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Abstract

Plant roots are dynamically evolving organs able to undergo morphological

and physiological changes to overcome water and nutrient limitation. The

availability of these resources in the soil environment is naturally heteroge-

neous and subject to fluctuations. These oscillations are expected to intensify

under climate change and increased drought stress. In these circumstances, it

is crucial to understand how dynamic roots are in modifying their properties

in order to rapidly chase and acquire water and nutrients. Short-scale dy-

namic adjustments are also often overlooked but can be important for plant

fitness and can strongly affect carbon fluxes between the above and below-

ground.

In the first chapter of this thesis I documented rapid shifts in root distribution

in response to localized, short-term water injections in a lab experiment. In

Chapter 2 I followed up on Chapter 1 and observed root distribution adjust-

ments both at the seasonal scale and on a daily-basis following precipitation

events in a minirhizotron study within a natural grassland. In Chapter 3 I

detected a minute-scale increase in respiration rates and a decline in water

uptake from roots exposed to pulses in ammonium concentrations in a split-

root setup. Higher respiration rates might have been given by activation of

proton pumps, facilitating the uptake of ammonium. The ammonium up-

take could have then acidified the root environment and reduced aquaporin
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activity.

The results provide evidence that roots are highly dynamic structures,

capable of locally changing their properties and growth rates within days,

following sudden shifts in surrounding resource availability. My findings ex-

pand our knowledge on plant morphodynamics and could point to new ways

towards more water and nutrient-efficient agricultural practices. The ob-

served mechanisms and adaptations could also be integrated in vegetation

models to enhance their predictive capabilities.
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General introduction

Among other functions such as anchorage and storage, roots are responsible

for the task of water and nutrient uptake, necessary for photosynthetic and

metabolic processes and for cellular activity. Water and nutrient availability

in the soil is naturally heterogeneous both in space and time. Water distri-

bution within the soil profile can fluctuate both horizontally and vertically

at the centimeter scale and its temporal variation depends on soil drying

and wetting cycles (Ritsema and Dekker, 1994 and Dekker et al., 2001 as

cited in Hodge, 2010; Schwinning and Ehleringer, 2001; Bauerle et al., 2008;

Padilla et al., 2013). Nutrient availability in the soil is subjected to temporal

variability as much as it is to spatial variability (Hodge, 2004). Soil nitrogen

concentrations in a deciduous woodland varied two to five-fold within a scale

of 20 cm (Farley and Fitter, 1999). Overall, spatial and temporal heterogene-

ity in water and nutrient availability is mostly determined by seasonality,

variations in physical and chemical properties of the soil, irrigation/rainfall

variability and organic material decomposition rates (Hodge, 2004; Thomas,

2020; Tzohar et al., 2021).

Root systems can implement a series of plastic adjustments to capture

water and nutrients and satisfy the plant physiological and metabolic needs

under resource heterogeneity (North and Nobel, 1998; Hodge, 2004; Padilla

et al., 2013; Fromm, 2019; Yu and Li, 2019; Singh et al., 2020). These plastic

11



12 GENERAL INTRODUCTION

adaptations are expressed as adjustments in both root system morphology

and physiology. Physiological adjustments can consist of sub-daily shifts in

root hydraulic conductivity regulated by aquaporin activity and abundance,

used to favor water and/or nutrient uptake from resource-rich areas (Javot

and Maurel, 2002; Gorska et al., 2008; Hodge, 2010; Ishikawa-Sakurai et al.,

2014; Tzohar et al., 2021). They can also involve the activity of other protein

channels and proton-pumping ATPases, which are cellular membrane struc-

tures able to create proton gradients that facilitate the absorption of certain

ions (Taylor and Bloom, 1998; Bloom et al., 2002; Zhang et al., 2021).

Root system also display a large degree of malleability in morphology and

architectural organization. Root architecture is defined as the spatial con-

figuration of root systems, where roots are typically classified as primary,

nodal, and lateral from a developmental viewpoint. Architectural develop-

ment and organization is mostly determined by processes of new axis emis-

sion, branching, and axial growth and can adjust according to environmental

conditions and resource availability (Hodge et al., 2009). These adjustments

involve branching derivation, rooting depth and various architectural trade-

offs for resource acquisition (Ho et al., 2005; Robbins and Dinneny, 2015;

Sebastian et al., 2016). At the single root scale morphological malleability

is displayed through mechanisms such as Hydrotropism (root curvature to-

wards wet soil) and Hydropatterning (growth of lateral roots towards wet

soil) (Fromm, 2019). At the whole root system level, plasticity is expressed

as full scale dynamic shifts following the effects of seasonality on resource

availability (Hayes and Seastedt, 1987; Wan et al., 2002; Peek et al., 2006;

Saelim et al., 2019).

In agricultural settings, resource availability is often drastically modified

to favor crop growth and yield through fertilization and irrigation. Current

phosphorus fertilizers are obtained from phosphate rocks, which reserves may

be depleted in 50-100 years (Cordell et al., 2009). This highlights the ne-

cessity of modifying agricultural practices to limit phosphorus demand and
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usage.

Unfortunately, present climate change, increased drought stress and the loom-

ing phosphorus crisis are causing pronounced fluctuations in water and nu-

trient availability to plants and are projected to lead to significant yield loss

globally (Cordell et al., 2009; Daryanto et al., 2017; Farrant and Hilhorst,

2022; Torbenson et al., 2023). Consequently, we need a more profound under-

standing of the dynamics of such plastic adjustments and the plants’ ability

to withstand and leverage severe fluctuations in resource supply (Chaves and

Davies, 2010). Furthermore, while root distribution shifts following seasonal

oscillations are well studied, it is necessary to investigate the dynamics of

these adjustments reflecting daily fluctuations in resource availability. In

fact, short-term root growth dynamics can have a strong impact on plant

fitness and are often overlooked and underestimated in root growth dynam-

ics studies (Nguyen et al., 2017; Stewart and Frank, 2008). An improved

knowledge in this context could lay the groundwork for achieving food se-

curity while minimizing agricultural inputs and for fostering plant breeding

programs targeting plastic traits enhancing resilience to water and nutrient

scarcity (Eshel and Beeckman, 2013).

The study of these dynamics may have important implications in forestry

too, and, at a wider scale, in hydrology and climatology. Plants’ roots,

together with stem and leaves, are in fact one of the main players in the

process of water transfer from soil to atmosphere in vegetation, ecosystem

and climate models. Incorporating root adjustments to cope with resource

fluctuations into such models might improve their predictive power (Kleidon

and Heimann, 1998; Schymanski et al., 2008). This is particularly true for

long-term climate change predictions, where models considering static root

systems are not suitable and can lead to errors in ecosystem model outputs

(Jackson et al., 2000 as cited in Schymanski et al., 2008). Schymanski et al.

(2008) developed a vegetation model programmed for root systems to adjust

their vertical distribution according to water demand, and its predictions
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were much more accurate than models using static root systems. However,

further process representation of root dynamic morphological and physiolog-

ical adjustments is still needed in the model (Schymanski et al., 2008; Wang

et al., 2018), especially in the context of strongly fluctuating soil water and

nutrient supply and high atmospheric demand.

Another reason highlighting the importance of studying such dynamics is a

potential improvement in the understanding of the processes behind carbon

cycling and sequestration in soil (Gill et al., 2002a).

The study of dynamic root adjustments to varying resource supply could also

enhance the understanding of plant trade-offs, as these dynamics may involve

re-routing of carbon allocation to aid the acquisition of the most limiting re-

source (Eissenstat, 1992). In this context, the estimation of the carbon costs

of certain root properties adjustments (i.e., hydraulic conductivity) could

again be beneficial for expanding the representation of root processes and

properties in dynamic vegetation models. However, to complicate matters,

roots seem to implement different physiological adjustments (with different

C costs) for the uptake of different nutrients, for example NO−
3 and NH+

4

(Bloom et al., 1989; Bloom et al., 1992; Cramer and Lewis, 1993).

The overall goal of this thesis is to investigate to what extent, how quickly

and how dynamically root distribution and properties adjust in order to chase

and capture water and nutrients under rapidly changing availability in space

and time. Findings from such investigation hold the potential of improving

the overall knowledge of plant morphodynamics. Additionally, they could be

built upon for the development of agricultural methods and plant breeding

programs aiming at increasing water and nutrient use efficiency. Such find-

ings would also shed more light on root adaptations and mechanisms to be

incorporated in vegetation models for an improved performance.
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0.1 Thesis outline

This thesis is composed of three main chapters and a general discussion and

outlook section:

• Chapter 1: “Root growth dynamics and allocation as a response to

rapid and local variations of soil moisture”. In this chapter I aimed at

assessing daily-time scale root growth dynamics as a response to rapid

and local variations in soil moisture. I also intended to estimate the

speed of the response and the reversibility of the dynamics under an

abrupt shift in soil moisture conditions. In order to do so I carried out

a laboratory experiment where I monitored daily root growth with a

magnetic resonance imaging (MRI) technology.

• Chapter 2: “Monitoring seasonal root distribution shifts and daily

growth dynamics following precipitation events in a natural grassland”.

This chapter is a continuation of Chapter 1, as it reports a field study

where I aimed at assessing if the daily time-scale root growth dynam-

ics observed in the previous chapter were also observable at the plant

community level. In this study I also strove to observe seasonal shifts

in vertical root distribution and to understand whether soil moisture

was the main driver of root growth in the studied plant community. I

approached these goals by designing a minirhizotron experiment in a

temperate grassland subjected to naturally changing moisture condi-

tions.

• Chapter 3: “Dynamics of garlic root respiration in response to pulses of

nitrate and ammonium”. In this chapter I aimed at shedding light on

the carbon consumption rates derived from physiological adjustments

related to nutrient acquisition. I did so by investigating the real-time

dynamics of root respiration and water uptake rates following localized

applications of NH+
4 and NO−

3 in a split-root experiment.
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• General discussion and outlook: in this section I discuss the results

and the insights gained from the three main chapters and contextualize

them from a broader perspective. Additionally, I provide directions for

future studies to be built upon my research findings.

The 3 main chapters are written in “we” form, as they are intended for

submission to journals as articles co-authored with my supervisors and other

external collaborators.



Chapter 1

Root growth dynamics and allocation as a

response to rapid and local variations of soil

moisture

This chapter will be submitted in modified form as a paper to the journal

“Biogeosciences” as ”Ceolin, S.; Schymanski, S.; van Dusschoten, D.; Koller

R.; Klaus, J.”. The work presented in this chapter was made possible by the

contributions of Dr. Stanislaus Schymanski (SJS), Dr. Julian Klaus (JK),

Dr. Dagmar van Dusschoten (DVD), Dr. Robert Koller (RK), Oliver O’Nagy

(OON) and Frank Minette (FM).

Contribution in concept and experimental design: SC (me), SJS, OON, FM,

JK, DVD, RK. Contribution in experimental preparation and measurements:

SC, SJS, DVD, OON, FM. Contribution in data analysis: SC. Contribution

in results interpretation and discussion: SC, SJS, JK, DVD, RK.

17



18 CHAPTER 1. DYNAMICS TO ARTIFICIAL WATER PULSES

1.1 Abstract

Roots exhibit plasticity in morphology and physiology when exposed to fluc-

tuating nutrient and water availability. However, the dynamics of daily time-

scale adjustments to changes in water availability are unclear and experi-

mental evidence of the rates of such adjustments is needed. In this study we

investigated how the root system responds within days to a sudden and lo-

calized increase in soil moisture (“Hydromatching”). Root systems of maize

plants were grown in soil columns divided into four layers by vaseline barriers

and continuously monitored using a magnetic resonance imaging (MRI) tech-

nology. We found that within 48 hours after application of water pulses in a

given soil layer, root growth rates in that layer increased, while root growth

rates in other layers decreased. Our results indicate local root growth was

guided by local changes in soil moisture and potentially even by changes in

soil moisture occurring in other parts of the soil profile, which would result

in a coordinated response of the entire root system. Hydromatching in maize

appears to be a dynamic and reversible phenomenon, for which the invest-

ment in biomass is continuously promoted in wet soil volumes and/or halted

in drier soil volumes. This sheds new light onto the plasticity of root systems

of maize plants and their ability to adjust to local and sudden changes in

soil moisture, as would be expected due to patchy infiltration after rainfall

or irrigation events.

1.2 Introduction

Plant water uptake can be a key limitation to plant growth, above-ground

net primary productivity and crop yields. Droughts are expected to increase

in frequency, duration and intensity in the future with potentially severe ef-

fects on vegetation (Van Loon et al., 2016; Klaus et al., 2022). Crop yields
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that are sensitive to water shortage are expected to decline in the future

and research to increase drought tolerance and root water uptake efficiency

is intensifying (Chaves and Davies, 2010; Daryanto et al., 2017; Farrant and

Hilhorst, 2022). One promising mitigation strategy to cope with increased

drought stress is to implement plant breeding programs that enhance water

uptake through root traits selection (Eshel and Beeckman, 2013).

Roots are known to display plasticity in morphology and physiology under

environmental fluctuations (Hodge, 2004; Fromm, 2019). In the presence of

spatial variability in soil moisture, plants rely on compensatory mechanisms

to meet their transpiration demand. These mechanisms consist of enhanced

water uptake from zones with higher moisture that compensate for the lower

uptake from the drier zones (Thomas, 2020). In the short-term (hours), local

adjustments in uptake rates are mostly driven by water potential gradients

(Jarvis, 2011). It can be assumed that the root-soil water potential differ-

ence drives root water uptake, while the radial root conductivity and root

surface area determine the main resistance to water uptake in relatively wet

soils (Schymanski et al., 2008). At the same time, root hydraulic conductiv-

ity can be regulated by aquaporin activity locally at sub-hourly time scales

to promote water uptake in water-rich areas (Carvajal et al., 1996; Gorska

et al., 2008; Ishikawa-Sakurai et al., 2014).

On a longer term (days), root systems can undergo morphological adjust-

ments consisting of promotion of root growth within wetter soil zones, in-

creasing the surface area available for water adsorption (Pregitzer et al.,

1993; Majdi and Andersson, 2005; Wang et al., 2005; Bauerle et al., 2008;

Zhang et al., 2019a; Tzohar et al., 2021). Among such morphological adjust-

ments of roots, we find “Hydrotropism” and “Hydropatterning” that refer to

root curvature towards zones of high water potential and to the promotion

of asymmetrical lateral root formation towards wet soil patches, respectively.

“Xerobranching”, in contrast, refers to the inhibition of lateral root develop-

ment in dry soil areas (Giehl and von Wirén, 2018; Fromm, 2019).
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Studies also reported another type of morphological adjustment consisting

of root proliferation within a wet soil patch and in decline of root growth

in drier areas (Engels et al., 1994; Gallardo et al., 1994). As a combination

of these latter responses has the capacity to adjust the entire root system

to spatial variation in soil water availability, we call this process “Hydro-

matching” for ease of reference. Hydromatching differs from Hydrotropism,

Hydropatterning and Xerobranching as it does not dictate the direction of in-

dividual root growth or lateral root emergence. Instead, it considers a larger

scale and includes changes to both the elongation rate of pre-existing roots

and emergence rate of new roots (of any order) from portions of root sys-

tems experiencing a change in soil moisture. Under temporal heterogeneity

in soil moisture, studies have mostly focused on seasonal time scales and have

shown that plants are able to dynamically shift their root length distribution

in response to seasonal fluctuations (Hayes and Seastedt, 1987; Wan et al.,

2002; Peek et al., 2006; Saelim et al., 2019).

Although the morphological adjustments under spatial soil moisture changes

and the root growth dynamics to seasonal oscillations are well studied, little

is known about the dynamics and flexibility of root growth patterns under

rapid (daily) changes of soil moisture. Such daily patterns are in fact often

overlooked (Stewart and Frank, 2008) and can strongly affect plant fitness

(Nguyen et al., 2017). In addition, studies have yet to prove the ability of

plants to deploy morphological adjustments according to multiple abrupt,

daily changes in soil moisture in different parts the soil profile. A better un-

derstanding of such dynamics could lay the groundwork to improve irrigation

management and the performance of soil-vegetation-atmosphere models. In

fact, it was already shown that models with dynamic root systems performed

better than models with static root systems (Schymanski et al., 2008; Wang

et al., 2018).

The overarching aim of this study is to decipher the dynamics of the Hydro-

matching phenomenon at daily time scale. Specifically, we build on previous
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studies (Gallardo et al., 1994; Engels et al., 1994; Wang et al., 2005) by

analyzing the Hydromatching dynamics such as timing of occurrence, depth

independence and local root allocation patterns following abrupt changes in

soil moisture. We monitored these dynamics following rapid spatial (different

depths) and temporal changes in soil moisture induced by consecutive water

pulses applied in different soil layers. The following research questions were

addressed:

• Question 1 (onset time of Hydromatching): How quickly does Hydro-

matching occur following a rapid and local change in soil moisture

availability?

• Question 2 (vertical responsiveness): Do roots at different depths re-

spond equally when subjected to local changes in soil moisture avail-

ability?

To address these questions we designed an experiment involving the use of

maize plants grown under highly controlled conditions in a horizontal split-

root setup consisting of layered soil columns. Root development was mon-

itored at a high frequency (every two days) using a Magnetic Resonance

Imaging (MRI) technology. This produces 3D images of root systems and

allows to measure root distribution repeatedly and non-destructively.

1.3 Materials and methods

1.3.1 Magnetic Resonance Imaging (MRI)

We carried out the experiments using the PlantMRI installation in IBG-2 at

the Forschungszentrum Jülich (FZJ). The PlantMRI is suitable for repetitive

and non-destructive 3D imaging and measurement of root traits. Magnetic

Resonance Imaging (MRI) uses the magnetic moment of atomic nuclei such
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as H1 (protons), which are highly present in water molecules and hence in

living tissues. The technology exploits magnetic and radio frequency fields

and contrast parameters to differentiate between roots and the background.

The software NMRooting was used to translate the MRI signal into 3D im-

ages of root systems and into root length values (Dusschoten et al., 2016).

1.3.2 Experimental design

Setup

We used Zea mays as the species of interest, as its roots are well suited for

MRI detection (Müllers et al., 2023) and pre-experiment showed that it grows

well in our experimental setup.

The plants were grown in 45 cm long plexiglass tubes filled with soil and

divided in four layers (top three layers of 9 cm and the bottom layer of 14 cm).

Layers were hydraulically isolated from each other by vaseline barriers. Each

layer had an opening fitting “rhizons”, small tubes made of a porous material

(10 cm length, 0.15 µm pore size), which are designed for water sampling

in soil (Rhizon MOM 19.21.21, Rhizosphere Research Products). We used

the rhizons to inject water in the soil layers. The vertical soil moisture

distribution was recorded using the Soil Water Profiler (SWaP) available at

IBG-2 (van Dusschoten et al., 2020). This sensor allows the determination

of volumetric soil moisture (VWC) profiles with a one-dimensional vertical

resolution of 1 cm.

Preparatory stage

For the experiment, we selected seeds with a weight between 0.36 and 0.46 g

and placed them in wet filter paper in the dark at 20 ◦C for four days prior

to planting. Subsequently, two seeds were planted per column at a depth of

0.5 cm and covered with 2 cm of soil, for a total of 24 columns.
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We used a silty sand soil (LUFA Speyer 2.1, LUFA, Speyer, Germany) packed

at a bulk density of 1.48 g cm−3 in each layer. We added tap water to the

soil to reach 15% volumetric water content. The added water contained

1.5 g l−1 of NPK fertilizer (20% Nitrogen Total, 20% Phosphorus Pentoxide

(P2O5), 20% Potassium Oxide (K2O) and trace elements, Allrounder Peters

Professional, ICL). This means that each layer contained 0.1 g of fertilizer

at the start of the experiment. The soil surface was covered with perforated

parafilm to reduce evaporation. The perforations favored aeration and re-

duced mold formation.

The soil columns were placed in a room at 30 ◦C to boost seedling growth.

Once one of the sprouts grew through the parafilm (approximately after three

days), the shorter sprout was removed. The columns were transferred to a

room at 24 ◦C and exposed to a light/dark period of 10/14 hours. In order to

guarantee the same light intensity for each plant, each soil column was placed

inside a 90 cm high white PVC column with a larger diameter of 15 cm. The

top of the PVC columns was open to allow air circulation. The PVC columns

were elevated by 10 cm so that air could also circulate from the bottom up.

Each PVC had a LED mounted on top. The LED was programmed in or-

der to produce a PAR of 600 µmol s−1 m−2 at 30 cm above the soil surface

(approximately halfway between the soil surface and the light source). This

height corresponds to the one that previously tested plants reached after a

period of three weeks. Air humidity was not recorded. Each column was

weighed every second day to determine the amount of transpired water. The

amount of transpired water was replenished in the top layer right after the

weighing. Two weeks after sowing, the plants were placed in a well venti-

lated growth room with a constant temperature range of 21-23 ◦C, humidity

of 60% and the same lighting conditions as before.
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Core experimental stage

In order to efficiently manage the workload and accommodate to the MRI

imaging schedule, we selected 18 plants (out of 24) that performed the best

in terms of shoot growth, transpiration and root abundance. In the chosen

plants, we started recording the volumetric water content (VWC) in each

soil layer every two days by using the SWaP. As we could image a maximum

of 9 root systems per day with the MRI, the plants were sub-divided into

two groups and MRI scans of the root systems were performed every day

on one group, such that each root system was imaged every two days. Only

layers containing roots were imaged, starting at the top and adding another

layer only when the first root reached the bottom of the image. We let the

plants acclimate and grow their root systems for two weeks, during which

we replenished each layer of each column every two days to 15% VWC by

injecting water through the rhizons. Whenever the amount of water to be

replenished in the top layer exceeded 20 ml, watering occurred directly by

pouring water from the top to speed up the process. Water uptake rates

were inferred from the decline in VWC since the water replenishment on the

previous day.

Four weeks after sowing, we re-organized the plants into two new groups.

Each group was composed of plants that had high, medium and low abun-

dance of roots in Layer 2 (determined visually using the MRI images). We

stopped the replenishments of water and let the plants draw down soil mois-

ture to induce water stress for six days. We kept scanning each group every

two days. We measured the VWC of each layer of every plant everyday with

the SWaP. To avoid excessive damage to the root system, VWC was not

allowed to remain below 6% VWC in any layer, i.e. water was replenished

back to 6% VWC whenever it declined below this value. Shoot length and

leaf number were also recorded daily.

At the end of this water stress period, the plants that did not grow roots in

Layer 2 were discarded.
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The experiment consisted of two treatments and a control. Only Layer 1

(L1) and Layer 2 (L2) were treated. Layer 3 and Layer 4 were not considered

for the treatments because most of the plants did not grow roots there by

the end of the water stress period. Treatment 1 (T1) group received a first

series of water pulses in Layer 2 (L2) followed by a second series of pulses in

Layer 1 (L1), whereas the T2 group received the series of pulses in reverse

order. A series of pulses consisted of one water injection per day in a layer,

causing a sudden increase in soil moisture that was then maintained for four

days. During these four days, soil water in the selected layer was replenished

daily to 15% VWC. The other layers were only replenished to 6% VWC if

necessary. With Phase 0, Phase 1 and Phase 2, we refer to the three main

periods of the experiment, namely the drought period, the period of the first

series of pulses and the period of the second series of pulses. This means that

Layer 1 and Layer 2 both received one series of pulses, either during Phase 1

or Phase 2 depending on the treatment group (T1 or T2). Phase 0 consisted

of the four days prior to Phase 1 (Fig. 1.1), coinciding with the water stress

period.

The start of Phase 1 was pre-determined. To determine when to start

Phase 2, a SWaP Guided Experimental Design Optimization (SGEDO) ap-

proach was used. This consisted of adapting the timing of the start of Phase

2 and of the end of the experiment to the individual plant water uptake rates

inferred from the SWaP measurements. This means that each plant had its

own start of Phase 2. This started only after the VWC of the layer receiving

the pulses (treated) during Phase 1 dropped below 7.5% after the fourth day

of pulse. This also means that the experiment ended only when the VWC

in the layer treated during Phase 2 was depleted to half its maximum (refer

to Fig. 1.6 in the Supplementary information section for examples of the

SGEDO approach).

The plants in the control group were also subjected to the draw-down of

soil moisture in Phase 0, but afterwards, VWC was raised again to around
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Figure 1.1: Summary of the treatments in the two treatment groups and of
the temporal organization into phases in treatment and control groups.

15% in all soil layers and maintained at this level.

1.3.3 MRI image analysis

We used the software NMRooting (Dusschoten et al., 2016) to estimate root

lengths from the MRI scans. In many images the estimated root length in

L1 was prone to artifacts and a global analysis of the layer resulted in erro-

neous estimates. Most of the artifacts were related to the watering, which

was applied from the top several times in L1, seeping through the perfora-

tions in the parafilm. These water leaks generated noisy “clouds” in the MRI
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signal which would hinder root detection. Since the MRI can reliably detect

roots with diameters above 0.2 mm, fine roots below this detection thresh-

old were not visible in our columns throughout the software outputs. Finer

roots could have been particularly difficult to detect in L1, due to the fact

that L1 periodically experienced severe levels of dryness (< 4% VWC), which

likely drought out finer roots (making them invisible to the MRI) faster than

thicker roots. To overcome the problems of the noisy clouds and of the MRI

detection threshold, we selected and measured the root length of clearly vis-

ible individual roots in L1.

To limit our analysis to roots that showed some growth during the treat-

ments, we compared the root systems right before Phase 1 and at the end

of Phase 2. We selected roots of any order that either appeared or visibly

increased their length within this time window.

Individual root selection was not performed in L2 due to the high presence

of intertwined lateral roots that would make such selection very difficult and

prone to errors. Layer 1, in contrast, had less tangled laterals and a higher

presence of visible thicker roots (mostly nodal), easy to trace manually (Fig.

1.7).

In order to ensure that the measurements obtained with the software were

consistent and were not influenced by the parameter threshold selection, we

varied the noise cutoff and the max gap (two main parameters used by the

software to construct the root system) within a given range. We confirmed

that our qualitative results and conclusions were not affected by these vari-

ations (Fig. 1.12).

1.3.4 Statistical analysis

Growth rates (mm d−1) of each selected root in L1 and of each root sys-

tem portion in L2 were calculated by subtracting the previous root length
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measurement from the subsequent measurement, divided by days between

measurements. Comparability of growth rates between different plants and

between layers was enabled by normalizing each growth rate time series by

its maximum value (“scaled growth rate”). We calculated then the median of

the scaled growth rates in L1 and in L2 in each treatment group and control.

Since the imaging of each root system was performed every two days, each

layer had two data points in each phase of the experiment. Measurements of

volumetric water content were used to calculate water uptake in each layer

as ml d−1.

The non-parametric Mann-Whitney U test was used in our analysis to com-

pare groups of scaled growth rates and assess if their distributions differed

significantly. This test was part of the package “stats” of the Python library

“scipy” (version 1.6.0) (Virtanen et al., 2020). The test was used to evaluate

the occurrence of Hydromatching as a response to our treatments by com-

paring the growth rates before and after the pulse. Question 1 (onset time

of Hydromatching) was then address by comparing the growth rates before

and two days after the start of the pulse in each layer. Question 2 (vertical

responsiveness) was tackled by comparing the growth rates before and after

the pulse separately for L1 and L2. We also compared the growth rates in L1

with the ones in L2 within the same treatment group and within the same

phase to estimate root allocation switches between layers from Phase 1 to

Phase 2.

Hydromatching was considered to have occurred when growth rates increased

in a pulsed treatment layer and/or when growth rates decreased in a non-

pulsed treatment layer.

To assess whether root growth was only affected by local soil moisture or

also by changes in soil moisture in a neighbouring soil layer, we carried out

correlation analyses between these covariates. The correlations were anal-

ysed between scaled growth rates (of each individual root in L1 and of the

whole root system portion in L2 of each treated plant) and the volumetric
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water content (VWC) in their own layer and between the scaled growth rates

and the VWC in the other layer. We used the Pearson correlation coefficient

when both sample groups were normally distributed. We used the Spear-

man rank-order correlation coefficient when at least one of the two sample

groups was not normally distributed. We considered the correlation signif-

icant if the p-value was below 0.05. Both correlation functions are part of

the package “stats” of the Python library “scipy” (version 1.6.0). We ended

up performing 60 correlations of scaled growth rates vs local VWC and 60

correlations of scaled growth rates vs VWC in the other layer. Additionally,

we visually investigated the evolution of volumetric water content (VWC,

%), water uptake rates (ml d−1) and scaled growth rates in time series plots

in order to shed light on potential links between root growth dynamics and

water acquisition.

The dataset of Chapter 1 can be found on Zenodo at https://zenodo.org/records/10602424

.

1.4 Results

1.4.1 Occurrence of Hydromatching

The occurrance of Hydromatching was determined by comparing the scaled

growth rates between phases for the treatment layers pulsed during Phase 1

(L2 of T1 plants and L1 of T2 plants, see Fig. 1.1) and for the treatment

layers pulsed during Phase 2 (L1 of T1 plants and L2 of T2 plants). The

scaled growth rates of treatment layers pulsed during Phase 1 significantly

increased from Phase 0 (median of 0.06) to Phase 1 (median of 0.55) and

significantly decreased in Phase 2 (median of 0.01, purple line in Fig. 1.3,

Table 1.1, Fig. 1.2). The scaled growth rates of treatment layers pulsed dur-

ing Phase 2 significantly increased from Phase 1 (median of 0.01) to Phase
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2 (median of 0.61, brown line in Fig. 1.3, Table 1.1, Fig. 1.2). The scaled

growth rates in both layers of the controls increased significantly from Phase

0 (median of 0) to Phase 1 (median of 0.74) and significantly decreased in

Phase 2 (median of 0.45, black line in Fig. 1.3, Table 1.1). These results

indicate that growth rates in a layer increased markedly after transitioning

from non-pulsed to pulsed in both treatments and controls. Growth rates in

treatment layers also decreased markedly after transitioning from pulsed to

non-pulsed. In the controls, growth rates decreased in Phase 2 even though

volumetric water content (VWC) was kept at the same level as in Phase 1.

During Phase 1 the scaled growth rates in the controls and in the pulsed

treatment layers did not differ significantly (Table 1.2), but were both signif-

icantly higher than the scaled growth rates in the non-pulsed treatment layers

(namely the layers pulsed in Phase 2, Table 1.2). The same was found for

Phase 2. During Phase 1 the median of the scaled growth rates was 0.74 for

the controls, 0.55 for the pulsed treatment layers and 0.01 for the non-pulsed

treatment layers (Fig. 1.3 and Table 1.1). During Phase 2 the median of the

scaled growth rates was 0.45 for the controls, 0.61 for the pulsed treatment

layers and 0.01 for the non-pulsed treatment layers (Fig. 1.3 and Table 1.1).

The fact that the scaled root growth rates in the control layers were similar

to those in pulsed treatment layers and significantly greater than those in

non-pulsed treatment layers indicates that the treatments were responsible

for the changes in growth rates.

Note that the median lines in Fig. 1.3 are more representative of the

behavior of roots in L1. This was due to the much higher availability of data

from L1 than from L2 (5 data points per plant per day from L1 versus only 1

data point per plant per day from L2). This explains the strong resemblance

of the median lines in Fig. 1.3 with the median lines in Fig. 1.4a and c.
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1.4.2 Onset time of Hydromatching after pulse

We compared the scaled growth rates in both pulsed treatment layers and

control layers on the first day of pulse and 48 hours after to determine the

onset time of Hydromatching. The scaled growth rates increased significantly

during this time interval (median increased from 0.05 to 0.75, p-value<0.01

not shown in tables). Refer to Fig. 1.8, 1.9 and 1.10 for the growth rates over

time in each individual plant. This, along with the evidence described at the

end of subsection 3.1, implies that Hydromatching occurred within two days

from a pulse. Note that in this analysis scaled growth rates of control layers

and of treatment layers pulsed during Phase 1 and Phase 2 were grouped

together (refer to Fig. 1.8, 1.9 and 1.10 to see what data were considered in

this analysis).

Note that we experienced recurring technical difficulties with the auto-

matic robot arm carrying the plants into the MRI. For example, the robot

arm would sometimes get jammed after only carrying one plant into the MRI

machine and would stop working for the rest of the imaging sessions, which

were scheduled at night. In such case, only one plant was imaged on that

day and the rest of the plants had to be imaged the following morning. This

explains why in Fig. 1.3 and Fig. 1.4 there are days with only one mea-

surement of growth rate available. These technicalities also did not allow us

to maintain a constant 48 h interval between imaging events for each root

system, which, at times, occurred 24 and 72 hours apart. In any case, growth

rates (d−1) were calculated by dividing the change in root length between

two measurements by the time interval between measurements.
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Figure 1.2: Selected MRI images of the same root system at the end of Phase
0 (a), in the middle of Phase 1 (b) and in the middle of Phase 2 (c). A water
pulse was a applied in Layer 2 during Phase 1 and another pulse was later
applied in Layer 1 during Phase 2. An increase in the root abundance in the
pulsed layer is observable during both Phase 1 and Phase 2.
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Figure 1.3: Median of the scaled growth rates in the treatment layers pulsed
during Phase 1 (Layer 1 in Treatment 2 plants and Layer 2 in Treatment 1
plants), Phase 2 (Layer 1 in Treatment 1 plants and Layer 2 in Treatment
2 plants) and in the controls (where both layers were kept at 15% VWC
during Phase 1 and 2). Each median point was calculated from sets of daily
data which size ranged from 5 to 29 data points. Each median point contains
mixed information of both treatments and layers. The medians of the control
group contain mixed information of both layers. Only single data points of
scaled growth rate were available on Day 12 for the layers treated during
Phase 1 (brown line) and on Day 16 for the layers treated during Phase
2 (purple line). These values were excluded from the plot. The areas of
different gray shades indicate the three phases containing the data points used
in the analysis. Negative scaled growth rates are not shown. Differences in
number of data points per measurement day are due to technical limitation.
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Table 1.1: Medians of the scaled root growth rates (with 25th and 75th
percentiles) and p-values of the comparisons between the scaled growth rates
during different phases for treatment layers pulsed during Phase 1, treatment
layers pulsed during Phase 2 and control layers. For the controls, medians
and scaled growth rates used in the comparisons refer to both Layer 1 and
2. P-values indicate the probability that an observed difference between the
groups considered is coincidentally sampled from the same distribution.

Treatment layers

pulsed in Phase 1

Treatment layers

pulsed in Phase 2

Layers of

controls

Median of scaled growth rates in Phase 0

(25th - 75th percentile)
0.06 (0 - 0.23) 0 (0 - 0.22) 0 (0 - 0.16)

Median of scaled growth rates in Phase 1

(25th - 75th percentile)
0.55 (0.27 - 1) 0.01 (0 - 0.21) 0.74 (0.42 - 1)

Median of scaled growth rates in Phase 2

(25th - 75th percentile)
0.01 (−0.11 - 0.19) 0.61 (0.19 - 1) 0.45 (0.25 - 0.75)

Scaled growth rates in

Phase 0 vs Phase 1 (p-value)
<0.01 0.38 <0.01

Scaled growth rates in

Phase 1 vs Phase 2 (p-value)
<0.01 <0.01 <0.01

Table 1.2: P-values of the comparison of the scaled growth rates of the
control layers with the scaled growth rates of the non-pulsed treatment layers,
from the comparison between control layers and pulsed treatment layers and
from the comparison between pulsed and non-pulsed treatment layers. The
comparison was done between scaled growth rates within the same phase.
Refer to Table 1.1 for the medians of the scaled growth rates during each
phase.

Scaled growth rates

in controls vs non-pulsed

treatment layers

Scaled growth rates

in controls vs pulsed

treatment layers

Scaled growth rates

in non-pulsed treatment layers

vs pulsed treatment layers

Phase 1 <0.01 0.13 <0.01

Phase 2 <0.01 0.19 <0.01
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1.4.3 Vertical responsiveness of Hydromatching

Scaled growth rates during the pre-pulse and post-pulse were compared sep-

arately for L1 and L2 to determine whether roots at different depths would

respond equally. The scaled growth rates increased significantly in L1 after

the start of the treatment, both in Phase 2 of T1 plants and Phase 1 of

T2 plants, with median growth rates from 0 to 0.64 and from 0.01 to 0.55,

respectively (purple area in Fig. 1.4a and c and Table 1.3). However, the re-

sponse of growth rates in L2 to water pulses was not statistically significant,

neither in Phase 1 of T1 plants, nor Phase 2 of T2 plants (brown area in Fig.

1.4b and d, and Table 1.3), although a small second peak is visible during

Phase 2 in L2 of T2 plants (brown area in Fig. 1.4d). In addition to the

significant increase in root growth in L1 in response to the pulse, a significant

decrease in growth rate was found in non-pulsed treatment layers (both L1

and L2), when the pulse was applied in the other layer. Some growth rates

reached negative values, potentially indicating root disappearance. Scaled

growth rates in L1 of T2 plants significantly decreased from a median of 0.55

in Phase 1 to 0.04 in Phase 2 (purple area in Fig. 1.4c, Table 1.3). Scaled

growth rates in L2 of T1 plants also significantly decreased from a median

of 0.56 in Phase 1 to -0.16 in Phase 2 (brown area in Fig. 1.4b, Table 1.3).

Scaled growth rates in L2 of T2 plants decreased from a median of 0.60 in

Phase 0 to 0.20 in Phase 1 (solid brown line in Fig. 1.4d). Although L1

clearly responded when receiving water pulses while L2 did not, we observed

in both layers a significant decline in growth rate (unless already at 0) in

response to a water pulse in the other layer.
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Figure 1.4: Medians of scaled growth rates, volumetric water content (VWC,
%) and water uptake rates (ml 24h−1) throughout the phases. (a) L1 of T1
plants. (b) L2 of T1 plants. Each median was calculated from a range of 5-20
data points per day for L1 and 2-5 data points per day for L2. Note that
during the pulse VWC was increased to 15% and that the values of VWC
in the plots are lower because the measurements were taken right before the
watering. Only single data points of scaled growth rate were available on
Day 10 and Day 12 in L2 of T1 plants (b). These values were excluded from
the plot.
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Figure 1.4: Medians of scaled growth rates, volumetric water content (VWC,
%) and water uptake rates (ml 24h−1) throughout the phases. (c) L1 of T2
plants. (d) L2 of T2 plants. Only single data points of scaled growth rate
were available on Day 1, Day 10 and Day 16 in L2 of T2 plants (d). These
values were excluded from the plot.
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Table 1.3: Medians of the scaled growth rates (with 25th and 75th per-
centiles) and p-values of the comparisons between the scaled growth rates
during different phases for the treatment layers pulsed during Phase 1 con-
sidered separately (L1 in T2 plants and L2 in T1 plants) and for the treatment
layers pulsed during Phase 2 considered separately (L1 in T1 plants and L2
in T2 plants).

Treatment layers pulsed

during Phase 1

Treatment layers pulsed

during Phase 2

L1 in

T2 plants

L2 in

T1 plants

L1 in

T1 plants

L2 in

T2 plants

Median of scaled growth rates in

Phase 0 (25th - 75th percentile)
0.01 (0 - 0.16) 0.60 (0.31 - 0.73) 0 (0 - 0.06) 0.60 (0.37 - 0.75)

Median of scaled growth rates in

Phase 1 (25th - 75th percentile)
0.55 (0.28 - 1) 0.56 (0.28 - 0.75) 0 (0 - 0.12) 0.20 (0.06 - 0.38)

Median of scaled growth rates in

Phase 2 (25th - 75th percentile)
0.04 (−0.07 - 0.26) -0.16 (−0.40 - −0.04) 0.64 (0.17 - 1) 0.32 (0.20 - 0.83)

Scaled growth rates in

Phase 0 vs Phase 1 (p-value)
<0.01 0.50 0.20 0.07

Scaled growth rates in

Phase 1 vs Phase 2 (p-value)
<0.01 <0.01 <0.01 0.14

1.4.4 Switches in local root growth allocation from

Phase 1 to Phase 2

Scaled growth rates in L1 were compared with the ones in L2 within the same

treatment group and within the same phase. This was done to estimate to

what extent root growth allocation switched between layers when moving

from Phase 1 to Phase 2. During Phase 1, scaled root growth rates in the

pulsed treatment layers (L2 in Treatment 1 and L1 in Treatment 2) were

significantly higher than in the non-pulsed treatment layers (Fig. 1.5 and

Table 1.4). In Phase 2, when the water pulses were reversed, so were the

scaled growth rates, again resulting in higher scaled growth rates in the

pulsed treatment layers. This was achieved by both decreased growth rates

in non-pulsed treatment layers (observed in both L1 and L2), and increased
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growth rates in pulsed treatment layers (observed only in L1). This means

that roots clearly switched growth allocation patterns between layers when

moving from Phase 1 to Phase 2.

Figure 1.5: Growth rates in L1 and L2 during Phase 1 and Phase 2 of T1
and T2 plants. Panels on the left refer to Phase 1 and on the right to Phase
2. (a)-(b): T1; (c)-(d): T2. Each violin contains 10 data points for L2 and
50 data points for L1. The thick black line inside each violin indicates the
range between the 25th and 75th quartiles, while the white circles mark the
median values.
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Table 1.4: P-values of the comparisons between the scaled growth rates in
L1 and L2 during the same phase for each treatment group (T1 and T2).
Refer to Table 1.3 for the medians of the scaled growth rates in L1 and L2
of T1 and T2 during each phase.

Treatment 1 Treatment 2

Scaled growth rates in L1 vs L2 during Phase 1 <0.01 0.01

Scaled growth rates in L1 vs L2 during Phase 2 <0.01 <0.01

1.4.5 Links between VWC, growth rates and water up-

take rates

Out of the 60 correlation analyses between scaled root growth rates and

volumetric water content (VWC), 17 of them revealed significant positive

correlations between root growth and local VWC while 7 of them revealed

significant negative correlations between root growth and VWC in the other

layer (data not shown). Out of the 50 correlation analyses between scaled

root growth rates of individual roots in L1 and VWC, 5 of them revealed

both a positive correlation with VWC in L1 and a negative correlation with

VWC in L2.

The dynamics of responses in root growth to variations in soil moisture can

be seen clearly when visually inspecting the time series in Fig. 1.4. For

example, it is interesting to observe how the scaled growth rates and water

uptake rates in L2 of T1 plants (Fig. 1.4b) declined during the transition to

Phase 2, when the soil moisture reached lower levels (on Day 12 and 13) and

the treatment in L1 still had not been applied for any of the plants yet. In L2

of T2 plants (Fig. 1.4d), the scaled growth rates started decreasing during

Phase 1 (when the treatment was applied in L1) and the VWC remained

almost unvaried until the end of Phase 1. Water uptake rates decreased

during Phase 1 and were even close to 0 ml day−1 on Day 9. L1 of T2 plants
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(Fig. 1.4c) showed a similar behavior as the scaled growth rates and water

uptake rates dropped at the onset of Phase 2, when the treatment was applied

in L2. Water uptake was lower during Phase 2 (on Day 14 and Day 15) than

at the end of Phase 0 (on Day 5 and 6) even though the soil moisture was

higher during Phase 2.

1.5 Discussion

1.5.1 Hydromatching observable within two days of a

water pulse

Our results provide evidence that maize roots responded to a water pulse

by locally increasing their growth rates within the wetted soil layer (Fig.

1.3). Engels et al. (1994) measured root growth twice in maize and once in

rapeseed over a period of six days after the re-wetting of a top soil layer.

They attributed the observed root growth promotion in the top layer to

mobilization of nutrients (only present in the top layer) and not to increased

soil moisture itself. In our study Hydromatching occured within 48 h after

applying a water pulse in a soil layer likely without the influence of nutrients.

In fact, every soil layer was supplied with the same amount of nutrients at

the beginning of the experiment, including deeper layers that always stayed

relatively moister than the top layer (and where nutrients would therefore

be expected to be more mobile). It is possible that changes occurred even

faster than within our observation interval of 48 hours. Although enhanced

local fine root production within water patches (Pregitzer et al., 1993) and

preferential root growth in watered layers over drying layers (Gallardo et al.,

1994; Pardales and Yamauchi, 2003) have been documented before, here we

see for the first time just how quickly roots can respond to variations in soil

moisture.
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1.5.2 Growth rate is continuously promoted in wetter

layers and inhibited in drier layers

The increase in root growth in response to the reception of water pulses was

clear in L1 but it was less evident in L2. In L2 of T1 plants growth rates re-

mained stable while transitioning from Phase 0 to Phase 1 (Fig. 1.4b). This

is probably because roots were still establishing in L2 and had not drawn

down the soil moisture as much as in L1 by the time the water pulse was

applied. In L1, the soil moisture depletion at the end of Phase 0 was so

severe that root growth had stopped prior to the first pulse (Fig. 1.4a and

c). In addition to an increase in root growth in response to pulses in L1,

we observed a consistent decline in root growth in both L1 and L2 when the

pulse was stopped there and was applied in the other layer (Fig. 1.4b and c).

This suggest that maize roots at different depths respond similarly to rapid

changes in soil moisture. A similar behavior has been previously documented

in maize and rapeseed. For these plants, root growth increased in the top

layer and decreased in the bottom layer after a water pulse at the top (Engels

et al., 1994). However, our results show that also the opposite occurs when

switching the pulse order in the layers, and that root growth decline might

even reach negative values indicating root disappearance. Similar to a previ-

ous study on Kiwifruit vines (Green and Clothier, 1995), our measured water

uptake rates in a layer were rapidly influenced (within 24 hours) by a change

in soil moisture in both that same layer and in the neighboring layer (Fig.

1.4). In fact Green and Clothier (1995) also documented daily-scale shifts in

uptake patterns from drier to wetter parts of the soil after re-irrigation. They

suspected that this was due to a rapid flush of new root growth and reacti-

vation of existing roots. In our case, water uptake rose prior to the increase

in root growth following the water pulse (Fig. 1.4). We hypothesize this was

caused by the sudden change in soil-root water potential gradient, which is

known to drive water uptake in the short term (hours) (Jarvis, 2011). The
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change in gradient allowed the existing roots to markedly absorb the newly

available water. Moreover, root water potential in the entire root system

might become less negative when a part of the root system has access to a

water source at higher water potential, according to modeling results (Amenu

and Kumar, 2007; Schymanski, 2008). Hence, water uptake could decline in

certain locations even though local soil moisture and canopy water demand

did not change. Such situation could have occurred in our experiment as

water uptake increased in the newly pulsed layer while almost coming to a

halt in the other layer (Fig. 1.4).

In our study portions of maize root systems responded to multiple changes in

soil moisture over daily (and potentially even shorter) timescales, by increas-

ing the growth rates in wetted soil layers and/or by decreasing the growth

rates in drier layers, inverting the local trends of growth rates between phases

(Fig. 1.4 and Fig. 1.5). This demonstrates an exceptional level of dynamic

morphological adaptation to rapidly varying moisture availability in young

maize plants. The decline in root growth in response to increased soil mois-

ture in another soil layer is one of the most intriguing findings of this study.

Carbon allocation seemed to be continuously orchestrated and re-directed

to match soil moisture availability, favoring the resourceful soil areas and

neglecting the less beneficial ones. This behavior likely allows maize roots

to chase dynamic soil moisture sources and take up enough water to meet

the transpiration demand while being “cost-effective” in terms of root car-

bon expenditure. We suspect that carbon allocation for root growth might

be dictated by both local soil moisture availability and moisture availability

sensed elsewhere. In fact, the observed root growth decline in non-pulsed

layers was potentially caused by locally reduced VWC and/or even triggered

by an increase in the VWC in the pulsed layer. The identification of both

positive correlations between local growth rates and local VWC as well as

negative correlations between local root growth and VWC in another soil

layer suggests that Hydromatching may not only be a result of root growth
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responses to local conditions, but a consequence of a whole root system re-

sponse. This coordinated response at the entire root system level could be

part of a mechanism aimed at efficiently partitioning and targeting carbon

allocation wherever and whenever water is more easily accessible. However,

to conclusively test the hypothesis that roots respond to soil moisture varia-

tions elsewhere in the root system, soil moisture in one soil layer would need

to be held constant while soil moisture in another soil layer is varied. This

should be done in a follow-up experiment.

Our findings open new avenues for research on irrigation management. The

method of patchy resource supply is already known to improve efficiency in

resource uptake compared to uniform resource availability, although it was

mostly studied for nutrients (Fransen et al., 1999, Hutchings et al., 2003,

Wang et al., 2005). When considering alternating patchy supply (changing

the location of a resource patch on a daily-basis), water uptake was mostly

driven by physiological changes rather than morphological changes (Fransen

et al., 1999). In fact, it was hypothesized that root proliferation within

resource patches may be too slow to keep up with daily changes in patch lo-

cation (Van Vuuren et al., 1996, Wang et al., 2005). However, our findings in-

dicate that maize root systems can adjust their growth rates locally within 48

hours (potentially even faster) to match rapid soil moisture changes through

Hydromatching. This high degree of morphological plasticity should be fur-

ther studied to assess its influence on above-ground productivity, canopy

water supply and overall plant fitness. Potentially, Hydromatching could be

then targeted as a breeding trait and leveraged as a tool to enhance water use

efficiency under patchy water supply, caused either by differential infiltration

of rainfall or drip irrigation. Vegetation models could also benefit from our

findings. They could incorporate the process of Hydromatching to improve

predictions of plant water use and carbon uptake, as well as soil moisture

dynamics in pulse-driven ecosystems (e.g. Schwinning and Ehleringer, 2001).
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1.5.3 Limitations of the study

Non-destructive root imaging was crucial for the insights obtained in this

study. Due to the number of treatments and replica and the time needed

for measuring one root system, each plant could only be measured every 48

hours. Since we observed root growth responses already within the first 48

hours of a treatment, it is likely that the responses occurred faster than that.

To get closer to the actual response time, a similar study should be conducted

with fewer individuals and more frequent imaging.

The absence (or weakness) of a response in pulsed L2 could be related to

the fact that we did not leave enough time for the root systems to establish

before applying the water pulses. Overall, roots reached and explored L2

later than L1. Roots in L1 had already established, substantially consumed

water and halted their growth by the time Phase 0 started. Meanwhile, four

plants out of ten reached L2 only at the beginning of Phase 0, which then

promoted root growth due to the encounter of a wet layer (while L1 was

water-depleted). This led to a smaller difference in soil moisture between

the pre-pulse and post-pulse in L2 (Fig. 1.4b and d). VWC reached 5% in

L1 of T1 plants and 4% in L1 of T2 plants before the pulse (Fig. 1.4a and

c). In contrast, VWC in L2 of T1 plants was still at 8% before the pulse

and growth rate was promoted there already during Phase 0 because wetter

than L1 (Fig. 1.4b). In L2 of T2 plants VWC was slightly above 6% before

the treatment and here roots responded weakly to the pulse (small peak in

growth rate visible during Phase 2, Fig. 1.4d). Overall, the initial higher

levels of VWC in L2 compared to L1 may have affected the intensity of the

response to the pulse in L2.

Note that a decrease in growth rates both in non-pulsed L1 and L2 suggests

that roots in L2 do behave similarly to roots in L1, confirming that they

likely would have increased their growth rates if pulsed following substantial

water depletion. However, further testing on well-established root systems
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after sufficient dehydration in each layer is needed to better support this in-

terpretation.

In connection with this, another potential limitation of the study could have

been the utilization of young plants, and a replication of our study on ma-

ture plants would be needed to further corroborate our results. This process

might not be straightforward, as more mature root systems might display

different degrees of plasticity and responsiveness to soil moisture availability

and changes.

The MRI detection threshold of roots with diameter > 0.2 mm did not allow

the identification of fine roots, which are known to play a significant role in

water uptake (Wilcox et al., 2004). While this did not represent a problem

in L1 as there we selected and analyzed well-visible individual roots, this

detection threshold could have led to growth underestimation in L2. In fact,

at the whole-layer scale including fine roots would have likely offered a more

comprehensive view of root responsiveness to soil moisture changes.

Methodological challenges forced us to use different methods for root growth

detection in Layer 1 (individual roots) and Layer 2 (portion of the root sys-

tem). The selection of individual roots that exhibited growth throughout the

entire experiment might have introduced a positive bias towards responsive

roots. Interestingly, despite the methodological differences, we found similar

responses to water pulses in both layers, indicating that our findings are likely

not due to a methodological artefact. On the other hand, the use of these

different methods precluded us from comparing absolute root growth rates

between soil layers. Future studies should consider the same method of root

sample selection (individual selection or whole layer selection) for a same-

scale comparison of growth rates between layers. For example, a whole layer

analysis in L1 should be feasible if watering from the top (causing artifacts)

is avoided.

Additionally, targeted experiments should delve deeper into the possibil-

ity of local root growth responding to soil moisture variations in other parts



1.6. CONCLUSIONS 47

of the root system. This could be done by keeping soil moisture constant in

one layer while applying a pulse in a different layer.

1.6 Conclusions

In this study we observed Hydromatching in maize roots as a fast-occurring

phenomenon (within 48 hours), providing robust evidence in response to

Question 1 regarding the onset time of Hydromatching. This phenomenon

likely enables plants to explore dynamic soil moisture sources while econ-

omizing on root carbon investments. Hydromatching occurred at different

depths of maize root systems, providing evidence in response to Question

2 regarding the extent of vertical responsiveness. Root systems also showed

the ability to locally switch their growth allocation and water uptake rates to

match rapid changes in soil moisture along the profile. Overall, root growth

rates in maize plants were dynamically orchestrated according to temporal

and spatial changes in moisture availability. Local growth was dictated by

local changes in soil moisture and possibly even by changes in moisture oc-

curring in other parts of the soil profile, which would suggest a whole-root

system coordination. Targeted experiments will be needed to conclusively

proof such a remote response to local changes elsewhere.

These findings are important indications on how root systems interact with

their surroundings and reveal a new level of plasticity and dynamicity in root

systems. Future studies should use more mature root systems, established in

all the soil layers considered and depleting soil moisture significantly by the

time the treatments are applied. It would also be interesting to compare root

dynamics of different plant species. Our findings can pave the way towards

new strains of research on irrigation management. These could assess the

influence of Hydromatching on canopy water supply and potentially explore

its use as a tool to improve water use efficiency under patchy water supply in

agricultural settings. Future studies could also incorporate our findings into
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vegetation-soil-atmosphere models to potentially represent a more realistic

and dynamic role of root systems in affecting plant carbon and soil water

fluxes.

1.7 Supplementary information

Figure 1.6: The SGEDO (SWaP Guided Experimental Design Optimization)
approach in practice. This approach is used to determine when to start Phase
2. The horizontal axis represents the experimental days and the vertical axis
displays the volumetric water content (VWC). The lines correspond to the
VWC in Layer 2 (L2) of three columns in Treatment 1 (T1) (and so receiving
the pulses in L2 during Phase 1 and receiving the pulses in L1 during Phase
2). The light gray block corresponds to Phase 0 (drought period) and the
darker gray block corresponds to Phase 1 (when the first series of water pulses
was applied). The red crosses correspond to the date when Phase 2 (when
the second series of water pulses was applied) started for each of the three
columns, i.e. when the VWC dropped below 7.5% in L2 after Phase 1 (it
took 2 days in Column 3 and three days in Columns 10 and 14). Refer to
Fig. 1 to understand the meaning of “L1, L2, T1, T2, Pulse, Phase”.
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Figure 1.7: Higher presence of intertwined and clustered lateral roots in L2
compared to L1. Roots in L1 are easier to distinguish and to track all the
way to the tip. This is the reason why individual root selection was not
performed in L2, as such selection would have been difficult and prone to
errors.
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Figure 1.8: Medians of scaled growth rates for each T1 plant (treated in L2
during Phase 1 and in L1 during Phase 2). Purple lines are scaled growth
rates in L1 and brown lines are scaled growth rates in L2. The crosses
indicate the data points used in the statistical analysis of Question 1 (speed
of Hydromatching). Only data points obtained on the first day of the pulse
series and 48 hours later were considered, regardless of the phase.
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Figure 1.9: Medians of scaled growth rates for each T2 plant (treated in L1
during Phase 1 and in L2 during Phase 2).
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Figure 1.10: Medians of the scaled growth rates for each control plant (where
VWC was kept at 15% in both L1 and L2 during both Phase 1 and 2)
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Figure 1.11: Violin plots of growth rates during the three experimental phases
in T1, T2 and controls. Panels on the left refer to L1 (50 data points in each
violin), and on the right to L2 (10 data points in each violin). (a)-(b): T1;
(c)-(d): T2; (e)-(f): controls. The horizontal axis represents the different
phases and the vertical axis the scaled growth rates. The thick black line
inside each violin indicates the range between the 25th and 75th quartiles,
while the white circles mark the median values. A violin marked with an
asterisk has a higher mean rank compared to the other violins (p<0.01 for
all plots, except for (d) where the difference exists only between the violin in
Phase 0 and the violin in Phase 1).
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Figure 1.11: Refer to previous caption.

1.7.1 Results of sensitivity analysis

The results of the sensitivity analysis revealed that the choice of different

values of maximum gap in NMRooting (from 2 till 7) led to visually similar

curves (Fig. 1.12a). Different values of noise cutoff (0.04 to 0.12) also led

to visually similar curves except for the value of 0.04 (Fig. 1.12b). So,

aside from this value, the parameter choice did not obviously influence the

trend of root length detection. The 3D image of the root system produced

by the software when the noise cutoff level was set to 0.04 was not realistic

(Fig. 1.13a). It overestimated root length by even recognizing roots outside

the system. The image quality and realism increased significantly once the

noise cutoff was increased to 0.06 (Fig. 1.13b). This further supports our

parameter selection for the image analysis.
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Figure 1.12: Growth rate in L2 of a root system under a) a range of values
of maximum gap and b) a range of values of noise cutoff.
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Figure 1.13: 3D representation of the same root system using two different
levels of noise cutoff. a) Root system representation generated using a noise
cutoff of 0.04. The root detection is erroneous and the signal has many
artifacts. b) Root system representation generated using a noise cutoff of
0.06. The root detection is realistic.



Chapter 2

Monitoring seasonal root distribution shifts

and daily growth dynamics following

precipitation events in a natural grassland

This chapter will be submitted in modified form as a paper to the journal

“Biogeosciences” or “Plant and Soil” as ”Ceolin, S.; Schymanski, S.; Klaus,

J.”. The work presented in this chapter was made possible by the contribu-

tions of Dr. Stanislaus Schymanski (SJS), Dr. Julian Klaus (JK), Jérôme

Juilleret (JJ) and Jean François Iffly (JFI).

Contribution in concept and experimental design: SC (me), SJS, JK. Con-

tribution in experimental preparation and measurements: SC, JJ, JFI, SJS.

Contribution in data analysis: SC. Contribution in results interpretation and

discussion: SC, SJS, JK.

2.1 Abstract

Plants can alter their vertical root allocation according to seasonality and

to soil moisture levels along the profile. “Hydromatching” was described as

57
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the promotion of root growth in a newly wetted soil layer accompanied by a

decline in root growth in drier layers, occurring at daily time scales in indi-

vidual plants grown under controlled conditions.

In this study we investigated whether soil moisture or temperature is a ma-

jor driver of the root growth dynamics in a central European temperate

grassland. We then looked into root growth dynamics at daily time scales

following 3 selected precipitation events to determine the occurrence of Hy-

dromatching. Finally, we examined the extent of vertical root distribution

shifts transitioning from spring to summer. In order to do so we installed

twelve minirhizotron tubes in proximity of a weather station in a natural

grassland in Luxembourg. We imaged the tubes from May 2022 until Au-

gust 2023, adjusting the sampling frequency according to the season and

increasing it following rain events.

Soil moisture availability turned out to be a more important predictor than

temperature for growth rate at 10, 20 and 40 cm depth. At 60 cm interac-

tions between soil moisture and temperature at the layers above appeared to

have a larger control over root growth. We obtained indications of Hydro-

matching in 2 out of the 3 selected rain events, when root growth distribution

shifted from deeper layers to shallow layers within 2-5 days following topsoil

re-wetting.

We observed significant and profound shifts from shallower soil layers to

deeper soil layers during the spring-summer transitions, consisting of both

promotion of growth in the deeper layers and decline in root length in the

shallower layers.

Root systems in grassland communities seem to respond to seasonality with

drastic shifts at the whole root system level and to quick variations in soil

moisture with smaller and localized but still significant and rapid shifts. Both

types of response appear to adhere to an optimization strategy, consisting in

the promotion of root growth in resourceful areas while discarding roots in

areas where resources are less accessible.
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2.2 Introduction

Roots are fundamental plant organs mediating water and nutrient uptake,

among other functions. Root water uptake is one of the key aspects studied in

the context of agricultural productivity. Management practices and selection

of plant varieties that encourage water capture are some of the tools that can

enable us to improve agricultural productivity to meet population growth

(Eshel and Beeckman, 2013). Therefore, studying the limitations to water

acquisition and the mechanisms implemented by plants to overcome such

limitations is especially important.

Plants have evolved strategies and gained a degree of root morphological and

physiological plasticity in order to deal with the fluctuations in soil water

availability in time and space (Hodge, 2004; Fromm, 2019). Among those

strategies we find “hydrotropism” and “hydropatterning”. The former leads

to root curvature towards zones of high water potential and the latter leads

to promotion of asymmetrical lateral root formation towards wet soil patches

(Fromm, 2019).

At the seasonal scale, several studies observed root systems shifting their root

length distribution seasonally as a response to soil moisture changes under

different plant communities and different climates. Overall, they reported

that root length was higher in the shallow soil layers during the wet season.

During the dry season, root distribution shifted towards deeper layers where

soil moisture is usually higher (Hayes and Seastedt, 1987; Wan et al., 2002;

Peek et al., 2006; Wedderburn et al., 2010; Saelim et al., 2019; Zhang et al.,

2019a).

In Chapter 1 we investigated daily time-scale root responses to rapid and

local variations of soil moisture along the soil profile. The study was carried

out under controlled conditions on 5-week old individual maize plants. We

observed and coined a phenomenon named “Hydromatching”, which con-

sisted of local root proliferation (involving both new root emergence and
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elongation of pre-existing roots) occurring in a soil layer within 48 hours

from a water pulse application. The increase in the treated layer was accom-

panied by a decrease in root growth in other untreated layers. The authors

suspect this is a strategy enabling the plant to explore dynamic soil moisture

sources while economizing on root carbon investments. The study also high-

lights the importance of considering root systems as highly dynamic entities.

Modeling studies also agree on this, as they predicted more realistic soil mois-

ture dynamics when considering dynamic, self-optimizing root systems than

when considering static root systems (Schymanski et al., 2008; Wang et al.,

2018).

In contrast to our previous observations on maize roots, in a study on rye-

grass populations roots did proliferate following re-wetting of a dry topsoil,

but started to do so only one month after the re-watering event (Wedderburn

et al., 2010). The delay in the response was interpreted as a way to ensure

that carbon is invested in layers with sustained resource availability.

Studying root growth dynamics as a response to changing conditions in

soil moisture is particularly important in the context of climate change and

drought stress. As a matter of fact, unprecedented summer droughts are

becoming more frequent in central Europe (Torbenson et al., 2023). These

are expected to increase in frequency, duration, and intensity in the future

with potentially severe effects on vegetation (Van Loon et al., 2016; Klaus

et al., 2022). For instance, the drought of summer 2022 in Europe was one

of the most intense in recent history (Tripathy and Mishra, 2023). While the

effects of drought stress on plant aboveground productivity are well-studied,

the root growth dynamics during both drought and post-drought recovery

are today considered the “elephant in the room” (Zheng et al., 2023).

Studying root growth dynamics in grasslands is also of crucial importance

as grasslands are considered highly productive ecosystems and fundamental

in carbon sequestration (Conant et al., 2001; Fay et al., 2015). In this con-

text studying the effects of drought on root dynamics is also beneficial in
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understanding how soil carbon and nutrient cycling are affected by drought,

as dead roots are one of the main sources of soil nutrients and carbon (Gill

et al., 2002b). Furthermore, insights into the spatial and temporal orga-

nization of root systems are needed in soil vegetation atmosphere transfer

(SVAT) models to better predict water fluxes mediated by vegetation under

pulsing availability (Schwinning and Ehleringer, 2001). Investigating root

growth dynamics to water limitations and fluctuations is also paramount for

predicting how water and bio-geochemical cycles in catchments respond to

external stressors.

Studies on root growth responses to dry conditions in the field yielded

contrasting results. Some studies detected increased fine root production

under drought (Teskey and Hinckley, 1981; Leuschner et al., 2001). This

is consistent with the “functional balance theory” which states that plants

actively adjust shoot:root carbon allocation to improve the uptake of the

most limiting resource (Thornley, 1972). Other studies observed a decrease

in root production under drought (Metcalfe et al., 2008; Weißhuhn et al.,

2011; Sebastian et al., 2016; Zwetsloot and Bauerle, 2021).

Different responses to dry conditions could be explained by different physio-

logical adaptations and sensitivities and by niche separation among species

within a community (Leuschner et al., 2001; Zwetsloot and Bauerle, 2021).

Mixed species grasslands could be more resistant to drought effects in terms

of ecosystem productivity (Isbell et al., 2015; Craven et al., 2016). The two

main components of grasslands, grasses and forbs, are known to respond dif-

ferently to drought and to occupy different niches to avoid competition for

water. Grasses tend to grow their root systems in the topsoil, effectively

extracting water even under conditions of scarcity. In contrast, forbs tend

to avoid growing roots in upper soil strata and overcome water scarcity by

tapping into deeper soil layers (Nippert and Knapp, 2007). Furthermore, it

was discovered that water uptake was more correlated to moisture availabil-

ity rather than root biomass in a sagebrush-steppe ecosystem, where most
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of the water uptake was driven by aquaporin abundance rather than root

biomass abundance (Kulmatiski et al., 2017). This means that the likelihood

of detecting clear plant community-level root growth dynamics in response

to water fluctuations could be low. On the other hand, in a greenhouse

experiment 7 out of 9 co-occurring European grassland species (including

both grasses and forbs) responded to drought in the same way by allocating

less resources to roots compared to well-watered plants (Weißhuhn et al.,

2011). This behavior was also observed across different vegetation types in

the Amazon forest (Metcalfe et al., 2008). However, note that lower resource

allocation to roots might not necessarily lead to decreased root abundance, as

root turnover rates could also decrease and keep root abundance unaffected.

Considering the effect of succession of droughts is also important when

studying the effects of water deficit on root growth dynamics. In a mesic

grassland repeated drought events progressively decreased root productivity,

indicating that adaptations to low-watered conditions (i.e., niche separation

between forbs and grasses, involving different root distributions) might not

be enough to overcome consecutive droughts (Slette et al., 2023). In the

same study they also found out that above-ground post-drought productiv-

ity recovered faster than below-ground. Only above-average precipitation

levels allowed the below-ground to recover, indicating the different impact of

drought on above and below-ground productivity.

While it is well known that soil moisture highly influences root growth

dynamics, it is not clear whether it is the main driver of root growth in tem-

perate grasslands. In Chapter 1 we demonstrated that root growth dynamics

in maize were highly responsive and driven by soil moisture variations. The

study was carried out in the lab under controlled conditions, where only

soil moisture varied while other factors such as irradiance, temperature and

humidity were constant. The experiment also involved young maize plants,

grown individually (without competition) and prevented from reaching levels

of critical water stress (soil moisture always kept > 6%). It is then important
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to assess whether the dynamics observed in our moisture-manipulation study

are also visible in an established plant community (i.e., a grassland), where

variations of other environmental factors can potentially affect the dynam-

ics. As a matter of fact, other studies identified different controllers of root

growth in grasslands. In a mesic grassland root growth rates were strongly

influenced by plant water status (Slette et al., 2023). In ryegrass populations

temperature was controlling root growth peaks (Wedderburn et al., 2010).

In a temperate grassland root growth was positively correlated to radiation

but not temperature (Edwards et al., 2004). In an oak stand phenological

factors were stronger than environmental variables in influencing root elon-

gation rates (Joslin et al., 2001).

These scattered findings indicate that root growth dynamics might be domi-

nated by different environmental (and phenological) factors in different plant

communities. A comprehensive study considering the individual contribu-

tions of multiple environmental variables in determining shifts in root dis-

tribution within the same plant community is needed, especially at shorter

(sub-weekly) time scales. In fact, most studies investigating root growth

dynamics as a response to seasonal moisture fluctuations and to drought

sampled at biweekly, monthly and even yearly intervals (Wan et al., 2002;

Peek et al., 2006; Metcalfe et al., 2008; Wedderburn et al., 2010; Saelim

et al., 2019; Zwetsloot and Bauerle, 2021; Slette et al., 2023). Such stud-

ies might have missed short-term dynamics potentially entailing high rates

of root productivity and turnover, as it was demonstrated that one-month

sampling intervals might lead to 60% underestimation of root growth and

mortality (Stewart and Frank, 2008).

In this study we build upon the results of Chapter 1 and (1) verify if

soil moisture is overall stronger than temperature in influencing root growth

rates in a temperate grassland under natural conditions. We then aim to

(2) test if the phenomenon of Hydromatching (observed on individual young

plants under controlled conditions in unexplored soil) occurs also as a re-
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sponse to natural rainfall variability in an established grassland community.

Finally, our goal is to (3) capture vertical shifts in root distribution during

the transition from a wetter late spring to a drier early summer. Specifically,

we intend to answer the following research questions:

• Question 1 (importance of water or temperature): Is water availability

or temperature the main driver of root growth dynamics in a central

European temperate grassland?

• Question 2 (occurrence of Hydromatching): Can we observe Hydro-

matching within days from a precipitation event?

• Question 3 (allocation shift from spring to summer): Can we observe

a vertical shift in root growth distribution following the onset of a dry

early-summer period?

2.3 Materials and methods

2.3.1 Field site and data collection

The study was conducted in Schifflange, Luxembourg (49.5137°N, 6.0284°E),
within the area of a well-instrumented weather station located in a natural

grassland (Fig. 2.1) mowed once per year and sporadically subjected to graz-

ing (never during the study period). The weather station is operated by the

Hydro-Climatological Observation network (HOST), pole of the Luxembourg

Institute of Science and Technology (LIST). At the site, the soil is clay loam

down to 40 cm depth and heavy clay from 40 to 130 cm (Marx and Flammang,

2015). The species populating the area include both forbs and grasses and

are common European temperate grassland species such as Lolium perenne,

Trifolium pratense, Trifolium repens, Taraxacum officinale, Jacobaea vulgaris

(or erratica), Carduus crispus and Daucus carota. The climate is temperate

semi-oceanic and characterized by mild winters and moderate summers. The
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long-term annual mean precipitation (1971 to 2000) in Luxembourg is 864

mm (Goergen et al., 2013).

Aboveground, the weather station is equipped with instruments measuring

air temperature, humidity, wind speed and irradiance. Belowground, soil

moisture and temperature sensors are located at depths of 10, 20, 40 and

60 cm. We defined these depths as “depths of interest”. Near the weather

station, we installed 12 acrylic minirhizotron tubes (180 cm long and 5 cm of

diameter, CID Bioscience, Inc. Camas, WA, USA) at an angle of 45°, approx-
imately 50 cm apart and with 20 cm of tube sticking out of the ground. This

means that the tubes reached a soil depth of approximately 115 cm. The

tubes were installed 3 months before data collection. When not sampled,

polystyrene foam plugs were inserted inside the tubes and PVC caps were

used to cover the protruding part of the tubes and avoid light disturbance.
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Figure 2.1: The weather station located in a natural grassland in Schifflange,
Luxembourg. The caps covering the minirhizotron tubes are visible along
the fence.

Roots growing along the external wall of the tubes were imaged using

the CI-602 Narrow Gauge Root Imager (CID Bioscience, Inc. Camas, WA,

USA) from May 2022 till August 2023. Images down to 85 cm were collected

till September 2022. We extended the measurements down to 115 cm from

September 2022 on. As a rule of thumb we took images every two weeks but

using an adaptive sampling strategy that consisted of increasing the sam-

pling frequency shortly after major precipitation events during the growing

season. Major precipitation events were defined as events that increased the

soil water head by at least 3 m at 10 cm depth, equivalent to the effect

caused by experimental water pulses in Chapter 1. In an effort to document

the pre-existing root distribution before a major precipitation event, we im-

aged 1 to 4 days prior forecasted moderate rain events (>2 mm h−1) and



2.3. MATERIALS AND METHODS 67

we kept measuring every 2 to 4 days after the start of the event for a total

of approximately 12 days. Such sampling scheme would lead to at least 3

measurements taken closely post-precipitation.

Hourly data of precipitation, air temperature, irradiance, humidity, soil tem-

perature and half-hourly data of soil moisture were collected for the period

May 2022 - August 2023 from the Schifflange weather station.

2.3.2 Image analysis

Root images from each depth of the minirhizotrons were corrected for over-

laps and merged together to obtain single images of the entire root profiles

growing along the 12 tubes. The entire root profiles were subdivided in 11

depths until August 2022 and in 14 depths starting September 2022. Depths

1 to 6 covered approximately 7 cm of tube length, corresponding to roughly

5 cm of vertical depth. Depths 7 to 14 covered approximately 14 cm of tube

length, corresponding to roughly 10 cm of vertical depth. The subdivision

was done in order to better capture the root growth occurring in proximity

of the soil moisture and temperature sensors. For instance, we considered

depth 2 and 3 to observe the roots growing 5 cm above and below the sensor

located at 10 cm depth. Depth 4 and 5 were 5 cm above and below the sensor

located at 20 cm depth. Depths 7 and 8 were 10 cm above and below the 40

cm deep sensor and depth 9 and 10 were 10 cm above and below the 60 cm

deep sensor.

On certain sampling events image quality was lower due to issues with the

scanner head. Such images were corrected for brightness and contrast in

order to improve the image quality and strengthen the separation between

roots and background. The Software “RootPainter” was used to detect alive

roots in the images in an automated way (Fig. 2.2). The software is a Con-

volutional neural networks (CNN) that, once trained on a suitable dataset,

is able to segment roots in soil and to extract them from the background
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(Smith et al., 2020). During the training, roots were considered alive if they

appeared bright white. The Software also provides the option to convert the

segmented images into a format that is suitable for “Rhizovision Explorer”,

another software specialized in extracting root parameters from camera im-

ages. We used this software to extrapolate values of alive root length. The

detection of alive roots allowed us not only to detect root growth but also

root decline. However, we could not train RootPainter to accurately differ-

entiate alive roots from dead ones, as it is a challenging task even for the

human eye. For this reason we considered the detection of root appearance

more accurate than the detection of root disappearance. Still, if trends in

root disappearance were gradual (and not occurring abruptly from one day

to the next) and validated through visual inspection of the images, we incor-

porated them in the overall interpretation.

Images taken from 21/07/2023 onward presented problems of noise coming

from camera damages leading to the formation of straight bright stripes that

were identified as roots by the Software. For these images, an additional

noise cleaning process was implemented, which included both manual and

automated corrections. While fixing the noise, these corrections also led to

an underestimation of the total root length during this period.

We think it is important to underline that the quality of the images

changed throughout the experimental period due to potential damages of the

camera, fluctuations in temperature and humidity, and gradual soil establish-

ment around the tube. This, in turn, affected the precision of RootPainter in

segmenting the roots from the background. As previously mentioned, correc-

tions through image manipulation have been implemented to reduce image

noise as much as possible. While the data can be used to detect vertical (rel-

ative) distributions and sudden shifts in growth rates, the absolute values of

root growth are not reliable.
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Figure 2.2: Root detection on RootPainter. a) Image before the Software
processing and b) the processed image. The light blue area indicates the
portion identified as alive root by the Software after being trained on white
roots. Majority of the root on the upper right hand of the image was not
identified as alive due to its less bright and more brown appearance.

2.3.3 Data and statistical analysis

Before the data analysis, we converted soil moisture data (measured as vol-

umetric water content in m3 m−3) in meter of water head by using the equa-

tions of the water retention model formulated by Van Genuchten (1980).

This was done in order to account for the role of textural classes in affecting

soil water retention and availability to plants. Van Genuchten parameters for

clay loam (down to 40 cm) and clay (from 40 cm downward) were obtained

from Carsel and Parrish (1988) and specified in Table 2.1. Soil texture at the

40 cm moisture sensor depth was considered to be clay loam. The first step

of the conversion consisted in transforming the measured volumetric water

content (defined as θ in van Genuchten equations) into soil saturation degree

(su,i) using the following formula:

su,i =
θ − θr

−θr + θs
(2.1)
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Where θr (cm3 cm−3) is residual soil water content and θs (cm3 cm−3) is

saturated soil water content. We then converted the soil saturation degree

(su,i) into soil water head, h (cm), utilizing the following equation:

h =

(
−1 + s

− 1
mvG

u,i

) 1
nvG

avG
(2.2)

Where avG (cm−1),mvG and nvG are empirical parameters of the van Genuchten

water retention model.

The water head values were then converted from centimeters to meters.

Van Genucthen

parameters
θr (cm

3 cm−3) θs (cm
3 cm−3) avG (cm−3) nvG (-)

Clay loam 0.095 0.410 0.019 1.310

Clay 0.068 0.380 0.008 1.090

Table 2.1: Van Genucthen parameters used for the conversion from volumet-
ric water content (m3 m−3) to soil water head (m). We considered the clay
loam parameters for the soil depth 0-40 cm and the clay parameters for the
deeper depths.

Root length (mm) values were converted into net growth rates (mm

day−1) by subtracting the root length of the previous sampling event from

the next sampling event and by dividing that value by the number of days

between events.

To answer Question 1 (importance of water or temperature), we consid-

ered root growth rate as the dependent variable of our system. Soil moisture

(both as volumetric water content and as soil water head), air temperature,

soil temperature, irradiance, air humidity and wind speed averaged over the

periods between image sampling were considered as the independent vari-

ables. Soil moisture measurements would often go above detectable range
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due to saturation. In that case, we considered the soil moisture equal to 0.52

m3 m−3 (maximum value detectable for volumetric water content) or to 0

m (for soil water head). In the analysis we also considered as independent

variables the interactions of soil moisture at different depths with air temper-

ature and soil temperature at different depths. We calculated the interaction

by multiplying the values of the interacting features. In this analysis we dis-

regarded the data from the winter months (November, December, January

and February) in order to avoid the impact of plant dormancy on the results.

We then used the dependent and independent variables to perform a Ran-

dom forest analysis, a Ridge regression analysis and a Partial Least Square

(PLS) analysis using the Python library “scikit-learn”. We chose these types

of regression analyses because they are robust in the case of multicollinear-

ity and high number of independent variables, which is our case. Random

forest is a machine learning ensemble model that combines the predictions

of several decision trees trained on a subset of data and features (dependent

and independent) into a single result. It provides feature importance scores,

indicating which independent features are the most influential in modeling

the dependent one. Ridge regression is a regularized linear regression model

that adds a regularization term penalizing large weights of independent vari-

ables that would normally result from a linear regression. This improves the

accuracy and stability of the model in predicting the dependent variable.

Partial Least Square regression identifies “latent components” by correlating

linearly the independent features and the dependent feature and maximizing

the co-variance between them. In both Ridge regression and PLS, features

are assigned a coefficient describing the magnitude of contribution in pre-

dicting the dependent variable. With these methodologies we are able to

compute the importance of the independent variables (in our case the envi-

ronmental parameters) in explaining the dependent variable (in our case root

growth rate). Random Forest, Ridge regression and PLS have been used for

analysis of feature importance and feature selection in multiple studies and
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fields (Hu et al., 2018; Shahhosseini et al., 2019; Toğaçar et al., 2020).

We performed the analysis with these three methods twice, considering vol-

umetric water content and soil water head separately in order to avoid re-

dundancy and an excessive amount of independent variables per analysis. In

total, there were 32 independent variables for the analysis considering volu-

metric water content and 26 independent variables in the analysis considering

soil water head (fewer variables because we disregarded soil water head at 60

cm as it was constantly equal to zero).

We utilized the above mentioned methods to assess the most important in-

dependent variables explaining root growth at each depth of interest. Specif-

ically, we selected the analyses that yielded the highest R-squared when

predicting root growth for each depth of interest. The R-squared is a way of

evaluating how well the variance of the dependent variable is explained by

the independent variables in a model. Specifically, R-squared of the Random

Forest, Ridge regression and PLS regression models is calculated as reported

in Richter et al. (2012) and Nakagawa and Schielzeth (2013):

R2 = 1−
∑n

i=1(yi − ŷi)
2∑n

i=1(yi − ȳ)2
(2.3)

Where n is total number of observations in the dataset, ȳ is the mean of all

the observed values of the dependent variable and ŷi the predicted value of

the dependent variable for the ith observation.

From the regression analyses that yielded the highest R-squared we then

determined the five independent features that ranked as the best predictors

of root growth rate at each depth of interest. We used this top five of most

influential independent variables to draw our conclusions on what affected

root growth the most at each depth.

In these analyses we used a total of 50 data points per variable. As this

dataset is rather small and the number of independent variables considered

is high, the used methods can face issues in establishing clear relationships
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between independent and dependent variables. For this reason we would like

to emphasize that the goal of this analysis is to obtain a broad and initial

overview of the key features controlling root growth rate in our system.

To answer question 2 (occurrence of Hydromatching), we lumped together

the growth rates 5 cm above and below the sensors at 10 and 20 cm and 10

cm above and below the sensor at 60 cm and considered them to investigate

the link between root growth and soil water head. We also considered the dif-

ferences between growth rate at 10 cm and 60 cm and the differences between

growth rates at 20 cm and 60 cm (with positive values indicating growth rate

favored in the topsoil and vice versa). This was done to better reveal changes

in partitioning between the top and subsoil, especially in circumstances of

high root mortality (ie: under dry conditions) when the differences in the

partitioning between top and bottom soil could still be meaningful while no

clear response is detected when considering the values of net growth rates

only. In our investigation we considered the soil moisture changes occurring

after 3 selected precipitation events that substantially increased the soil wa-

ter potential by at least 0.3 MPa (0.3 m) of soil water head at 10 cm depth,

during which we managed to frequently and closely monitor the root devel-

opment over the next days. To determine if Hydromatching occurred, we

first used the Shapiro test to check for normal distribution of the values of

net growth rates and of growth rate partitioning for each sampling event. We

then compared them between subsequent sampling events by either using the

Mann-Whitney test (when at least one of the two compared groups did not

follow normality) or the Student t-test (when both of the considered groups

followed normality) to check for significant differences. For Hydromatching

to occur, we expected a significant increase in growth rates in the topsoil and

a significant decrease in the subsoil following major precipitation events. The

Shapiro test, the Mann-Whitney test and the Student t-test were carried out

using the Python library “scipy” and the package “stats” (Virtanen et al.,

2020).
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To answer question 3 (allocation shift from spring to summer) we com-

pared the vertical root length distributions along each depth of the 12 tube

profiles on two sampling days, one in May (late spring) and one in June (early

summer) of both 2022 and 2023. To check for significant vertical shifts in

root length allocation we lumped together the root lengths at each depth

from all 12 tubes and compared the root lengths at each depth on the sam-

pling event in May with the root lengths at the same depth in June for both

years. We first used the Shapiro test to check for normal distribution of the

root length values of all tubes at each depth and in each sampling event. We

then carried out the comparison with the Mann-Whitney test (when at least

one of the two compared groups of root length did not follow normality) or

with the Student t-test (when both groups followed normality).

The dataset of Chapter 2 can be found on Zenodo at https://zenodo.org/records/10527733

.

2.4 Results

2.4.1 Question 1: importance of water or temperature

Question 1 was addressed by carrying out Random Forest, Ridge analysis

and Partial Least Square (PLS) regressions to compute the importance of

the independent variables in predicting root growth rates at each depth of

interest. The independent variables considered were soil moisture (as volu-

metric water content or soil water head), soil temperature, air temperature,

air humidity, irradiance, wind speed, interactions between soil moisture and

air temperature and interactions between soil moisture and soil temperature.

The three methods performed differently for each depth of interest and differ-

ently depending on whether we considered volumetric water content (VWC)

or soil water head as an independent variable. The R-squared resulting from
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the Random Forest, Ridge regression and PLS considering the growth rates

at 10, 20, 40 and 60 cm and considering VWC and soil water head separately

are shown in Table 2.2. Several reported R-squared values are negative. Al-

though seemingly counter-intuitive, a negative value of R-squared computed

by regression models is indeed possible according to Eq. 2.3 and Nakagawa

and Schielzeth (2013). More specifically, a negative R-squared can occur

when the regression model’s predictions are worse than those of a null model

that includes only an intercept and no predictors (Nakagawa and Schielzeth,

2013).

The growth rates at 10 cm were best predicted by the Ridge regression con-

sidering VWC (R2=0.5), the growth rates at 20 cm were best modeled by the

Random Forest considering VWC (R2=0.26), the growth rates at 40 cm were

best predicted by the Ridge regression considering soil water head (R2=0.55)

and the growth rates at 60 cm were best predicted by the PLS considering

soil water head (R2=0.24). The top 5 features appearing as the strongest

predictors at 10 cm were, in order of strength, VWC at 10 cm (positive effect

on growth rate), VWC at 20 cm (positive effect), soil T at 60 cm (positive

effect), VWC at 60 cm x soil T at 60 cm (“x” indicates interaction, positive

effect) and VWC at 10 cm x soil T at 40 cm (negative effect) (Fig. 2.3a,

direction of the effect not shown). At 20 cm the best predictors were air

humidity (positive effect), irradiance (negative effect), VWC at 10 cm (pos-

itive effect), soil T at 60 cm (negative effect) and VWC at 40 cm x air T

(negative effect) (Fig. 2.3b). At 40 cm the best predictors were soil water

head at 20 cm (negative effect), soil water head at 10 cm (negative effect),

soil water head at 20 cm x soil T at 60 cm (positive effect), soil water head

at 20 cm x air T (negative effect) and soil T at 60 cm (negative effect) (Fig.

2.3c). At 60 cm the best predictors were soil water head at 20 cm x air T

(negative effect), soil water head at 20 cm x soil T at 10 cm (negative effect),

soil water head at 20 cm x soil T at 20 cm (negative effect), soil water head

at 10 cm x air T (negative effect) and soil water head at 20 cm x soil T at
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40 cm (negative effect) (Fig. 2.3d).

Overall, we consistently observed soil moisture features (as VWC and soil

water head) ranking higher than temperature features among the top 5 fea-

tures at all depths except 60 cm. Soil moisture features appeared as the

top two most influential at 10 cm and 40 cm. At 20 cm one soil moisture

feature (VWC at 10 cm) ranked 3rd right after irradiance and air humidity.

On the other hand, all of the top 5 most influential features at 60 cm were

interactions between soil water head at 10 and 20 cm and temperatures from

the above soil layers or air temperature. These results could indicate a larger

influence of temperature on root growth at 60 cm, but are most likely shaped

by the invariability of soil moisture at this depth.

R2 values Random Forest Ridge Regression Partial Least Square Regression
Dependent variable Considering VWC Considering SWH Considering VWC Considering SWH Considering VWC Considering SWH

Growth rate at 10 cm 0.26 0.26 0.50 0.12 -2.22 -0.88

Growth rate at 20 cm 0.27 -0.65 -0.30 -0.43 -1.47 -0.41

Growth rate at 40 cm -0.48 -1.04 0 0.55 -0.35 -1.02

Growth rate at 60 cm 0.03 0.08 -0.78 -0.74 0.15 0.24

Table 2.2: R-squared values deriving from the Random Forest, Ridge Re-
gression and Partial Least Square Regression computed for each depth con-
sidering root growth rate as the dependent variable. We reported the results
considering soil moisture both as volumetric water content (VWC) and as
soil water head (SWH).
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Figure 2.3: Feature importance and coefficients of contribution from the
best-performing regression analyses to determine the most influential fea-
tures on root growth. Coefficients were normalized within the range 0-1 for
each selected analysis. a) Normalized coefficients of contribution of the inde-
pendent variables from the Ridge regression model of root growth at 10 cm
depth. b) Normalized feature importance of the independent variables from
the Random Forest model of root growth at 20 cm depth. c) Normalized co-
efficients of contribution from the Ridge regression model at 40 cm depth. d)
Normalized coefficients of contribution from the Partial Least Square (PLS)
regression at 60 cm depth. These coefficients only represent the importance
in affecting root growth rate but do not show the direction of the effect.
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Figure 2.3: Refer to previous caption.
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2.4.2 Question 2: occurrence of Hydromatching

Question 2 was tested by comparing the net growth rates and the top-bottom

growth partitioning between sampling dates on three selected periods with

major precipitation events. From now on we will refer to these three periods

as “September 2022”, “June 2023” and “July/August 2023”.

Overall, the largest fluctuations in soil water head over the entire study pe-

riod were observable at 10 cm, where values ranged from saturation (0 m) to

a minimum of -30 m in July/August 2023. Already at 20 cm the fluctuations

were much less intense, with soil water head reaching a minimum level of -4

m in July/August 2023. Interestingly, the lowest levels of soil water head

were recorded in summer 2023 and not during the summer drought of 2022.

Soil at 60 cm was found to be at saturation for the entirety of the study. It

is important to note that the highly clayey texture of the soil at this depth

could have led to tight water retention leading to constant readings of 0 m,

but also that the heavy clay itself could have affected the readings of the

sensors.

The rain events in September 2022 and July/August 2023 led to different

water replenishing patterns than in June 2023. The levels of soil moisture at

10 and 20 cm increased strongly and simultaneously shortly after the onset

of the precipitation periods on 31/08/2022 and 25/07/2023 respectively, in-

dicating a rapid percolation of the water front into the soil profile in these

two periods. In June 2023 the levels of soil moisture at 10 cm increased more

gradually over a rain period of 4 days, starting on 19/06/2023, slowing down

between 20/06/2023 and 21/06/2023 and resuming on 22/06/2023. The soil

then started immediately to dry up again. At 20 cm soil water head barely

changed, with a maximum increase of only 1 m visible on 29/06/2023.

In all three periods and at all the depths considered we observed clear changes

in root growth rates and in top-bottom growth partitioning following the rain

events, although at different intensities (Fig 2.4). The comparison between
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growth rates on 27/08/2022 and 02/09/2022 was not possible due to sud-

den changes in image contrasts between the two dates, affecting the root

recognition capability. In this case, we disregarded the day of the change in

contrast and considered the date right after for the comparison (i.e., between

27/08/22 and 05/09/22).

In September 2022 the net growth rates at 10 cm (Fig. 2.4a) increased

significantly (p-value<0.05) between 27/08/2022 and 05/09/2022 (0.05 mm

day−1 to 2.33 mm day−1) and between 02/09/2022 and 05/09/2022 (-0.03 mm

day−1 to 2.33 mm day−1, fig. 2.5a and b), showing a reactive root growth

promotion 3 to 5 days after the soil wetting. The change in image contrast

between 28/08/2022 and 02/09/2022 does not allow us to conclude whether

the response occurred earlier already on 02/09/2022. Growth rates kept in-

creasing to 9.50 mm day−1 on 07/09/2022, which was the highest growth

rate recorded at 10 cm out of the three periods. Surprisingly, on 09/09/2022

growth rates decreased significantly and abruptly, reaching a negative me-

dian of -3.44 mm day−1 indicating root disappearance (Fig. 2.5f and g).

Net growth rates at 20 cm (Fig. 2.4b) followed a similar pattern as at 10 cm,

increasing significantly from -0.11 mm day−1 (median value) on 02/09/2022

to 2.69 mm day−1 on 05/09/2022. The growth rates then slightly increased

to a median of 3.81 mm day−1 on 07/09/2022 and decreased to a negative

median of -1.35 mm day−1 on 09/09/2022.

Interestingly, at 60 cm growth rates increased simultaneously with the growth

rates in the topsoil and went from negative (on 27/08/2022) to positive with

a median of 1.76 mm day−1 on 05/09/2022 (Fig. 2.5c, d and e). However,

growth rates decreased to -0.45 mm day−1 on 07/09/2022, the day when

growth rates at 10 cm were at their highest and kept decreasing down to

-5.04 mm day−1 on 09/09/2022.

The differences between top-bottom growth partitioning (blue bars in Fig.

2.4) indicate a clear change in the partitioning between shallow and deep

soil after the re-wetting. Between one to two days after the rain event
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(02/09/2022) the partitioning between top and bottom significantly decreased,

meaning that root allocation was promoted towards the 60 cm depth while

none was established in the topsoil. Then, it started increasing in the follow-

ing sampling days and the allocation switched to the 10 and 20 cm depths

(while declining at 60 cm). On 09/09/2022 root growth partitioning was

once again no longer prioritized in the topsoil.

In June 2023 the net growth rates at 10 cm increased significantly and

reached positive values on 22/06/2023, that is 1 to 3 days after the soil

wetting from the first rain event. Specifically, the median of the growth

rates increased from -2.38 mm day−1 on 19/06/2023 to 2.99 mm day−1 on

22/06/2023. In the following days soil dryness started to build up again and

root growth at 10 cm halted, even reaching medians of -1.55 mm day−1 and

of 0.93 mm day−1 on 26/06/2023 and 28/06/2023, respectively. At 20 cm a

positive and significant increase in root growth was observed only at the end

of the period on 28/06/2023, when it increased to 5.72 mm day−1 from -2.03

mm day−1 on 26/06/2023.

At 60 cm growth rate went from 16.1 mm day−1 to a significant decline on

the following days, reaching negative values and a minimum of -25.76 mm

day−1 on 22/06/2023, 1 to 3 days after the soil wetting. This was the same

day when we observed the maximum positive growth rate reached at 10 cm.

When soil started drying up, root growth at 60 cm progressively increased

until reaching 12.44 mm day−1 on 28/06/2023, significantly higher than -

10.94 mm day−1 on 26/06/2023.

The top-bottom growth partitioning increased significantly between 19/06/2023

and 22/06/2023, 1 to 3 days after the soil wetting from the first rain event,

suggesting root growth promotion in the topsoil at the expense of the growth

in the subsoil. With the progressive decrease in soil moisture between 22/06/2023

and 26/06/2023, the partitioning between top and bottom significantly de-

creased and reached negative values on 28/06/2023. This indicates that root

promotion progressively switched from the top to the bottom of the profile
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when dry conditions developed again.

In July/August 2023 growth rates at 10, 20 and 60 cm all increased

significantly within 1 day from the topsoil wetting following the beginning

of a long rainy period (lasting from 24/07/2023 to 06/08/2023). Specifically,

between 21/07/2023 and 25/07/2023 the growth rate medians turned from

negative to slightly positive at the three depths, going from -1.49 mm day−1

to 0.07 mm day−1 at 10 cm, from -1.00 mm day−1 to 0.18 mm day−1 at 20

cm and from -6.43 mm day−1 to 0.49 mm day−1 at 60 cm. On the following

sampling dates the growth rates at 10 and 20 cm remained near-zero until

04/08/2023, when conditions of soil saturation were reached at both depths

and growth rates declined and became negative again. After 25/07/2023 root

growth at 60 cm became negative and kept decreasing. From 04/08/2023

onward growth rates at each depth started increasing significantly again and

on 11/08/2023 they reached medians of 2.31 mm day−1 at 10 cm, 1.71 mm

day−1 at 20 cm and 1.03 mm day−1 at 60 cm.
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Figure 2.4: Growth rates during the three selected precipitation events of
September 2022 (a and b), June 2023 (c and d) and July/August 2023 (e
and f). Plots at the top represent the net growth rates at 10 cm (dashed black
line), at 60 cm (dashed red line) and the growth rate partitioning between 10
and 60 cm (light blue boxes). Plots at the bottom represent the net growth
rates at 20 cm (dashed black line), at 60 cm (dashed red line) and the growth
rate partitioning between 20 and 60 cm (light blue boxes). Blue lines depict
the soil water head and the blue bars represent precipitation. Crosses on
the growth rate medians and on the partitioning bars indicate a significant
increase or decline on that date compared to the previous sampling date (p-
value<0.05).
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Figure 2.4: Refer to previous caption.
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Figure 2.4: Refer to previous caption.
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Figure 2.5: Stages of root development (a-b, c-d-e) and of root disappear-
ance (f-g). a) and b) show the same location (10 cm depth) on 02/09/2022
and on 05/09/2022, respectively. Several new roots appeared on b). c), d)
and e) show the same location (60 cm depth) on 27/08/2022, 02/09/2022
and 05/09/2022, respectively. Root elongation occurred between sampling
dates. f) and g) show the same location (10 cm depth) on 07/09/2022 and
09/09/2022, respectively. Several roots visible in f) are no longer present
in g). Unidentified invertebrates were detected in other images during this
period which might have fed on the roots.



2.4. RESULTS 87

Figure 2.5: Refer to previous caption.

2.4.3 Question 3: root vertical shift from spring to

summer

Question 3 was tested by comparing the whole root system profiles in May

2022 and June 2022 and in May 2023 and June 2023 (transitioning from a

wetter late spring to a drier early summer). From May 2022 to June 2022

soil water head progressively decreased at 10 cm. One of the two sensors

detected a decrease from -1.5 m to -2.7 m and the other from -4 m to -9 m.

From May 2023 to June 2023 soil water head decreased much more intensely,

from close to saturation (0 m) to approximately -15 m (corresponding to

approximately -150 kPa), as measured by both sensors at 10 cm. Such soil

tension was shown to impair plant growth (Mackie et al., 2019). Despite

dryness building up at different intensities in the two years, in both 2022

and 2023 we observed a similar and significant shift in root length from the

shallower soil depths to the deeper soil depths with the progression of the dry



88 CHAPTER 2. DYNAMICS TO RAINFALL IN GRASSLAND

season (Fig. 2.6). The shift consisted of a decline in root length at shallow

depths and a promotion of root growth in the deeper layers. Specifically, root

length decreased significantly shifting from May 2022 to June 2022 at 5, 10,

15, 20, 25 and 30 cm and increased significantly at 60, 70 and 80 cm (Fig.

2.6a and b). Root length decreased significantly shifting from May 2023 to

June 2023 at 5, 10, 15, 20, 25, 30 and 35 cm and increased significantly at

60, 70 and 80 cm (Fig. 2.6b and c).
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Figure 2.6: Seasonal shift in vertical root distribution. a) and b) represent
the shift from May 2022 to June 2022 while c) and d) show the shift from
May 2023 to June 2023. Blue bars indicate root length medians obtained
from the 12 tubes at all the measured depths. Ticks at the ends of the black
lines represent the 25th and 75th percentiles for each bar. Numbers report
the value of root length median and stars indicate a significant change in
root length between May and June. Orange dots represent soil water head
measurements at 10, 20, 40 and 60 cm.
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2.5 Discussion

2.5.1 Moisture controls growth rates

Random Forest, Ridge regression and PLS ranked soil moisture (as VWC

and soil water head) as the overall strongest controller of root growth rate

in our grassland. This result deviates from prior research that found other

environmental and phenological factors to be stronger controllers of root

growth in grasslands and tree stands (Joslin et al., 2001; Edwards et al.,

2004; Wedderburn et al., 2010). However, it is worth noting that these

studies did not use an adaptive sampling frequency, but followed a fixed

sampling schedule. Furthermore, this result indicates that soil moisture is a

key driver of root growth also under natural variations in temperature and

not only under controlled conditions (as observed in Chapter 1).

Soil moisture seemed to be particularly important in determining root growth

at 10 and 20 cm, where the largest predictors were VWC at 10 and 20 cm.

The importance of the interactions between temperature and soil moisture

at shallower depths in controlling growth rates at 60 cm does not necessarily

indicate a correlation between them. In fact, the apparent higher influence of

conditions from the upper layers likely resulted from the constant saturation

and the smaller fluctuations in soil temperature at 60 cm. Possibly, it might

only reflect the effects of seasonal cycles on the deeper layers.

The data clearly indicates that soil moisture had a higher control over root

growth rates than temperature during the study period as a whole. However,

the small dataset did not allow to analyze subsets of data, preventing the

distinction of effects on root growth given by seasonality/phenology and the

effects dictated by rapid and isolated soil environmental changes.

Answering Question 2 (occurrence of Hydromatching) will allow us to better

understand root growth dynamics at daily time scales, otherwise invisible

when looking at the experimental period as a whole.
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2.5.2 Occurrence of Hydromatching

In September 2022 there was an increase in soil water head at 10 and 20 cm

following the onset of the rain event, yet we observed an increase in growth

rate at all depths (including 60 cm) on 05/09/2022, that is 3 to 5 days after

the soil wetting (Fig. 2.4a and b). We do not know whether the response

already occurred on 02/09/2022 due to image contrast issues. Post-drought

increase in growth rate in both shallow and deep soil layers was an unexpected

result and potentially due a overall regain of vitality after a drought-induced

latency, requiring a re-establishment of the root system at the whole profile

level.

Increased root growth at 60 cm 3 to 5 days after the rain event is an indication

that the plants survived the drought (Fig. 2.5c, d and e). In fact, it is highly

unlikely that newly sprouted plants could grow roots down to 60 cm in 5

days. This also means that the increase in growth rate observed at shallow

depths on 05/09/2022 and later on 07/09/2022 likely originated from pre-

existing plants and not from plants sprouted and established after the end

of the drought. On 07/09/2022 the growth rates at 10 and 20 cm kept

increasing while growth interrupted at 60 cm. Such root growth promotion

in a newly wetted layer accompanied by an interrupted promotion in a less

beneficial layer suggests the occurrence of Hydromatching. When soil at 10

cm was moist, soil at 60 cm became a less beneficial and a more “costly”

source of water. This was due to its heavy clay composition, likely retaining

water more tightly, imposing a higher mechanical resistance and creating

conditions of low aeration (da Silva and Kay, 1997). Later on 09/09/2022 we

observed an unexpected decline in root length both at 10 cm and 60 cm, with

a significant reduction especially at 10 cm (Fig. 2.5f and g). We attribute this

sudden root disappearance to herbivory, given the presence of unidentified

invertebrates in several images taken at shallow depths in this period. Root

disappearance due to predation might then represent a potential limitation
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in minirhizotron studies focusing on root dynamics.

in June 2023 we captured two phases of precipitation, gradually increasing

soil water head first at 10 cm (20/06/2023) and then at 20 cm (22/06/2023).

This gradual increase in water potential was also accompanied by a gradual

increase in root growth according to the moving water front.

Overall, the significant increase in net growth rates on 19/06/2023 at 10 cm

and on 22/06/2023 at 20 cm indicates that growth rate responded to the re-

wetting potentially already within 1 day from its establishment, although the

growth rate medians were still below zero on these dates. Growth rates at 10

cm reached a positive median on 22/06/2023 while root length simultaneously

declined at 60 cm, indicating a rapid vertical shift in root allocation which

once again suggests Hydromatching. Net growth rates at 60 cm significantly

increased to a positive median once more on 28/06/2023, after soil moisture

at 10 cm had started to decline again for six days. It is noteworthy how

root growth partitioning between topsoil and subsoil switched twice within

a 20-days period, from subsoil on 09/06/2023 to topsoil on 19/06/2023 and

22/06/2023 and back to subsoil on 28/06/2023. The timing at which these

significant switches occurred indicates a highly dynamic nature of the root

systems in this grassland.

In July/August 2023 the prolonged and intense rainy period lasting from

24/07/2023 to 06/08/2023 increased the soil water head rapidly (within 1

day of the onset) and heavily (up to saturation). There was a significant and

quick response in each depth one day after the beginning of the rainy period.

We argue that, as in September 2022, this positive response shortly after the

end of the dry period could have been due to a vitality resurgence. This would

have led to a root system re-establishment after a period of inactivity and

decay. However, the growth rates stopped their rising trend immediately

after this initial increase, and root length declined significantly at 10 and

60 cm on 04/08/2023. The lack of responsiveness following the topsoil re-

wetting could have been due to decreased irradiance and/or temperature due
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to the prolonged rainy period that continued for 14 days (blue bars in Fig.

2.4e and f). Also, it might have been caused by conditions of soil saturation

generated after the heavy rain. Soil saturation is known to restrict root

growth due to lack of aeration (Drew, 1992). It was only after the end of the

rainy period when we observed a promotion of root growth both in the top

and subsoil (08/08/2023 and 11/08/2023), when irradiance and temperature

increased (data not shown) and soil became less saturated. Hence, these

results highlight the importance that energy limitation might still have in

affecting Hydromatching. Root investment was guided not only by shoot

water and nutrient demand but also governed by shoot carbon supply.

The switch in root growth from subsoil to topsoil after the precipitation

events was faster in June 2023 compared to September 2022, although the

intensity of post-rain re-wetting was similar in both events (from -21 to -9 m

on 31/08/2022 and from -18 to -9 m on 20/06/2023, Fig. 2.4). Such switch in

root growth following the topsoil re-wetting was absent in July/August 2023.

The different response speeds between September 2022 and June 2023 were

likely related to the different intensities of plant water stress prior to the rain

events. In September 2022 and July/August 2023 dryness persisted for weeks,

reaching levels largely exceeding those known to hinder plant growth (Mackie

et al., 2019). High levels of water stress could have caused a decrease in

photosynthetic rates and a reduction of carbon allocation to roots (Zwetsloot

and Bauerle, 2021). This was not the case in June 2022, when soil dryness

did not persist as long prior to the rain event. In the lab experiment from

Chapter 1 we observed Hydromatching within 48 hours from the soil wetting,

but avoided severely dry conditions and kept the soil moisture at a minimum

of 6% at all times. This further supports our observation of rapid vertical

growth shifts in June 2023 and delayed shifts (or no shift at all) after the

re-wetting following very dry periods in September 2022 and July/August

2023.

The fast switch in root growth distribution in June 2023 could have also been
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implemented for scavenging nutrients in the topsoil (normally nutrient-rich),

mobilized by the re-wetting (Armas et al., 2012). At that point nutrient

limitation might have influenced root growth more than water limitation

and root growth could have adjusted accordingly following the “functional

balance theory” (growth rate adjusts according to the most limiting resource,

Thornley, 1972.

At the same time as growth rate increased in the topsoil, root length declined

strongly and quickly at 60 cm. Such a significant and rapid shift in growth

rates from subsoil to topsoil shortly after the re-wetting was probably less of

a “risk factor” in June 2023 than it could have been in September 2022. In

September 2022 the root growth shift towards the topsoil could have been

delayed to mitigate the risk of losing newly grown roots due to potentially

renewed drought conditions. (Wedderburn et al., 2010). This theory does

not apply for the July/August 2023 event, when root inactivity and root

length decline following the long precipitation period was likely caused by

soil saturation and low levels of solar radiation.

Hydromatching was observed within 2-5 days in September 2022 and June

2023 (Fig. 2.4a and b). Root growth was promoted in the most resourceful

layers and interrupted in the less beneficial and more costly layers. The role of

“resourceful” and “less beneficial” layer was interchanged between top and

subsoil in a matter of days, mostly depending on the moisture conditions

of the topsoil. These results are in line with with the ones from Chapter 1,

where we observed rapid switches in root growth distribution within 48 hours

from the wetting. It then appears that the phenomenon of Hydromatching is

not only observable at the individual plant level, but likely occurring at the

plant community level of a temperate grassland as well. We observed it as

a collective response as we did not discriminate between roots belonging to

different species or ecological groups. Hydromatching occurred despite niche

separations and differences between forbs and grasses in dealing with drought

(Nippert and Knapp, 2007). If Hydromatching was not a collective response,
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we would have observed consistent levels of root length both in shallow layers

(for forbs) and at deeper depths (for grasses), rather than rapid shifts in root

distribution between sub and topsoil.

While previous studies focused on larger scales that mostly captured sea-

sonal or even annual dynamics of root growth (Hayes and Seastedt, 1987;

Wan et al., 2002; Peek et al., 2006; Wedderburn et al., 2010; Saelim et al.,

2019; Zhang et al., 2019a), such large scales overshadowed the daily time

scale adjustments to quick changes in soil moisture. Our results show how

root growth is orchestrated dynamically and rapidly along the whole profile

depending on water availability in a naturally occurring plant community.

Therefore, such short scale dynamics should be considered in the context of

carbon and nutrient cycling, ecosystem productivity and in soil-vegetation-

atmosphere transfer models.

2.5.3 Root vertical shift from spring to summer

We observed a clear full-scale shift in root distribution from shallow soil layers

to deeper layers during the transition from late Spring to early Summer in

both 2022 and 2023 (Fig 2.6). Root length both significantly increased in

the subsoil and significantly decreased in the topsoil after entering summer.

This finding is consistent with previous studies observing such shifts and

suggesting that plants can relocate roots according to long-term seasonality

of water distribution in the soil profile (Hayes and Seastedt, 1987; Wan et al.,

2002; Peek et al., 2006; Saelim et al., 2019; Zhang et al., 2019a). Generally,

we detected lower root length values in May 2023 compared to May 2022.

Root growth could have been impacted by conditions close to saturation

(known to hinder root growth, Drew, 1992) that characterized the soil at

each depth from March 2023 till the end of May 2023. Another explanation

for the overall lower root length in 2023 could be seedbank depletion caused

by the intense drought of summer 2022 (Zhou et al., 2022). Additionally,
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studies demonstrated how droughts can lead to legacy effects impacting root

production in the following years (Zhou et al., 2022; Slette et al., 2023).

While root length decline was not accurately measured in our study, the

significant reduction observed consistently in both years suggests that root

disappearance in the topsoil likely occurred and was not given by inaccura-

cies in the image analysis. Interestingly, root length significantly diminished

at 20 cm in both 2022 and 2023 despite the non-pronounced dryness (-1.2

m in 2022 and -2.7 m in 2023, Fig. 2.6b and d). This indicates that root

senescence occurring over a month in the upper layers was not caused by

water deprivation but was a programmed mechanism. This could be seen

as a way to cut costs of root maintenance and save resources to be used for

growing and maintaining roots in the subsoil. The observed shifts indicate

a top-bottom resource transfer, with a clear separation between shallow and

deep parts of the root system. The similar intensities of the shifts from May

to June in both 2022 and 2023 despite the different levels of dryness suggest

that these shifts are phenologically-driven processes.

Overall, our findings suggest the existence of two types of root morphologi-

cal adaptations occurring under different time scales. At the short time scale

and at local, small spatial scales (within a soil layer of few cm), root growth

rates appear to be strongly influenced by rapidly changing environmental

cues, such as soil moisture availability. Such daily-scale local adjustments

in growth rates could be guided by both local changes in soil moisture and

potentially by changes in soil moisture occurring elsewhere, according to

the theory of the ”whole-root system coordination” described at the end of

Chapter 1. On the other hand, in the long-term (seasonal) and at the whole-

root system scale, root distribution appear to undergo deep and significant

adjustments occurring as programmed, phenologically-dictated processes in-

dependent of rapidly changing environmental cues.
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2.6 Conclusions

Soil moisture was the strongest controller of growth rate in the investigated

temperate grassland, confirming that this parameter is one of the most im-

portant to consider when investigating drivers of root growth.

Growth rates of root systems in a temperate grassland community adjusted

according to both seasonality and daily changes in water availability. Sea-

sonal adjustments (spring to summer) involved the entire root systems and

were driven by phenological and genetic factors. Daily adjustments to rapid

changes in soil moisture were more localized and dictated by sensed envi-

ronmental cues. These adjustments corresponded to the “Hydromatching”

phenomenon described in Chapter 1, which likely occurred in two out of our

three selected periods. However, energy limitation (given by lower solar ra-

diation and temperature), soil saturation and prolonged conditions of water

deficit prior to the rain event could have been important limitations to Hy-

dromatching. Also, we cannot fully rule out the potential role of nutrients

in influencing root growth dynamics, especially when nutrient-deprivation

might have been higher than water-deprivation.

Our results still suggest that Hydromatching is a naturally occurring phe-

nomenon. It appears to be visible not only in individual young plants but

also at a grassland community level, among competing species and plants

occupying different ecological niches. Such finding could also hold important

implications for the understanding of biogeochemical processes, as daily-time

scale root distribution shifts implemented collectively within a plant popu-

lation can affect carbon and nutrient cycling.

The significant variations in root growth to changes in soil moisture in-

dicate the importance that these have in influencing plant carbon budget.

Both observed long-term and short-term growth rate modifications might

represent strategies evolved to cope with water heterogeneity alongside car-

bon budgeting. Such economizing strategies seem to lead to a promotion of
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root growth in the more resourceful areas and to a root decay in “costly”

areas that are no longer fruitful. Further evidence is needed to confirm this

hypothesis.

Future studies should optimize root decay detection, as it seems to be deeply

integrated in the root growth dynamics as a response to moisture heterogene-

ity. The research community should also investigate to what extent these

adjustments facilitate the fulfillment of the transpiration demand. Addition-

ally, they should consider plant water deficit indicators to better understand

how much this might impact the responsiveness to re-hydration. Finally,

they should rule out the influence of external factors on the root dynamics,

such as nutrient limitation and prolonged periods of lower temperature and

solar radiation. This could be achieved with environmental manipulation

techniques.



Chapter 3

Dynamics of garlic root respiration in

response to pulses of nitrate and ammonium

This chapter is currently not ready for publication. The study should be

repeated with improved methodology and additional measurements (for a

related discussion, see section 3.6). The work presented in this chapter was

made possible by the contributions of Dr. Stanislaus Schymanski (SJS) and

Dr. Julian Klaus (JK).

Contribution in concept and experimental design: SC (me), SJS, JK. Con-

tribution in experimental preparation and measurements: SC, SJS. Con-

tribution in data analysis: SC. Contribution in results interpretation and

discussion: SC, SJS, JK.

3.1 Abstract

Plants invest a substantial part of carbon acquired by photosynthesis into

acquiring nutrients from the soil. It is crucial to understand the processes

operated by plants to meet their nutrient needs under limitation and to un-

derstand the associated carbon costs.
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Plants can implement physiological changes to facilitate the uptake of nu-

trients under limitation. These changes include the activity of membrane

proteins, such as aquaporins (adjusting root hydraulic conductivity) and

proton-pumping ATPases (creating electrochemical gradients across mem-

branes).

NH+
4 and NO−

3 sensing and uptake lead to different physiological changes

that alter water uptake trends. NO−
3 uptake is associated with increased hy-

draulic conductivity, facilitated by aquaporins, and enhanced water uptake.

NH+
4 uptake is instead associated with a decrease in both parameters. How-

ever, the C costs of these N species-specific uptake mechanisms is unclear,

especially at short (hourly) time scales.

The goal of this study is to investigate the real-time root respiration dy-

namics after exposing roots to NH+
4 and NO−

3 . We also intend to assess the

promptness and reversibility of the response after a rapid change in N local

availability. In order to do so we utilized garlic roots and placed them in a

2-compartment hydroponic split-root system. We monitored the respiration

rates and the water uptake rates of roots in both compartments, with com-

partment 1 receiving first a weak NH+
4 pulse and compartment 2 receiving

later a strong NH+
4 pulse. We did the same for NO−

3 .

No clear trends were observed in NO−
3 -exposed roots, likely due to the low

NO−
3 concentration used. In NH+

4 -exposed roots, respiration rates increased

following the exposure to both the weak and strong NH+
4 treatments, while

water uptake decreased in the treated compartment and/or increased in the

untreated compartment. These responses are likely linked to a rapid promo-

tion of NH+
4 uptake in the treated compartments. The results also suggest a

high responsiveness to rapidly changing local NH+
4 availability.

This study provides useful insights for the study of vegetation trade-offs.

Our results elucidate the link between physiological adjustments in response

to NH+
4 supply and their respiratory costs. They also indicate that nutrient

uptake can occur independently of water uptake, highlighting the necessity
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of follow-up experiments to unravel the links between water and nutrient

uptake and the associated carbon costs.

3.2 Introduction

Root nutrient uptake is a crucial process for plant health and its mechanisms

are thoroughly studied, especially in the context of agricultural productivity

(Eshel and Beeckman, 2013). Optimization of fertilizers use to meet plant

requirements while preventing excessive nutrient mobilization in the soil is a

current and important topic of discussion (Tsachidou et al., 2019). In this

line of thinking, it is of primary importance to study the mechanisms adopted

by roots to acquire nutrients from the surroundings, especially in environ-

ments under nutrient scarcity and heterogeneity. Previous studies showed

that roots are able to locally proliferate in areas with richer NO−
3 and NH+

4

availability, both in hydroponic medium and in soil (Drew, 1975; Pregitzer

et al., 1993; Scheible et al., 1997; Linkohr et al., 2002; Guo et al., 2007b;

Ishikawa-Sakurai et al., 2014). The studies not only observed a promotion

of root growth in nutrient-rich patches, but also an inhibition of growth

in nutrient-poor areas. According to Linkohr et al. (2002), plants seems

to follow an “optimal allocation” strategy, allowing roots to chase nutrient

availability while suppressing root investment in soil areas that are no longer

fruitful. This behavior was already observed for water patches in what we

described as “Hydromatching” in the previous chapters.

Studies also documented changes in root hydraulic and physiological prop-

erties depending on nutrient availability. Such changes could be driven by

aquaporin activity, demonstrated to be closely linked to nutrient acquisition

(Wang et al., 2016). Some of the studies highlighted the importance of aqua-

porins for quick and localized changes in hydraulic conductivity following a

local exposure to nitrogen in split root experiments on tomatoes, cucumbers

and rice (Gorska et al., 2008; Ishikawa-Sakurai et al., 2014). Root hydraulic
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conductivity increased shortly (hours to minutes) following the exposure to

N, resulting in improved nutrient acquisition. In Gorska et al. (2008) specif-

ically, they removed nutrients from a previously treated compartment of the

split-root system and added NO−
3 in another compartment. Within minutes,

the root conductivity levels promptly switched and increased in the newly

treated compartment. Such studies show the level of dynamism that char-

acterizes roots from a physiological and molecular perspective under rapid

changes in nutrient availability.

Incorporating such dynamics and in general considering aquaporin reg-

ulation in vegetation models could improve their robustness and predictive

power (Schymanski et al., 2008). Studying the root respiration rates related

to changes in physiological properties for improved nutrient uptake holds

significant promise in both the agricultural and modeling contexts. As a

matter of fact previous vegetation and biosphere models overly simplified

the nutrient uptake costs, which lacked empirical foundation (Fisher et al.,

2010; Brzostek et al., 2014). A characterization of real-life C costs linked

to nutrient uptake has the potential of improving the accuracy of vegeta-

tion models in predicting nutrient uptake, carbon balance and overall plant

performance. One of the potential C cost linked to nutrient uptake is the

ATP expenditure by proton-pumping ATPases, specific proteins that gen-

erate electrochemical gradients across cellular membranes. This process is

crucial for the uptake of nutrient molecules, as it generates the proton mo-

tive force used by proton-coupled transporters to allow solutes to enter the

root cell. (Crawford and Glass, 1998; Taylor and Bloom, 1998; Palmgren,

2001; Bloom et al., 2002; Zhang et al., 2021).

However, to complicate matters, there appear to be different root hy-

draulics and physiological changes when dealing with different types of N-

based nutrients. Several studies compared the effects of NO−
3 and NH+

4 ad-

ditions on the same individuals and have demonstrated that roots exhibit

distinct physiological and biochemical responses when taking up NO−
3 com-
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pared to NH+
4 . Under NO−

3 exposure, aquaporin activity increases, enhanc-

ing hydraulic conductivity and facilitating the mass flow of water and NO−
3

molecules to the root surface. Conversely, NH+
4 exposure tends to decrease

root hydraulic conductivity, thereby reducing water uptake rates. These re-

sponses were consistently observed in beans, tomatoes, muskmelons, maize

and cucumbers .(Adler et al., 1996; Guo et al., 2002; Guo et al., 2007a; Guo

et al., 2007b; Gorska et al., 2008; Souri et al., 2009; Pou et al., 2022). Numer-

ous studies have reported that NH+
4 uptake tends to acidify the rhizosphere,

while NO−
3 uptake tends to alkalinize it. This is because NH+

4 uptake gen-

erally leads to H+ secretion, whereas NO−
3 uptake leads to H+ intake (Imas

et al., 1997; Hinsinger et al., 2003; Zaccheo et al., 2006; Xie et al., 2009;

Imler et al., 2019; Zhang et al., 2019b). Solution acidification is known to

inhibit aquaporin activity (Gerbeau et al., 2002; Guo et al., 2007a), which

may explain the decrease in root hydraulic conductivity observed under NH+
4

exposure.

In the context of nutrient uptake, several studies seem to agree that nutri-

ent uptake of NH+
4 could be more energy-efficient in satisfying the plant N

requirements compared to NO−
3 . This is because of the high costs of NO−

3 as-

similation, as demonstrated in experiments on maize, rice and barley (Bloom

et al., 1992; Colmer and Bloom, 1998; Taylor and Bloom, 1998). It was even

suggested that addition of NH+
4 could inhibit the net uptake of NO−

3 (Colmer

and Bloom, 1998). Notably, NO−
3 requires to be transformed into ammonia

before it can be converted into amino-acids (Jackson et al., 2008). These

reactions involve a dispendious amount of energy equaling to 12 ATPs per

molecule of NO−
3 assimilated (Bloom et al., 1989).

In general, Guo et al. (2007a) suggested that a deeper understanding of the

relationship between carbon and N metabolism is needed. Investigating the

“costs” of N uptake processes in terms of CO2 produced through root respira-

tion could provide precious insights in the context of plant carbon budgeting

and trade-offs. Bloom et al., 1992 did investigate the carbon catabolism dif-
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ferences between NH+
4 and NO−

3 plant nutrition, finding that C catabolism

for NO−
3 absorption and assimilation is overall higher than the one for NH+

4

(23% of total root carbon catabolism against 14%). Interestingly, Cramer

and Lewis, 1993 observed higher O2 consumption at the root level in NH+
4 -

treated plants and attributed this to a high activity of the enzyme PEPc

(phosphoenol-pyruvate carboxylase) which could be involved in the assimi-

lation of NH+
4 and its transformation into aminoacids directly in the roots.

On the other hand, NO−
3 assimilation tends to occur at the shoot level. Al-

though such studies managed to obtain an overall assessment of the carbon

catabolism and root oxygen consumption differences between NH+
4 and NO−

3

assimilation, none looked at the actual real-time dynamics of the respiration

rates linked to aquaporin and/or proton-pumping reaction following rapid

changes in N availability.

In our study we used a split-root system to (1) determine short-term

changes in root respiration rate and their relation to variations in root hy-

draulic properties as a response to NO−
3 and NH+

4 . We them aimed to (2)

determine the speed of the response and the intensity of the changes in res-

piration rate and/or root hydraulic properties after applying a higher con-

centration of N in the untreated part of the root system. Specifically, our

goal is to answer the following questions:

• Question 1 (respiration and water uptake to NO−
3 ): Does root respira-

tion rate change in parallel with water uptake rate in a portion of the

root system exposed to NO−
3 ? If yes, how?

• Question 2 (respiration and water uptake to NH+
4 ): Does root respira-

tion rate change in parallel with water uptake rate in a portion of the

root system exposed to NH+
4 ? If yes, how?

• Question 3 (reversibility of response): Following 1) and 2), how are

water uptake and/or root respiration rates affected once the untreated

portion of the root system is exposed to a higher concentration of N?
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3.3 Materials and methods

3.3.1 Experimental setup and steps

In our experiment we used roots of garlic cloves (Allium sativum) in a hydro-

ponic split root system equipped with scales for water uptake inference and

CO2 sensor foils for the measurement of CO2 concentrations (Fig. 3.1). The

split root system consisted of two plastic and transparent rectangular boxes

defined as “Compartment 1” (C1) and “Compartment 2” (C2), each filled

with 72 ml of distilled water and containing approximately half of the root

system. Each container was connected to a sealed water reservoir through a

plastic tube. We created a siphon system between the compartments and the

water reservoirs in order to maintain a constant water level in the compart-

ments. The water reservoirs were placed on scales (precision of 0.01 g) used

to infer water uptake based on the weight loss observed. Weights were mea-

sured every 5s. On the inner vertical surface of both containers we applied

a chemical optical CO2 sensor foil (SF-CD2R, VisiSens, PreSens GmbH, Re-

gensburg, Germany) of the size of approximately 1.5 cm × 1 cm. The foils

are made of dyes sensitive to fluorescent light, taking on different colors de-

pending on the CO2 concentration sensed. These sensors allow non-invasive

and continuous 2D mapping of CO2 concentrations. Roots were placed in

close proximity to the sensors to map the gradients forming around them.

The Visisens TD camera was placed right in front of the sensor foils. The

camera emits a fluorescent light which excites the dyes and allows a visual

detection of the CO2 gradients. The camera was programmed to capture an

image of the illuminated foils every 30s.

We chose to use garlic as it developed sturdy and thick roots, which were

easy to handle. Their roots also led to clear and strong CO2 signals dur-

ing preliminary tests. In our split root hydroponic setup, a portion of the

roots was inevitably exposed to the air for the entire duration of the exper-
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iment (approximately 9 hours). Initially, we attempted to use cucumber, a

species commonly employed in hydroponic experiments (Gorska et al., 2008;

Roosta and Schjoerring, 2008). However, the exposed cucumber roots dried

out within a few hours, likely compromising the root system’s vitality. On

the other hand, garlic roots remained vital and functional throughout the

entire duration of the experiment (as evidenced by their stable respiration

and water uptake rates).

Figure 3.1: Hydroponic split root system used in the study. It consists of two
compartments connected to water reservoirs through tubes, which maintain
a constant water level thanks to a siphon system. Reservoirs are placed on
scales for weight measurements. Each compartment contains half of the roots,
which are in close proximity to the sensor foils for CO2 gradients mapping. A
fluorescent camera placed in front of the sensors emits a light that excite the
dyes and capture images allowing visual detection of the CO2 concentrations.

Garlic cloves used in our experiment were first sprouted in tap water and

grown for a period ranging from 2 to 3 weeks under a PAR of approximately

35µmol s−1 m−2 at a room temperature range of 20-22 ◦C. The experiment

was carried out on one plant at a time, for a total of 12 plants. The experi-
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ment duration for each plant was of approximately 9 hours. 5 plants received

NH+
4 treatments, 5 plants received NO−

3 treatments and 2 plants were used

as controls (not receiving any nutrients).

For the NH+
4 treatments we used the Hakaphos Grün fertilizer, con-

taining 13% Ammonium (NH4), 7% Nitrate (NO3), 5% phosphorus pen-

toxide (P2O5), 10% Potassium oxide (K2O), 2% Magnesium oxide (MgO),

27% sulfur trioxide (SO3) and trace elements (Dünger Experte, Kipfen-

berg/Attenzell, Germany). For the NO−
3 treatments we used a calcium ni-

trate mix, containing 14.4% Nitrate (NO3), 1.1% Ammonium (NH4), 19%

Calcium (Ca) and 26.5% Calcium oxide (CaO) (Hydroponics Europe, Eind-

hoven, The Netherlands).

The experiment consisted of three phases: the pre-pulse phase, the post-

pulse1 phase and the post-pulse2 phase. The prepulse-phase lasted approxi-

mately 2 h while the post-pulse1 and post-pulse2 phase lasted approximately

3.5 h each. During the pre-pulse phase the plants were allowed to acclimate

and water uptake and respiration rates were allowed to establish under nutri-

ent absence. At the end of the pre-pulse phase a first “weak” nutrient pulse

was applied in C1, entering the post-pulse1 phase. At the end of the post-

pulse1 phase a second “strong” nutrient pulse was applied in C2, entering

the post-pulse2 phase. For the NH+
4 -treated plants, the first nutrient pulse

consisted of 0.02 g of NH+
4 -based fertilizer which led to a concentration of

50 mg l−1 of total N in C1 (2 mM of NH+
4 and 3.1 × 10−4 mM of NO−

3 ).

The second pulse consisted of 0.04 g of fertilizer leading to a concentration

of 100 mg l−1 of total N in C2 (4 mM of NH+
4 and 6.3 × 10−4 mM of NO−

3 ).

For the NO−
3 plants we used the same masses of NO−

3 -based fertilizer which

led to a concentration of 43 mg l−1 of total N after the first pulse in C1 (0.6

mM of NO−
3 and 1.7 × 10−4 mM of NH+

4 ) and of 86 mg l−1 after the second

pulse in C2 (1.2 mM of NO−
3 and 3.4 × 10−4 mM of NH+

4 ). We defined

the amounts of fertilizer according to the dosage used for growing garlic in

hydroponic solutions (Naznin et al., 2010). At the same time we were also
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mindful to avoid potential NH+
4 toxicity. Studies found that levels of 5 mM

of NH+
4 and above were toxic to cucumbers, classified as a NH+

4 sensitive

species. Aliaceae, the family which garlic belongs to, was classified as more

NH+
4 tolerant (Britto et al., 2001). Furthermore, it was documented that the

presence of NO−
3 could alleviate the NH+

4 toxicity (Roosta and Schjoerring,

2007; Roosta and Schjoerring, 2008).

The fertilizer was dissolved in 5 ml of distilled water before being added into

the compartment. Before applying it, 5 ml of solution were removed from the

treated compartment in order to keep the same solution volume pre and post

injection. After the pulse was applied, the solution was quickly stirred to

allow uniform dispersion of solutes. This created conditions of disturbance,

during which values of water uptake and respiration were neglected.

In the controls we did the same but using pulses of distilled water. For

them we defined the three experimental periods as “fake” pre-pulse, fake

post-pulse1 and fake post-pulse2.

During the experiment we collected solution samples to be analyzed for

ion concentrations in order to infer nutrient uptake rates. We took one sam-

ple per compartment during the pre-pulse phase (considered as “blank”) and

three samples per compartment during both the post-pulse1 and post-pulse2

phase. The first sample was collected approximately 45 minutes into the

experiment. Subsequent samples were spaced 45 minutes apart from each

other and from the nutrient pulses. A sample consisted of 2 ml of solution

retrieved from the compartment. We used 0.5 ml of the solution to fill glass

vials through 0.45 µm Acrodisc syringe filters (Pall Corporation, New York,

United States). Ion chromatography was used to analyze the ion concentra-

tions. The analysis results were not available yet at the time of writing of

this thesis chapter.

After retrieving the 2 ml of solution, 2 ml with the same concentration of

the compartment solution were replenished in order to maintain the same

water level. In the controls we also simulated the sample collection and their
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disturbance by extracting and injecting 2 ml of distilled water at the same

frequency as in the treatments. As for the pulse application, sample col-

lection created disturbance in the system. Specific intervals of undisturbed

water uptake and respiration rates were chosen for the analysis. For wa-

ter uptake, we considered values once they stabilized after each disturbance

until the subsequent disturbance. Value stabilization was assessed without

mathematical criteria but it was intuitively evident. For root respiration, we

considered values recorded after the 25 minutes following each disturbance

until the subsequent disturbance.

It was important for the NH+
4 and NO−

3 solutions to have similar levels

of osmotic potential to prevent osmotically driven responses in only one of

the two treatments, which would have interfered with the interpretation of

the results. In an attempt to avoid this circumstance, we decided to use the

same quantities of NH+
4 -based fertilizer and NO−

3 -based fertilizer. Further

tests carried out at the end of the experiment with a Psychrometer (PSY1,

ICT International, Armidale, Australia) revealed that the osmotic potentials

did not change significantly following the application of both the weak and

strong pulse in water (data not shown).

3.3.2 Data analysis

Before extrapolating the water uptake values from the weight loss data of

the reservoirs, we first selected undisturbed intervals within each phase. We

avoided the disturbance caused by the solution sampling and by the nutrient

pulse injections by considering the weight loss values after they stabilized

following the perturbation. We then smoothed and reduced the noise of the

weight measurements during the undisturbed intervals by using a moving

average approach with an averaging window of 20 values (i.e. 1 minute and

40 seconds). Smoothed data was used to calculate water uptake rates in

ml per 10 minutes, in order to yield higher values of water uptake to use
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in the analysis (otherwise too small if considered on a 5-seconds interval).

Since no clear trends could be observed when looking at the evolution of the

absolute water uptake levels in individual compartments during the three

phases, relative water uptake rates between C1 and C2 were calculated for

each phase and plant. The use of relative water uptake rates allowed to

separate changes in water uptake due to nutrient addition from changes due

to varying shoot water demand.

For the CO2 analysis, we utilized the Visisens ScientifiCal Software to

measure the mean CO2 concentration within the area of the sensor foils in

C1 and C2 for each picture taken. We used calibration data to convert the

raw values provided by the Software into pCO2 (partial pressure exerted by

dissolved CO2 in equilibrium with the atmospheric CO2 and the other species

of the carbonic acid cycle). pCO2 is expressed as %, with 100% indicating

the maximum partial pressure that dissolved CO2 could exert at saturation

(equaling to approximately 1.5 g of CO2 per kg of water at 22 °C) (The

Engineering ToolBox, 2008; Solubility of Gases in Water vs Temperature

[online] available at: https://www.engineeringtoolbox.com). We then con-

verted the pCO2 % into g kg−1 of water. For the analysis, we considered

the CO2 concentrations 25 minutes after the disturbance caused by each

solution sampling and pulse injection and until right before the next pertur-

bation. The CO2 levels tended to naturally follow a logistic growth in the

controls (Fig. 3.6e and f), continuously increasing but eventually reaching

a plateau (indicating equilibrium). In the analysis we calculated a linear fit

between the CO2 concentration values for each phase separately, including

the 95% confidence interval of slope and intercept. We decided to fit the

data linearly and not logistically because the noise in the data was too high

to allow a proper fitting of the logistic function. For each plant we plot-

ted the CO2 concentration data from each phase with the respective fitted

function and confidence intervals. In the controls, we expected to see the

upper confidence margin of the fitted linear function during the pre-pulse
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phase positioned above the first undisturbed segment of CO2 measurements

in the post-pulse1 phase in both C1 and C2. We expected the same between

post-pulse1 and post-pulse2 phase. In the treatments, if in C1 the upper

confidence margin of the pre-pulse fit laid below the first CO2 concentrations

of the post-pulse1 phase, then we considered the CO2 response to the first

pulse to be positive. The same applied between post-pulse1 and post-pulse2

phase to test for the responsiveness to pulse 2 in C2.

The use of a linear fitting allowed us to decrease the likelihood of detect-

ing “false positives”, and rather increased the likelihood of detecting “false

negatives”. This, in turn, would enhance the reliability of our analysis if we

detected a majority of positive responses.

The dataset of Chapter 3 can be found on Zenodo at https://zenodo.org/records/10600943

.

3.4 Results

3.4.1 Respiration rates

The respiration rates following the additions of NH+
4 generally increased both

after the first pulse in C1 and after the second pulse in C2 (Fig. 3.2 and Fig.

3.4a and b). Specifically, in three out five plants the respiration rates in

C1 during the beginning of the post-pulse1 period were above the upper

confidence margin of the pre-pulse fit (Fig. 3.4a). The same plants plus one

additional plant (four out of five) increased their respiration rates in C2 after

receiving the second pulse during the beginning of the post-pulse2 phase (Fig.

3.4b).

The respiration rates were not responsive to the first pulse of NO−
3 (Fig. 3.3

and Fig. 3.5c and d). In fact, in C1 only one plant out of five increased its

respiration rates following the first pulse compared to the end of the pre-pulse
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period (Fig. 3.5c). On the other hand, the same plant plus two additional

plants (three out of five) increased their respiration rates after receiving the

second NO−
3 pulse compared to the end of the post-pulse1 period (Fig. 3.5d).

As expected, in the controls the respiration rates did not increase between

phases in both C1 and C2 (Fig. 3.6e and f).
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Figure 3.2: Sensor foils CO2 measurements during the three experimental
phases in C1 and C2 of a NH+

4 -treated plant. a) shows the CO2 concentra-
tions (%) detected during the pre-pulse phase. b) depicts the CO2 concen-
trations measured during the post-pulse1 phase (after adding the weak NH+

4

pulse in C1). c) shows the CO2 concentrations detected during the post-pulse
2 phase (after adding the strong NH+

4 pulse in C2)



114 CHAPTER 3. RESPIRATION DYNAMICS TO NH+
4 AND NO−

3

Figure 3.3: Sensor foils CO2 measurements during the three experimental
phases in C1 and C2 of a NO−

3 -treated plant. a), b) and c) convey the same
concepts as in Fig. 2 but considering NO−

3 pulses instead of NH+
4 .
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Figure 3.4: CO2 concentrations over the three experimental phases in (a-
b) one NH+

4 -treated plant, in (c-d) one NO−
3 -treated plant and in (e-f) one

control plant. a), c) and e) show the respiration rates in C1 and b), d) and
f) in C2. X-axis represents the time in seconds and the y-axis displays the
CO2 concentration in % of gas mixture.
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Continuation of previous caption: the black line behind the colored points
represent all the recorded CO2 values, including the disturbed periods. Red
points represent the CO2 concentrations recorded during the undisturbed
intervals of the prepulse phase, the blue points are the CO2 concentrations
during the undisturbed intervals of the post-pulse1 phase and the green points
are the CO2 concentrations during the undisturbed intervals of the post-
pulse2 phase. The straight red, blue and green lines represent the linear
fit of the CO2 concentrations of the prepulse, post-pulse1 and post-pulse2
phases respectively. The upper and lower limit of the colored areas represent
the 95% confidence intervals of the linear fits of the respective phase. The
pie charts report how many positive responses to CO2 have been detected in
each compartment of each treatment. Rectangular areas show the interval of
data considered for the evaluation.
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Figure 3.5: CO2 concentrations over the three experimental phases in one
NO−

3 -treated plant. c) show the respiration rates in C1 and d) in C2. For
details, refer to the caption of Fig. 3.4
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Figure 3.6: CO2 concentrations over the three experimental phases in one
control plant. e) show the respiration rates in C1 and f) in C2. For details,
refer to the caption of Fig. 3.4
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3.4.2 Relative water uptake rates

The relative water uptake rates between compartments following the first

pulse of NH+
4 in C1 indicate a general decrease in the water uptake in C1

and/or an increase in the water uptake in C2 (Fig. 3.7a). Four out of five

plants displayed this behavior. Following the second pulse in C2, two of the

same plants plus one additional plant increased their water uptake in C1

and/or decreased it in C2.

The relative water uptake between compartments in NO−
3 -treated plants did

not appear to adhere to any particular trend (Fig. 3.7b). Nevertheless, it

was interesting to observe that the relative water uptake rates decreased

in C1 and/or increased in C2 following the first pulse only in one plant.

This indicates that the roots responded differently to the first pulse of NH+
4

compared to the first pulse of NO−
3 .

Out of the two controls, one slightly increased its water uptake in C1 and/or

decreased it in C2 when moving from the fake pre-pulse phase to the fake

post-pulse1 phase. Other than that, no apparent change in relative water

uptake rates between compartments was observed (Fig. 3.7c).
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Figure 3.7: Relative water uptake rates between compartments in a) NH+
4 -

treated plants, b) NO−
3 -treated plants and c) controls. Markers represent the

ratio between the 10-minute average uptake in C1 and the 10-minute average
uptake in C2 during the same phase. Different markers represent different
plants. The y-axis displays the C1/C2 ratio values. Tables next to each plot
indicate for which plant of that group we observed an increase in the CO2

concentrations in C1 after receiving the first pulse and in C2 after the second
pulse.
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Figure 3.7: Refer to previous caption.

3.5 Discussion

Overall, we observed clearer trends in water uptake and root respiration in

NH+
4 -treated plants compared to NO−

3 -treated plants. The possible decrease

in water uptake in NH+
4 -treated compartments (Fig. 3.7a) is consistent with

previous studies (Adler et al., 1996; Guo et al., 2002; Guo et al., 2007a; Guo
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et al., 2007b; Souri et al., 2009), although in our case the changes were de-

tectable within hours from the treatment. Specifically, roots of NH+
4 -treated

plants increased their respiration rates after receiving both the weak pulse

in C1 and the strong pulse in C2 (Fig. 3.4a and b). The plants displaying

this behavior also decreased the water uptake in the treated compartment

(and/or increased it in the untreated compartment) (Fig. 3.7a). On the other

hand, in NO−
3 -treated roots we detected an increased release of CO2 only af-

ter applying the strong pulse in C2 (Fig. 3.5d). In this case, such increase

did not relate to any trend in water uptake (Fig. 3.7b). We hypothesize that

one possible cause of the higher CO2 levels measured after NH+
4 additions

might be an increase in proton-pumping ATPase activity, needed to create

the proton motive force allowing the uptake of NH+
4 . ATPases requires en-

ergy to function, and their activity potentially led to higher respiration rates

downstream. NH+
4 uptake could then explain the decline in water uptake in

the treated compartments, as NH+
4 intake leads to rhizosphere acidification

(Imas et al., 1997; Hinsinger et al., 2003; Zaccheo et al., 2006; Xie et al., 2009;

Imler et al., 2019; Zhang et al., 2019b), which in turn can block aquaporins

and decrease root hydraulic conductivity (Gerbeau et al., 2002; Guo et al.,

2007a). The potential increase in water uptake in the untreated compartment

accompanying the decrease in the NH+
4 -treated compartment would be con-

sistent with previous results (Adler et al., 1996; Guo et al., 2002; Guo et al.,

2007a; Souri et al., 2009). For instance, bean plants in split root systems

were seen decreasing water uptake in a NH+
4 -supplied compartment while

increasing it in a N-free compartment, to compensate (Guo et al., 2007b).

Another possible explanation for the higher respiration rates observed in

response to NH+
4 addition could be linked to NH+

4 assimilation processes in-

volving their transformation into amino-acids. NH+
4 is assimilated directly in

the roots and the process is mediated through PEPc (phosphoenol-pyruvate

carboxylase) activity at the root level, requiring carbohydrates to synthesize

amino-acids from NH+
4 . This, in turn, could lead to an intensification of the
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tricarboxylic acid cycle (TCA) cycle and to an increase in respiration rates

(Cramer and Lewis, 1993). On the other hand, NO−
3 is often assimilated at

the leaf level, potentially explaining the lower respiration rates observed at

the root level of NO−
3 -treated plants compared to NH+

4 . Such results might

indicate fast NH+
4 assimilation rates following the nutrient addition, as CO2

levels increased at sub-hourly time scales following the pulses.

Assimilation of NH+
4 directly at the root level was also described as a

detoxifying mechanism in the presence of toxic levels of NH+
4 in soil solution.

Toxicity is usually associated with presence of free NH+
4 in plant tissues,

which was shown to hinder plant growth (Schortemeyer et al., 1997). A

strategy to avoid this consists in enhanced NH+
4 assimilation and transfor-

mation into non-toxic amids and amino-acids directly at the root level, which

was shown to consume large amounts of energy in the form of carbohydrates

(Schortemeyer et al., 1997; Hachiya et al., 2012). This could be another ex-

planation for the increased root respiration rates in NH+
4 -treated plants as

per the TCA mechanism explained earlier. However, toxicity-related changes

in respiration rates were unlikely due to the use of a NH+
4 -tolerant species

and sub-toxic NH+
4 concentrations (<5 mM compared to >10 mM in NH+

4

detoxification studies).

Ultimately, there is a chance that the detected CO2 levels in the NH+
4 -

treated plants might not derive from changes in root respiration rates but

from an imbalance of the carbonic acid cycle. Proton extrusion occurs as

NH+
4 is taken up, decreasing the solution pH. At pH<7 HCO−

3 already be-

gins to progressively transform into CO2 (König et al., 2019). Unfortunately,

pH measurements were not included in our study, impeding us from estab-

lishing whether this process influenced the measured CO2 levels. However,

supposing this imbalance led to higher CO2 levels not derived from respiring

roots, this would still indicate that NH+
4 uptake was rapid and high enough

to alter the pH. In this scenario, defining a direct relation between NH+
4 up-

take and respiration rates would not be possible. Follow-up studies should
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include pH measurements to detect when variations in CO2 concentrations

are likely given by pH-induced chemical transformations and not by changes

in respiration rates.

Surprisingly, we did not observe clear trends in water uptake rates follow-

ing either of the pulses in NO−
3 -treated plants, unlike previous studies (Guo

et al., 2007b; Gorska et al., 2008; Pou et al., 2022). The increase in CO

levels observed in three out of five NO−
3 -treated plants following the strong

pulse could be attributed to proton-pumping ATPase activity, necessary to

establish the electrochemical gradient used by NO−
3 transporters for NO−

3

uptake. Instead, the NO−
3 concentration following the weak pulse was likely

too low to trigger any physiological response. Additionally, the promotion of

ATPase activity after the strong NO−
3 pulse may have also been influenced

by the presence of NH+
4 , for the reasons explained before. NH+

4 was in fact

still present in small amounts in the NO−
3 -based fertilizer. Following the ap-

plication of the strong NO−
3 -based pulse, the NH+

4 concentration in solution

corresponded to 0.34 mM. Studies have shown increases in respiration rate

due to root-level NH+
4 assimilation processes at NH+

4 concentrations as low

as 0.05 mM (Bloom et al., 1992). We did not find evidence of garlic be-

ing more responsive to NH+
4 compared to NO−

3 , nor to exhibit a preference

for NH+
4 uptake. We therefore hypothesize that the absence of clear trends

under NO−
3 treatment was due to inadequate amounts of NO−

3 to trigger a

significant aquaporin activation and increase in hydraulic conductivity. We

defined the amounts of fertilizer for our treatments according to a study

about growing garlic in a hydroponic system (Naznin et al., 2010). Such

amounts were also suitable to avoid NH+
4 toxicity. In addition, we adjusted

the amounts of NH+
4 -based and NO−

3 -based fertilizers in order for them to

lead to similar osmotic potentials in solution. By following these criteria

we most likely applied an insufficient quantity of NO−
3 . Studies observing

significant aquaporin activation and increase in root hydraulic conductivity

administered enough NO−
3 to generate concentrations 300 mg l−1 (Guo et al.,
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2007b; Gorska et al., 2008; Pou et al., 2022), in contrast to 86 mg l−1 reached

in our system after the strong pulse. Also, NO−
3 -based fertilizers used in such

studies did not contain NH+
4 but ours did. Hence, another possible expla-

nation for the unresponsiveness to the NO−
3 treatment could be found in a

potential deactivation of aquaporins due to H+ extrusion, mediated to favor

the uptake of NH+
4 even if present in small quantities.

NH+
4 -treated roots responded, both in terms of respiration rates and rel-

ative water uptake rates, to both pulses applied in the two compartments in

different moments (Fig. 3.2, Fig. 3.4a and b and Fig. 3.7a). This indicates a

degree of responsiveness that is maintained through time and a promptness

in the reaction time to changes in NH+
4 availability. After the application of

the strong pulse in compartment 2, compartment 1 went abruptly from most

beneficial (in terms of N availability) to least beneficial. A similar sudden

shift in favorability between areas of the rhizosphere occurred in the studies

from Chapter 1 and 2, although in terms of soil moisture. While in Chapter

1 and 2 we were able to observe a clear decline in root growth after a soil

layer shifted from most to least beneficial, here we cannot answer Question

3 (reversibility of response) and determine whether there was a reversal in

resource allocation from compartment 1 to compartment 2 after applying the

strong pulse. The impossibility is given by the fact that change in respira-

tion rates was not a reliable proxy to assess a shift in resource allocation,

both due to the type of data analysis chosen (reliable to detect an increase in

respiration rates but not a decline) and due to the nature of the sensor foils.

As we never replaced the hydroponic solutions during the experiment, the

sensors tended to display an overall continuous buildup of CO2 concentra-

tions (tending to saturation). While rapid accelerations in the CO2 buildup

were easily identifiable, this tendency made it challenging to clearly detect

reductions in respiration rates.

Relative water uptake seemed to progressively decrease in the NH+
4 -treated

compartment and/or increase in the untreated compartment (Fig. 3.7). How-
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ever, this did not reflect a shift in resource allocation from least to most

beneficial compartment but a passive adjustment to continue meeting the

canopy water demand.

Once the solution samples will be analyzed for ion concentrations, we

may be able to obtain a rough estimate of nutrient uptake in C1 and C2 after

the weak and strong pulse application. By linking nutrient uptake rates to

respiration and water uptake rates, we will gain a better understanding on

the underlying mechanisms of NH+
4 and NO−

3 acquisition and of the related

carbon expenditure.

3.6 Conclusions

In this study we observed higher respiration rates and lower water uptake

rates from NH+
4 -treated roots (and/or higher water uptake rates from un-

treated roots). No clear trends were observed in NO−
3 -treated roots. Higher

CO2 levels following NH+
4 addition could be explained by a fast (sub-hourly)

and local promotion of nutrient uptake in the treated compartment. Such

promotion could have been aided by proton-pumping ATPase activity and

by assimilation at the root level through PEPc (phosphoenol-pyruvate car-

boxylase) enzyme activity. Increased NH+
4 uptake could also explain the

reduced water uptake in the treated compartment, as it would lead to H+

extrusion and rhizosphere acidification which can deactivate aquaporins and

decrease root hydraulic conductivity. Water uptake rates would then adjust

accordingly and increase in the untreated compartment to meet the canopy

water demand. However, there could be a chance that a low pH-induced

imbalance of the carbonic acid cycle could have affected the CO2 measure-

ments. This demonstrates that measuring pH is fundamental to determine

the influence of this process on the CO2 measurements. Response to NH+
4

addition was observed for both weak and strong pulse, indicating that the

roots were highly responsive to multiple nutrient pulses applied in different
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locations in different moments.

The reversibility of the response, described as a switch in resource allocation

from least beneficial area to most beneficial area, was impossible to deter-

mine due to analysis and setup constraints.

The lack of trends to the NO−
3 treatment was unexpected, as studies con-

sistently showed pronounced aquaporin activation and increased hydraulic

conductance to NO−
3 exposition. This was likely caused by the low NO−

3

concentration in solution (one order of magnitude lower than the one used in

previous studies) or by the simultaneous presence of NH+
4 , potentially caus-

ing aquaporin suppression.

Our investigation would have benefited from further parameters measure-

ments such as pH and root hydraulic conductivity. Still, in this study we

managed to shed light on the real-time dynamics of respiration rates in rela-

tion to changes in nutrient availability, which could contribute in improving

the knowledge on the scavenging tactics operated by plants. Furthermore, if

it is proven that CO2 measurements derived from root respiration and not

from chemical imbalances in solution, our study could be employed to es-

timate C costs related to NH+
4 uptake. Such finding would largely benefit

the study of vegetation trade-offs and could strengthen the performance of

vegetation models.
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General discussion and outlook

The three chapters composing this thesis improved our understanding of the

short-term root morphological and physiological dynamics occurring under

rapid changes in water and nutrient availability. Chapter 1 and 2 were cen-

tered around the influence of soil moisture on root growth dynamics at daily

time scales while Chapter 3 focused on the effect of nutrients in modifying

root physiological properties at sub-hourly time scales. The results from all

three chapters highlighted the high degree of dynamicity that characterize

root systems and that enables them to chase and capture resources under

high levels of spatial and temporal heterogeneity.

In all three chapters I strove to assess the promptness and speed of response

following an abrupt change in resource availability. In Chapter 1 and 2 I suc-

cessfully managed to observe significant adjustments in morphology (defined

as “Hydromatching”) within days from the change in water availability. In

Chapter 3 I observed significant adjustments in physiology (with CO2 serving

as a proxy) within 1 hour from the change in nutrient availability.

In all chapters I also aimed at assessing the reversibility of the observed ad-

justments. Reversibility was regarded as a shift in resource allocation from

an initially resourceful area to another area that initially was less beneficial

but has then become more resource-rich than the former area. In Chapter 1

and 2 I obtained strong indications of the reversibility of the Hydromatch-

129
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ing phenomenon occurring on a daily time scale. Such results highlight how

short-time scale dynamics could account for a large portion of the trade-offs

and might be overlooked in studies. In Chapter 3 it was not possible to deter-

mine the reversibility of the physiological adjustments due to experimental

and statistical constraints.

The root growth dynamics observed in Chapter 1 and 2 indicate an abil-

ity to sense moisture at the whole root-system level and to invest C budget

to promote growth (and uptake) in water-rich areas while economizing in

water-poor areas. The observation of similar root growth dynamics in both

individual young plants (Chapter 1) and at the plant community level (Chap-

ter 2) suggests that Hydromatching is a naturally occuring phenomenon. It

was intriguing to observe clear and rapid shifts in root growth in the grassland

despite the potential presence of plant species occupying different ecological

niches.

Chapter 2 also allowed us to understand the constraints of Hydromatching

in nature. The phenomenon was not observable under energy limitation

(caused by lower temperature and solar radiation) and it was less quick and

less pronounced when the plant community previously experienced severe

water deficit. This study also offered insights for differentiating between the

factors controlling Hydromatching and the ones driving seasonal shifts in

root distribution. The former appear to be fully guided by environmental

cues while the latter, widely reported in literature, is controlled by genetic

and phenological factors.

In Chapter 3 the results were not as clear and conclusive as in the previ-

ous chapters. Nonetheless, the rapid and significant increases in root res-

piration after both NH+
4 weak and strong pulses indicate a high degree of

responsiveness to rapid NH+
4 spatial and temporal variations, similar to the

reactivity for moisture variations in Chapter 1 and 2. The link between CO2

and water uptake measurements suggests that the higher respiration rates

post-treatment likely derived from processes of NH+
4 uptake. After further
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refinement, these rates can be potentially used for the estimation of NH+
4

uptake-related C costs.

My studies, although insightful, had limitations that impacted the collec-

tivity, quality and interpretability of the results. The studies would have also

benefited from additional parameters measurements to increase the cohesive-

ness and integrity and to draw less speculative conclusions. My findings also

raised new questions and paved the way for new studies to expand upon them.

Specifically, the experiment described in Chapter 1 was affected by time con-

straints that forced me to start the experiment prematurely, when roots were

still in the process of exploring the layers below the topsoil. This potentially

hindered the effectiveness of the treatments. Future studies should ensure

that the root systems have established in each layer and have depleted water

levels consistently before proceeding with the treatments.

In Chapter 2 I faced problems of imprecise root detection from the images,

impacting the accuracy of root decline measurements. Furthermore, addi-

tional parameters such as plant water stress and the control over nutrient

availability should have been considered to reinforce the hypothesized expla-

nations with further evidence.

The observed similarity in root growth dynamics in response to rapid and

localized moisture changes between Chapter 1 (lab experiment) and Chap-

ter 2 (field experiment) suggests that the results I derived from controlled

laboratory conditions are likely transferable to real-world plant communi-

ties. Still, studies on the dynamics of Hydromatching should be repeated

considering different plant species and different plant communities to fur-

ther validate the results and potentially demonstrate the universality of the

observed dynamics. For example, follow-up research could test whether the

quick root dynamics that I observed in herbaceous plants are also detectable

in woody species, which typically experience higher transpiration demand

but also exhibit deeper rooting depth (Wang et al., 2020). Pulsed water ex-

periments should be carried out on plant species adapted to energy-limited
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and water-limited environments, to understand if fast root distribution shifts

are expressed only in species accustomed to periods of water scarcity. More

pulsed water experiments should also be conducted on species of high food

security value. In such species, leveraging Hydromatching under patchy wa-

ter supply could improve their water use efficiency while ensuring yield.

Both in Chapter 1 and Chapter 2 I observed rapid and significant rates of

root decay. Researchers should explore more deeply into the possibility of

root decay to be an active mechanism and an important part of the dynamic

adjustments, implemented to cut C costs which are then allocated for im-

proved resource acquisition. Such investigations could involve measurements

of below and aboveground C fluxes, water and nutrient status and overall

plant performance to estimate the net benefit by considering resource acqui-

sition per carbon expenditure.

Future investigations should also analyze the effect of rapid nutrient fluctua-

tions on root growth dynamics in a similar way as I did for water fluctuations

in Chapter 1 and 2. As creating quick fluctuations in nutrient availability

could be challenging in soil, hydroponic mediums may be an effective alter-

native.

The study described in Chapter 3 should be repeated with improved

methodology. While the findings are promising, they opened up too many

possible interpretations and did not permit clear conclusions. In the study,

the unexpected absence of clear trends in water uptake and respiration rates

under NO−
3 treatment was likely given by an inadequate NO−

3 concentration

in solution, too low to trigger significant aquaporin activation and changes in

hydraulic conductivity. The experiment should be repeated with an increased

number of replicates and adjustments to the quantity and type of fertilizer

used. Specifically, pure NH+
4 and NO−

3 fertilizers should be utilized, with

a higher NO−
3 concentration established in solution. The experiment would

have benefited from additional parameters measurements, including pH and

root hydraulic conductivity. The former could be measured with pH sensor
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foils while the latter could be estimated by using high pressure flow meters

(Pou et al., 2022) or assessed through osmotic potential measurements of sap

and soil solution coupled with sap flow rates (Ishikawa-Sakurai et al., 2014).

Furthermore, while garlic was chosen for the experiment primarily due to

practical convenience given by root sturdiness and ease of handling, further

tests should be conducted on species with fibrous root systems, as opposed

to the adventitious root system of garlic. Additionally, investigating species

that are more extensively studied in root physiology and morphology (e.g.

Arabidopsis thaliana, Zea mays, Oryza sativa, Solanum lycopersicum) could

enhance the transferability of the findings across different species. Repeating

the experiment with the recommended additions and further measurements

would enhance the results’ quality and clarity, reducing the number of inter-

pretations and increasing the likelihood of obtaining clearer insights suitable

for publication.

Follow-up studies could also consider the role played by other stressors, such

as soil compaction, in influencing root properties adjustments to varying

water and nutrient supply. Such investigations could also delve deep into

monitoring the effects of soil compaction on the utilization of different nu-

trient pools or on the symbiosis with arbuscular mycorrhiza, which play a

crucial role in facilitating tree nutrient uptake (Anthony et al., 2022).

In conclusion, all the three chapters provided useful insights in the field

of plant morphodynamics and development. The results showcased an ex-

ceptional level of short-term root system dynamicity and plasticity dictated

by surrounding resource availability. My results can serve as a solid base

to further investigate species-specific abilities to modify their root system

morphological and physiological traits to benefit from sparse and pulsing re-

source availability. In turn, such investigations could pave the way towards

the formulation of plant breeding programs and cropping methods to enhance

input use efficiency. From an ecological perspective, the detection of clear

root growth responses to rapidly varying soil moisture at a plant community
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level is an impactful finding to be considered in plant population dynamics

and plant resource competition studies. Vegetation, hydrological and climate

models can potentially grow upon our findings and consider the incorporation

of the root dynamics reported in this thesis for more accurate predictions of

resource uptake and plant trade-offs and, consequently, of plant performance

and water fluxes.
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