the genetic potential for yield
may require more aggressive management. The objective of
this research is to determine the impact of irrigation, nitro-
gen, and harvest interval on Tifton 85 bermudagrass hay
yield and forage quality.

MATERIALS AND METHODS

In the spring of 2007, Tifton 85 bermudagrass was
sprigged under a 6 ha site-specific center-pivot irrigation
system on a relatively uniform Norfolk loamy sand (Typic
Kandiudult) near Florence, South Carolina. In 2008 and
2009, an experiment was conducted to determine the im-
pact of irrigation and nitrogen on bermudagrass hay yield
and forage quality. Irrigation rate, nitrogen rate, and harvest
intervals were evaluated. There were four irrigation treat-
ments (0%, 33%, 66%, and 100% irrigation). For each irri-
gation, the 100% irrigation treatment received a 12.5 mm
application. The other irrigation treatments received a pro-
portional application depth. In addition, each irrigation
treatment had nitrogen treatments of 168, 336, and 504 kg
N ha™. The irrigation and nitrogen treatments were harvest-
ed at four- or eight-week intervals. The experimental design
was a split-plot with harvest interval as main plots and the
irrigation by N levels as subplots. The plot size was 20 m
wide x 20 m long with four replicates (96 total plots). All
treatments remained in the same plots for both years.
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IRRIGATION SYSTEM

The center-pivot irrigation system had been modified in
1995 to permit variable applications to individual areas as
small as 9.1 x 9.1 m. The center-pivot radial length was di-
vided into 13 segments, each 9.1 m in length. In this study,
we combined two adjacent segments to obtain an approxi-
mately 20 m wide plot. Variable-rate water applications
were accomplished by using three manifolds in each seg-
ment, each with nozzles sized to deliver 1x, 2%, or 4x of a
base application depth at their location along the center-
pivot radius. The 12.7 mm irrigation rate we used was
achieved when the outer tower was operated at 50% duty
cycle. A more detailed description of the water delivery
system may be found in Omary et al. (1997) and of the con-
trol system in Camp et al. (1998).

FERTILIZER APPLICATIONS

All nitrogen fertilizer was applied via fertigation through
the center-pivot system in three annual split applications. In
the spring, one-third of the total N per year for each treat-
ment was applied at green-up, with the rest being applied in
equal applications after the eight-week harvests. Low, me-
dium, and high rates were 56, 112, and 168 kg N ha™ per
application. Total annual N application rates were 168, 336,
and 504 kg N ha™'. Phosphorus and K were uniformly ap-
plied in granular form across all plots each spring based on
soil testing and recommendations of the Clemson Universi-
ty Extension Agricultural Service Laboratory. Fertilizer ap-
plied was 56 kg ha™ P,Os and 112 kg ha™ K,O in 2008, and
56 kg ha™' P,0s and 168 kg ha™ K,0 in 2009.

Variable nitrogen fertilizer rates were applied using the
center-pivot irrigation system and injecting UAN 30 into
the incoming water stream at the base of the J tube. The
UAN injection rate was varied proportionately based on the
calculated water flow rate entering the pivot to achieve a
constant UAN concentration in the water supplied to the
pivot. This was achieved with a four-head, 24 VDC, varia-
ble-rate injection pump (model 40320, Ozawa R&D, Inc.,
Ontario, Ore.). The pump injection rate was controlled by
varying the pump speed using a 0-5 VDC signal to the
pump controller. The onboard computer controlling the var-
iable-rate center-pivot system calculated the desired injec-
tion rate and the proper control voltage setting, and then set
the appropriate control voltage for the pump controller. The
entire system was run long enough in a non-plot area to
achieve 1.5 complete system exchanges and bring the entire
pivot volume up to the constant concentration being inject-
ed at the beginning of the pivot. The variable N rates on
plots were then achieved by applying different water depths
of this constant UAN concentration. Nitrogen applications
were applied with the minimal water application depths in
order to minimize irrigation water applications to non-
irrigated plots. For this experiment, all nitrogen was deliv-
ered with either 3.6 mm of water at 50% duty cycle or 1.8
mm at 100%. At the end of the nitrogen application, the
system was again run in non-plot area to purge the system
of nitrogen.
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SOIL WATER POTENTIAL MEASUREMENT

Soil water potentials (SWP) were measured in all irriga-
tion treatments and harvest intervals for the high N rate us-
ing tensiometers at two depths (0.30 and 0.60 m). Meas-
urements were recorded at least three times each week. The
Norfolk loamy sand has a water holding capacity of ap-
proximately 2.54 cm in the surface 0.30 m. A SWP value of
-30 kPa represents an approximately 50% depletion of the
available water holding capacity. Irrigation was initiated
when SWP at the 0.30 m depth was below -30 kPa in the
100% irrigation plot with high N. When the SWP decreased
below -30 kPa, a 12.5 mm irrigation application was ap-
plied to the 100% irrigation treatments. The other irrigation
treatments received a proportional application (0%, 33%,
and 66% of 12.5 mm). Additionally, if the SWP decreased
below -50 kPa, an additional 12.5 mm irrigation was ap-
plied if the rainfall forecast was less than 50%.

HARVEST

The bermudagrass hay was harvested at four- and eight-
week intervals. In 2008, four-week harvests occurred on 27
May, 24 June, 21 July, 18 August, and 18 September. The
eight-week hay harvests were on 24 June, 18 August, and
14 October. There was not a four-week harvest on 14 Octo-
ber because of a lack of growth in those plots. In 2009, the
four-week hay harvests were on 22 June, 21 July, 17 Au-
gust, 14 September, and 19 October. The 2009 eight-week
harvests were on 22 June, 17 August, and 19 October. In
2009, the four-week bermudagrass treatments were delayed
coming out of dormancy, so we postponed the initial har-
vest until June 2009 (eight weeks for this interval) to allow
the crop to establish. Bermudagrass hay was harvested by
cutting with a 3 m wide rotary mower/conditioner at an ap-
proximately 8 cm height with a single pass thorough the
center of the plots. A length of the windrow 3 m long was
then raked onto a small tarp and weighed using a hanging
scale (HSDC-100 kg, Cardinal Scale Mfg., Webb City,
Mo.). A small subsample was collected for moisture calcu-
lations, C and N analysis, and forage quality testing. The
rest of the plot was then mowed, dried, raked, baled, and
removed from the field. Collected subsamples were
weighed on a scale (model 4040, Mettler Toledo, Colum-
bus, Ohio) before and after drying. Samples were dried in
an electric oven (Blue M model DC-1406E, SPX, Roches-
ter, N.Y.) at 60°C.

FORAGE QUALITY ANALYSIS
After the bermudagrass subsample was dried, it was
ground through a Wiley mill. Total N and carbon were

measured using dry combustion and measurement with a
Leco 2000 CNS analyzer (Leco Corp., St. Joseph, Mich.).
Crude protein (CP) was estimated by multiplying N content
by 6.25. Neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were determined sequentially at the Agricul-
tural Service Laboratory (Clemson University, Clemson,
S.C.). In vitro dry matter digestibility was determined using
a Daisy incubator (ANKOM Technology, Macedon, N.Y.)
as modified by Holden (1999).

STATISTICAL ANALYSES

All data were statistically analyzed in SAS (SAS Insti-
tute, Inc., Cary, N.C.) using a mixed model analysis. Each
harvest in each year and total hay yield for the year were
analyzed separately using the GLIMMIX procedure. Irriga-
tion rate and N level were considered as fixed effects, and
replicates were considered random. Using the ESTIMATE
command in GLIMMIX, linear, quadratic, and deviation
from quadratic effects were tested for irrigation, and linear
and deviation from linear effects were tested for N.

RESULTS
HAY YIELDS

In 2008 and 2009, the mean bermudagrass hay yields for
the rainfed treatments were 9.2 and 14.4 Mg ha™, respec-
tively. Initial analysis indicated that the two years were sig-
nificantly different, so we analyzed years separately. The
differences between the years were mostly attributed to the
differences in rainfall distribution. In 2008 and 2009, the
total rainfall for the growing season was 701 and 522 mm,
respectively. However, the rainfall distribution and irriga-
tion applications were different for each growing season
(table 1). In 2008, the rainfall occurred during the latter part
of the growing season. In 2009, the rainfall occurred during
the first part of the growing season. In August and Septem-
ber 2009, the monthly rainfall was below normal, and irri-
gation was required to meet crop demand. The total water
applied was greater in 2008 than in 2009 due to the poor
early season rainfall. In 2008, the 100% irrigation treatment
received irrigation amounts of 152 mm and 191 mm for the
four- and eight-week harvests, respectively. The corre-
sponding 2009 100% irrigation treatments received 89 and
102 mm of irrigation for the four- and eight-week harvests,
respectively.

IRRIGATION TREATMENTS
Irrigation generally increased bermudagrass hay yields
both annually and across cutting intervals. Irrigation linear-

Table 1. Number of irrigations and rainfall for the 2008 and 2009 bermudagrass hay four- and eight-week harvest intervals over the irrigation

treatments.
Harvest Month 5 Month 6 Month 7 Month 8 Month 9 Month 10 Month Total
Interval No. of Rainfall No. of Rainfall No. of Rainfall No. of Rainfall No. of Rainfall  No. of Rainfall No. of Rainfall
and Year  Irrig.  (mm) Irrig.  (mm) Irrig.  (mm) Irrig.  (mm) Irrig.  (mm) Irrig.  (mm) Irrig.  (mm)
Four-week interval
2008 2lel 83 3 39 2 133 - 165 0 199 0 - 7 619
2009 - - 0 251 0 97 - 63 2 29 5 82 7 522
Eight-week interval
2008 - - 11 122 - - 4 299 - - 0 281 15 701
2009 - - 0 251 - - 1 161 - - 7 111 8 522

[

55(3): 969-978

4 The 100% irrigation treatment received 12.5 mm per irrigation. The other irrigation treatments received a percentage of that amount per irrigation.
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Table 2. Mean 2008 and 2009 bermudagrass hay yields (kg ha™) for the four- and eight-week harvest intervals over the irrigation treatments.

la]

Month
Harvest Interval and Year Irrigation 5 6 7 8 9 10 Total
Four-week interval 2008 0% 1552 664 1455 1904 3063 - 8638

33% 1547 1151 1939 1570 3090 - 9297
66% 1666 1332 2303 1546 3350 - 9893
100% 1733 1450 2160 1352 2966 - 9504
Linear * %k kk k3 ns kk
Quadratic ns * ns ns ns *k
Deviation from quadratic ns ns ns ns ns ns

2009 0% - 6986 3253 2441 733 1514 14927
33% - 6684 3003 2402 886 1734 14708
66% - 6328 2985 2605 812 2101 14831
100% - 7172 3055 2654 947 2293 16121
Linear ns ns ns ns HE ns
Quadratic * ns ns ns ns ns
Deviation from quadratic ns ns ns ns

Eight-week interval 2008 0% - 2889 - 2789 - 4171 9755

33% - 3327 - 3036 - 4062 10426
66% - 3349 - 2749 - 3535 9658
100% - 3869 - 2819 - 3783 10446
Linear * ns ns ns
Quadratic ns ns ns ns
Deviation from quadratic ns ns ns ns

2009 0% - 6000 - 5103 - 2710 13813
33% - 5481 - 5380 - 3248 14109
66% - 6188 - 4543 - 3624 14356
100% - 5439 - 5173 - 4313 14925
Linear ns ns Hok ns
Quadratic ns ns ns ns
Deviation from quadratic * * ns ns

2l % and ** indicate contrast was significant at p < 0.10 and 0.05, respectively; ns indicates no significant difference.

ly increased bermudagrass hay yields in five of ten four-
week harvests and in two of six eight-week harvests. In
2008, the overall yearly four-week harvest hay yields were
significantly linearly correlated with the irrigation treat-
ments (table 2). Likewise, the individual four-week har-
vests were also positively linearly correlated with irrigation
treatment for all harvest except the August 2008 harvest.
The August harvest was negatively correlated to irrigation
treatment. During the growth period for this harvest, no ir-
rigation was applied because of plentiful rainfall. Addition-
ally, the plant nitrogen removed in the hay had a similar
negative trend, possibly indicating that 165 mm of rainfall
during that harvest interval may have leached available N
below the root zone.
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Figure 1. Soil water potentials for the 2008 four-week harvest interval,
30 cm irrigated bermudagrass.
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During the first part of the 2008 growing season, rainfall
totals were below normal, and irrigation was required to
keep soil water levels at an adequate level. This corre-
sponded to the observed low soil water potential values
from May to July (DOY 142 to 191; fig. 1). Both the 30
and 60 cm deep soil water potentials followed the same
trend (60 cm soil water potential; data not shown). During
this time period, the 100% irrigation applications (12.5 mm
per application) were generally not large enough to keep
the 30 cm deep soil water potential less than -30 kPa, but
soil water potential was still greater than -50 kPa and did
not trigger the additional 12.5 mm irrigation.

The overall 2008 eight-week hay yields were not corre-
lated to the irrigation treatments. Only in the first eight-
week harvest in June 2008 did yield significantly increase
with irrigation. Because of sufficient rainfall, the remaining
two eight-week harvests were not correlated to irrigation
treatments.

In 2009, the overall four- and eight-week hay yields
were not correlated to the irrigation treatment. Only the Oc-
tober 2009 four- and eight-week harvests were correlated to
irrigation treatment. The 2009 rainfall distribution was at or
above normal for most of the early growing season. How-
ever in late August and September (DOY 225-272), the
rainfall was well below normal. This low rainfall contribut-
ed to both the low observed soil water potentials (fig. 2)
and the yield response to increasing amounts of irrigation.

Additionally, we plotted yield versus average soil water
potential for the harvest period for both harvest intervals
and each irrigation treatment across both years (figs. 3 and
4). For the four-week harvest interval, the non-irrigated
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Figure 2. Soil water potentials for the 2009 four-week harvest interval,
30 cm irrigated bermudagrass.

soil water potentials were correlated to yield (r* = 0.68; fig.
3), but the irrigated soil water potentials were not (r* =
0.33, 0.31, and 0.44 for the 33%, 66%, and 100% treat-
ments, respectively). The eight-week harvest intervals gen-
erally had slopes similar to the four-week harvest intervals
(fig. 4). The eight-week non-irrigated SWP values were less
correlated (r* = 0.49) than the four-week results. Interest-
ingly, the non-irrigated four- and eight-week harvest inter-
vals had similar slopes (-30.4 and -31.8 kg ha™ kPa™, re-
spectively). The eight-week irrigated SWP values had a
very poor correlation to yield (r* = 0.29, 0.08, and 0.01 for
the 33%, 66%, and 100% treatments, respectively), yet the
33% and 66% treatments had slopes similar to the four-
week harvest interval. The poor correlations were also ex-
pected because the range of SWP values was much smaller
and corresponded to the increasing irrigation application
depth treatments.
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Figure 3. Bermudagrass hay yields as influenced by soil water potential for the four-week harvest intervals.
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Figure 4. Bermudagrass hay yields as influenced by soil water potentials for the eight-week harvest intervals.
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Table 3. Water use efficiency and irrigated water use efficiency for the 2008 and 2009 bermudagrass hay for the four- and eight-week harvest in-

tervals over the irrigation treatments.'!

Harvest Water Use Efficiency (kg ha! mm™) by Month Irrigated Water Use Efficiency (kg ha” mm™) by Month
and Year Irrigation 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total
Four-week interval
2008 0% 187 172 1019 115 154 - 14.0 - - - - - - -
33% 170 18.0 12.9 9.5 15.6 - 13.9 -0.6 19.5 28.5 - - - 13.2
66% 16.7  15.0 13.8 9.4 16.9 - 13.8 6.7 134 249 - - - 124
100% 16.0  12.6 11.7 8.2 14.9 - 12.3 7.2 10.3 13.8 - - - 5.7
2009 0% - 279 334 385 254 184 286 - - - - - - -
33% - 267 308 379 238 168 267 - - - - 19.1 105 -7.6
66% - 253 306 41.1 178 169 255 - - - - 46 140 -l1.6
100% - 28.6 314 419 174 157 264 - - - - 86 122 134
Eight-week interval
2008 0% - 23.8 - 9.3 - 149 139 - - - - - -
33% - 19.9 - 9.6 - 145 137 - 9.5 - 14.5 - - 10.7
66% - 15.7 - 8.3 - 126 117 - 5.0 - -1.2 - - -0.8
100% - 14.8 - 8.1 - 13.5 11.7 - 7.0 - 0.6 - - 3.6
2009 0% - 24.0 - 31.7 - 244 264 - - - - - - -
33% - 21.9 - 32.6 - 231 254 - - - 69.3 - 186 87
66% - 24.7 - 26.9 - 213 244 - - - -70.0 - 15.5 8.1
100% - 21.7 - 29.8 - 21.6 239 - - - 5.4 - 18.0 109

[

We also calculated the overall water use efficiency
(WUE) of the bermudagrass hay crop (table 3). The overall
annual four-week harvest interval WUE ranged from 12.3
to 28.6 kg ha' mm™', while the eight-week WUE values
ranged from 11.7 to 26.4 kg ha’ mm™. The WUE values
were greater in 2009 than in 2008 because of higher 2009
yields. Our WUE values were similar to those reported by
Garcia et al. (2008) of 12 to 24 kg ha mm™. Additionally,
for those harvest intervals that had irrigation applied, we
calculated the irrigated water use efficiency (IWUE). The
IWUE was calculated by subtracting the non-irrigated yield
from the irrigated hay yield and dividing by the irrigation
water applied. The annual IWUE for the four-week harvest
interval ranged from -7.6 to 13.4 kg ha mm™, and the an-
nual IWUE for the eight-week harvest interval ranged from
-0.8 to 10.9 kg ha” mm™. Negative IWUE values occurred
during harvest intervals when little irrigation was applied
and rainfall would have been sufficient. In the harvest in-

Table 4. Mean 2008 and 2009 bermudagrass hay yields (kg ha™) for the four- and eight-week harvest interval over the nitrogen treatments.

3l Trrigated water use efficiency was only calculated for those periods when irrigation was applied.

tervals that had a significant increase in yield with irriga-
tion, the IWUE values for the four-week 100% irrigation
treatments ranged from 7.2 to 13.8 kg ha’ mm™, and the
IWUE values for the eight-week 100% irrigation treatments
were 7.0 and 18 kg ha™ mm™.

NITROGEN RATES

For both years and over both harvest intervals, the annu-
al hay yields had a significant linear correlation to increas-
ing N rate (table 4). Additionally, the 2008 four-week and
2009 eight-week harvest interval hay yields had significant
deviation from the linear trend for increasing N rate. The
correlation between increased N rate and yields has been
observed in other studies (Burns et al., 1985; Mandebvu et
al., 1999; Adeli et al., 2005; da Fonseca et al., 2007; Garcia
et al., 2008; Alderman et al., 2011). For the individual four-
and eight-week harvest intervals, all had linearly correlated
yield increases with increasing N rates. Only the four-week

la]

Nitrogen Applied Month
Harvest Interval and Year (kg N ha™) 5 6 7 8 9 10 Total
Four-week interval 2008 Low (168) 1273 673 1245 1421 1989 - 6601
Medium (336) 1701 1038 2225 1527 3422 - 9913
High (504) 1899 1737 2422 1907 3941 - 11842
Linear %k k3 k3k k3 %k k3k
Deviation from linear ns ns ns ns Hk *
2009 Low (168) - 5579 2330 2026 304 1307 11545
Medium (336) - 7023 3200 2373 951 1964 15510
High (504) - 7777 3692 3178 1278 2461 18386
Linear k3 k3k k3 %k kk k3k
Deviation from linear ns ns ns ns ns ns
Eight-week interval 2008 Low (168) - 2679 - 1969 - 2537 7185
Medium (336) - 3300 - 3109 - 4045 10445
High (504) - 4097 - 3617 - 5081 12975
Linear k3 k3 kk k3k
Deviation from linear ns ns ns ns
2009 Low (168) - 4817 - 3853 - 2172 10843
Medium (336) - 6275 - 5275 - 3669 15219
High (504) - 6239 - 6022 - 4580 16841
Linear Hk *k ok ok
Deviation from linear * ns ns *ok

[a]
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* and ** indicate contrast was significant at p < 0.10 and 0.05, respectively; ns indicates no significant difference.
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harvest in September 2008 and the eight-week harvest in
June 2009 had significant deviations from linear response.

HARVEST INTERVALS

Harvest intervals did not have a significant impact on
the annual bermudagrass hay yields. In 2008, the four- and
eight-week hay yields were 9.3 and 10.1 Mg ha™, respec-
tively. In 2009, the four- and eight-week hay yields were
15.1 and 14.3 Mg ha’, respectively. The most noticeable
difference between the harvest intervals was for the June,
August, and October harvests. Since nitrogen fertilizer was
applied at eight-week intervals, these harvests were typical-
ly lower in yield than the May, July, and September har-
vests, possibly due to lower available N.

More four-week harvests than eight-week harvests had
significant yield increases with irrigation. This could be the
result of short-term droughts (7 to 20 days). Sheridan et al.
(1979) documented that there was a 50% chance of a 20-
day drought annually in the southeastern Coastal Plain. A
drought of this length would more likely impact a 28-day
harvest interval than a 56-day harvest interval. In North
Carolina, Stone et al. (2008) reported on the impact of sev-
eral short-term drought periods on bermudagrass produc-
tion and found similar trends in hay yields.

HAY NITROGEN REMOVAL

The overall combined bermudagrass hay plant nitrogen
concentrations over both years and cutting intervals ranged
from 1.70% to 1.72% and were not significantly different

when analyzed across irrigation application rates. When
analyzed across nitrogen application rates, the plant nitro-
gen concentrations were significantly different (p = 0.05).
The plant nitrogen concentrations were 1.9%, 1.7%, and
1.5% for the high, medium, and low nitrogen application
rates, respectively. In analyzing the individual harvests, the
four-week harvests tended to have higher concentration for
the first harvest after nitrogen application (tables 5 and 6)
(May, July, and September). However, for the second four-
week harvest after nitrogen application (June, August, and
October), the plant N concentrations were similar to the
eight-week harvest N concentrations. The N application
rate treatments almost always had significantly different N
concentrations for all individual harvests. The irrigation
application rates for the individual harvests did not general-
ly have significantly different plant N concentrations. Typi-
cally, only the 0% irrigation treatment had significantly
lower plant N concentrations than the other irrigation
treatments. For the four-week harvest, the plant N concen-
tration had a significant linear trend with irrigation for the
August 2008 harvest, and both linear and quadratic trends
occurred in July 2008 and October 2009. The bermudagrass
hay N concentrations for this study were lower than those
reported by Burns et al. (1985) of 2.2% to 2.9% using la-
goon effluent at higher N application rates (338 to 1340 kg
ha™). Stone et al. (2008) reported plant N concentrations
ranging from 1.93% to 2.25% for bermudagrass fertilized
with treated swine wastewater at N application rates rang-
ing from 280 to 300 kg ha™.

Table 5. Mean 2008 and 2009 bermudagrass hay plant nitrogen concentration and mass nitrogen removed for the four- and eight-week harvest

intervals over the irrigation treatments.”

Harvest Plant Nitrogen (%) by Month Plant Nitrogen (kg ha™) by Month
and Year  Irrigation 5 6 7 8 9 10 5 6 7 8 9 10 Total
Four-week interval
2008 0% 1.8 1.5 25 1.6 23 - 287 104 380 300 724 - 179.5
33% 2.0 1.6 2.1 1.6 2.3 - 32.6 19.0 43.1 259 72.0 - 192.6
66% 1.9 1.6 22 1.7 23 - 321 219 51,5 267 787 - 210.9
100% 1.9 1.6 2.2 1.7 2.2 - 334 228 478 226 677 - 194.3
Linear ns ns *E *K ns ns *x ns * ns
Quadratic ns * Hok ns ns ns *ok ns ns ns
Deviation from quadratic HE ns ns ns ns ns ns ns ns ns
2009 0% - 1.2 22 1.9 2.5 1.9 - 85.0 713 470 194 305 2532
33% - 1.2 22 1.9 2.5 1.8 - 80.3 66.1 472 238 331 2505
66% - 1.2 22 1.9 2.6 1.8 - 76.0 68.0 499 21.8 388 2545
100% - 1.2 23 1.9 2.6 1.9 - 88.0 72.0 506 255 429 279.0
Linear ns ns ns ns * ns ns ns ns *
Quadratic * ns ns ns *ok ns ns ns ns ns
Deviation from quadratic ns ns ns ns ns ns ns ns ns ns
Eight-week interval
2008 0% - 1.0 - 1.2 - 1.5 - 29.3 - 33.7 - 65.6 128.6
33% - 1.2 - 1.2 - 1.6 - 38.8 - 37.2 - 66.4 1424
66% - 1.0 - 1.2 - 1.5 - 332 - 36.1 - 554 1247
100% - 1.0 - 1.2 - 1.5 - 37.9 - 31.1 - 60.0  129.0
Linear ns ns ns ns ns ns
Quadratic ns ns ns ns ns ns
Deviation from quadratic ns ns ns ns ns ns
2009 0% - 1.3 - 1.2 - 1.9 - 79.0 - 64.1 - 51.7  194.8
33% - 1.3 - 1.2 - 1.6 - 722 - 67.4 - 51.9 1915
66% - 1.2 - 1.3 - 1.7 - 76.6 - 58.0 - 629 197.5
100% - 1.3 - 1.3 - 1.6 - 69.4 - 66.7 - 70.9  207.0
Linear ns ns oK ns ns *
Quadratic ns ns * ns ns ns
Deviation from quadratic ns ns ** ns * ns
[l * and ** indicate contrast was significant at p < 0.10 and 0.05, respectively; ns indicates no significant difference.
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Table 6. Mean 2008 and 2009 bermudagrass hay plant nitrogen concentration and mass nitrogen removed for the four- and eight-week harvest

intervals over the nitrogen treatments.'!

Harvest Nitrogen Applied Plant Nitrogen (%) by Month Plant Nitrogen (kg ha'l) by Month
and Year (kg N ha) 5 6 7 8 9 10 5 6 7 8 9 10 Total
Four-week interval
2008 Low (168) 1.6 1.5 2.0 1.5 2.0 - 20.4 10.0 254 21.7 393 - 116.8
Medium (336) 1.9 1.6 2.3 1.6 2.2 - 324 18.0 513 247 77.1 - 203.5
High (504) 2.2 1.7 24 1.8 2.6 - 423 289 58.6  34.1 101.7 - 265.6
Linear dk ns ns sk dk dk sk ns kk sk
Deviation from linear *k Hk * *ok Hk Hk ok * *k *ok
2009 Low (168) - 1.1 1.9 1.8 2.3 1.7 - 61.6 440 369 7.4 22.8 1727
Medium (336) - 1.2 2.2 1.9 2.5 1.8 - 85.7 68.3 453 23.8  36.1 2592
High (504) - 1.3 2.6 2.0 2.9 2.0 - 99.6 957 639 36,6 50.0 3458
Linear ns sk sk dk dk sk dk sk sk sk
DeViatiOH from linear k3 ksk kk k3 k3 k% k3 k3k kk k3k
Eight-week interval
2008 Low (168) - 1.0 - 1.1 - 1.4 - 27.9 - 22.4 - 349 85.2
Medium (336) - 1.0 - 1.1 - 1.4 - 31.9 - 34.4 - 58.7 125.0
High (504) - 1.1 - 1.3 - 1.8 - 44.7 - 47.0 - 91.9 183.6
Linear ns ksk k3 %k k3k k3k
Deviation from linear ns *ok Hk Hk *ok *ok
2009 Low (168) - 1.1 - 1.2 - 1.6 - 52.5 - 45.1 - 337 1313
Medium (336) - 1.2 - 1.2 - 1.6 - 76.1 - 65.3 - 582 199.6
High (504) - 1.5 - 1.4 - 1.9 - 94.3 - 81.7 - 86.3 2623
Linear k3 kk k3 %k k3k kk

*%k *k

Deviation from linear

ok kk 3k *k

[

At each harvest, the mass N removed in the bermuda-
grass hay ranged from 10 to 88 kg ha" and was generally
not significantly different across irrigation treatments. Only
two harvest dates in 2008 and one in 2009 had significantly
different mass N removal rates due to irrigation rate (table
5); these harvest dates corresponded to dates with signifi-
cant irrigation trends. For the N rate treatments, the mass N
removal rates had positive significant trends with increas-
ing N application rate for all harvest except the July 2008
four-week harvest. The overall annual N removal rates
across all treatments averaged 196 kg ha”'. The N removal
rates ranged from 125 to 279 kg ha” across the irrigation
rate treatments. For the nitrogen application rate treatments,
the annual N removal rates ranged from 85 to 346 kg ha™.
Stone et al. (2008) reported similar N mass removal rates
for treated swine wastewater ranging from 120 to 261 kg
ha'. In a study with swine effluent N application rates
ranging from 200 to 600 kg ha™', Adeli et al. (2003) report-
ed similar annual N removal rates ranging from 265 to 302
kg ha. In a study with much higher swine effluent applica-
tion rates (338 to 1340 kg ha™), Burns et al. (1985) reported
N removal rates ranging from 338 to 1340 kg ha™.

FORAGE QUALITY

The overall crude protein (CP) concentrations averaged
12.1% for the four-week harvest interval and 8.3% for the
eight-week harvest interval. Lower CP concentrations for
the eight-week harvest interval were also reported by Man-
debvu et al. (1999). They observed that CP concentrations
decreased with increasing harvest intervals. For the irriga-
tion application rate treatments, there was little difference
among CP concentrations for the individual harvests. Only
three of the four-week harvests in 2008 and the final har-
vest in 2009 (four- and eight-week harvests) had any signif-
icant trends in CP concentrations. These trends with irriga-
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3l * and ** indicate contrast was significant at p < 0.10 and 0.05, respectively; ns indicates no significant difference.

tion application corresponded to the significant trends in ir-
rigation treatments with yield. The trend during these har-
vest dates tended to be reduced CP with increasing irriga-
tion application rate. For the N application rate treatments,
the CP was highly significant and followed the trend of in-
creasing CP with increasing N application. Woodard and
Sollenberger (2011) observed a similar trend of increased
CP with increased N application on bermudagrass hay pro-
duction in the Lower Suwannee River basin in northern
Florida.

The mean acid detergent fiber (ADF) concentrations
ranged from 26.3% to 35% (tables 7 and 8). Mandebvu et
al. (1999) reported similar ADF concentrations in bermu-
dagrass. Our individual harvests had some significant dif-
ferences. The harvests with significant differences were for
the most part after eight weeks of growth (either the eight-
week or the second four-week harvest). The first four-week
harvest, after N application, was not significant for any
harvest date for either the irrigation or N treatments. The
overall trend for those harvest dates with significant differ-
ences tended to be increasing ADF with increasing N appli-
cation rate. The trends in ADF with irrigation application
are shown in table 7. Several of the harvest dates with sig-
nificant ADF/irrigation trends corresponded to those with
significant irrigation/yield trends.

The mean neutral detergent fiber (NDF) concentrations
ranged from 59% to 72.3% (tables 7 and 8). As with the
ADF results, significant differences occurred for NDF in
individual harvests. Again, the harvests with significant dif-
ferences were for the most part after eight weeks of growth
(either the eight-week or the second four-week harvest in-
tervals). The NDF concentrations tended to decrease with
increasing N application rate. As with ADF, the significant
NDF/irrigation trends corresponded with significant irriga-
tion/yield trends.

TRANSACTIONS OF THE ASABE



Table 7. Mean 2008 and 2009 bermudagrass hay quality measurements for the four- and eight-week harvest intervals over the irrigation treat-

ments.'*!
Harvest ADF (%) by Month NDF (%) by Month TDN (%) by Month CP (%) by Month
and Year Irrigation 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10
Four-week interval
2008 0% 30.0 27.8 28.7 28.8 28.6 - 61.8 643 651 687 642 - 67.6 702 68.7 69.1 689 - 114 95 158 98 142 -
33% 30.0 279 29.8 289 285 - 62.1 655 67.0 69.2 64.1 - 67.5 70.1 67.7 689 69.0 - 124 100 13.1 102 141 -
66% 299 284 297 282 285 - 62.1 655 669 68.0 632 - 67.7 69.5 67.7 69.6 69.0 - 11.7 10.1 13.6 10.7 144 -
100% 299 288 295 27.8 285 - 62.0 66.1 67.8 68.0 633 - 67.7 69.1 679 702 69.0 - 120 9.8 13.6 106 14.1 -
Linear ns ** ns ** ns ns RO Ex * ns ns *k ns ** ns ns ns ** *k ns
Quadratic ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * Hk ns ns
Dev. quad. ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns *x ns ns ns ns
2009 0% - 333 298 315 264 292 - 660 623 664 59.0 643 - 644 67.6 659 712 684 - 7.5 137 11.8 157 122
33% - 329 30.0 320 268 303 - 66.1 63.0 662 595 64.6 - 648 674 653 708 672 - 74 135 120 159 114
66% - 326 294 313 263 294 - 658 625 664 593 650 - 65.1 68.0 662 713 683 - 75 138 119 162 113
100% - 333 301 32.0 263 298 - 663 628 669 593 63.9 - 643 672 653 712 678 - 7.6 145 11.8 162 11.6
Lincar ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns *
Quadratic ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns ok
Dev. quad. ns ns ns ns *x ns ns ns ns ns ns ns ns ns Hox ns ns ns ns ns
Eight-week interval
2008 0% - 31.3 - 345 - 322 - 667 - 71.9 - 67.6 - 66.6 - 63.0 - 65.4 - 6.1 - 7.5 - 9.4
33% - 318 - 34.6 - 316 - 673 - 72.4 - 672 - 660 - 62.8 - 659 - 7.2 - 7.4 - 10.0
66% - 322 - 33.8 - 314 - 680 - 71.7 - 670 - 657 - 63.7 - 662 - 6.1 - 7.4 - 9.6
100% - 32.8 - 33.5 - 31.1 - 687 - 71.4 - 66.5 - 65.0 - 64.2 - 66.6 - 5.9 - 7.2 - 9.6
Linear ** ns ** *k ns *k *k ns *k ns ns ns
Quadratic ns ns ns ns ns ns ns ns ns ns ns ns
Dev. quad. ns ns ns ns ns ns ns ns ns ns ns ns
2009 0% - 317 - 349 - 314 - 638 - 67.3 - 648 - 661 - 62.5 - 66.0 - 82 - 7.8 - 11.6
33% - 320 - 35.0 - 315 - 653 - 67.4 - 650 - 657 - 624 - 66.0 - 8.1 - 7.8 - 10.0
66% - 31.7 - 345 - 32.6 - 646 - 67.1 - 64.5 - 66.1 - 62.9 - 64.8 - 7.6 - 7.9 - 10.6
100% - 31.7 - 334 - 32.1 - 646 - 66.2 - 65.3 - 66.1 - 64.1 - 65.4 - 8.0 - 8.1 - 10.1
Linear ns * ns ns ns ns ns * ns ns ns **
Quadratic ns ns ns ns ns ns ns ns ns ns ns *
Dev. quad. ns ns ns ns ns ns ns ns ns ns ns ok

[a]

* and ** indicate contrast was significant at p <0.10 and 0.05, respectively; ns indicates no significant difference. ADF = acid detergent fiber, NDF = neutral detergent

fiber, TDN = total digestible nutrient, CP = crude protein, and Dev. quad. = deviation from quadratic.

Table 8. Mean 2008 and 2009 bermudagrass hay quality measurements for the four- and eight-week harvest intervals over the irrigation treat-

lal

ments.
Harvest ADF (%) by Month NDF (%) by Month TDN (%) by Month CP (%) by Month
and Year Nitrogen 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10
Four-week interval
2008 Low 299 288 29.1 292 283 - 62.6 654 67.0 69.7 63.5 - 67.8 69.2 685 687 69.4 - 99 92 128 96 124 -
Medium 302 27.8 293 277 284 - 62.0 652 664 678 63.8 - 67.4 702 68.0 702 69.2 - 11.9 10.1 144 102 14.0 -
High 29.7 28.1 29.8 284 289 - 61.5 655 66.7 68.0 63.8 - 67.7 69.8 674 694 683 - 13.8 104 149 112 16.1 -
Linear ns ns ns ns ns ns ns  ns ns ns ns ns ns * * ** ns ns ** **
Dev. linear _ ns *x ns *x ns *x ns ns *x ns ns *x ns ** * *x *x * *x *x
2009 Low - 327 295 309 266 304 - 660 629 662 595 64.7 - 651 682 666 71.0 672 - 68 11.7 113 144 107
Medium - 32.8 29.6 314 263 299 - 66.4 622 662 593 64.8 - 649 678 660 713 67.7 - 76 136 119 157 115
High - 33.6 304 327 264 288 - 65.7 628 67.0 59.0 63.8 - 64.0 66.7 645 71.0 689 - 81 164 125 18.0 127
Linear ns ns ** ns *k ns  ns ** ns *k ns * *k ns ** ns ** ** ** **
Dev. linear ns ns ** ns *k ns__ ns ns ns ns * *k ns ** ** ** ** ** **
Eight-week interval
2008 Low - 31.2 - 32.7 - 30.4 - 67.3 - 72.0 - 66.9 - 66.7 - 65.0 - 67.5 - 6.3 - 6.8 - 8.6
Medium - 32.0 - 34.6 - 31.9 - 67.7 - 72.3 - 67.3 - 65.9 - 62.9 - 65.8 - 6.0 - 7.1 - 9.0
High - 32.8 - 35.0 - 32.5 - 67.9 - 71.4 - 67.0 - 64.9 - 62.3 - 64.9 - 6.7 - 8.1 - 11.2
Linear * ns ns ns ns ns * ns ns ns * ns *x *x
Dev. linear *x *x ol ns ns ns *x ns * ns *x ns *x *x
2009 Low - 31.7 - 34.7 - 31.7 - 65.0 - 67.9 - 65.3 - 66.1 - 62.8 - 65.9 - 6.8 - 73 - 9.8
Medium - 32.0 - 35.0 - 323 - 64.8 - 67.3 - 65.2 - 65.7 - 62.4 - 65.2 - 7.7 - 7.8 - 10.0
High - 31.5 - 33.8 - 31.8 - 63.9 - 65.8 - 64.3 - 66.1 - 63.7 - 65.5 - 9.5 - 8.5 - 11.9
Linear ns ns ns * ** *k ns ns ns ** ** **
Dev. linear ns ns ns ns *x ns ns ns ns *x *ox *x

[a]

*and ** indicate contrast was significant at p <0.10 and 0.05, respectively; ns indicates no significant difference. ADF = acid detergent fiber, NDF = neutral detergent

fiber, TDN = total digestible nutrient, CP = crude protein, and Dev. linear = deviation from linear.

The total digestible nutrient (TDN) concentrations that
were significant were generally the same as those signifi-
cant for ADF and NDF (tables 7 and 8). There was no
overall trend in TDN concentrations for the individual har-
vest dates. The mean TDN concentrations ranged from
62.3% to 71.3%. Like ADF and NDF, the TDN/irrigation
treatments with significant trends were also those with sig-
nificant irrigation/yield trends. Unlike ADF and NDF, the
TDN trends tended to be in the opposite direction of the ir-
rigation/yield trends. Our CP, ADF, NDF, and TDN concen-
trations were similar to those recommended for targeted nu-
trient concentrations for dairy rations by Texas Agricultural
Extension Service (Stokes and Prostko, 1998) and those re-
ported by Mandebvu et al. (1999).

55(3): 969-978

CONCLUSIONS

We conducted a two-year study to investigate the re-
sponse of bermudagrass hay production to irrigation and ni-
trogen application rates. In both years, when irrigation was
required to maintain soil water potentials greater than
-30 kPa, bermudagrass hay yields significantly increased
with increasing water application rate. The four-week
100% irrigation treatments increased mean yields by
612 kg ha™' per cutting over the non-irrigated treatment, and
the eight-week 100% irrigation treatment increased mean
yields by 1600 kg ha™ per cutting. Additionally, for the
non-irrigated bermudagrass hay yields, we observed a line-
ar relationship between hay yield and soil water potential.
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Non-irrigated hay yields were shown to decrease (-31 kg
ha™' kPa"') as soil water was depleted. For harvest dates
with significant irrigation/yield trends, plant N concentra-
tion, plant N removal, ADF, NDF, and TDN almost all had
significant trends with irrigation application rates. Increas-
ing nitrogen application rates significantly increased ber-
mudagrass hay yield, nutrient concentrations, and forage
quality. Both nitrogen and irrigation were found to positive-
ly impact bermudagrass hay production. Bermudagrass can
benefit from timely supplemental irrigation applications to
boost yields and maintain forage quality. Bermudagrass ir-
rigation management to maintain soil water potentials
above -30 kPa can increase yields and sustain production
levels in the southeastern Coastal Plain.
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