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Abstract: With predicted increase in the intervals between rainfall events becoming more apparent,
little is known about how short-term (few weeks) drought events influence plant growth and
nitrogen (N) uptake after rewetting, and how this legacy effect is modulated by drought intensity
and soil amendment. Methods: Soil (50% water holding capacity, WHC) unamended or amended
with faba bean residue (C/N 9) was planted with wheat for two weeks. Thereafter, drought was
imposed by reducing soil water content to 10% (DEFICIT) or 30% (MILD) WHC and maintained for
two weeks (days O to 14). Thereafter, soils (deficit and mild) were rewetted to 50% WHC and
maintained at this water content for additional two weeks. Control soils were maintained at 50%
WHC (OPTIMAL) throughout the experiment. Results: At the end of the dry period, shoot dry
weight was about 60% lower in DEFICIT than OPTIMAL. Contrarily, soil available N was higher in
DEFICIT (16.65-41.72 mg kg?) than OPTIMAL (4.57-26.42 mg kg). While MBN did not differ with
amendment, it was about 80% lower in DEFICIT than OPTIMAL without amendment. During the
two-weeks after rewetting (days 15 to 28), shoot dry weight, N concentration and available N
changed little without amendment. But in the amended soil particularly in DEFICIT treatments,
shoot dry weight nearly doubled, shoot N concentration increased by about 40%, plant N uptake
increased by about 70%, and MBN decreased by about 40%. However, shoot dry weight and plant
N uptake were still lower than the OPTIMAL. Conclusion: The reduced plant growth, shoot N
concentration and plant N uptake induced by a short period of drying (<30% WHC) is not
compensated by increased growth and N uptake after rewetting.

Keywords: Faba bean residue; Low water content; Microbial biomass N; plant N uptake

1. Introduction

According to the Intergovernmental Panel on Climate Change [1], climate change will alter the
periodicity and intensity of rainfalls in many regions of the world. In many areas, longer dry periods
(i.e., drought) and more intense rainfall events are already occurring [2]. Such a shift in precipitation
pattern is expected to impact soil water availability, particularly during the growing season [3,4].

As soils dry, water films become thinner and semi-soluble materials precipitate, reducing water
availability and the rate of nutrient diffusion, resulting in resource limitation for plants and soil
microbes [5]. Plant growth will also decrease due to restricted water uptake and thus stomata closure.
Canarini and Dijkstra [4] posited that as the soil dries, a drop in water potential around the roots

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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resulting in the decrease in soil hydraulic conductivity is the primary driver of stomata closure.

Depending on the length of the dry period, prolonged soil drying (several days) has been
suggested to lead to a long-term suppression of stomatal conductance, possibly leading to turgor loss
(i.e., wilting) as a strategy to limit continued tissue damage [6-8]. Further, restricted root growth in
dry soil resulting in limited access to nutrients could be explained by the reduced nutrient diffusion
and mass flow in the soil solution, decreased root nutrient uptake capacity due to low root water
potential, and an increase in mechanical impedance of the dry soil that limits root growth and ability
to explore soil volume for nutrients [9-11].

The effects of low soil water on microbial activities that contribute to nutrient availability has
been well studied [2,12-15]. According to Schimel [15], water potential controls the survival and
functions (e.g., nutrient mineralisation) of soil microbes. As soil water potential decreases, cellular
water potential also drops resulting in reduced metabolic functions and ultimately death of soil
microbes [10,15,16].

The impact of drought on plant growth and soil microbes depends on the intensity of soil
dryness [17]. For example, Xue, et al. [11] found that plant and microbial biomass were lower in soil
maintained at 10% water holding capacity (WHC) compared to 30% - 50% WHC, because plant and
microbial nutrient uptake were water-limited [18]. Taken together, the effects of low soil water on
soil and plant growth are expected to negatively impact global food production.

When dry soils are rewetted, the flush of nutrients upon rewetting has been shown to be a
significant source of plant available nutrients [19-21]. Canarini and Dijkstra [4] noted that while soil
drying reduced gaseous nitrogen (N) loss in wheat grown soil, possibly due to reduced denitrification
supported by lower soil moisture content, N mineralisation was increased after rewetting. However,
the amplitude of the nutrient flush caused by rewetting may differ depending on how dry the soil
was before the rewetting. For example, Chowdhury [22] found that a flush of respiration only
occurred if the water potential of the soils was previously at least 3-fold lower than in constantly
moist soil at 50% WHC. While there exist numerous studies on the influence of drying-rewetting on
soil processes, many have not considered the influence of the presence of plants. Zhu and Cheng [23]
found that severe drying-rewetting conditions significantly reduced Sunflower (Helianthus annuus L.)
shoot (32%) and root (52%) biomasses and soil organic matter decomposition (22%), compared to the
constantly moist treatment. Similarly, Canarini and Dijkstra [4] confirmed that drying and rewetting
reduced rhizodeposition and stabilization of new carbon, primarily through biomass reduction.

Increased nutrient supply through the application of mineral fertilisers or organic amendments
may mitigate the effect of drying and rewetting on plants and microbes by increasing the nutrient
concentration in the soil solution. For example, Li, et al. [24] found highest water use efficiency under
reduced irrigation and high N fertilization. Hammad, et al. [25] also reported that plant biomass and
total N uptake in maize plants increased with increase in N supply under water deficit conditions
(50% of full irrigation) and were lowest in unamended soil with deficit irrigation.

The effect of longer dry periods on plants and microbes has been extensively studied [15,26-28].
However, little is known about how the soil water content influences plant growth and microbial N
uptake during shorter dry periods and after rewetting early in plant development. It is also not clear
how this legacy effect is modulated by crop residue amendment.

The aim of this study was to determine the effects of a previous low soil water content on wheat
growth, crop N content and microbial N uptake after a second rewetting event in crop residue
amended and unamended soils. In this glasshouse experiment, soil was amended with low C/N
residue or left unamended and planted with wheat. Low C/N faba bean residue (C/N =9) was added
to the soil to increase substrate availability and provide an additional N source. The soil was then
kept at optimal soil water content (i.e., 50% of maximum water holding capacity, WHC) for two
weeks before drying to 10% (DEFICIT) or 30% (MILD) WHC, then kept at this water content for 2
weeks and then rewetted to optimal level and maintained thus for another two weeks. Constantly
moist soil was maintained at the optimal water level throughout the experiment.
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We hypothesised that in dry soil, (1) plant biomass and N concentration will be lower than in
soil maintained at optimal water status, this effect will be more pronounced without residue
amendment than with residues, due to lower nutrient availability in unamended treatments, also (2)
microbial biomass N (MBN) will be lower than in soil maintained at optimal water status due to
lower microbial activity. But after rewetting in dry soil, (3) shoot biomass and N concentration will
increase compared to the end of the dry period, particularly in soil previously at deficit water level,
due to the increase in available N after rewetting.

2. Results
2.1. Plant Growth, shoot N Concentration and N Uptake

At day 14 of the dry period, shoot dry weight in unamended treatments was about 50-60% lower
in DEFICIT soil water condition than in MILD and OPTIMAL conditions and about 20% higher in
OPTIMAL than MILD (Figure 1a). In soil amended with faba been residue, shoot dry weight was
about two-fold greater in OPTIMAL than MILD and about three-fold greater than DEFICIT. It was
about 30% greater in MILD than in DEFICIT. At the end of the dry period, some of the wheat plants,
particularly of DEFICIT treatments without amendment, were almost wilting (photo or data

unavailable).
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Figure 1. Shoot dry weight (mg plant™) of wheat plants in soil dried to 10% (DEFICIT) or 30% (MILD)
of soil water holding capacity (WHC) and maintained dry for 14 days (a), and (b) 1 day and (c) 14
days after rewetting (referred to as days 15 and 28 after onset of the drying) of previously dry soil to
50% of WHC, or maintained constantly moist (OPTIMAL) throughout, unamended or amended with
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faba bean residue. At a given sampling day, different letters indicate significant differences among
treatments (P <0.05, n=3 + standard error). The * indicates an increase and nsd indicates ‘no significant
difference’ in shoot dry weight compared to previous sampling time.

Shoot dry weight one day after rewetting (referred to as day 15) was about 20-40% higher in
OPTIMAL and MILD than at the end of the dry period. In DEFICIT treatments, shoot dry weight did
not differ compared to the end of the dry period. After rewetting (day 15 to day 28), shoot dry weight
in OPTIMAL was about 30% to two-fold higher than MILD and about four-fold higher than DEFICIT
(Figure 1b-c). In unamended treatments from day 15 to 28, shoot dry weight increased by about 40%
in OPTIMAL, about 10% in MILD and about 30% in DEFICIT. But in amended treatments, it increased
about 40% to two-folds in all treatments.

At the end of the dry period (day 14), the shoot N concentration was 10-20% higher in soil
amended with faba been residue than unamended treatments with the smallest differences between
amendment treatments in DEFICIT. In OPTIMAL it was about 20% higher than MILD, but up to 40%
higher than DEFICIT (Table 1). After rewetting (day 15 to day 28), the shoot N concentration was 30%
to two-fold higher in amended than unamended treatments with a greater difference in rewetted
treatments than plants maintained OPTIMAL throughout (Table 1). Differences among treatments
varied with time after rewetting. One day after rewetting (day 15), the shoot N concentration was
about 10-30% higher in OPTIMAL than in the rewetted treatments, but after two weeks (day 28) it
was lowest in OPTIMAL, particularly it was two-fold higher in DEFICIT than in OPTIMAL but was
40% or more lower in OPTIMAL and MILD on day 28 than on day 15.

Table 1. Shoot nitrogen concentration (mg g') and nitrogen uptake (mg plant?) of wheat plants (a)
grown in soil dried for two weeks to 10% (DEFICIT) or 30% (MILD) of soil water holding capacity
(WHC), and (b) after rewetting of previously dry soil to 50% WHC (OPTIMAL), or maintained
constantly moist (OPTIMAL) throughout, unamended or amended with faba bean residue.

Moisture (a) Dry period (b) After rewetting
Amendment
treatment Day 14 Day 15 Day 28
Shoot N concentration (mg 1)
Unamended OPTIMAL 26.94+0.17¢cC 21.03+0.10dB 7.76+0.99aA
MILD 22.07+0.25bC 19.11+0.04cB 12.03+0.05bA
DEFICIT 17.25+0.16aB 15.57+0.58aA 16.85+0.11dB
Amended OPTIMAL 30.05+0.18eC 26.41+0.31fB 14.19+0.23cA
MILD 29.03+0.03dC 24.00+£0.21eB 15.87+0.04d A
DEFICIT 22.52+0.13bB 17.33+0.09bA 28.55+0.22eC
N uptake (mg plant)
Unamended OPTIMAL 3.69+0.03eB 3.71+0.03eB 2.21+0.28cA
MILD 2.40+0.03d A 2.11+0.00cA 1.43+0.01bA
DEFICIT 0.87+0.01aB 0.69+0.03aA 1.09+0.01aC
Amended OPTIMAL 4.38+0.04fA 6.04+0.08£C 5.46x0.09fB
MILD 2.16+0.00cA 2.85+0.02dB 3.98+0.01eC
DEFICIT 1.23+0.00bB 0.88+0.01bA 2.82+0.02dC

Means within a column followed by different lower-case letters are significantly different for the amendment x
moisture treatment interaction (P < 0.05, n =3 + standard error). Upper case letters indicate significant difference
across sampling times for each treatment.

Shoot N uptake at the end of the dry period (day 14), was about four-fold higher in OPTIMAL
than in DEFICIT and up to two-fold higher than in MILD (Table 1). In OPTIMAL and DEFICIT, shoot
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N uptake was up to 30% higher in the faba bean residue amended than the unamended treatments.
However, in the MILD treatments, amendment had no effect on shoot N uptake during the dry
period. After rewetting, shoot N uptake decreased from day 15 to 28 in OPTIMAL, but it increased
in rewetted treatments, particularly in the amended treatments where it was about 30% higher in
MILD and up to three-fold higher in DEFICIT on day 28 than day 15.

2.2. Soil Available N and Microbial Biomass N

At the end of the dry period (day 14), available N was about three to six-fold higher in faba bean
residue amended than unamended treatments. In both amendment treatments, available N was
about 40% to two-fold higher in DEFICIT than both OPTIMAL and MILD, which were not different
(Figure 2a). One day after rewetting (day 15), available N was about 10% to two-fold higher than at
the end of the dry period (Figure 2b). Available N on day 15 was about two to five-fold higher in
amended than in unamended treatments.
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Figure 2. Available N (mg kg soil!) in soil dried to 10% (DEFICIT) or 30% (MILD) of soil water holding
capacity (WHC) and maintained dry for 14 days (a), and (b) 1 day and (c) 14 days after rewetting
(referred to as days 15 and 28 after onset of the drying) of previously dry soil to 50% of WHC, or
maintained constantly moist (OPTIMAL) throughout, unamended or amended with faba bean
residue and sown with wheat. Columns with different letters are significantly different for the plant
treatment x amendment x moisture treatment interaction (P < 0.05, n = 3 + standard error). The *
indicates an increase, # indicates a decrease and nsd indicates ‘no significant difference’ in
concentration compared to previous sampling time.
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In both amendment treatments, available N was about 30% to four-fold higher in DEFICIT than
both OPTIMAL and MILD. In unamended treatments, available N in MILD was about 50% higher
than in OPTIMAL, but they did not differ in the amended group. Available N was about 10-45%
lower on day 28 (14 days after rewetting) than day 15 (Figure 2c). Available N on day 28 was about
two to 6-fold higher in faba bean residue amended than in unamended treatments. In both
amendment treatments, available N was about 10% to 3-fold higher in DEFICIT than both OPTIMAL
and MILD, and up to 50% higher in MILD than OPTIMAL.

At the end of the dry period (day 14), MBN was about two to 8-fold higher in amended than
unamended treatments. MBN was not influenced by moisture in the amended treatments, but in
unamended treatments, it was about 80% lower in DEFICIT than OPTIMAL (Figure 3a). One day
after rewetting (day 15) compared to the end of the dry period, MBN increased by about 20-40% in
rewetted treatments but changed little in the OPTIMAL (Figure 3b). One day after rewetting (day 15),
MBN was three-fold and four-fold higher in OPTIMAL and DEFICIT with amendment than in
unamended. From day 15 to day 28, MBN decreased in DEFICIT with amendment by 50%, but
increased in DEFICIT without amendment by 40%. On day 28, MBN was about two-fold higher in
OPTIMAL and about 40% higher in DEFICIT with amendment than in unamended (Figure 3c). In the
unamended treatments, MBN was not affected by water treatment, and was about 50% higher in
DEFICIT than OPTIMAL and MILD in the treatments with amendment.
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Figure 3. Microbial biomass N (mg kg soil) in soil dried to 10% (DEFICIT) or 30% (MILD) of soil
water holding capacity (WHC) and maintained dry for 14 days (a), and (b) 1 day and (c) 14 days after
rewetting (referred to as days 15 and 28 after onset of the drying) of previously dry soil to 50% of
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WHC, or maintained constantly moist (OPTIMAL) throughout, unamended or amended with faba
bean residue and sown with wheat. Columns with different letters are significantly different for the
plant treatment x amendment x moisture treatment interaction (P < 0.05, n = 3 + standard error). The
* indicates an increase, # indicates a decrease and nsd indicates ‘no significant difference’ in
concentration compared to previous sampling time.

3. Discussion

This study showed that plant growth, soil N availability and microbial biomass N are influenced
by water content during the dry period and that this effect is carried into the period after rewetting.
It also showed that the effect of soil water content during the dry period is modulated by amendment
with low C/N residues.

3.1. Dry Period

The first part of the first hypothesis (in dry soil, plant biomass and N concentration will be lower
than in soil maintained at optimal water status) can be accepted. Drying of soil reduced shoot growth
and shoot N concentration, particularly drying to 10% WHC as in the DEFICIT soil water treatments.
A reduction in plant growth in dry soil has been shown before and can be explained by low water
uptake, which causes stomata to close, and by low nutrient diffusion to the roots [10,11,29]. The
difference in shoot dry weight and shoot N concentration compared to OPTIMAL was greater in
DEFICIT treatments than in MILD, indicating that at 30% WHC with little moisture content, the
plants were still able to take up some nutrients and assimilate CO2. However, the second part of the
first hypothesis (this effect will be more pronounced without than with residue amendment, due to
lower nutrient availability in unamended treatments) can only be accepted for OPTIMAL and MILD,
whereas residue amendment had little effect on plant growth and N uptake in DEFICIT. This could
be because at such very low water content, plant N uptake was impacted by water limitation. At the
higher soil water content as in MILD, plants were still able to take up N.

Lower concentrations of soil available N in OPTIMAL and MILD compared to DEFICIT can be
explained by greater plant and microbial N uptake due to higher soil water content. The high soil
available N during the dry period in DEFICIT suggests the possibility that N mineralisation occurred
in microsites where water was still present [30]. However, low MBN suggests low microbial uptake
on mineralised N. A possible explanation for this apparent contradiction is that N was mineralised
by extracellular enzymes and thus not linked to microbial activity [31-33]. However, the high
concentration of available N in DEFICIT may also be a methodological artifact. Rewetting of the dry
soil with the extractant KCl may have induced aggregate breakdown and microbial cell lysis releasing
mineral N, which would not become available to plants and microbes with slow rewetting [34,35].

The very low water content in DEFICIT had a more pronounced negative effect on plant growth
and N uptake than on MBN. This indicates that the microbes were less sensitive to the reduction in
water content than plants, likely because a proportion of microbes remained active in the water films
surrounding the aggregates and in small pores or survived the dry period in a dormant state [36].
The second hypothesis (during the dry period, MBN will be lower than in soil maintained at optimal
water status due to lower microbial activity) can be confirmed for the unamended soils, but low water
content had a limited effect on MBN in the amended soils. This indicates that the presence of easily
decomposable organic material reduced the susceptibility of microbes to drying [37]. It could also be
that fragments of the crop residue served as water reservoirs keeping microbes active during the dry
period.

3.2. After Rewetting

Shoot dry weight in OPTIMAL continued to increase from day 15 to day 28 and remained higher
in the amended treatment than without amendment. However, shoot N concentration in OPTIMAL
decreased from day 15 to day 28 which is likely due to growth dilution [38]. In OPTIMAL soil water
condition with faba bean residue, the decrease in shoot N concentration occurred despite N uptake
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as indicated by a slight decrease in available N and low MBN from day 15 onwards. This indicates
that the increased N uptake did not compensate for the increased shoot growth.

The third hypothesis (shoot biomass and N concentration will increase compared to the end of
the dry period, particularly in soil previously at deficit water level, due to the increase in available N
after rewetting) can only be confirmed for the amended treatments. Rewetting had little effect on
shoot dry weight and shoot N concentration in the unamended rewetted treatments. This is likely
because nutrient limitation hampered the ability of the plants to respond to rewetting, although
available N was higher in rewetted treatments than OPTIMAL from day 15 onwards. On the other
hand, in the amended rewetted treatments, rewetting induced a plant growth increase which can be
explained by increased nutrient availability by the amendment. In MILD soil water condition with
faba bean residue, shoot dry weight increased immediately after rewetting to optimal soil water
content and then more slowly until the end of the experiment. This increase in shoot growth after
rewetting resulted in a declining shoot N concentration despite a higher available N concentration
than in the unamended treatments.

In DEFICIT soil water condition with faba bean residue, shoot dry weight and shoot N
concentration increased to nearly two-fold on day 28 (14 days after rewetting) than the end of the dry
period. This suggests that the stronger drying in the first 14 days delayed the ability of the plants to
quickly respond to the rewetting, which was later reversed by day 28. Further, microbial biomass N
strongly increased in amended DEFICIT within the first day after rewetting, which suggests rapid
immobilisation of N released upon rewetting.

4. Materials and Methods
4.1. Soil and Crop Residues

The soil was collected from the Waite Campus of The University of Adelaide, South Australia
(longitude 138° 38’ E, latitude 35° 6’ S). This area has a Mediterranean climate: cool, wet winters and
hot, dry summers with occasional short, heavy rainfall events. The soil is a Chromosol in Australian
soil classification and a Rhodoxeralf in US Soil Taxonomy [39]. The soil properties are: 37% sand, 37%
silt, 25% clay; maximum water holding capacity (WHC) 341 g kg; pH (1:5 soil water ratio) 6.8; EC
(1:5) 0.1 dSm; total organic C 17 g kg'; total organic N 1.5 g kg; bulk density 1.3 g cm; and available
N 15 mg N kg1[39].

Young faba bean shoot (Vicia faba L.), dried at 40 °C, ground and sieved to 0.25-2-mm particle
size, was used for the experiments. It has the following properties: total organic C 347 g kg'; total N
38.5 g kg!; and C/N ratio 9 [13].

4.2. Experimental Design

Soil was initially moistened to 50% of maximum water holding capacity (WHC) (hereafter called
‘OPTIMAL’) and mixed thoroughly with faba bean residue (15 g kg"') or left unamended. Then, the
soil was filled into pots (400 g dry soil equivalent) and sown with 10 pre-germinated wheat (Triticum
aestivum L. cv. Axe) seedlings. After two weeks of plant growth at optimal soil water content,
irrigation was ceased to allow the soil moisture to dry to 10% (DEFICIT) or 30% (MILD) WHC, which
took about seven and three days, respectively. Thereafter, the soil moisture contents were maintained
constant for additional two weeks (referred to as days 0-14). The water contents were determined
and monitored by weighing the pots on an analytical balance. At the end of the two weeks (day 14),
soils with low water content (DEFICIT and MILD) were rapidly rewetted back to optimal level by
adding the required amount of water (27.3 g for mild treatments, and 54.6 g for deficit treatments).
Control soils were maintained at OPTIMAL soil water content (68.2 g per 400g dry soil) throughout
the experiment. All treatments were replicated four times. Soil available N, microbial biomass N and
crop biomass and N uptake were destructively measured 14 days after reduction of watering and 1
and 14 days after rewetting to optimal soil water level (referred to as days 15 and 28).

4.3. Analyses

d0i:10.20944/preprints202411.1354.v1


https://doi.org/10.20944/preprints202411.1354.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2024 d0i:10.20944/preprints202411.1354.v1

Measurements were carried out as described in Erinle, et al. [39]. Soil maximum water holding
capacity was measured, matric potential=—10 kPa (Wilke, 2005). Soil texture was determined
according to [40]. Soil pH was determined in a 1:5 (w/v) soil to reverse osmosis (RO) water ratio [41].
Total organic C of soil and residues was determined by wet oxidation [42]. Total N in soil, crop
residues and oven dried wheat crops were determined using the Kjeldahl method [43].

Total N uptake in wheat straw was calculated according to [44] with minor modification: N
uptake (mg plant?) = [Shoot N concentration (mg g1) x shoot dry weight (g plant?)].

Soil available N (exchangeable ammonium and nitrate) was measured after 1 h end-over-end
shaking with 2 M KCl in a 1:5 soil-extractant ratio. Ammonium-N was determined after Willis, et al.
[45] and nitrate-N after Miranda, et al. [46]. Microbial biomass N (MBN) was determined by
chloroform fumigation extraction with 0.5 M K2504 according to Moore, et al. [47]. Microbial biomass
N was calculated as the difference in NH4" concentration between fumigated and non-fumigated
samples divided by 0.57 [47].

4.4. Statistical Analyses

After confirming normality using the Shapiro-Wilk test, data were analysed by Completely
Randomised Design in Genstat 19th edition (VSN Int. Ltd., UK) with three factors: amendment
(without and with), plant (planted and unplanted) and water treatment (optimal, deficit and mild).
In planted treatments, data on plant dry weight, shoot N concentration and N uptake were analysed
by two-way analysis of variance (ANOVA). Tukey’s multiple comparison test at 95% confidence
interval was used to determine significant differences among treatments at a given sampling time.
Repeated measures ANOVA was used to determine the effect of sampling times.

5. Conclusions

It can be concluded that with the application of nitrogen-rich organic amendment such as the
faba bean with C/N =9, rewetting in dry soil induced an increase in plant and microbial N uptake
which is supported by the flush of available N. However, in unamended soil, plants and microbes
did not respond to rewetting because they were limited by low nutrient availability. In this
experiment, the plants were young (2 weeks at onset of drying, 4 weeks at rewetting) which could
have exacerbated the effect of both drying and rewetting on plants. Young plants with a relatively
small root system will be more sensitive to drying of soil than older plants with an extensive root
system, but they may also be able to respond to rewetting more quickly than older plants because
they are in an active growth period. This suggests that amendment with nutrient-rich organic
materials, such as the low C/N faba bean shoots, aids the recovery of plants after drought.
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