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ABSTRACT

1. INTRODUCTION

Bahiagrass (Paspalum notatum) is one of the
most important forage grasses in subtropical region of USA and other tropical regions of the
world. Although tolerant to short term flooding,
bahiagrass is classified as a facultative upland
(FACU+) species that suggest yield and plant
persistence might be reduced under periods of
extended waterlogging. The objective of this
greenhouse study (2008-2009) was to determine
the effect of nitrogen fertilization (0, 100, and 200
kg·N·ha–1) on yield (DMY), crude protein content
(CPC), and nitrogen uptake (NUP) of bahiagrass
under varying flooded conditions (0, 14, 28, 56,
and 84 days). Results disclosed an overwhelming effect of N application on yield and uptake
component of bahiagrass. Averaged across flooding duration, results showed that DMY (R2 =
0.91**), CPC (R2 = 0.96**), and NUP (R2 = 0.99**)
were linearly related to increasing levels of N
fertilization. Plants without N fertilization that
were submerged between 14 to 84 days had significantly lower amount of DMY when compared
with plants that were fertilized with 100 or 200
kg·N·ha–1. Comparable DMY and NUP were obtained between plants fertilized with 200 kg·N·ha–1
at 0 day of flooding ((11.7 ± 5.0) ton·ha–1) and
plants fertilized with 200 kg·N·ha–1 at 84 days of
flooding ((9.8 ± 2.7) ton·ha–1). The practical implication of this study is that waterlogging may
hamper yield and uptake while nitrogen fertilization could improve yield and uptake of bahiagrass under waterlogged condition.

Flooding can have catastrophic impacts on the productivity of bahiagrass, as most crops including many forage
species that are intolerant to excess water. Particularly
little is known about the response of bahiagrass to the
combined effect of waterlogging and the addition of nutrients (e.g., N and P). The use of N fertilizer prior to
flooding may alleviate N deficiency because waterlogging causes a significant decrease in N content and rate
of N accumulation in plants due to reduced root activity.
Net assimilation rates and photosynthetic rates decline in
plants experiencing root anaerobiosis, in part due to stomatal closure, and in part due to biochemical modifications [1,2]. Anaerobic conditions inhibit almost immediately the transport of nutrient ions by roots [3].
The cow-calf (Bos taurus) industry in subtropical
United States especially in Gulf Coast states and other
parts of the world depends almost totally on grazed pastures. Bahiagrass (Paspalum notatum) is one of the most
important forage grasses grown in these regions of the
world. Establishment of complete and uniform stand of
bahiagrass in a short time period is important economically. Failure to obtain a good stand of bahiagrass means
loss of not only the initial investment costs, but also production and its cash value [4]. In grasslands, waterlogging is frequently associated with other stresses, such as
grazing, which may require specific and very different
adaptive strategies and management [5,6]. Different plant
species, including bahiagrass vary in their ability to withstand flooding and this undoubtedly contributes to their
ecological distribution [7]. These adaptive strategies are
not well understood and may still warrant extended investigations.
Relatively few studies and reports are available on the
ability of N fertilizer to counteract the deleterious effects
of waterlogging on terrestrial plants [8,9]. If additional
fertilizer applications can improve the tolerance of forage
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grasses to waterlogging, then market value of environmental service of water storage will need to be adjusted
to include additional fertilizer costs. Our hypothesis in
this study is that bahiagrass will be negatively affected
by extended flooding and N application could offset the
potential negative effect of flooding on its yield, crude
protein content, and nutrient uptake. The objective of this
greenhouse study (2008-2009) was to determine the ef–
fect of nitrogen fertilization (0, 100, and 200 kg·N·ha 1)
on yield, crude protein content, and nitrogen uptake of
bahiagrass under varying flooded conditions (0, 14, 28,
56, and 84 days).

2. MATERIALS AND METHODS
2.1. Preparation of Soils Media and Plant
Materials
Soils needed for this two-year study (2008-2009) were
obtained using a back-hoe from a Blichton soil series
(loamy, siliceous, hyperthermic, Arenic Paleaudults) at a
depth of 0 - 20 cm from a pasture at the USDA-ARS
Subtropical Agriculture Research Station (STARS), Brooksville, FL in 2008 and 2009. The soil was air dried outside on an impervious surface at USDA-NRCS Plant
Material Center (PMC), Brooksville, FL. Prior to drying,
eight to 10 random samples were collected to determine
some selected soil physical and initial soil chemical properties (Table 1). Blichton soils are poorly drained soils
with water table at a depth of less than 25 cm for cumulative periods of 1 to 4 months during most years. These
soils, like many of the soils in south Florida, have argillic
and spodic horizons.
The introduced species of bahiagrass (cv. Tifton-9)
was used in the study. All the plant materials were excavated from established stands of bahiagrass at STARS
pasture. Approximately 15 × 10 cm plugs consisting of
crowns, rhizomes, and roots (trimmed off to approx.
10-cm stubble height) were transplanted from the field
12 weeks prior to the initiation of the study each year.
The plugs were planted into 15 × 60 cm planting columns that have been filled to within approximately 15
cm of the surface with the air dried, screened (1 × 1 cm
screen) soils from the A horizon of Blichton series. The
planting columns were sealed at the bottom to control
water movement through the column. A hole was drilled
at the side of the column and fitted with a drain tube with
a stopcock to allow draining and sampling of the soil solution.

2.2. Experimental Treatments (Greenhouse
Condition)
Immediately after planting, the columns with open
drain tubes were moved into the greenhouse (22˚/32˚C,
Copyright © 2012 SciRes.

Table 1. Selected physical and chemical properties of soils
used in the study.
Soil Properties

Unit

Value

g·kg–1

868

Particle Size
Sand
Silt

g·kg

–1

75

Clay

g·kg–1

57

–1

cm·hr

7.0

Bulk Density

kg·m–3

1.4

Cation Exchange Capacity (CEC)

meq·100·g–1

11.2

Ca

mg·kg–1

2.9

Mg

mg·kg

–1

0.5

Na

mg·kg–1

0.1

–1

0.1

Hydraulic Conductivity

K

mg·kg

pH

5.5

69% direct light) at the USDA-NRCS Plant Material
Center greenhouse and allowed to recover and grow
during the 12 wk pre-trial period. During the first four
weeks of the pre-trial period, the plants were fertilized
with a soluble complete fertilizer equivalent to 23 kg
total of N, P, and K, and then fertilization discontinued.
During the remainder of the adjustment periods (12
weeks), the plants were watered as needed to maintain
the approximate soil field capacity.
Treatments were replicated five times using a 5 × 3
split plot arrangement in completely randomized block
design. Flooding duration was the main treatment effect
while N fertilization was the sub-plot feature. All columns received 40 kg·ha–1 of p as triple super phosphate
granular fertilizer and appropriate N fertility treatments
consisted of 0, 100, and 200 kg·ha–1 of N as NH4NO3
were applied to the appropriate columns. The soil flooding duration was consisted of 0-, 14-, 28-, 56-, and 84days to mimic flooding occurrences in south Florida that
may be associated with the need to temporarily store
rainfall on pastureland in the summer. Flooding treatments were staggered such that termination of all flooding duration times coincided with the maximum flooding
time of 84 days. For plants not receiving flood treatment,
soil moisture was maintained at soil field capacity limit.
Until a flooding treatment was started, all drain tubes
remained open and the treatments were watered.

2.3. Plant Yield and Tissue Analysis
All treatments were destructively sampled at the end
of maximum flooding time treatment of 84 days. Freshly
cut aboveground growth was oven-dried at 60˚C for 24
hours at the USDA-ARS Laboratory in Brooksville, FL.
Plant samples were ground to pass through a 1-mm mesh
screen in a Wiley mill. Ground forage was analyzed for
OPEN ACCESS
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total Kjeldahl nitrogen concentration [10] at the University of Florida Analytical Research Laboratory, Gainesville, FL. Crude protein content (%) and total nitrogen
uptake (kg·N·ha–1) were calculated using the equations
below:
Crude Protein Content
(1)
 Nitrogen Concentration  6.25
Total Nitrogen Uptake
 DMY  Nitrogen Concentration

493

2.5. Statistical Analysis
The effects of flooding and N application on DMY,
CPC, and NUP of bahiagrass were analyzed statistically
following the PROC GLM procedures [11]. Where the
F-test indicated a significant (p ≤ 0.05) effect, means
were separated, following the method of LSD test and
Duncan Multiple Range test, using appropriate mean
squares [11].

(2)

3. RESULTS AND DISCUSSION

2.4. Redox Potential Measurements

3.1. Effects on Dry Matter Yield

Reduction-oxidation (Redox) potential of the soil solution was determined in 2008 (June 22 to September 4)
and 2009 (June 23 to September 5) to monitor soil oxygen condition. Soil redox potential measurements have
been used to characterize the intensity of reduction and
oxidation and relate this to biological processes occurring in flooded soils. Measurements consist of three pieces of equipment: platinum electrode, reference electrode,
and voltmeter. The platinum electrode and the reference
electrode (calomel) were both buried into the soil column
(7 - 10 cm depths) to be in contact with the soil solution.
Wires from both the platinum electrode and reference
electrode were connected to a voltmeter. The redox potential was reported based on standard hydrogen electrode (SHE) by adding value of +245 to the reading from
the meter.

Dry matter yield of bahiagrass varied significantly (p ≤
0.0001) with N fertilization, but was neither affected by
flooding duration nor by the interaction of flooding duration and N fertilization (Table 2). The greatest DMY for
bahiagrass of 12.3 ton·ha–1 was from tube with 14 days
of flooding that was fertilized with 200 kg·N·ha–1 while
the least amount of DMY (2.7 ton·ha–1) was from tube
that was flooded for 84 days and fertilized with 0
kg·N·ha–1. Results disclosed an overwhelming effect of
N application on DMY. This claim was exhibited by a
much higher DMY under any flooding duration of plants
that received higher N application as opposed to those
plants without N fertilization.
Quite crucial to the interpretation of our results is the
limited amount of oxygen that may be present following
flooding. Oxygen level was indirectly measured using

Table 2. Yield, crude protein content, and nitrogen uptake of bahiagrass as affected by different flooding duration at different levels
of nitrogen fertilization.
Flooding Duration
(days)
0

14

28

56

84

Nitrogen Level
(kg·N·ha–1)
0
100
200

Dry Matter Yield (ton·ha–1)

Crude Protein Content (%)

5.6 ± 2.4
9.8 ± 2.4
11.7 ± 5.0

5.6 ± 0.4
5.5 ± 0.9
10.1 ± 2.4

Total Nitrogen Uptake
(kg·ha–1)
50.0 ± 21.7
84.5 ± 18.9
187.6 ± 85.2

0
100
200

5.9 ± 2.9
11.8 ± 2.7
12.3 ± 2.8

4.8 ± 1.0
6.1 ± 1.7
9.5 ± 1.6

46.6 ± 24.1
112.8 ± 27.9
181.6 ± 14.8

0
100

6.2 ± 2.4
7.1 ± 2.6

5.1 ± 0.6
9.7 ± 2.5

51.9 ± 24.8
110.6 ± 49.6

200

11.3 ± 3.2

9.2 ± 1.7

160.6 ± 23.9
59.5 ± 35.0

0

6.2 ± 2.4

5.7 ± 1.6

100

11.9 ± 3.2

5.7 ± 2.6

82.7 ± 40.3

200

9.5 ± 4.9

8.9 ± 1.3

128.6 ± 52.9

0

2.7 ± 0.8

4.5 ± 0.8

23.0 ± 4.6

100

7.8 ± 1.1

6.4 ± 1.7

79.5 ± 21.1

200

9.8 ± 2.7

6.8 ± 1.1
F-values
2.2ns
25.3***
3.03**

105.7 ± 27.2

Sources of Variation
Flooding (F)
Nitrogen (N)
F×N

2.04ns
19.46***
0.90ns

2.36ns
33.80***
0.96ns

ns

—not significant; **—significant at p ≤ 0.001; ***—significant at p ≤ 0.0001.
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the reduction-oxidation potentials (redox). Redox potential is an electrical measurement that shows the tendency
of a soil solution to transfer electrons to or from a reference electrode. This measurement can estimate whether
the soil is fully or partly aerobic or in anaerobic condition. Figure 1 shows the different levels of redox potential readings from soils that were flooded from 0 to 84
days. Redox potentials (Eh values, mV) of the soils that
were flooded from 0 to 84 days ranged from 400 mV to
–150 mV. Except for the non-flooded (control) soils, all
the soils attained the stage of anaerobic conditions between 8 - 10 days and became fully anaerobic thereafter.
An Eh reading below 0 mV would mean limited supply
of oxygen in the soil (Figure 1). It is generally accepted
that energy deficit is one of the most severe problems
encountered by plants when subjected to flooding. Oxygen is the terminal acceptor of electrons in the oxidative
phosphorylation that indirectly provides the plant with
ATP [12].
The effect of N fertilization on DMY is shown in Figure 2(a). The amount of DMY increased linearly with
increasing amount of N fertilization when averaged across
flooding duration. The relationship between DMY and
levels of N fertilization was described by the regression
model given below:
DMYBahiagrass  2.81x  3.04
(3)
R 2  0.91

cated a positive result on DMY of bahiagrass [13,14].
Results are suggesting that waterlogging does not produce detrimental effect either in the growth of bahiagrass
or its response capacity to stimulating growth factors,
such as N fertilization.
As shown in Figure 3(a), the DMY of bahiagrass was
relatively comparable across flooding duration. This forage can be identified as somewhat tolerant to waterlogging. While extended period of flooding did not affect
total biomass of bahiagrass, waterlogging slightly promoted their growth. For plants to be classified as tolerant
to waterlogging can still maintain their growth rate in
such condition [15-18]. Although flooding typically causes
a reduction in the abundance of flood-sensitive plant species, it can also promote biomass growth in flood-tolerant species to exploit resources that otherwise would be
shared with non-tolerant competitors [19,20]. Voesenek
et al. [12] suggested that hormonal effects were involved
in growth response for plants under waterlogged conditions because photosynthesis rates could be enhanced by
increased leaf temperature at higher air vapor pressure
deficit in most C4 grasses (e.g., bahiagrass) while differrences in photosynthetic activities between flooded and
control plants may be accounted for by the differences in
stomatal conductance.
Our visual observations during the experiment suggest
that the aboveground biomass of bahiagrass under waterlogged conditions were similar with non-waterlogged
forage species. Recent studies in grasslands of Argentina
found that native grasses present plastic responses to
flooding, such as aerenchyma tissue formation and increase in plant height [6,18]. Aerenchyma formation and
leaf elongation are important for the recovery of contact
with aerial environment and allow oxygen transport to

Our results show that bahiagrass having the ability to
tolerate waterlogging is a tool not only to survive in such
environment, but also to respond to growth stimulating
factor, such as N fertilization. We can assume that soil N
availability was quite similar in both waterlogged and
non-waterlogged treatments. Nitrogen fertilization indi0 kg N/ha

100 kg N/ha

200 kg N/ha

400
300
200
100

Eh (mv)

0
-100
-200
-300
-400
-500
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Figure 1. Average levels of reduction-oxidation (Eh) readings during the flooding experiment.
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Figure 2. (a) Dry matter yield (2.81x + 3.04; R2 = 0.91**) and crude protein content
(1.78x + 3.36; R2 = 0.96**) as affected by different levels of nitrogen fertilization; (b)
Total nitrogen concentration (0.28x + 0.55; R2 = 0.96**) and nitrogen uptake (54.31x
+ 10.26; R2 = 0.99**) as affected by different levels of nitrogen fertilization.
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Figure 3. (a) Dry matter yield (–0.29x2 + 1.22x + 8.19; R2 = 0.66**) and crude
protein content (–0.19x2 + 0.95x + 6.15; R2 = 0.49*) as affected by different
flooding duration; (b) Total nitrogen concentration (–0.03x2 + 0.15x + 0.98; R2
= 0.50*) and nitrogen uptake (–10.61x +130.17; R2 = 0.82**) as affected by different flooding duration.

the submerged tissues of native grasses [21,22].

3.2. Effects on Crude Protein Content
The CPC of bahiagrass varied widely (p ≤ 0.001) with
the interaction effects of flooding duration and N fertilization. Crude protein contents of bahiagrass were also
significantly affected by N fertilization (p ≤ 0.0001).
Interaction of flooding duration and levels of N on CPC
are shown in Table 2. The greatest amount of CPC in
bahiagrass (10.1%) was from the control tube (0 day
flooding) with 200 kg·N·ha–1 while the least amount of
CPC of 4.5% was from plants flooded with 84 days with
0 kg·N·ha–1. It appears that bahiagrass that were fertilized
Copyright © 2012 SciRes.

with higher amount of N have significantly higher amount
of CPC when compared with those plants with no or less
amount of applied N under any flooding duration (Table
2). These results may support the hypothesis of the study
on the offsetting effect of N on the detrimental effect of
flooding on CPC. The use of N fertilizer prior to flooding
may alleviate N deficiency because waterlogging causes
a significant decrease in N content and rate of N accumulation in plants due to reduced root activity. Net assimilation rates and photosynthetic rates decline in plants
experiencing root anaerobiosis, in part due to stomatal
closure, and in part due to biochemical modifications [1,
23].
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The effect of N fertilization on CPC is shown in Figure 2(a). The amount of CPC in bahiagrass increased
linearly with increasing amount of N fertilization. Nitrogen fertilization for bahiagrass can be considered an adaptation to improve its nutrient uptake efficiency, and
possibly may have had stimulated crude protein formation [13,14]. Nitrogen fertilization of pasture forages generally increases digestibility. Early reports [24-27] claimed that on bermudagrass pastures, CPC of the forage
increased with each increment in N fertilization up to
504 kg‧ha–1. A regression model that described the relationship of CPC with levels of N (x) is given below:
CPC Bahiagrass  1.8x  3.3
R 2  0.97

(4)

As observed, CPC of bahiagrass was positively affected by N fertilization despite of anoxic environment and
these results could be somehow explained by sufficient
nutrients that compensate for the negative effect of waterlogging. Earlier findings of Chapin [28] and Struik
and Bray [29] showed that in nutrient-rich environments,
root system can satisfy plant nutrient requirements resulting in normal metabolic activities of plants including
crude protein formation. The beneficial effects of N fertilization on CPC of bahiagrass suggest the positive impact of N on keeping a good quality of forage even under
waterlogged condition. Early published report of Sigua
and Hudnall [30] confirmed the importance of gypsum
and N fertilization on protein contents of four specie of
wetland vegetation under saline environment. Their results disclosed highly significant protein content responses to gypsum and N additions. Increased growth,
yield, and protein content were observed from plants that
were fertilized with nitrogen.

3.3. Effects on Nitrogen Uptake
Total nitrogen uptake (NUP) of bahiagrass varied significantly (p ≤ 0.0001) with N fertilization, but was neither affected by flooding duration nor by the interaction
of flooding duration and N fertilization (Table 2). It appears that bahiagrass that were fertilized with higher
amount of N have significantly higher amount of NUP
when compared with those plants with no or less amount
of applied N under any flooding duration (Table 2). The
greatest amount of NUP was from plants (187 kg·N·ha–1)
that were fertilized with 200 kg·N·ha–1 with 0 day of
flooding. Bahiagrass that were flooded for 84 days and
did not receive N fertilization had the lowest NUP of 23
kg·N·ha–1. These results demonstrated the mitigating effect of N fertilization in offsetting the negative impact of
flooding could be mitigated by N fertilization.
The effect of N fertilization on NUP is shown in Figure 2(b). The amount of NUP increased linearly with
Copyright © 2012 SciRes.

increasing amount of N fertilization when averaged
across flooding duration. The relationship between NUP
and levels of N fertilization (x) was described by a regression model given below:
NUPBahiagrass  54.31x  10.26
R 2  0.99

(5)

Results disclosed an overwhelming effect of N application on NUP. Averaged across flooding duration, bahiagrass that were fertilized at 200 kg·N·ha–1 had an increase of about 235% NUP when compared with the
control plants (0 kg·N·ha–1). Bahiagrass that were fertilized with 100 kg·N·ha–1 had an increase in NUP of about
103% when compared with the control plant. The increase in the amount of NUP between plants that were
fertilized with 100 and 200 kg·N·ha–1 was doubled (103%
to 235%) significantly (Table 2 and Figure 2(b)).
As shown in Figure 3(b), the NUP of bahiagrass was
relatively comparable across flooding duration. The average NUP of bahiagrass was negatively affected by increasing duration of flooding (x). This relationship was
described by a regression model given below:
NUPBahiagrass  10.61x  130.17
R 2  0.82

(6)

Nitrogen uptake of bahiagrass being classified as a facultative (FACU+) upland species may have been reduced under periods of extended waterlogging. The lowest amount of NUP in bahiagrass was observed from
plants that were flooded for 84 days. The greatest amount
of NUP was observed from plants that were flooded between 0 and 14 days (Table 2). The lower NUP of bahiagrass could be related to anaerobic conditions that
inhibit almost immediately the transport of nutrient ions
by roots [3]. This may be due to insufficient energy to
maintain the activity of ion pumps. Phloem unloading in
the anaerobic root ceases and transport of metabolites
and growth regulators between the root and shoot are
therefore impeded.

4. SUMMARY AND CONCLUSIONS
A study was conducted to determine the potential ecological impact of flooding duration and N fertilization on
yield, protein content and N uptake of bahiagrass under
greenhouse conditions in 2008 and 2009. The overall
results and observations in this study could be briefly
summarized as follows:
1) Results disclosed that yield, crude protein content,
and nitrogen uptake of bahiagrass varied significantly
with levels of N fertilization;
2) Yield and nitrogen uptake of bahiagrass were not as
significantly affected by flooding duration as N application. Bahiagrass can survive an extended periods of floodOPEN ACCESS
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ing between 14 and 28 days;
3) Average NUP of bahiagrass was negatively affected
by increasing duration of flooding which can be described
by this relationship: –10.6x + 130.2; R2 = 0.82**;
4) The yield response, crude protein content, and nitrogen uptake of bahiagrass was linearly related to increasing levels of N application;
5) Negative impact of flooding on yield and nitrogen
uptake of bahiagrass may have been mitigated by N fertilization.
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