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Abstract

Due to increased drought frequency following climate change, practices improving water use
efficiency and reducing water-stress are needed. The efficiency of organic amendments to
improve plant growth conditions under drought is poorly known. Our aim was to investigate if
organic amendments can attenuate plant water-stress due to their effect on the plant-soil system
and if this effect may increase upon ageing. To this end we determined plant and soil responses
to water shortage and organic amendments added to soil. We compared fresh biochar/compost

mixtures to similar amendments after ageing in soil.

Results indicated that amendment application induced few plant physiological responses under
water-stress. The reduction of leaf gas exchange under watershortage was alleviated when
plants were grown with biochar and compost amendments: stomatal conductance was least
reduced with aged mixture aged mixture (-79 % compared to -87% in control), similarly to
transpiration (-69 % in control and not affected with aged mixture). Belowground biomass
production (0.25 times) and nodules formation (6.5 times) were enhanced under water-stress
by amendment addition. This effect was improved when grown on soil containing the aged as
compared to fresh amendments. Plants grown with aged mixtures also showed reduced leaf
proline concentrations (two to five times) compared to fresh mixtures indicating stress
reduction. Soil enzyme activities were less affected by water-stress in soil with aged

amendments.

We conclude that the application of biochar-compost mixtures may be a solution to reduce the
effect of water-stress to plants. Our findings revealed that this beneficial effect is expected to
increase with aged mixtures, leading to a better water-stress resistance over time. However,
while being beneficial for plant growth under water-stress, the use of amendments may not be

suited to increase water use efficiency.
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1. Introduction

Water availability is affecting the activity of all living organisms. Under the current
climate change, the hydrological cycle will change dramatically leading to increased frequency
of extreme events such as flooding and drought (IPCC, 2021). Under the current climate
scenarios, water shortage is predicted to be one of the main threats to agricultural production
(FAO, 2013). Indeed, about two third of the worldwide cultivated area is affected by drought,
and this proportion is expected to increase due to global warming (Farooqi et al., 2020; Ullah
et al., 2021). In addition, drought events will be not only more frequent, but also longer and

more severe (Liu et al., 2018; Hari et al., 2020).

Drought may affect plant growth directly as well as indirectly. Under water deficit, plants
generally show reduced growth, water content and nutritious value (Kramer and Boyer, 1995;
Zia et al., 2021). This may be related to physiological drought effects, such as decreased
photosynthetic activity following stomata closure to prevent transpiration (Tani et al., 2019; Zia
et al., 2021), increased instantaneous water use efficiency (Wang et al., 2018; Zhang et al.,
2018), and reduced nutrient uptake. It may also be related to less available soil water inducing
a reduction in soil organic matter decomposition and nutrient availability (Xue et al., 2017).
Both phenomena have been demonstrated for various crops (Krél et al., 2014; Mouradi et al.,

2016; Nadeem et al., 2017; Luo et al., 2019; Yang et al., 2020; Khan et al., 2021).

One possibility to overcome water deficits is irrigation. However, irrigation has not only an
additional cost for the farmers, but it also alters environmental quality by, for instance,

promoting soil salinization or increasing soil organic matter mineralisation and thus greenhouse
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gas emissions (Maljanen et al., 2010; Liu et al., 2019). Moreover, water resources are far from
being available for irrigation everywhere, therefore, there is a need to find a more sustainable
way to overcome negative impacts of drought. A recent study indicated that the drought-related
yield gaps may be closed by increasing soil organic matter stocks (lizumi and Wagai, 2019).
Thus, adaptation of agricultural systems to climate change and in particular extreme drought
may rely on organic matter management and fostering soil organic carbon (SOC) storage
(Kopittke et al., 2022). In intensive agricultural systems, organic amendments may be used for
this purpose because (1) they can retain water through physicochemical processes (Ajayi et al.,
2016; Glab et al., 2020) and (2) increase the soil’s capacity to retain water by improving its
structure and porosity (Sisouvanh et al., 2021). In addition to the beneficial effects on soil water
content, organic amendments can improve soil fertility through increasing organic matter
content, enhancing nutrient contents and availabilities (Diacono and Montemurro, 2010).
Finally, many organic amendments are derived from waste materials and their use for soil
application is thus a promising option to recycle and divert them from the waste stream thus

contributing to the circular economy.

Among the possible organic amendments, biochar and compost have shown potential as soil
improvers, able to reduce drought stress (Kammann et al.,, 2011; Tanure et al., 2019;
Abdelrasheed et al., 2021; Ullah et al., 2021). Biochars are solid materials resulting from the
pyrolysis of biomass (Paz-Ferreiro et al., 2014). Their application to soil has been proven to
have agronomic interest mainly because of their beneficial effects on soil physical and chemical
properties (Cha et al., 2016). They are particularly interesting because of their high porous
structure and their high cation exchange capacity that allow them to bind and stabilize water
and various elements in soil, in addition to acting as microhabitat for microorganisms
(Agegnehu et al., 2017). Considering their very high stability and carbon content, biochars may

allow to contribute to soil carbon sequestration (Wang et al., 2016; Smith, 2016). In contrast,
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composts contain a large amount of labile organic matter, which stimulates soil biota, influences
microbial community composition, promotes plant growth and, through its effect on microbial
activity, improves soil physical and chemical properties (Fischer and Glaser, 2012; Eden et al.,
2017). Some studies unraveled the potential mechanisms of compost and biochar to improve
the capacity of plants to sustain drought: (i) improvement of soil moisture (Wang et al., 2019)
through water binding on the surface (Jacka et al., 2018) and amelioration of soil structure
(Wang et al., 2019) allowing a better development and penetration of plant roots in soil
(Nadeem et al., 2017), and (ii) improvement of soil nutrient availability (Tanure et al., 2019),

especially nitrogen, which is essential for CO> assimilation and thus plant growth.

The combined use of both materials may induce synergistic effects on SOC storage and plant
growth (Agegnehu et al., 2016). For example, Nadeem et al. (2017), studying the use of biochar
and compost mixtures, showed that they allow in combination with rhizobacteria inoculation to
enhance cucumber growth under water-stress conditions better than biochar or compost alone.
Obadi et al. (2020) also showed that biochar and compost applied together can alleviate

negative effects of water shortage on pepper growth, yield and plant water use efficiency.

However, following field exposure, properties of organic amendments are changing due to
ageing processes. For instance, physical weathering of biochar compost mixtures may alter their
material properties, especially through labile compound leaching (Aubertin et al., 2021). The
altered mixtures may improve plant biomass production due to increased compost
mineralisation when mixed with biochar most probably due to greater ability of aged biochars
for nutrient adsorption (Chang et al., 2019). Amendment application and their ageing can affect
soil, plant and microorganism properties (Zhao et al., 2010; Sun et al., 2017; Paetsch et al.,
2018; Rahman et al., 2018). However, up to now, mechanistic studies on amendment effects on
the plant-soil continuum are scarce because plant and soil compartments are usually studied

separately. To the best of our knowledge, no studies have been carried out to investigate the
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effect of aged biochar-compost mixtures on plant physiology and soil microbial functioning,

although both compartments may be crucial to understand the long-term benefits of this option.

In this study, we carried out a greenhouse experiment with alfalfa plants and a silt-loamy
temperate agricultural soil and investigated the effect of biochar-compost mixtures and their
natural ageing on the plant-soil system. We aimed to investigate (1) if organic amendment
application attenuates negative effects of water stress on plant development and microbial soil

functioning and (2) if this effect is changing upon their ageing during field exposure.

To this end, we monitored plant parameters, such as growth, aboveground and
belowground biomass, photosynthetic activities, plant stress indicators and their stem water
potential during water stress. To examine the contribution of soil processes and plant

physiology to water stress responses, we compared plant indicators and soil enzyme activities.

We hypothesised that biochar-compost mixtures affect plant physiological responses to water
stress because of their effect on soil water conditions and microbial functioning. We also
hypothesised that ageing of biochar-compost mixtures will modify plant responses under water

stress due to enhancement of their soil effects.

2. Materials and Methods

2.1. Amendments and soil

Biochar and compost materials originated from a compost platform of the association
‘agriculteurs composteurs’ in France. At this platform, green waste compost (Fertivert, Seine-
Maritime, France) was sampled after green waste composting for six months (four months of
fermentation and two months of maturation). To take advantage of non-compostable residues

(composed of poplar and conifers branches), with the objective to re-use them to improve



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

compost amendments, they were transformed into biochar with a medium-scale pyrolizer

developed by ETIA (Oise, France), by pyrolysis at 450 °C for 10 min.

We sampled the first 5 cm depth of an agricultural soil with amendment mixtures in Beauvais
(Oise, France) at the UniLaSalle campus (GPS coordinates 49°25°49°°N, 2°04°51°’E). This soil
is part of a field experiment implemented in 2018, where the effects of long-term amendment
application are assessed under a temperate cropping system. The study site is representative of
the agricultural region of Northern France. This region is increasingly impacted by climate
change and particularly its effects on the water supply of crops. Among others, this includes:
drier springs and summers, milder winters but with an increased risk of late spring frosts, more
recurrent episodes of high heat and drought, a more random winter recharge of groundwater,
which is the source of the majority of irrigation water. In this region, annual precipitations are
669 mm.y! on average and average temperatures range from 6.5 to 14.9 °C. The soil was
classified as a silt loam Haplic Luvisol, and its physico-chemical characteristics and those of

amendments are given in Table 1. Soil was sieved at 5 mm before use.

2.2. Experimental design

As the purpose of this study was to evaluate the effect of amendment ageing, we had three
treatments: (i) the non-amended soil sampled from our field experiment (control -C), (ii) the
same soil as the control amended with fresh biochar-compost mixture (F), composed of biochar
applied at 0.39 kg.m2 dry weight (DW) and compost applied at 0.78 kg.m (DW) respectively
(equivalent to 3.9 t.ha and 8.8 t.hal, respectively), and (iii) the soil amended with the same
biochar-compost amendment dose (incorporated at 5 cm depth with a rotative harrow), which
had been subjected to field ageing for two years (A) and collected on the site at the same time
as the non-amended soil. The rate of application of biochar-compost mixtures was based on a

previous experiment (unpublished data) and was considered as realistic and economically

7



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

viable by local farmers. The unamended control and two-year amended soils had been subjected
to similar agricultural treatments. The F and A soils, showed similar physicochemical
properties, confirming that fresh and aged organic amendments were present in F and A soils

in similar amounts (Supplementary Materials, S1, Figure 1).

The soils were placed in 0.9 L pots at a bulk density of 1.3 g.cm?, with ten replicates per
treatment. After two weeks of acclimatisation at 70 % field capacity (FC), i.e. 25 g H2O for 100
g dry soil, 20 seeds of Medicago sativa L. were sown. Nine days after sowing, the number of

plants was reduced to three.

Plants were grown for 64 days under greenhouse conditions (23 °C, natural light with the
deployment of a shadow if superior to 70 cd.sr.m?, Supplementary Materials, S1, Figure 2).
During the first 41 days, the pots were weighted daily at the end of the day and tap water was
added to maintain the treatments at 70 % FC. At the 42" day and until the end of the experiment,
i.e. during three weeks (22 days), water stress was implemented in half of the pots, randomly
selected: the non-stressed pots were still watered at 70 % FC (5 replicates), whereas the stressed
pots were watered at 40 % FC i.e. 14 g H>O for 100 g dry soil (5 replicates). The amount of
water corresponding to 70 % FC was based on the FC of the control treatment, so that all
treatments had the same volumetric water content throughout the experiment. Daily amount of

added water was used to calculate the cumulated water supply over the experimental period.

After nine weeks of growth, plants were harvested. Each plant was removed from the pots and
soil was gently separated from the roots. Soils were homogenized and an aliquot sample (half)
was air-dried, while plants were subjected to root exudate collection followed by separation of
shoots and roots. Fresh roots of each plant were photographed and image processed with ImageJ
1.52a (Wayne Rasband, National institutes of Health, USA) and Fiji (ImageJ 1.52i, Wayne

Rasband, National institutes of Health, USA) (supplementary materials, S1, Figure 3) in order
8



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

to analyse root branching (i.e. the number of image detected roots segments). Root nodules
were counted. An aliquot of fresh soil was used for enzyme analyses. After three days of drying

(50°C), dry mass of plant shoots and roots were recorded.

2.3. Plant development

In order to monitor plant growth, we took a photo twice a week at a fixed time during the whole
experiment, between 10 am — 11 am. Photos were taken at the same place on a table each time
in front of a white wall on which was attached a black disk of a known surface. The camera
was set on a first fixed distance and height from the pot until they grew too much to fit in the
frame. We then replaced it by a new distance until the end of monitoring without changing the
height. Three photos were taken per plant with a lateral rotation of 90° each in order to limit the
effect of the spatial variability of each plant. After image processing, the average plant surface
on these three photos was saved for each plant and expressed in cm2. Image processing was
performed with the software ImageJ 1.52a (Wayne Rasband, National institutes of Health, USA)
by determining the plant surface comparing the number of plant pixels to the number of pixels

identified on the disk (Supplementary Materials, S2, Figure 4).

2.4. Stem water potential

A Scholander pressure chamber (PMS instrument, model 600) was used to measure the stem
water potential in the first and third week of water stress (Ritchie and Hinckley, 1975). In order
to allow the leaves to equilibrate with the stem, each leaf was sealed with aluminium foil to be
in the dark during 2h prior to measurement (del Pozo et al., 2017). Data were recorded at solar
noon by cutting the leaf from the plant, removing the leaf from the aluminium and placing it in
the chamber in which an increasing pressure was applied. From the moment bubbles were

observed out of the peduncles of the leave, sap pressure was recorded.
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2.5. Gas exchange

In the first and last week of the water stress, leaf gas exchanges (net assimilation rate nAR
(umol CO2.m2s?), stomatal conductance gs (mol H,0.m?2.s™), transpiration rate E (mmol
H.0.m2.s?1) and the resulting instantaneous water use efficiency WUEIi, (mmol CO, .mol*
H>0) were measured using a Li-6400 Portable Photosynthesis System (Li-Cor Biosciences Inc.,
Lincoln, NA, USA). Measurements were performed between 10.00 am and 1.00 pm local time,
on the 5" leaf from the top of the plant which is considered as fully developed leaf, on one plant
randomly selected in each pot. Inside the measured chamber, temperature was set to 21 °C, and
vapour pressure deficit was kept between 0.8 and 1.5 kPa, CO> concentration in the air (Ca)
was regulated at 400 ppm and photosynthetically active radiation (PAR) was 1500 pumol.m=2.s"
! The CO2 concentration value set up to simulate the average COz concentration in our
atmosphere. The PAR value was decided after realisation of light curves, before induction of
the stress, which showed maximum CO; assimilation at 1500 pmol.m2.s. The measure was
taken after 20 s of equilibration. The measured leaf was photographed in order to measure leaf
area, using ImageJ 1.52a (Wayne Rasband, National institutes of Health, USA), and express

the parameter on a leaf area basis (supplementary materials, S3, Figure 5).

2.6. Stress indicators

To assess the degree of plant stress following water shortage, we determined the proline
content of plant leaves and the carboxylates exudation of plant roots. For proline measurements,
we sampled one representative plant leaf, in the first and last week of water shortage. It was
immediately frozen in liquid nitrogen and stored frozen until the extraction. Extraction was

done based on the method described in Bates et al. (1973). Briefly, 30-40 mg of frozen material
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was crushed in liquid nitrogen and extracted with 3 % sulfosalicylic acid followed by the
addition of ninhydrin buffer and toluene to extract coloration. Then, absorbance at 520 nm was
measured using a NanoDrop (NP80, Implen, Germany). Proline concentration was calculated
using a seven-point proline standard curve, and expressed in mmoles per kilogram of fresh
weight material.

For carboxylates measurements, after whole plant sampling (see section 2.7), its roots
were immerged in a CaCl; solution at 0.2 mol.m™ for an hour in order to collect plant root
exudates. Thereafter, the solution was frozen until it could be filtered and analysed using a
HPLC system (Thermo Fisher, San Jose, CA, USA) reverse phase Luna 5um C18 column
250mm x 4 mm (Phenomenex, 147 Le Pecq, France) as described by Yacoumas et al., (2020).
We quantified seven carboxylates, i.e. malate, malonate, lactate, acetate, citrate and fumarate
(supplementary materials, Figure 6) and calculated their sum as an indicator of total carboxylic

acid exudation.

2.7. Soil analyses.

Enzyme activities were measured on 0.004 kg of fresh soil. We determined B-glucosidase
(GLU), urease (URE), pB-galactosidase (GAL) and arylamidase (ARN) following the methods
developed by Browman and Tabatabai (1978), Sinsabaugh et al. (2000) and Acosta-Martinez
and Tabatabai, (2000). Cellulase activity (CEL) was measured following the protocole of
Deshpande et al., (1984) and xylanase (XYL) with a method established by Taguchi et al.
(1996). Potential nitrification (NIT) was measured by ammonium oxidation according to the
ISO 15685:2012 certification. The measure of the nitrate reductase (NITRED) was carried out
with the method developed in Abdelmagid and Tabatabai (1987). The reaction occurs with

MUF substrates placed in a 96 wells micro-plates (PS, Nunc, VWR) and a microplate reader

11
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(Génius 2 Lector, Safas). Enzyme activities are expressed in mU (nmol of release per

minutes).g* of dry soil (DW).

2.10. Statistics

Normality of the datasets and the homogeneity of the variances were evaluated with the
Shapiro-Wilk test (P> 0.05) and Bartlett test (P> 0.05), respectively. If normality and
homoscedasticity tests were satisfied, an Analysis of Variance (ANOVA) as well as a Tukey
multiple comparison test (with a confidence interval of 5%) were performed. If normality was
not achieved, a non-parametric Kruskal-Wallis tests followed by Dunn multiple comparison
tests (with a confidence interval of 5%) were carried out. We used principal component analyses
(PCA) to analyse whether plant and soil parameters of the different treatments could be
distinguished according to their water status. Statistics were performed with RStudio version

1.4.1717.

3. Results
3.1. Cumulative water supply

During the first 41 days of the experiment, when all the pots were watered at 70 % FC,
cumulated water supply reached 2.04 L (+/- 0.13) for the control treatment without
amendments, 2.04 L (+/- 0.09) for the F treatment with fresh biochar-compost mixtures and
2.21 L (+/- 0.10) for the A treatment with altered biochar-compost mixtures. The pots of the A
treatment required 9 % more water than the control pots, while cumulated water supply was not

different between the control and F (supplementary materials, Figure 7).
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During water stress, cumulated water supply was lower in the stressed condition than the non-
stressed pots (Fig. 1). In both cases, the highest cumulated water supply was observed in the A
treatment, which received 5.19 L (+/- 0.26) under non-stressed conditions and 3.40 L (+/- 0.17)
under water shortage, while the lowest water supply was measured in F condition, with 4.66 L
(+/- 0.26) and 2.86 L (+/- 0.09) in the non-stressed and stressed conditions, respectively.
Cumulated water supply was not different compared to the control both in the treatment
receiving fresh amendments and in the treatment receiving aged amendments (F and A), in non-
stressed and stressed conditions. However, cumulated water supply was higher in the A
treatment compared to the F treatment, by 11 % and 19 % in the non-stressed and stressed

conditions, respectively.

3.2. Plant development

Five days after seeding, plants grown on soil amended with aged compost-biochar mixtures
(A) showed a significantly higher germination rate than the two other treatments
(supplementary materials, Figure 8). Before water stress, plant surface linearly increased to
reach 258.5 (+/- 43.3) cm? for controls (C), 224.1 (+/- 31.0) cm2 for fresh compost-biochar
mixtures (F) and 210.5 (+/- 71.8) cm? for aged compost-biochar mixtures (A) (Fig. 2a). Plants
of A and F treatments showed a higher plant surface area compared to the control (C) until
day 38 (non-significant differences). At 42 days of growth, i.e. the day before water stress
application, the control plants show a significant higher surface than F and A (Fig. 2a).

In treatments without water stress (NS), plant surface continued to increase until 52 days after
the start of the experiment, thereafter they stabilised around 404.3 (+/- 74.3) cmz2 for NS-C,
380.0 (+/- 104.6) cm? for NS-A and 340.2 (+/- 56.0) cm? for NS-F (Fig. 2b). NS-C treatments
continued to show a higher surface than those amended with mixtures until the end of the

experiment (63 days) and plants grown in NS-A treatments showed higher development than

13
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those of F-NS treatments, even if the differences were not significant.

Under water stress, plant surface stopped growing from the first day of water stress and a
decrease was even observed between 52 and 58 days due to the fall of dead leaves. At the end
of the experiment the plants subjected to water stress (S) reached a surface of 215.4 (+/- 46.7)
cm? for S-C, 167.8 (+/- 27.8) cm? for S-F and 191.2 (+/- 28.8) cm? for S-A, with no significant
differences (Fig. 2b).

Shoot dry masses obtained at the end of the experiment ranged between 3.5 (+/-0.3) and 7.7
(+/-0.5) g and showed a trend following the order C > A > F for both stressed and non-
stressed treatments (Fig. 2c). Root dry masses ranged between 3.3 (+/- 0.5) and 5.0 (+/-0.4) g
following the order C > A > F in well-watered conditions and the order A > C > F in stressed
conditions (Fig. 2c). However, the differences among treatments were not significant. In
general shoot biomass was significantly higher than root biomass in non-stressed treatments,
(p-value < 0.001), while similar root and shoot biomass was recorded under water stress for
all treatment. As consequence shoot:root ratio was significantly decreased after water
shortage in all treatment (respectively -25, -36 and -43 % in C, F and A) but not significantly

different between treatments neither in well-watered or stress conditions.

Several root-related parameters showed significant changes under water stress compared to
well watered conditions (Fig. 3): (1) the number of root branching was significantly lower for
the C (-61%) and F (-57%) treatments but the difference was not significant in the case of A (-
30%), (2) the amount of branches was significantly higher for A than C and F treatments, (3)
nodosities were found in significantly lower quantity for C (-85%) and F (-88%) treatments
but not for A (-30%), and (4) the amount of nodules was significantly higher in A (49.4 +/-

22.8) than C (7.6 +/- 7.4) and F (9.0 +/- 10.2) treatments.

3.3. Stem water potential measurements
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During the first week after the implementation of the water stress, significantly more negative
stem water potential was found for well watered than water stress conditions for the C, F and
A treatments with the latter not being significant (Fig. 4). Considering the same watering
conditions, no significant differences were noted among the different amendments (C, F and
A). After three weeks of water stress, the F treatment showed statistically significant lower

stem water potential than under well watered conditions.

3.4. Leaf gas exchange

During the first week of water stress, net assimilation rate (NAR) was significantly lower in
stressed than in non-stressed plants, except for the A treatment A (Fig. 5a). In the C treatment,
NAR was 20.5 pmol CO2.m2.s? (+/- 5.9) and dropped by 58 % under water stress. Plants in the
F treatment had a nAR value of 19.2 umol CO,.m2.s (+/- 8.1) under regular watering, and this
value was reduced by 66 % under stress. However, the nAR was not different between the
control, F and A treatments. After three weeks of stress, nAR was 17.3 umol CO2.m?2.s? (+/-
3.0) in the non-stressed control and was significantly lower in the stressed control treatment
(9.4 pmol CO2.m2.s +/- 1.9). In the two amended treatments, there was contrasting decrease
in NAR values between the non-stressed and stressed plants, by 79 % in F and 35 % in A.
Moreover, in the non-stressed conditions, nAR values did not differ between the control, F and
A while under stress, nAR was significantly higher in A (13.2 pmol CO2.m?2s? +/- 3.7)
compared to F (4.7 umol CO2.m2.st +/- 2.6) treatments, while none of the amended conditions

differed from the control.

During the first week of stress, the leaf stomatal conductance (gs) of plants grown on the control
was 0.56 mol H,0.m2.s? in the non-stressed condition, and was reduced by 87 % when water
supply was reduced (Fig. 5b). Similarly, gs was reduced in the stressed compared to non-

stressed plant in the amended treatments F (0.04 mol H,0.m2.s +/- 0.01 compared to 0.52 mol
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