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Abstract: Water shortage, one of the main limiting factors for plant growth and development, can be
alleviated by an adequate nutrient supply. The effect of different nitrogen (N), phosphorus (P) and
potassium (K) supply levels and their combinations was examined in different rainfall supply periods
(wet, normal, dry) on a grass sward in a field experiment. Dry and fresh aboveground biomass
production were primarily increased by the N-rainfall supply interaction, from 0.739 to 6.51 and from
1.84 to 21.8 tha—, respectively, but the P-rainfall supply and N-P interactions and K treatment all had
significant effects. Dry matter content was primarily influenced by the N-rainfall supply interaction,
increasing in response to N in dry periods and declining in wet periods. Water use efficiency (WUE)
was increased by the N-rainfall supply interaction from 28.3 to 127 kg ha~! mm~!, but the N-P
interaction had a similarly strong effect, and K treatment increased it in the dry period. The N, P and
K contents of the aboveground biomass were increased by treatment with the corresponding element,
but were also influenced by rainfall supply. The increase in biomass, mainly due to N treatment,
caused the dilution of the P and K contents in grass in treatments poorly supplied with P and K.
Biomass production and WUE were significantly improved up to a dose of 200 kg ha~! year~! of N,
up to a supply level of 153 mg kg_1 of P05, and 279 mg kg_1 of KO measured in the soil. Treating
grass with the N, P and K macroelements may effectively increase biomass production and water use
efficiency, but above a certain level their application is unnecessary.

Keywords: grass; water shortage; nutrients; water use efficiency; nitrogen; phosphorus; potassium

1. Introduction

Most of the fresh biomass of plants is made up of water. A lack of water induces many
unfavourable morphological, physiological and biochemical processes in plants. In dry
periods, the water potential, transpiration rate and relative water content are reduced, and
the leaf temperature is increased [1]. Drought stress in plants reduces photosynthesis and
carbon dioxide fixation and accelerates the production of reactive oxygen species, causing
oxidative damage to proteins, DNA and lipids. These processes limit the division of cells
and, in more severe cases, may cause membrane damage and cell death [2].

Longer drought periods, reduced rainfall and higher temperatures can therefore cause
serious problems for both the natural ecosystem and agricultural production. Meanwhile,
agriculture is also facing increasingly serious challenges due to the growing population.
Water deficit, and the resulting drought stress, is one of the main limiting factors for crop
germination, growth, development and biomass production [3]. Global crop production
losses are likely to increase as higher temperatures and water shortages become more
frequent in many regions of the world [2].

As plants dry up, the amount of nutrients, including their absorption and distribution,
largely determines the remaining growth activity. Drought stress can be alleviated if the
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plant is well supplied with certain nutrients. Optimal nutrient supply increases water use
efficiency (WUE) and promotes root growth, giving the plant the opportunity to access
water and nutrients from deeper soil layers [4]. It is therefore important to determine
the role of mineral nutrients in plant growth under drought stress, the effect of drought
stress on nutrient availability and the interactions between nutrient application and plant
response to drought stress. Numerous elements have been shown to alleviate the negative
effects of drought stress. In addition to the macroelements N, P and K [5-7], B, Mn [8],
Ca[9], Se [10], Si[11,12] and Zn [13] have also been reported to mitigate the negative effects
of water deficit.

Of the macroelements N, P and K, the most extensive studies have involved K [14].
Adequate K supplies may alleviate the negative effects of drought stress, while in the case
of K deficiency, leaf cell turgor decreases, transpiration increases and water retention de-
creases [15]. K reduces the harmful effects of the reactive oxygen species produced in plants
due to stress by increasing photosynthetic electron transport and inhibiting the activity
of membrane-bound NADPH oxidases [16]. A sufficient level of K supplementation has
been reported to mitigate the effects of water stress, for example in potato [17], tomato [18],
barley [19], winter wheat [1] and maize [20].

As macroelements, both N and P help plants to tolerate drought by promoting plant
development, making them stronger and more resistant to abiotic stress, and also by
improving WUE [21]. N is an important base for proteins, nucleic acids and certain plant
hormones [22]. Adequate N supplies were found to assist drought-stressed plants to
tolerate drought stress by maintaining higher leaf water potential, photosynthetic activity,
chlorophyll and Rubisco content, a stronger antioxidative defence system and lower lipid
peroxidation [23,24]. P application has a positive effect on plant growth during drought [25],
improving photosynthesis, nitrate reductase activity, nutrient accumulation [26], stomatal
conductance and WUE [6,27].

If sufficient water is available to plants, the limiting factor is usually primarily N;
although, depending on the properties of the soil, P and K are also important, so their
adequate supply in the soil is crucial [28,29]. Most studies have evaluated the individual
effects of N, P or K on the development and biomass production of plants during drought,
while studies on the combined effects of these nutrients are scant [7,30]. To the best of our
knowledge, the role of these three macroelements in grass biomass production, dry matter
content and WUE has not yet been investigated in a factorial field experiment with four
nutrient levels and three rainfall levels, thus enabling their effects to be compared and
optimal supply levels to be determined.

In the case of grasses, drought also causes a decrease in leaf water content, photo-
synthesis, respiration and root activity [31-33], which may cause a decrease in biomass
production [34] and impair the nutritive value of the hay [35].

The use of fertilisers is common practice for intensive swards [36], such as golf courses
or lawns, but they may also be applied in places where irrigation cannot or will not be
provided, so that only natural precipitation serves as the water source [37]. Grass may also
serve as a cover plant, for example, between rows in orchards or vineyards or in the case
of slope cultivation [38]. The favourable effect of N, P and K fertilisation on the drought
tolerance of grasses has also been confirmed [39-41].

The evolution of the sward composition examined here was described earlier [42], and
a previous study showed that, among the N, P and K treatments, K had the least effect on
biomass production in this soil [43]. The objectives of the present study were to reveal the
extent to which the soil N, P and K supplies improved the biomass production and WUE
of the grass, and whether better macroelement supplies resulted in a significant biomass
increase even in drier periods, when nutrient uptake may be inhibited.

The hypothesis was that drought tolerance, represented by biomass production and
WUE in dry precipitation periods, would be promoted by N, P and K, but to the greatest
extent by N and K. It was also expected that the concentration of N, P and K in the above-
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ground biomass would increase in dry periods because the higher element concentration
in the reduced biomass was expected to exceed the inhibition of uptake from the soil.

2. Materials and Methods

The experiment was carried out in the framework of a long-term fertilisation exper-
iment. The sward was established in the autumn of 2000 at the Nagyhorcsok Research
Station of the Institute for Soil Sciences, Centre for Agricultural Research, HUN-REN
(N 46°51'56.84""; E 18°31/10.17”; alt. 140 m a.s.L).

The calcareous chernozem loamy soil (Calcaric Phaeosem) of the site had a pH(H,O)
of 8.24, a pH(KCI) of 7.39, and a CEC of 28.3 meq 100 g’l, and contained 3.04% organic
matter and 4.27% CaCOj in the 0-20 cm layer. The total N content was 2031 mg kg !
and the mineral N content was 15.3 mg kg ! [44]. The area was drought-sensitive, with
a groundwater table at a depth of 13-15 m, and had an average yearly precipitation of
537 mm, measured at the research station.

Plots involving all possible combinations of the different N, P and K treatment levels
were set up in a factorial design. The trial included 4 N x 4 P x 4 K = 64 treatments in
2 replicates, giving a total of 128 plots, each measuring 6 m by 6 m. The individual treat-
ments represented low (unfertilised control), moderate, high and very high supply levels.
The fertilisers were applied as Ca-ammonium nitrate, superphosphate and potassium chlo-
ride. The 0, 100, 200 and 300 kg ha~! N doses were applied yearly and in two halves, one in
autumn and the other in spring. Since P and K are less mobile in the soil, P and K fertilisers
were applied at rates of 0, 500, 1000 and 1500 kg of P,O5 and KO in the autumn of 1999
to provide fertilisation for the next 10-15 years. Since the N fertiliser was spread on the
surface and the P and K fertilisers were applied before the sward was established, no tillage
was necessary, and the grass was not affected by any agrotechnical disturbances besides
mowing. The P and K supplies of the soil in the plots was subsequently checked every
5 years to make sure that the established nutrient supply treatments were still markedly
different from each other. The treatments and the ammonium lactate-soluble (AL) P and
K contents of the ploughed layer are shown in Table 1. Accordingly, these fertilisation
treatment levels will be referred to as NO, N1, N2, N3, P0, P1, P2, P3, KO, K1, K2 and K3.

Table 1. Treatment levels and the AL-soluble P,O5 and K,O contents in the ploughed layer of the soil.

Treatment Levels 0 1 2 3
Treatments N kg ha~! year~! 0 100 200 300
P,05 kg ha=! in 1999 0 500 1000 1500
Ky,O kg ha~1in 1999 0 500 1000 1500
Nutrient AL-P,05 mg kg~! in 2000 66 153 333 542
Concentration insoil ~ AL-K,O mg kg{1 in 2000 135 193 279 390

The soil was analysed using the following analytical tests: the soil pH(H,O) was
measured in a 1:2.5 soil:water suspension after mixing for 12 h, pH(KCI) using 1 M KCl
solution [45], total N content with the Kjeldahl method [46], mineral N content according
to Bremner and Keeney [47], cation exchange capacity (CEC) with the modified method
of Mehlich [48], organic matter content with the modified Walkley—Black method [49]
and CaCOj content with the Scheibler gas-volumetric method [50]. The plant-available
P,05 and K;O fractions were measured after extraction with ammonium acetate-lactate
(AL-P,0s5 and AL-K;O) [51].

The biomass yield of the grass at the time of mowing is influenced less by the annual
rainfall than by the seasonal rainfall [52]. In a previous paper, it was reported that the yield
of the first mowing of this sward was mainly influenced by the precipitation sum in the
months of March and April [53]. As a longer period was examined in the present work,
the tests were performed again, and it was confirmed that the precipitation sum in March
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and April was the most suitable predictor of biomass production with a value of R = 0.279
significant at p < 0.05.

Three categories were identified based on the precipitation sum in March and April
during the period 2001-2010: dry, normal and wet periods. For each of these categories,
two typical years were selected, so that the periods were clearly separated from each other.
The data of the following years were selected for analysis based on their sum of precipita-
tion in the months of March and April: dry period: 2003—27.0 mm and 2009—20.8 mm;
normal period: 2002—53.3 mm and 2010—67.7 mm; wet period: 2001—109.3 mm and
2005—92.2 mm (Figure 1). The 50-year average precipitation sum at the experimental site
in March and April was 70.8 mm, while the annual sum was 544 mm. The 50-year average
temperature in March and April were 6.5 and 11.9 °C, respectively, while the annual av-
erage temperature was 11.2 °C. Regarding the monthly temperature values, the studied
years showed no substantial deviation from the average.

Month

B April
90 . March I
01 . . I I

2009 2003 | 2002 2010 | 2005 2001
DRY NORMAL WET

Precipitation, mm
(@]
o

)
b

Figure 1. Sum of precipitation in the months of March and April in the studied years with the
indication of the rainfall categories (dry, normal, wet).

Precipitation was measured with a Hellmann rain gauge, installed at 1 m above the
ground. The amount of precipitation was recorded daily at 7 a.m. The accuracy of the
measurement was 0.1 mm.

Aboveground biomass was harvested once a year in the dry years and twice in wet
years, but as the majority, that is 79.5%, of the mowed hay biomass came from the first
mowing, so for the sake of comparability, only the biomass data of the first mowing was
taken into account. The aboveground vegetation was harvested annually in late May or
early June with a clipping height of 4 cm. The fresh biomass was weighed immediately
after mowing and was subsequently dried in a drying room at 30 °C for 10 days, after
which the hay biomass was measured.

In this study, WUE expresses the mass of dry biomass production per hectare in
relation to the amount of precipitation, so it takes into account the total amount of water
received by the soil-plant system [54]. WUE was calculated based on the following formula:

WUE [kg ha~! mm~!] = dry biomass production [kg ha~!]/sum of precipitation
(April + May) [mm].
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The average relative abundance of the grassland for the examined period was as
follows: 23% crested wheatgrass (Agropyron cristatum), 21% smooth brome (Bromus iner-
mis), 19% tall fescue (Festuca arundinacea), 11% field chickweed (Cerastium arvense), 6.3%
shepherd’s purse (Capsella bursa-pastoris), 3.8% cocksfoot grass (Dactylis glomerata), 3.4%
black medick (Medicago lupulina) and 2.7% field bindweed (Convolvulus arvensis), while the
remaining 10% was made up of other species.

To determine the plant P and K element contents, the dried plant samples were finely
ground and digested in a mixture of 7 cm® 67% HNOj3 and 3 cm? 30% H,0,, after which
the ICP technique was used (ICP-AES, Jobin Yvon Ultima2, Horiba Scientific Ltd., Kyoto,
Japan). The plant N content was determined with the Kjeldahl method [55].

The effect of N, P, K supply levels and precipitation periods on dry and fresh biomass,
dry matter content, WUE and the N, P and K content of grass aboveground biomass was
evaluated with factorial ANOVA. Depending on the ANOVA results, further investiga-
tions were made on the main effects or interactions. The significance of the differences
between individual treatments was tested with Tukey’s HSD post hoc test (p < 0.05). The
Statistica v.13 software (TIBCO Software Inc., Palo Alto, CA, USA) was used for the sta-
tistical evaluation, and the ggplot2 package [56] of the R software [57] was used to create
the figures.

3. Results

The analysis of the main effects and interactions of the various factors on the response
variables is shown in Table 2. Both the wet and dry biomass yields were affected by the
interactions between rainfall periods, N and P treatments, and the main effect of the K
treatment. It can also be seen that the K treatment did not interact with any other factor,
so there was no significant difference in the case of either dry, normal and wet periods, or
different N and P treatment levels. With regard to biomass production, only the main effect
of the K treatment will be examined in the following, while in the case of precipitation
periods, N and P treatments’ pairwise interactions will also be analysed.

Table 2. F-values for each source of variation in the rainfed grass experiment.

Source of Variation Dry Biomass Fresh Biomass Dry Matter Content WUE N Content P Content K Content

Rainfall 481 ** 799 ** 673 ** 214 ** 42.4 ** 6.83 ** 29.9 **
N 374 ** 352 ** 2.31 464 ** 193 ** 168 ** 2.08

P 47.6 ** 35.8 ** 10.5 ** 43.9 ** 1.20 125 ** 0.341

K 7.04 ** 9.35 ** 3.94 ** 12.3 ** 0.177 4,58 ** 35.5**
Rainfall x N 18.7 ** 23.9 ** 11.38 ** 30.3 ** 4.99 ** 31.8** 1.89
Rainfall x P 6.41 ** 9.76 ** 0.786 1.81 0.705 1.17 0.120
N x P 3.37 ** 2.57 ** 0.923 4.19* 0.731 0.93 0.256
Rainfall x K 0.257 0.441 0.521 2.66* 0.741 0.96 0.097
N x K 0.627 0.938 0.714 0.879 0.483 0.82 2.36*

P x K 0.674 0.335 0.410 0.665 0.237 0.65 0.118

Significant effects are marked with ** p < 0.01 and * p < 0.05. Three- and four-factorial interactions had no
significant effect on these parameters, so their F values are not shown in the table. Rainfall: rainfall supply period.

The rainfall period-N interaction and the main effects of the P and K treatments
on the dry matter content were all significant. WUE was significantly influenced by the
interactions of rainfall period-N, rainfall period-K and N-P. The N content of the grass
was influenced by the rainfall period-N interaction, and the P content by rainfall period—N
treatment interaction and by the main effects of the P and K treatments. The K content was
determined by the N-K interaction and the main effect of the rainfall period.

Figure 2 shows that dry biomass production increased significantly in the N1 treatment
compared to the NO treatment and in the N2 treatment compared to the N1 and NO
treatments, except in the wet rainfall period, but the difference between N3 and N2 was
no longer significant in any rainfall period. At the NO level, biomass production increased
in the wet rainfall period compared to the other two periods; however, in the case of the
higher N treatment levels, the differences between the biomass productions in the dry and
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normal rainfall periods were larger, while the results of the normal and wet periods were
more similar. As a result of the rainfall-N interaction, the dry biomass production increased
from the lowest 0.739 t ha—!, measured at the NO level in the dry period, to 6.51 t ha=1,
measured at the N2 level in the wet period (Figure 2A). In the case of P, the effects were
moderate compared to N. The difference was only significant between PO and the other P
levels in the normal and wet periods, whereas there were no significant differences between
any P levels in the dry period. At the same time, except for biomass production in the
normal and wet periods at the PO level, the rainfall periods were significantly different
from each other at all P levels. Biomass production increased from 1.80 t ha~! (PO level of
the dry period) to 6.10 t ha~! as a result of the rainfall-P interaction (Figure 2B). In the case
of the N-P interaction, at the NO level the rising P levels alone did not induce an increase in
dry biomass production, and even at higher N levels there was only a significant difference
between the PO and P1 treatments, so the higher P levels no longer resulted in surplus
dry biomass production. Dry biomass production increased from 1.25 t ha~! measured
at the NO x PO level to 5.70 t ha~! measured at the N3 x P3 level as a result of the N-P
interaction (Figure 2C). Increasing K supplies increased the dry biomass production slightly,
but significantly only between the KO and K2 treatments, while the K3 treatment increased
it only to a non-significant extent compared to K2 (Figure 2D).

A NO B o a a g
| U M -
bc b b
.N3 .P3
4

Normal Normal

ﬁ"Db |

KO K1 K2 K3

o
L
S
o
L
3

N

N
N

o

@)

o)

Dry biomass production, t ha-"

N
N

Figure 2. Effect of rainfall-N (A), rainfall-P (B) and N-P (C) interactions and K treatment (D) on dry
biomass production mean values. The columns represent the means and the error bars the standard
deviation. The letters indicate significant differences between the means (Tukey’s HSD, p < 0.05).

Changes in fresh biomass as a result of the treatments are shown in Figure 3. For
each N treatment level from N1 to N3, the fresh biomass production in different rainfall
periods differed significantly, increasing with increases in the amount of rainfall. In the
normal and wet periods, the fresh biomass increased significantly under the N1 and N2
treatments and, in the dry period, under the N1 treatment compared to NO, while N3 did
not produce a significant surplus compared to N2. Fresh biomass production increased
from 1.85 t ha~! at the NO level in the dry period to 21.8 t ha~! at the N2 level in the wet
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period (Figure 3A). The PO control level was significantly different from the higher P levels
only in the wet period. All three periods were statistically different from each other at all P
levels. The average biomass production of 5.29 t ha~! in the dry period was increased to
13.3 tha~! by the higher rainfall of the wet period without P treatment, which was further
increased to an average of 19.6 t ha~! by the P1-3 treatments (Figure 3B). Regarding the
N-P interaction, the amount of fresh biomass did not increase significantly above the P1
treatment level. At the NO level, different P treatments did not cause a significant difference
in the fresh biomass. The lowest value was produced by the NO x PO treatment (3.70 t ha™1),
while the highest was produced by the N2 x P1 treatment (16.7 t ha=1) (Figure 3C). The
biomass production increased parallel to the rising K levels from 10.8 to 12.6 t ha~!, but the
difference in biomass production was significant only between K0 and K2-K3, as well as
K1 and K3 (Figure 3D).

a a a
B PO
B -
201 M
H-:
15
10
d
° I
0
Wet

Normal Dry Normal

a
ab
bc
15 c
10
5
0
K1 K2 K3

KO

Figure 3. Effect of the rainfall-N (A), rainfall-P (B) and N-P (C) interactions and K treatment (D) on
fresh biomass production mean values. The columns represent the means and the error bars the standard
deviation. The letters indicate significant differences between the means (Tukey’s HSD, p < 0.05).

Figure 4 shows that the rainfall-N interaction greatly influenced the dry matter content
of the grass, which of course decreased with increasing rainfall. In the dry period, the N
treatment further increased the dry matter content (highest value: 43.8% at the N2 level
in the dry period), while in the wet period it further decreased it (lowest value: 29.9% at
the N2 level in the wet period) (Figure 4A). P had an increasing effect, as the dry matter
contents measured at the P1-3 levels were significantly higher (with the highest value of
37.6% at the P3 level) than for the PO control (35.6%) (Figure 4B). Higher K levels decreased
dry matter content, but the difference was only significant between KO0 (37.5%) and K3
(36.2%) (Figure 4C).
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Figure 4. Effect of the rainfall-N interaction (A), P (B) and K treatment (C) on dry matter content
mean values. The columns represent the means and the error bars the standard deviation. The letters
indicate significant differences between the means (Tukey’s HSD, p < 0.05).

Figure 5 shows that the N1 treatment significantly increased WUE compared to NO,
and the N2 and N3 treatments compared to N1. Also, the effect of N was significantly
stronger in the dry and normal rainfall periods than in the wet period. The WUE values
were the lowest in the wet period averaged over the N treatments, but considering the
rainfall-N interaction, the lowest value was found at the NO level in the normal rainfall
period (19.1 kg ha~! mm™!), while the highest was in the dry period at the N2 level
(127 kg ha~! mm~1) (Figure 5A). Considering the rainfall-K interaction, K had an increas-
ing effect on WUE, but this was significant only in the dry rainfall period, in which the
greatest difference was between the K0 (79.5 kg ha~! mm™') and K2 (102 kg ha=! mm™1)
treatments (Figure 5B). The P treatment enhanced the WUE-increasing effect of N, since
the N2 and N3 treatments resulted in a significantly higher WUE at the P1 treatment level
than at the PO level. However, increases above the P1 level were no longer significant
(Figure 5C).

T 1501
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Figure 5. Effect of the rainfall-N (A), rainfall-K (B) and N-P (C) interactions on water use efficiency
mean values. The columns represent the means and the error bars the standard deviation. The letters
indicate significant differences between the means (Tukey’s HSD, p < 0.05).

Figure 6 shows the N content of grass aboveground biomass. At the NO level, very
similar N contents were detected for all the rainfall periods. The results obtained in the
dry and wet periods were surprisingly similar, and there was no significant difference
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between the two periods at the individual N levels, but lower N contents were recorded in
the normal period at the N1-N3 treatment levels. N content varied between 0.968% (at the
NO level in the dry period) and 2.16% (at the N3 level in the wet period).
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Figure 6. Effect of the rainfall-N interaction on N content mean values of grass aboveground biomass.
The columns represent the means and the error bars the standard deviation. The letters indicate
significant differences between the means (Tukey’s HSD, p < 0.05).
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The P content of grass biomass is shown in Figure 7. At the NO level, the P content
decreased parallel to the increase in the rainfall supply, so the highest value was reached at
the NO level in the dry period (3281 mg kg~1). However, at the N1 level and above, the P
contents in the wet rainfall period exceeded the values measured in the dry and normal
periods (Figure 7A). As the P treatment levels increased, the P content of the grass increased
significantly from the PO level (1490 mg kg 1) up to the P2 level (2304 mg kg 1), whereas
the difference between the P2 and P3 levels was not significant (Figure 7B). K treatment
caused a decrease in P content, but this was only significant between the KO and K2-3
levels (Figure 7C).
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Figure 7. Effect of the rainfall-N (A) and P-N interactions (B) and K treatment (C) on the P content
mean values of grass aboveground biomass. The columns represent the means and the error bars

the standard deviation. The letters indicate significant differences between the means (Tukey’s HSD,
p <0.05).



Horticulturae 2023, 9, 1337

10 of 15

Figure 8 shows the K content of grass, which increased significantly parallel to the
increase in rainfall supply from 14,920 mg kg~! (dry period) to 20,350 mg kg~! (wet
period) (Figure 8A). The K content of the aboveground biomass also increased after K
treatment, but this was influenced by the N treatments. At the KO level, the N2 treatment
significantly reduced the K content compared to the NO level, whereas at the K3 level,
the N1-3 treatments non-significantly increased the K content compared to the NO level.
The lowest value was found in N2 x K0 (11,006 mg kg 1), while the highest value in the
N3 x K3 (22,813 mg kgfl) treatment combination (Figure 8B).
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Figure 8. Effect of rainfall (A) and the K-N interaction (B) on K content mean values of grass
aboveground biomass. The columns represent the means and the error bars the standard deviation.
The letters indicate significant differences between the means (Tukey’s HSD, p < 0.05).

4. Discussion

Drought is commonly observed to decrease biomass in grasslands [58]. The results of
the present study confirmed the negative effect of drought on biomass production. N and
P had a different effect on biomass production depending on the rainfall amount (Table 2).
Chang et al. [22] found that N treatment effectively improved the drought tolerance of
creeping bentgrass by promoting the antioxidant metabolism and N metabolism and thus
protecting cell membranes from oxidative damage. However, in the present study, the N3
treatment level no longer caused a significantly increase in either the dry or fresh biomass
production, suggesting that a dose of N above 200 kg ha~! is unnecessary under these
conditions. Concerning the rainfall period-N interaction, it can be seen that N treatment
significantly increased the dry biomass production in the normal and wet periods, but in
the dry period, the effectiveness of N was limited (Figure 2A). In the case of fresh biomass,
however, the difference between the normal and wet rainfall periods was significant at all N
levels, indicating that in the case of high rainfall, high doses of 200-300 kg ha~! year ! of
N treatment can be useful in increasing biomass (Figure 3A). The dry biomass production
obtained in the present experiment was typically between 2 and 6 t ha~!, which corresponds
to the results of Hofer et al. [34], who conducted fertilised lawn experiments in Switzerland
and Ireland.

The biomass production in all the three rainfall periods differed significantly at all
P treatment levels, except for PO. Above the P1 level, however, higher P rates no longer
resulted in a significant surplus in either dry or fresh biomass. In the dry period, P treat-
ments only caused a slight, non-significant increase in biomass (Figures 2B and 3B). This is
consistent with Tariq et al. [6], who found that in dry conditions, P fertilisation had no effect
and P uptake was limited. The results showed that at higher P treatment levels, N treatment
also resulted in higher biomass production (Figures 2C and 3C), suggesting that P treatment
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increased N efficiency. A similar result was obtained by Francisquini Junior et al. [59] for
guinea grass (Panicum maximum) when testing P fertilisers with different solubility.

In the present experiment, K increased biomass production regardless of the rainfall
amount (Table 2). Hu et al. [40] reported the positive effect of K treatment on stomatal
reopening and the resumption of photosynthesis in Kentucky bluegrass (Poa pratensis) fol-
lowing drought stress, indicating the favourable effect of K treatment under dry conditions.

P increased and K decreased the dry matter content of the sward, but N had an
increasing or decreasing effect depending on the rainfall period (Figure 4). The dry matter
content is a very important characteristic that helps grass to tolerate drought. A high
dry matter content indicates the presence of thicker cell walls, which serve to maintain
turgor [60]. In this context, it might be useful to supply plants with adequate N and P in
order to increase drought resistance. At the same time, the lower dry matter content means
that the plant contains more moisture, which results in an advantage in dry periods, so K
supply is also beneficial.

WUE was increased by N, P and K treatments, and N and P had a mutually strengthen-
ing effect (Figure 5). Previous results also indicated the WUE-enhancing effect of macronu-
trients. Togawa-Urakoshi and Ueno [61] reported higher photosynthetic water-use effi-
ciency in the case of higher N supplies for the vast majority of the grass species examined,
and the ability of N to increase WUE was demonstrated in Zoysiagrass (Zoysia japonica) [39],
tall fescue (Festuca arundinacea) [62], and several other plant species [21]. P application also
had a positive effect on WUE by improving assimilation rate in the case of common bean
(Phaseolus vulgaris) [27] and by improving the relative water content of leaves in the case of
Eucalyptus grandis seedlings [6]. In a grass experiment Ihtisham et al. [63] observed the high-
est WUE values in treatment with lower N, P and K fertilisation levels and the lowest WUE
values in treatments with higher quantities of fertilisers. However, in their experiment,
WUE was the ratio of photosynthesis to transpiration, and N and K especially increased
the rate of transpiration or increased it to a greater extent than photosynthesis. According
to Sardans and Pefiuelas [15], K has a particularly important role in increasing WUE and
limiting water loss. This finding is not supported by the results of the present study, but the
role played by K in drought tolerance is underlined by the fact that it significantly increased
WUE in the dry period (Figure 5B).

The N content of grass may be high during the dry period due to the concentration
effect [64], but the high soil moisture content in the wet rainfall period can promote N
uptake [6], so both dry and wet periods can result in high N content in plants. This may
also have happened in the present study. In the normal and wet periods, the dry biomass
data hardly differed from each other at higher (N2 and N3) treatment levels (Figure 2).
The higher rainfall quantity in the wet period, on the other hand, may have facilitated
the movement of N in the soil, thus supporting plant N uptake. This could explain the
equally high N content in the dry and wet periods (Figure 6). Tariq et al. [6] found that P
application to eucalyptus improved the N supply of the plant in the wet rainfall period, but
had no such effect in the dry period. This was not confirmed, however, in the present study.

The P content was determined by the interaction of N treatment and the rainfall supply
of the period, while P and K treatments influenced P concentration alone (Figure 7). Both
N and P concentrations in the aboveground biomass were the highest in the dry period,
and the lowest in the normal period, contradicting the results of several previous studies.
According to Bista et al. [58], drought significantly reduced the concentrations of N (by 51%)
and P (by 39%) in the shoot of big bluestem grass (Andropogon gerardii), despite the fact
that the biomass also decreased, so the concentration effect was unable to counteract the
inhibition of N and P uptake. In other words, drought reduced the uptake of N and P more
strongly than that of water, while in the present study it was the other way around. Other
authors reported that drought had different effects on N and P uptake. Mariotte et al. [41]
found that the uptake of P by mixed stands of four different grass species was hindered by
drought to a much greater extent than that of N. This was confirmed by Dijkstra et al. [28]
in an investigation in a semi-arid grassland area, suggesting that warming reduced the
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availability of P relative to N. The N:P ratio was inversely proportional to soil moisture, so
the P concentration decreased relative to that of N during dry periods.

In contrast to N and P, K concentration increased parallel to the amount of precipitation
of the period. The higher rainfall supply may have helped the movement of K in the soil,
thus supporting the uptake of K by the grass. Similarly to the experiment of Studer
et al. [65], the relatively abundant supply of K in the soil of the present study meant that the
higher biomass resulting from the better rainfall in normal and wet seasons had adequate
K supplies, so the dilution effect did not prevail for this element (Figure 8).

5. Conclusions

Significant increases were obtained in dry biomass, dry matter content and WUE up
to a dose of 200 kg ha~! year~! of N, so this is the maximum dose that is reasonable under
the given experimental conditions. P had a beneficial effect on dry and fresh biomass
production, dry matter content and WUE up to a level of 153 mg kg~! of P,Os, while
levels above this proved to be unnecessary. K increased dry biomass and WUE up to a
supply level of 279 mg kg, and fresh biomass up to 390 mg kg ! of K,0O. The N, P and K
treatments had a beneficial effect on fresh and dry biomass production in all three rainfall
periods, but the effect of N and P was strengthened by higher rainfall supplies. WUE
increased after N, P and K treatment, but decreased with increasing rainfall supplies. The
N and P concentrations were the highest in the dry period, when the K concentration was
the lowest.

The N, P and K fertilisation of grasses may be justified in dry, normal and wet years
because of their ability to improve biomass production. However, it is crucial to test the
nutrient supplies in the soil, since, if the soil is already well supplied with nutrients, addi-
tional fertilisation will not result in surplus biomass. The results of the study draw attention
to the interactions between nutrient effects and the amount of rainfall. Both N, P and K
supplies and the amount of rainfall have different effects at different levels, highlighting the
fact that if only one factor is examined alone or the N, P and K nutrient levels are increased
together, interactions between nutrients and the water supply remain unexplored.
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