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Abstract 

 

Root-secreted mucilage and microbial produced extracellular polymeric substances (EPS) 
modify soil physical and biogeochemical processes. Most studies infer the effects of these 
polymeric substances from soil bulk behaviour rather than investigating the pore scale. This 
investigation quantified the isolated physical behaviour of mucilage in a simplified pore-scale 
setup. We placed drops of mucilage of different concentrations between two flat surfaces to 
form liquid bridges and monitored their drying using optical imaging and magnetic resonance 
imaging (MRI). We used our observations to validate a polymer-based multi-phase model that 
characterises the gel-water-air interactions. In the experiments, while pure water liquid 
bridges rupture, the mucilage buckled under drying, but maintained connection between the 
surfaces. MRI showed more water was lost from the central region in the middle of the two 
plates. In the model, mucilage gel accumulated near the boundaries where surface adhesion 
occurs. The modelled accumulation times overlapped with monitored bridge buckling for the 
different concentrations, showing the model can predict the observed transition at which the 
mixture no longer behaves like a pure liquid. Results suggest that the earlier phase transitions 
observed for higher mucilage concentrations show a potential mechanism for the greater drought 
tolerance for plant roots and increase the soil water holding capacity. Furthermore, we discuss 
potential applications of our model for describing the impacts that microbial biofilms may have on soil 
structure along with impacts of soil fauna on soil physical functions. 
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1. Introduction  1 

Plant and microbial interactions with soil play an important role in regulating a variety of soil 2 

biogeochemical cycles and altering soil physical behaviour. During root growth, as much as 3 

20-40% of photosynthetically fixed carbon can be exuded by plants into the soil in the form 4 

of a hydrated gel mixture made up of high molecular weight carbohydrates and a small 5 

percentage of phospholipids known as mucilage (Badri and Vivanco, 2009). Root mucilage is 6 

a specific extra-cellular polymeric substance (EPS) that is secreted at a high carbon cost. Thus, 7 

it is likely to provide benefits to the plant that offset its energetic expense. Consequently, 8 

mucilage or EPS has been proposed to aid in a plethora of soil biophysical and chemical 9 

processes. Root exudates have been suggested to provide lubrication for the growing root, 10 

thereby reducing the mechanical impedance to growth (Iijima et al., 2004). Residual exudates 11 

are thought to contribute to a microclimate that stimulates soil microbial activity that, in turn, 12 

is beneficial to the plant in terms of nutrient acquisition (Or et al., 2007; Ahmed et al., 2018). 13 

In addition, mucilage changes the mechanical and hydraulic properties of the rhizosphere in 14 

ways that benefit the plant, including modifying soil aggregation (Di Marsico et al., 2018) and 15 

potentially aiding in drought tolerance (North and Nobel, 1992; Carminati et al., 2016). The 16 

fact that mucilage is co-located in the rhizosphere that is physically separated from the bulk 17 

soil by mechanical sealing action due to root growth further complicates its expected effects 18 

(Van Veelen et al., 2020). 19 

Improving drought tolerance is hypothesised to be one of the key functions of root mucilage 20 

(Carminati et al., 2016). Experiments using neutron imaging to observe soil moisture during 21 

water uptake have demonstrated that the rhizosphere can be wetter than the surrounding 22 

soil (Carminati et al., 2010), and this has been linked to the presence of exuded mucilage 23 

(Carminati et al., 2010). In addition, models of gradients in water potential in soil near roots 24 

with and without mucilage have suggested that mucilage could enhance water uptake 25 

(Carminati et al., 2011), a hypothesis that was experimentally validated by the finding that 26 

unsaturated hydraulic conductivity in dry soils was higher into the artificial roots that were 27 

covered with mucilage compared with those that were not (Ahmed et al., 2014).  This finding 28 

suggests the presence of mucilage could help with water uptake when soils are drier. 29 

Mucilage may increase hydraulic conductivity by binding water more tightly to its matrix and 30 

thus reducing water drainage from soil. In the absence of mucilage the water might drain 31 
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away more easily leaving empty pores through which water will need to overcome the surface 32 

tension at the air-water interface to flow again (Or et al., 2007).  33 

Perhaps surprisingly, dried mucilage can also have the opposite effect on rewetting of soil. 34 

The presence of dried mucilage has been shown to slow soil rewetting in a region of 1.5 mm 35 

around root, an effect that appears to be temporary (Moradi et al., 2012), but notable: it can 36 

reduce root water uptake by 4-8 times in the affected regions (Zarebanadkouki and Carminati, 37 

2014; Zarebanadkouki et al., 2018). Mucilage dried onto glass slides provides a hydrophobic 38 

surface (Ahmed et al., 2016), which may increase the hydrophobicity of the surface of 39 

individual soil grains. Additionally, Benard et al. (Benard et al., 2016) proposed a model for 40 

water percolation through a soil pore network, which suggested that a certain mucilage 41 

concentration induces bulk-scale hydrophobicity due to blockage of soil pores. The same 42 

effect has also been demonstrated for bacterial secretions EPS, which behave in a similar way 43 

to root mucilage (Or et al., 2007). These studies present clear observations that, upon drying, 44 

mucilage might form films, filaments, and tube-shaped structures between particles all of 45 

which are likely to affect its behaviour in dynamically changing soil moisture scenarios (Benard 46 

et al., 2018). However, the described studies of mucilage effects were limited to impacts on 47 

soil physical properties (i.e. soil water retention and hydraulic conductivity), which are 48 

dependent on soil particle size distributions (Kroener et al., 2018). 49 

To better interpret many of these findings, mathematical models have been developed to 50 

capture the physical influence that mucilage has on soil bulk properties. Kroener et al. 51 

(Kroener et al., 2015) proposed a model that describes the influence of mucilage on non-52 

equilibrium wetting and drying dynamics and first hypothesized that roots overcome the 53 

mucilage hydrophobicity by operating at the percolation threshold in order to take up water. 54 

This model was subsequently enhanced to empirically consider the effect of mucilage bulk 55 

soil matric potential, thus resulting in enhanced soil water retention (Kroener et al., 2018). 56 

Cooper et al. (Cooper et al., 2018) developed a pore scale air-water flow model that explicitly 57 

considered the influence of mucilage on soil pore water viscosity and associated grain surface 58 

wettability. This model accounted for the rate of diffusion of mucilage and its microbial 59 

degradation in the soil pore space, but it did not account for the morphological 60 

hydrogel/polymer structures that can form as soils dry rapidly (Benard et al., 2018).  61 
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Despite the range of studies highlighting the important interplay between root mucilage and 62 

soil physical properties (i.e. hydraulic conductivity, water retention, and mechanical 63 

properties), the underlying physical processes driving these effects are not well understood. 64 

In particular, studies report physical properties of mucilage-soil mixtures (Naveed et al., 2017; 65 

Naveed et al., 2018). There are few studies focusing on the physical properties of root 66 

mucilage alone.  67 

Furthermore, as the mucilage behaves similarly to a hydrogel, simplified diffusion-based 68 

models are not adequate for describing critical transitions in the drying process. Thus, the aim 69 

of this study was to establish a basic understanding of the fundamental properties of mucilage 70 

under controlled experimental conditions of drying by integrating a theoretical framework 71 

with experimental measurements.  Our objectives were to: 72 

• Monitor the basic relevant pore scale drying behaviour of mucilage water mixtures in 73 

a controlled experimental design, 74 

• Use magnetic resonance imaging (MRI) measurements to better understand water 75 

dynamics in the mucilage, 76 

• Develop a physical model to describe the mucilage/EPS-water drying dynamics 77 

• Interpret and quantify the behaviour utilizing fundamental physical principles, 78 

We began by taking time lapsed images of mucilage-water liquid bridges drying at different 79 

mass fractions between two glass slides. This emulated liquid bridges that would be found in 80 

a soil pores. We then used MRI measurements to monitor mucilage water dynamics in more 81 

detail and developed a multi-phase mathematical model considering water evaporation from 82 

the bridge to describe and predict the spatial partitioning of pure water and polymer bound 83 

water in the mixture. Lastly, we discussed these laboratory and model results in the context 84 

of real soil systems. 85 

  86 
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 87 

2. Materials and Methods 88 

2.1 Experimental setup  89 

2.1.1. Mucilage sample preparation 90 

We used Chia seed (Salivia hispanica L.) mucilage as previous studies have reported that it 91 

behaves as a good analogue to plant root mucilage (Ahmed et al., 2014). Chia seed mucilage 92 

was prepared by adding chia seeds to ultrapure (MilliQ, 18 MΩ) water at a ratio of 1:20 93 

seeds:water (mass:mass).  The mixture was stirred at 50˚C for 2 minutes using a magnetic 94 

stirrer then left to cool at room temperature for 2 hours. The mucilage was then pushed 95 

through a 300 µm nylon mesh (Plastock) using a 5 ml syringe with the end cut off, following 96 

the protocol of (Ahmed et al., 2014). This filtration step was repeated 5 times to remove as 97 

much mucilage from the seeds as possible, though the most tightly bound mucilage fraction 98 

likely remained attached to the seeds. 99 

The extracted mucilage was stirred using a magnetic stirrer for 30 minutes to homogenise and 100 

then poured into petri dishes and dried in a Conviron CMP6010 Growth Chamber set to 30˚C 101 

and 0% relative humidity (RH) (Controlled Environments Ltd, Winnipeg, Canada). The dried 102 

mucilage was weighed and MilliQ water was added to give mucilage concentrations of 2.3 mg 103 

g-1, 4.6 mg g-1, and 9.2 mg g-1. The mixtures were stirred to homogenize. 104 

2.1.2. Contact angles – Liquid bridges between two flat surfaces 105 

10 µl drops of mucilage at concentrations of: 0 mg g-1 (MilliQ water), 2.3 mg g-1, 4.6 mg g-1, 106 

and 9.2 mg g-1 were added to a glass slide. 2 mm thick glass spacers were adhered to the slide 107 

and a cleaned glass coverslip placed on top. The coverslip was pushed gently to bend and 108 

touch the drops and therefore form a liquid bridge. The coverslip then returned to a flat 109 

surface by mechanical beam action. 110 

The setup was imaged from the side using a Dino-Lite Edge digital microscope. The bridges 111 

were allowed to dry at 20˚C and 30% RH and were imaged every 10 s during drying. The setup 112 

was replicated 3 times. The contact angle on the lower slide was measured for a subset of the 113 

images using a custom ImageJ macro. The point where the bridge met the glass slide was 114 

defined by the user and then four additional points were added to the edge of the liquid 115 

bridge within the lower 1/3 of the height. These points were used to fit a circle and the angle 116 
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of the tangent was measured at the point where the circle met the glass slide. This 117 

measurement was repeated on both sides of the bridge and a mean value calculated. 118 

2.1.3. MRI setup 119 

MRI was used to visualise the distribution of water within the liquid bridge. A liquid bridge 120 

setup was designed for use inside a standard 10-mm OD MRI sample tube using a combination 121 

of 3D printed and laser cut components (Fig. 1). A single liquid bridge was formed from a 10 122 

µl droplet of mucilage at a concentration of 4.6 mg g-1 and allowed to dry. MRI images were 123 

collected periodically, and we report results for 0, 2h, 3h, 4h, 5h, and 5.5h. 124 

 125 

Fig. 1 Illustration of the custom setup for imaging liquid bridge drying using MRI imaging. 126 

Poly(methyl methacrylate) (PMMA) plates are suspended using 3D printed rods that pass 127 

through them, allowing some vertical movement during setup so that the mucilage can be 128 

added between the plates. The setup is designed so that the liquid bridge can be established 129 

outside the glass tube then the whole rig inserted into the tube for imaging. 130 

MRI images were taken using a standard multi-spin-multi-echo (MSME) pulse sequence with 131 

field of view (FOV) = 10 mm, a 128 x 128 pixel matrix, echo time (TE) = 7.7 ms and repetition 132 

time (TR) = 2 s. The slice thickness was 2 mm for axial (top view), 3 mm for coronal (side view) 133 

and 4 mm for sagittal (side view) images.  134 

2.2. Theoretical considerations 135 
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2.2.1. Conceptual overview of mucilage model 136 

To gain fundamental understanding of pore scale mucilage dynamics, we developed a model 137 

that simulates a mucilage liquid bridge drying between two flat surfaces. Our model allowed 138 

us to quantify drying behaviour and the re-distribution of pure water and polymer bound 139 

water within the mixture, which is difficult to measure in situ. The model considered a 140 

mucilage-water mixed phase domain forming a liquid bridge between two flat surfaces (Fig. 141 

2 A). We adopted a polymeric description on the basis of Flory’s theory of polymer mixtures 142 

(Flory, 1953) to assess the energetic and dynamic behaviour of the mucilage gel (Fig. 2 B). The 143 

mixed phase domain considered two distinct fluid states; mobile water that is free to 144 

evaporate at the air exposed edges and polymer bound water that cannot readily evaporate 145 

(Levick, 1987) (Fig. 2 A). For the remainder of the text, the mixed phase domain will be 146 

denoted as ‘the mixture’, the polymer bound water will be denoted as ‘gel’, and the free pure 147 

water will be simply denoted as ‘water’. We note that due to the chain like structure of the 148 

polymer network, the polymer volume (reflected by polymer mass fraction) is considered to 149 

occupy 25% of the volume of bound water (Kim et al., 2009). This conversion was considered 150 

in the model initialisation as to be consistent with the experimental set up.  151 

The model considered water evaporating through the air-exposed surfaces. As the water 152 

leaves the mixture, the domain size reduces and condenses (Fig. 2 C). We expected that unlike 153 

a pure water liquid bridge that would disconnect after a certain point, the mucilage mixture 154 

stays connected between the two surfaces (Benard et al., 2018). In turn, we expected to see 155 

distinct volume fractions of mobile water segregated from the accumulating gel volume 156 

fraction (Flory, 1953). If a sufficient quantity of gel was present in the mixture, we expected 157 

that the gel may also span across the two solid boundaries and ‘coalesce’, forming a gel wall 158 

around the liquid bridge similar to observations by Benard et al., 2018  (Benard et al., 2018). 159 

We note that the strict polymer volume in the accumulated gel phase is 25% of the total gel 160 

volume fraction. 161 

 162 
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 163 

Fig. 2 Illustration of the model/process description of drying mucilage gel-water mixture and 164 

liquid bridge formation. (A) A liquid bridge forms due to capillarity between upper and lower 165 

surfaces (walls). Under drying, the mixed phase outer boundary recedes. While mobile water 166 

vapour leaves the domain, the immobilized gel is assumed to remain in the mixture. The 167 

mucilage gel phase description (B) is comprised of polymers dispersing (entropy) and linking 168 

to create chains that exhibit an elastic energy. As the mixture dries (C) it exhibits different 169 

characteristics compared with pure water evaporating. As water evaporates, the liquid bridge 170 

becomes thin and eventually snaps. The mucilage gel begins to accumulate and potentially 171 

coalesces.  172 

 173 

2.2.2. Model for mucilage liquid bridge 174 

The mixture volume was modelled as a dynamic mathematical domain (𝛀𝛀�) consisting of two 175 

phases; namely free water and a gel, expressed as volume fractions (𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡=𝑉𝑉𝑔𝑔+𝑉𝑉𝑓𝑓), where 176 

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡[m3bulk] is the total volume of the mixture, 𝑉𝑉𝑓𝑓 [m3free water] is the mobile free water volume, 177 

and 𝑉𝑉𝑔𝑔 [m3gel] is denoted as gel volume. The mixture domain is bordered by air (𝚪𝚪�) and the 178 

cover slips (𝝏𝝏𝛀𝛀�) (Fig. 2). We defined the phases in the domain such that 𝜙𝜙 = 𝑉𝑉𝑔𝑔
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

 is the gel 179 

phase, and thus 
𝑉𝑉𝑓𝑓
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

= (1 − 𝜙𝜙) is the water phase (Fig. 2). Assuming 𝐯𝐯�𝑔𝑔 = (𝑢𝑢�𝑔𝑔,𝑣𝑣�𝑔𝑔,𝑤𝑤�𝑔𝑔) and 180 
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𝐯𝐯�𝑓𝑓 = (𝑢𝑢�𝑓𝑓 , 𝑣𝑣�𝑓𝑓,𝑤𝑤�𝑓𝑓) [m s-1] are the velocities of the gel and the water respectively, conservation 181 

of mass requires that the changes in the respective phases are dependent on the quantity 182 

moving in and out of a given control volume: 183 

 𝜕𝜕𝜙𝜙
𝜕𝜕�̃�𝑡 + 𝛁𝛁� ⋅ �𝜙𝜙𝐯𝐯�𝑔𝑔� = −𝛽𝛽�𝜙𝜙, 𝐱𝐱� ∈ 𝛀𝛀� , (1) 

 184 

 𝜕𝜕(1 − 𝜙𝜙)
𝜕𝜕�̃�𝑡 + 𝛁𝛁� ⋅ �(1 − 𝜙𝜙)𝐯𝐯�𝑓𝑓� = 0, 𝐱𝐱� ∈ 𝛀𝛀� , (2) 

where 𝛽𝛽� [s-1] is the biodegradation rate of the gel phase. While microbial activity will likely 185 

break down plant exudates, microbes will likely produce similar polymeric structured EPS. For 186 

parsimony, we do not consider the effects of biodegradation in this study (𝛽𝛽�=0) as its 187 

parameterisation is challenging. We defined the phase averaged velocity of the mixture (i.e. 188 

water and gel) as 189 

 𝐯𝐯� = 𝜙𝜙𝐯𝐯�𝑔𝑔 + (1 − 𝜙𝜙)𝐯𝐯�𝑓𝑓, 𝐱𝐱� ∈ 𝛀𝛀� . (3) 

Combining (1) and (2) resulted in an expression for the divergence of the phase averaged 190 

velocity via mass conservation 191 

 𝛁𝛁� ⋅ 𝐯𝐯� = −𝛽𝛽𝜙𝜙, 𝐱𝐱� ∈ 𝛀𝛀� . (4) 

The thermodynamic state of mucilage in the mixture regulates the organization of the two 192 

volume fractions. In our formulation, we considered the gel system to be dominated by three 193 

free energy terms: 194 

 ℱ� = ℱ�𝑖𝑖𝑖𝑖𝑡𝑡 + ℱ�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + ℱ�𝑐𝑐𝑡𝑡𝑐𝑐, (5) 

where ℱ�𝑖𝑖𝑖𝑖𝑡𝑡 [J]is the interaction energy, ℱ�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 [J] is the elastic energy, and ℱ�𝑐𝑐𝑡𝑡𝑐𝑐 [J] is the 195 

correlation energy. We first defined the interaction energy, which is representative of the 196 

interaction between long chain fibres and free water: 197 

 ℱ�𝑖𝑖𝑖𝑖𝑡𝑡 = �𝑓𝑓𝑖𝑖𝑖𝑖𝑡𝑡
𝛀𝛀�

𝑑𝑑𝐱𝐱�, (6) 

where 198 
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 𝑓𝑓𝑖𝑖𝑖𝑖𝑡𝑡 =
𝑘𝑘𝐵𝐵𝑇𝑇
𝜈𝜈

�(1 − 𝜙𝜙) ln(1 − 𝜙𝜙) + 𝜒𝜒𝜙𝜙(1 − 𝜙𝜙)�, (7) 

with 𝑘𝑘𝐵𝐵 [J K-1]is the Boltzmann constant, 𝑇𝑇 [K] is the temperature, 𝜈𝜈 [m3]is the monomer 199 

volume in the fibre chain and 𝜒𝜒 is the fibre-solvent interaction parameter (Table 1). The 200 

logarithmic term quantifies the change in the mixture entropy, while the term multiplied by 201 

𝜒𝜒 quantifies the change in the mixture enthalpy. The second energy term in eq. (5), elastic 202 

energy, quantifies the elastic energy of the gel. Again, following Flory theory,  we have  (Flory, 203 

1953): 204 

 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝐾𝐾𝐵𝐵𝑇𝑇
𝑣𝑣

�
1

2𝑁𝑁𝑥𝑥
� �𝜙𝜙0 − 𝜙𝜙 −

1
3𝜙𝜙 ln �

𝜙𝜙0
𝜙𝜙
��, (8) 

where 𝑁𝑁𝑥𝑥 represents the average number of monomers between cross links of different fibres 205 

(Flory, 1953). We added the two energy density terms together to get the overall free energy 206 

of the bulk gel 207 

 𝑓𝑓 = 𝑓𝑓𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. (9) 

Finally, we defined the energy term that induces phase segregation, the correlation energy: 208 

 
ℱ�𝑐𝑐𝑡𝑡𝑐𝑐 = �

�̃�𝜆
2
�𝛁𝛁�𝜙𝜙�

2
𝑑𝑑𝐱𝐱�

𝛀𝛀�
, 

(10) 

where �̃�𝜆 [N] is the correlation energy parameter, which is the proportional to the correlation 209 

length (Flory, 1953) (Wolgemuth et al., 2004). Combining all of the energy terms yields the 210 

following expression for the total free energy: 211 

 
ℱ� = � �𝑓𝑓(𝜙𝜙) +

�̃�𝜆
2
�𝛁𝛁�𝜙𝜙�

2
�𝑑𝑑𝐱𝐱�

𝛀𝛀�
. 

(11) 

Similar to the principle of least action, we implemented the same variational principles to 212 

optimize an energetic dissipation functional. We wish to find the extrema of the Rayleighian, 213 

which is defined as: 214 

 
ℛ� =

𝜕𝜕ℱ�
𝜕𝜕�̃�𝑡 + � �

1
2 𝜁𝜁
�𝐯𝐯�𝑔𝑔 − 𝐯𝐯�𝑓𝑓�

2
+ (𝝈𝝈� − 𝑝𝑝�𝐈𝐈)𝛁𝛁� ⋅ 𝐯𝐯�� 𝑑𝑑𝐱𝐱�

𝛀𝛀�
, 

(12) 

 215 
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where 𝜁𝜁 [Pa s m−2] is a dampening coefficient between the gel and water flow, 𝐈𝐈 is the identity 216 

matrix, 𝑝𝑝� [Pa] is a Lagrangian multiplier used to account for incompressibility of the separated 217 

phases, and 𝝈𝝈� [Pa] is the flow stress tensor represented in matrix form 218 

 𝝈𝝈� =  𝜂𝜂��𝛁𝛁�𝐯𝐯� + 𝛁𝛁�𝐯𝐯�𝐓𝐓�, (13) 

where 𝜂𝜂� [Pa s] is the viscosity of the mixture. The mixture viscosity is expressed as 219 

 𝜂𝜂� = (𝜂𝜂𝑔𝑔 − 𝜂𝜂𝑓𝑓)𝜙𝜙 + 𝜂𝜂𝑓𝑓 , (14) 

where 𝜂𝜂𝑓𝑓  is the viscosity of pure water and 𝜂𝜂𝑔𝑔 is the gel viscosity. We note that our linear 220 

description of viscosity is an operative approach, as viscosity is expected to vary non-linearly 221 

with the gel fraction. However, this linear estimate is sufficient given the small size of the 222 

phase transition interface. The extrema of the Rayleighian with respect to two velocity 223 

components yields two equations of motion (Flory, 1953; Edwards, 1965; Doi, 2013): 224 

 −𝜁𝜁�𝐯𝐯�𝑔𝑔 − 𝐯𝐯�𝑓𝑓� + (1 − 𝜙𝜙)�𝛁𝛁�𝑝𝑝� − 𝛁𝛁� ⋅ 𝝈𝝈�� = 𝟎𝟎. (15) 

and 225 

 𝜙𝜙𝛁𝛁�𝜇𝜇� − 𝜙𝜙𝛁𝛁� ⋅ 𝝈𝝈� + 𝜁𝜁�𝐯𝐯�𝑔𝑔 − 𝐯𝐯�𝑓𝑓� = 𝟎𝟎, (16) 

where the gel chemical potential 𝜇𝜇 is defined as: 226 

 
𝜇𝜇� =

𝜕𝜕𝑓𝑓 
∂𝜙𝜙 − �̃�𝜆𝛁𝛁�2𝜙𝜙, 𝐱𝐱� ∈ 𝛀𝛀� .  

(17) 

Combining eqs. (15) and (16) yields  227 

 𝛁𝛁� ⋅ 𝝈𝝈� − 𝜙𝜙𝛁𝛁�𝜇𝜇� − 𝛁𝛁�𝑝𝑝� = 0, 𝐱𝐱� ∈ 𝛀𝛀� . (18) 

Substituting in the expression for the flow stress tensor (13) results in the equation for Stokes 228 

flow: 229 

 𝛁𝛁� ⋅ �𝜂𝜂��𝛁𝛁�𝐯𝐯� + 𝛁𝛁�𝐯𝐯�𝐓𝐓�� − 𝜙𝜙𝛁𝛁�𝜇𝜇� − 𝛁𝛁�𝑝𝑝� = 0, 𝐱𝐱� ∈ 𝛀𝛀� . (19) 

Combining eqs. (15) with (18) yields a Darcy like expression for relative movement of water 230 

with respect to gel: 231 
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�𝐯𝐯�𝑓𝑓 − 𝐯𝐯�𝑔𝑔� = −

�(1 − 𝜙𝜙)𝜙𝜙�
𝜁𝜁

 𝛁𝛁�𝜇𝜇�. 
(20) 

We solved eq. (3) for 𝐯𝐯�𝑓𝑓  and substitute into (20) to get the expression for gel velocity: 232 

 
𝐯𝐯�𝑔𝑔 =

(𝜙𝜙(1 − 𝜙𝜙)2)
𝜁𝜁

 𝛁𝛁�𝜇𝜇� + 𝐯𝐯�. 
(21) 

We substituted eq. (21) into eq. (1) to derive to the Cahn-Hilliard equation (Doi, 2013): 233 

 𝜕𝜕𝜙𝜙
𝜕𝜕�̃�𝑡 + 𝛁𝛁� ⋅ (𝜙𝜙𝐯𝐯� ) =  𝛁𝛁� ⋅ �

�𝜙𝜙(1 − 𝜙𝜙)�2

𝜁𝜁
𝛁𝛁�𝜇𝜇� � − 𝛽𝛽�𝜙𝜙, 𝐱𝐱� ∈ 𝛀𝛀� . 

(22) 

This is the fundamental equation describing the behaviour of the mixture and next we will 234 

discuss the boundary conditions needed for solving this. 235 

Table 1: List of model parameters for dimensional inputs. Inputs come from experimental 236 
information or from literature. 237 

Symbol Description Magnitude Unit References 

𝑙𝑙 Experimental length scale 2 × 10−3 m From experiment 

�̃�𝜆 Gel-water correlation energy 

parameter 

3.28×10-5 N (Wolgemuth et 

al., 2004) 

𝑘𝑘𝐵𝐵  Boltzmann constant 1.38 × 10−23 J⋅K (Daussy et al., 

2007) 

𝑇𝑇 Temperature 293 K From experiment 

𝜈𝜈 Monomer molecular volume 1 × 10−24 m3 (Roose and 

Fowler, 2008) 

𝜂𝜂𝑓𝑓 Dynamic viscosity of water 0.89×10-3 Pa⋅s (Wolgemuth et 

al., 2004) 

𝜂𝜂𝑔𝑔 Dynamic viscosity of mucilage gel 1.06 Pa⋅s (Cooper et al., 

2018) 

𝛾𝛾� Scaled mixture-air surface tension  48×10-3 N m-1 (Read and 

Gregory, 1997) 
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𝜏𝜏 Experimental time scale 25 s From experiment 

𝑁𝑁𝑥𝑥  Monomers between cross links 10 - (Roose and 

Fowler, 2008) 

𝜒𝜒 Interaction parameter 0.5 - (Roose and 

Fowler, 2008) 

𝐽𝐽𝑒𝑒 Evaporation flux rate 8.4×10−8 m3
water⋅m-2

bulk⋅s-1 From experiment 

𝜁𝜁   Gel-water Drag coefficient 2.5×1010 Pa⋅s⋅m−2 (Roose and 

Fowler, 2008) 

𝛽𝛽 Biodegradation rate 0 s-1 Assumption 

𝜃𝜃𝑐𝑐  Gel-water contact angle 20 degrees Assumption 

𝜃𝜃𝑐𝑐,𝑚𝑚 Mixed phase-air contact angle  20 degrees Experiment 

𝑚𝑚𝑔𝑔,0

𝑚𝑚𝑤𝑤
 Initial polymer mass fraction 9.2,4.6,2.3 mgpolymer g-1

water From experiment 

𝜙𝜙0 Respective gel volume fractions 0.04, 0.02, 0.01 m3
gel m-3

bulk (Levick, 1987) 

 238 

  239 
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2.2.3. Boundary conditions 240 

When the mixture sits between two glass slides, the droplet between the flat surfaces forms 241 

a bridge (Fig. 2). For simplicity, this liquid bridge is assumed to be cylindrically axisymmetric. 242 

Considering no slip on both the walls and the axisymmetric boundary we have 243 

 𝐯𝐯� = 𝟎𝟎, 𝐱𝐱� ∈ 𝝏𝝏𝛀𝛀� . (23) 

On the air interface, we considered water evaporation 244 

 𝐧𝐧� ⋅ (1 − 𝜙𝜙)𝐯𝐯�𝑓𝑓 = 𝐽𝐽𝑒𝑒 , 𝐱𝐱� ∈ 𝚪𝚪� , (24) 

where 𝐽𝐽𝑒𝑒 [m3fluid m-2bulk s-1] is the evaporative flux of fluid from the liquid mixture domain, 𝚪𝚪�  is 245 

the air interface with the mixture, and 𝐧𝐧�  is the normal to the boundary. For simplicity, our 246 

model considers a constant evaporative flux. However, we expect that these evaporative 247 

fluxes should reduce under drying. We assumed that there is zero gel flux across mixture-air 248 

interface: 249 

 𝐧𝐧� ⋅ 𝜙𝜙𝐯𝐯�𝑔𝑔 = 0, 𝐱𝐱� ∈ 𝚪𝚪� . (25) 

This in turn translates to the domain average velocity on the air interface being 250 

 𝐧𝐧� ⋅ 𝐯𝐯� = 𝐽𝐽𝑒𝑒 , 𝐱𝐱� ∈ 𝚪𝚪.�  (26) 

Combining eq. (21) with eq. (25) results in the boundary condition for eq. (22): 251 

 
𝐧𝐧� ⋅ �𝜙𝜙𝐯𝐯� −

�𝜙𝜙(1 − 𝜙𝜙)�2

𝜁𝜁
𝜇𝜇� � = 0, 𝐱𝐱� ∈ 𝚪𝚪.�  

(27) 

Lastly, the gel is assumed to bind to the top and bottom boundaries. We invoked the following 252 

equation to describe the gel surface geometric contact angle interaction: 253 

 𝐧𝐧� ⋅ 𝛁𝛁�𝜙𝜙 = − ||𝛁𝛁�𝜙𝜙||2 cos(𝜃𝜃𝑐𝑐) , 𝐱𝐱� ∈ 𝚪𝚪� ∪ 𝝏𝝏𝛀𝛀� , (28) 

where 𝜃𝜃𝑐𝑐  [rad] is the contact angle between the gel and the flat surfaces. Note that the term 254 

||𝛁𝛁�𝜙𝜙||2 denotes the Euclidian norm of the phase field gradient given as  255 

 
||𝛁𝛁�𝜙𝜙||2 = �

𝜕𝜕𝜙𝜙
𝜕𝜕�̃�𝑟

2

+
𝜕𝜕𝜙𝜙
𝜕𝜕�̃�𝑧

2

�

1
2

. 
(29) 
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 256 

 257 

2.2.4. Kinematic boundary condition and interfacial shape 258 

The mixed phase does not have fixed geometry. As such, we described the air interface 259 

boundary 𝚪𝚪�  with the following kinematic boundary condition (Fowler et al., 1997): 260 

 𝜕𝜕𝐒𝐒�
𝜕𝜕�̃�𝑡 + 𝐯𝐯� ⋅ 𝛁𝛁�𝐒𝐒�  = 0, 

(30) 

 

 

where the free surface is along the radial direction �̃�𝑟 = 𝚪𝚪�(�̃�𝑡, �̃�𝑧), and 𝐒𝐒� = 𝚪𝚪�(�̃�𝑡, �̃�𝑧) − �̃�𝑟. 261 

Therefore, we have the velocity in the radial direction on the surface defined by 262 

 𝜕𝜕𝚪𝚪�(�̃�𝑡, �̃�𝑧)
𝜕𝜕�̃�𝑡 + 𝑤𝑤�

𝜕𝜕𝚪𝚪�(�̃�𝑡, �̃�𝑧)
𝜕𝜕�̃�𝑧 = 𝑢𝑢�  . 

(31) 

The contact angle formed between the mixed phase and the walls was described by  263 

 𝐧𝐧� ⋅ 𝛁𝛁�𝐒𝐒� = −||𝛁𝛁�𝐒𝐒� ||2 cos�𝜃𝜃𝑐𝑐,𝑚𝑚� , 𝐱𝐱� ∈ 𝝏𝝏𝛀𝛀� , (32) 

where 𝜃𝜃𝑐𝑐,𝑚𝑚 [rad] is the contact angle between the air, surface, and mixed phase. For the radial 264 

symmetric coordinates, this became 265 

 
𝜕𝜕𝚪𝚪�
𝜕𝜕�̃�𝑧 = −�1 +

𝜕𝜕𝚪𝚪�
𝜕𝜕�̃�𝑧

2

�

1
2

cos�𝜃𝜃𝑐𝑐,𝑚𝑚� , 𝐱𝐱� ∈ 𝝏𝝏𝛀𝛀� . 
(33) 

The shape of the interface away from the boundaries relies on the force balance between the 266 

air and mixed phase described by 267 

 𝐧𝐧� ⋅ (−𝑝𝑝�𝐈𝐈 + 𝜂𝜂��𝛁𝛁�𝐯𝐯� + 𝛁𝛁�𝐯𝐯�𝐓𝐓�) = (𝛾𝛾�𝜿𝜿�)𝐧𝐧� , 𝐱𝐱� ∈ 𝚪𝚪� , (34) 

where 𝛾𝛾� [N m-1] is the mixed phase surface tension and 𝜿𝜿� [m-1] is the curvature of the 268 

interface. We consider a fixed value for γ ̃ based on measurements from Read and Gregory, 269 

1997 (Read and Gregory, 1997). The interface curvature was expressed as 270 

 𝜿𝜿� = 𝛁𝛁� ⋅ (𝐧𝐧�), 𝐱𝐱� ∈ 𝚪𝚪� . (35) 

The surface norm was given in terms of the kinematic boundary condition as 271 
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𝐧𝐧� = �

𝛁𝛁�𝐒𝐒�    
||𝛁𝛁�𝐒𝐒� || 2

� .  
(36) 

In radial symmetric coordinates eq. (36) expanded explicitly to become  272 

 

𝐧𝐧� =

⎝

⎜
⎜
⎛
−

1

�1 + 𝜕𝜕𝚪𝚪�(�̃�𝑡, �̃�𝑧)
𝜕𝜕�̃�𝑧

2

�

1
2

,
𝜕𝜕𝚪𝚪�(�̃�𝑡, �̃�𝑧)
𝜕𝜕�̃�𝑧

�1 + 𝜕𝜕𝚪𝚪�(�̃�𝑡, �̃�𝑧)
𝜕𝜕�̃�𝑧

2

�

1
2

⎠

⎟
⎟
⎞

𝐓𝐓

 .  

(37) 

 273 

2.2.5. General non-dimensional formulation 274 

We considered the general scaling rules in order to non-dimensionalise the full system of 275 

equations. Space and time were scaled as 𝐱𝐱� = 𝑙𝑙𝐱𝐱  and �̃�𝑡 = 𝜏𝜏𝑡𝑡, where 𝑙𝑙 and 𝜏𝜏 are based on the 276 

experimental spatial and temporal scales (Table 1). We non-dimensionalise velocities 𝐯𝐯� = 𝑈𝑈𝐯𝐯, 277 

the Lagrange multiplier  𝑝𝑝� = 𝑃𝑃𝑝𝑝, the chemical potential as 𝜇𝜇� = 𝑃𝑃𝜇𝜇 and the free energy as 𝑓𝑓 =278 

𝑃𝑃𝑓𝑓, where 279 

 𝑈𝑈 =
𝑙𝑙
𝜏𝜏 , 𝑃𝑃 =

𝑘𝑘𝐵𝐵𝑇𝑇
𝜈𝜈 . (38) 

This resulted in the introduction of the following dimensionless coefficients: 280 

 
𝑃𝑃𝑃𝑃 =

𝑈𝑈𝑙𝑙𝜁𝜁 

𝑃𝑃 , 𝐶𝐶𝐶𝐶 =
𝜂𝜂𝑓𝑓𝑈𝑈
𝑃𝑃𝑙𝑙 , 𝐽𝐽𝑒𝑒 =

𝐽𝐽𝑒𝑒
𝑈𝑈 , 𝜆𝜆 =

�̃�𝜆
𝑙𝑙2𝑃𝑃 

𝜂𝜂 =
𝜂𝜂�
𝜂𝜂𝑓𝑓

, 𝛽𝛽 =
𝑙𝑙2𝜁𝜁
𝑃𝑃 𝛽𝛽�, 𝛾𝛾 =

𝛾𝛾�
𝑙𝑙𝑃𝑃.  

(39) 

The resulting i non-dimensional equations were thus  281 

 
𝑃𝑃𝑃𝑃 �

𝜕𝜕𝜙𝜙
𝜕𝜕𝑡𝑡 + 𝛁𝛁 ⋅ (𝜙𝜙𝐯𝐯)� = ( 𝛁𝛁 ⋅ ��𝜙𝜙(1 − 𝜙𝜙)�2𝛁𝛁𝜇𝜇 � − 𝛽𝛽𝜙𝜙), 𝐱𝐱 ∈ 𝛀𝛀, 

(40) 

 𝜇𝜇 =  
𝜕𝜕𝑓𝑓 
∂𝜙𝜙 − 𝜆𝜆𝛁𝛁𝟐𝟐𝜙𝜙, 𝐱𝐱 ∈ 𝛀𝛀, (41) 

 𝛁𝛁 ⋅ �𝐶𝐶𝐶𝐶 𝜂𝜂 (𝛁𝛁𝐯𝐯+ 𝛁𝛁𝐯𝐯𝑇𝑇)� − 𝜙𝜙𝛁𝛁𝜇𝜇 − 𝛁𝛁𝑝𝑝 = 0, 𝐱𝐱 ∈ 𝛀𝛀, (42) 
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 𝛁𝛁 ⋅ 𝐯𝐯 = −𝛽𝛽𝜙𝜙, 𝐱𝐱 ∈ 𝛀𝛀. (43) 

Likewise, the boundary conditions became 282 

 𝐧𝐧� ⋅ �𝑃𝑃𝑃𝑃𝜙𝜙𝐯𝐯 − �𝜙𝜙(1 − 𝜙𝜙)�2𝛁𝛁𝜇𝜇� = 0 , 𝐱𝐱 ∈ 𝚪𝚪 ∪ 𝝏𝝏𝛀𝛀, (44) 

 𝐧𝐧� ⋅ 𝛁𝛁𝜙𝜙 = −‖𝛁𝛁𝜙𝜙‖2 cos(𝜃𝜃𝑐𝑐) , 𝐱𝐱 ∈ 𝚪𝚪 ∪ 𝝏𝝏𝛀𝛀, (45) 

 𝐧𝐧� ⋅ 𝐯𝐯 = 𝐽𝐽𝑒𝑒 , 𝐱𝐱 ∈ 𝚪𝚪, (46) 

 𝐧𝐧� ⋅ �−𝑝𝑝𝐈𝐈 + 𝐶𝐶𝐶𝐶 𝜂𝜂(𝛁𝛁𝐯𝐯+ 𝛁𝛁𝐯𝐯𝑻𝑻)� = (𝛾𝛾𝜿𝜿)𝐧𝐧� ,   𝐱𝐱 ∈ 𝚪𝚪 (47) 

 𝐯𝐯 = 𝟎𝟎, 𝐱𝐱 ∈ 𝝏𝝏𝛀𝛀, (48) 

 𝜕𝜕𝚪𝚪(𝑡𝑡, 𝑧𝑧)
𝜕𝜕𝑡𝑡 + 𝑤𝑤

𝜕𝜕𝚪𝚪(𝑡𝑡, 𝑧𝑧)
𝜕𝜕𝑧𝑧 = 𝑢𝑢. (49) 

 
𝜕𝜕 𝚪𝚪
𝜕𝜕𝑧𝑧  = −�1 + �

𝜕𝜕 𝚪𝚪
𝜕𝜕𝑧𝑧  �

2

�

1
2

cos�𝜃𝜃𝑐𝑐,𝑚𝑚� ,   𝐱𝐱 ∈  𝝏𝝏𝛀𝛀 

(50) 

All of the numerical values associated with the non-dimensionalisation parameters are listed 283 

in Table 2. 284 

Table 2: Non-dimensional parameter values. 285 

Symbol Description Magnitude Unit 

𝑙𝑙 Experimental length scale 2 × 10−3 m 

𝜏𝜏 Experimental time scale 25 s 

𝑈𝑈 Characteristic velocity 6.7×10-5 m⋅s-1 

𝑃𝑃 Characteristic potential 4×103 Pa 

𝑃𝑃𝑃𝑃 Peclet number  0.99 - 

𝐶𝐶𝐶𝐶 Capillary number 1.0×10-8 - 

𝐽𝐽𝑒𝑒 Dimensionless evaporative flux 1.0 × 10−3 - 

𝜆𝜆 Dimensionless gel-water 

correlation energy parameter 

2×10-4 - 
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 286 

2.2.6. Assessing critical phase transitions in the modelled system 287 

Because a key focus of the model was to infer when the mixture undergoes a phase 288 

transition, we monitored changes in the mean domain gel volume fraction for the different 289 

initial mixed phase mucilage volume fractions: 290 

 〈𝜙𝜙〉 =
1

‖𝛀𝛀‖ 
�𝜙𝜙
𝛀𝛀

𝑑𝑑𝐱𝐱, (51) 

where ‖𝛀𝛀‖ is the mixture volume at a given time. We defined the term ‘accumulation’ as 291 

the onset of phase segregation in the mixture. Upon segregation, we expected a rapid 292 

formation of an interface between pure water and the gel phase, which would form a steep 293 

gradient between the volume fractions of the two phases. We intended to capture the 294 

emergence of the phase partitioning by monitoring the magnitude of the gradient across 295 

the entire mixture, which is given by the following expression:  296 

 
‖𝛁𝛁𝜙𝜙‖ = � ��

∂𝜙𝜙
𝜕𝜕𝑟𝑟
�
2

+ �
∂𝜙𝜙
𝜕𝜕𝑧𝑧
�
2

�

1
2

𝛀𝛀
𝑑𝑑𝐱𝐱, 

(52) 

 297 

Subsequent to the emergence of the interface, we expected that mucilage segregated zones 298 

will eventually span across the domain for sufficiently high initial gel volume fractions. We 299 

denote this spanning behaviour as ‘coalescence’ and anticipated perturbation in our 300 

interface expression defined by eq. (52) as a result.  301 

2.2.7 Simulation protocol 302 

Simulations were conducted for three initial uniform mucilage volume fractions 303 

corresponding to the three mass fractions used in the experiments (9.2, 4.6, and 2.3 mg g-1 304 

corresponding to 𝜙𝜙0= 0.04, 0.02, and 0.01 in Table 1). The dimensionless model was 305 

constructed considering a unit square rotated about the origin (i.e. axisymmetric model about 306 

the centreline), which represents an initial cylinder with radius 2 × 10−3 m (Table 1). Numerical 307 

analysis was carried out using the finite element method (FEM) (Reddy, 1993). In order to 308 

implement the boundary condition in Eq. (50) numerically, we modified Eq. (49) using a Rhie-309 
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Chow smoothening scheme, which introduced a small second order spatial derivative 310 

(Kuzmin, 2010; Yi et al., 2016). As a result, eq. (49) was re-written as  311 

 𝜕𝜕𝚪𝚪(𝑡𝑡, 𝑧𝑧)
𝜕𝜕𝑡𝑡 + 𝑤𝑤

𝜕𝜕𝚪𝚪(𝑡𝑡, 𝑧𝑧)
𝜕𝜕𝑧𝑧 = 𝜖𝜖

𝜕𝜕2𝚪𝚪(𝑡𝑡, 𝑧𝑧)
𝜕𝜕𝑧𝑧2 + 𝑢𝑢,  

(53) 

 where 𝜖𝜖 = 1 × 10−3 was taken as a small parameter that eased the implementation of the 312 

boundary conditions in Eq. (50), but retains the functional form as 𝜖𝜖 → 0. The domain was 313 

partitioned into 5000 quad elements with quadratic basis functions (Reddy, 1993), and 314 

numerical solution carried out using COMSOL MULTIPHYSICS 5.4 (Multiphysics, 2015). 315 

Bespoke equations and boundary conditions were formulated in the coefficient form PDE 316 

module in accordance to Eqs. (40)-(50) and (53). 317 

318 
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3. Results 319 

3.1 Modelled and measured liquid bridge morphologies  320 

Experiments and simulations were carried out to characterise the behaviour of the drying of 321 

mucilage droplet between glass slides, representing a simplified structure that might be found 322 

within a soil pore. Experimental results of the morphological evolution of the liquid bridges 323 

are illustrated in Fig. 3. Fig. 3 A-E illustrates how a liquid bridge comprised of pure water dries 324 

over time, with an abrupt bridge rupture occurring between 11,480s and 11,490s (Fig. 3 B-C). 325 

The resulting droplets are completely evaporated after 13,330s (Fig. 3 D). By contrast, even 326 

in the lowest mucilage content (2.3 mg g-1, Fig. 3 F-J), the persistence of the liquid bridge 327 

volume appears to indicate that the evaporation rate is reduced. Furthermore, none of the 328 

experiments with mucilage exhibit a completely rupturing liquid bridge. In contrast with pure 329 

water, liquid bridges of the mucilage mixtures exhibit a morphological collapsing over time. 330 

In particular, for the lowest mucilage contents (2.3 mg g-1, Fig. 3 F-J), the liquid bridge appears 331 

to have buckled by the 19,770s mark (Fig. 3 J). The liquid bridge for the 4.6 mg g-1 appears to 332 

begin to buckle in on itself at around 13,330s (Fig. 3 N).  While it is not clear where this buckle 333 

occurs exactly for the highest mucilage content (9.2 mg g-1), the liquid bridge morphology 334 

already looks severely distorted at the contact angles by 11,490s, with a very wide base radius 335 

and narrow centre that appears to resist mechanical yielding (Fig. 3 R).  336 

 337 

Fig. 3 Digital microscope results of the morphological evolution of mucilage-water liquid 338 

bridges drying. A-E illustrate the drying for 0.0 mg g-1 (pure water), F-J  for 2.3 mg g-1, K-O  for 339 

4.6 mg g-1, and P-T  for 9.2 mg g-1. B-C highlight the snapping of the liquid bridge and D-E 340 

illustrates the complete evaporations. For the subsequent mixtures F-T, connection between 341 

the two surfaces appear to remain for all of the time points.  342 
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We saw the simulated time evolution of a 2D slice of these droplets for the three initial gel 343 

contents in Fig. 4. Simulation results for the lowest gel content (Fig. 4 A-C) exhibited a critical 344 

accumulation of gel in the corners resulting in phase segregation late into the simulation 345 

(22,250s).   For the medium gel content (Fig. 4 D-F), accumulation occurred earlier (18,250s, 346 

Fig. 4 E) and a subsequent coalescence of the two regions occurred towards the end of the 347 

simulation (22,500s, Fig. 4 F). For the highest gel content (9.2 mg g-1, Fig. 4 G-I), simulations 348 

exhibited an early accumulation at 13,500s (Fig. 4 H) and a coalescence of the regions at 349 

18,000s (Fig. 4 I).  350 

 351 

Fig. 4 Simulation results for drying mucilage mixture for initial uniform gel content of (A-C) 352 
2.3 mg g-1, (D-F) 4.6 mg g-1, and (G-I) 9.2 mg g-1. The 2.3 mg g-1 mixture exhibits 353 
accumulation at 22,250s The 4.6 mg g-1 accumulating at 18,250s (g) and coalescing at 354 
22,500s (h). As the 9.2 mg g-1 mixture dries, gel begins to accumulate after 13,500s (K) and 355 
coalesce 18,000s (L).  356 

 357 

Comparison between the modelled 3D geometry and the MRI measured liquid bridges were 358 

highlighted in Fig. 5. MRI images were taken both from the top and from the side, and the outcome 359 
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is the water distribution in the different regions of the liquid bridge with yellow highlighting the 360 

region with high water content (Fig. 5. D-I). From the top view of both model and experiments, 361 

water appeared to be centred in high concentrations for most of the images. The 362 

axisymmetric compatibility appeared to be consistent up to 14400s (Fig. 5 G), which would 363 

have been taken after the accumulation phase at 13,500s (Fig. 5 B). 364 

 365 

 366 

Fig. 5 Comparison of 3D morphological features from the modelled liquid bridge and the MRI 367 

measured liquid bridge experiments. A-C highlight the 3D representation of the 2D 368 

axisymmetric simulation, highlighting the accumulation (B) and potential coalescence (C) with 369 

a narrowing pure water subdomain in the simulated system. MRI experiments (D-I) illustrate 370 

top and side view of a liquid bridge drying, with the bright yellow spot highlighting the region 371 

with high water content. As the bridge dries, the top view illustrates a narrowing of the region 372 

with highest water content in the centre (D-G) up to the moment when the liquid bridge begins 373 

to buckle (H-I). 374 

 375 

  376 
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3.2 Quantifying modelled and measured transition stages 377 

In order to quantify more general physical trends, we used the model to monitor the evolution 378 

of the gradient between the pure water and mucilage gel phase (Fig. 6). Fig. 6 A demonstrated 379 

that the magnitude of the gradient (a measure of the water-gel interface) spikes up in 380 

correspondence with the accumulation times seen in Fig. 4. Subsequently, a sudden drop 381 

occurred in the gradient at the corresponding times of coalescence (Fig. 6 A and Fig. 4). 382 

Monitoring the evolution of the gradient with respect to the domain mean gel volume fraction 383 

instead of time highlighted two critical mean volume fractions that more generally induced 384 

accumulation and coalescence (Fig. 6 B). Results indicated that under the current simulation 385 

geometries, accumulation occurred near a domain average gel volume fraction of 〈𝜙𝜙〉 = 0.18 386 

and coalescence was guaranteed just after the domain average gel volume fraction 387 

exceeds 〈𝜙𝜙〉 = 0.36.  Due to the curves collapsing on one another in Fig. 6 B, we concluded 388 

that this is a general trend for all initial gel volume fractions considering the initial geometry 389 

in this study.  390 

 391 

Fig. 6 Quantification of accumulation and coalescence dynamics in the simulated drying liquid 392 

bridge mucilage mixtures. A illustrates that accumulation results in a sharp increase in the 393 

phase gradient for all simulated initial volume fractions (9.2, 4.6, and 2.3 mg g-1) 394 

corresponding to the simulated time that segregation occurs. For the 9.2 and 4.6 mg g-1 395 

simulations, coalescence occurs at times corresponding to the drop in the norm of the 396 
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gradients. B highlights that all of the various curves buckle onto one another when looking at 397 

the norm of the gradient as a function of the domain mean mucilage volume fraction, 398 

indicating that there are critical gel volume fractions that trigger accumulation and 399 

coalescence. 400 

Finally, we monitored the experimental changes in the liquid bridge contact angles in order 401 

to identify when bridge buckles occur (Fig. 7). Results showed that the bridges with mucilage 402 

content 9.2 mg g-1 buckled earliest, with the mean contact angle beginning to increase at 403 

around 12,000s. The contact angles of bridges with mucilage content 4.6 mg g-1 began to rise 404 

at around 13,000s.  The mixtures with the lowest mucilage content began a monotonic 405 

increase at around 18,000s. For the highest and lowest initial gel contents, the measured 406 

contact angles begin to rise (Fig. 7) at times close to the model predicted accumulation times 407 

(as illustrated with dashed lines at 13,500s and 22,250s respectively), indicating a likely link 408 

between the accumulation times and the liquid bridge buckle times. 409 

 410 

 411 

Fig. 7 Evolution of the measured mean contact angle over time. The left axis corresponds to 412 

the solid curves and details the contact angle of measured liquid bridges. The right axis 413 

corresponds to the dashed lines and detail the formation of an interface between gel and 414 

water within the mixture. Contact angles appear to reduce over time up to a certain point and 415 

then begin to rapidly rise. This rapid rise in contact angle is likely results from the liquid bridge 416 

collapsing. The buckle occurs earliest for the 9.2 mg g-1 mixture, slightly later for the 4.6 mg g-417 
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1 mixture and much later for the 2.3 mg g-1 mixture. Shaded regions represent standard 418 

deviations (n=3). Simulated magnitudes of phase separation is plotted behind the data to 419 

demonstrate consistency with trends. 420 

4. Discussion 421 

This study presented a complimentary coupling of experimental measurements and model 422 

predictions outlining relevant pore scale processes associated with drying mucilage mixtures. 423 

This approach allows us to investigate the mechanisms behind experimental observations 424 

such as increased water retention in the rhizosphere (Carminati et al., 2010), and provides a 425 

basis for understanding the spatial extent of rhizosphere influence (Kuzyakov and Razavi, 426 

2019). Introducing mucilage-water mixtures between glass slides produced liquid bridges, 427 

which was an idealised representation of how a water-mucilage mixture would orient itself 428 

within the pore space of a sandy soil fixing many of the geometric complexities. Results in this 429 

study reiterated previous findings suggesting the role of mucilage in increasing soil water 430 

retention properties potentially leading to increased drought tolerance (Carminati et al., 431 

2016). However, our modelling approach can explain these phenomena without relying on 432 

top down empirical assumptions.  433 

Experimental results highlighted the persistence of mucilage bridge structures between the 434 

two glass slides over the entire duration of the experiments (Fig. 3). These bridge structures 435 

were maintained long after a liquid bridge of pure water would have snapped and completely 436 

evaporated (Fig. 3 A-E). Modelling of liquid bridges predicted a spatial distribution of mucilage 437 

gel under drying that would further impede evaporative fluxes (Fig. 4). Model predictions and 438 

MRI images (Fig. 5 A-C) suggested that gel and the resulting polymeric structures can span 439 

between the glass slides, which would also act to physically impede evaporation and retain 440 

water. In soil, the persistence of mucilage bridges compared with water is expected to 441 

enhance water retention by modifying pore geometry in a way that would allow capillary 442 

bridges to form. They may also increase water uptake by plants by maintaining hydraulic 443 

connectivity (Carminati et al., 2011; Ahmed et al., 2014). These morphological characteristics 444 

provide predictable pore-scale details that explain the enhanced soil water retention seen in 445 

previous studies while relinquishing their explicit reliance on soil water characteristic 446 

parameters (Ahmed et al., 2014). This study therefore develops our understanding of how 447 

plants can modify their local environment to construct a niche in which they can grow. 448 
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Modelled and measured liquid bridges were consistent while the experimental bridges were 449 

symmetric. Asymmetries could not be captured in the numerical simulations since the model 450 

setup assumed cylindrically axisymmetric; as a result cylindrical structures were retained 451 

about the central axis throughout the entirety of all of the simulations (Fig. 5 A-C). The 452 

modelled liquid bridge morphology and, to some extent, the accumulation of phases had 453 

similar features to those seen in the MRI images (Fig. 5 D-G). However, MRI images showed a 454 

critical moment when the liquid bridge changed its morphology and ultimately buckled (Fig. 455 

5 H-I). The buckling can be explained by mechanical instabilities similar to fine sinusoidal 456 

wrinkling that occurs on the surface of mechanically compressed solid capillaries, which 457 

indicated that a phase transition had taken place (MacLaurin et al., 2012, 2013). The model 458 

predicted a local onset of gel accumulation around the outer edge corners of the drying 459 

mixture (Fig. 5 B and G). These subdomains of gel would have the aforementioned 460 

characteristics (i.e. high viscosity), which would likely lead to asymmetries that occur prior to 461 

the subsequent buckling as seen in the MRI experiments (Fig. 5 H-I). Assuming the gel 462 

accumulation in our model can be associated with those asymmetric patterns in the 463 

experiments, our model provides a method for characterising critical transition points without 464 

the need for modelling the actual change from liquid to solid or resolving the capillary 465 

bucking, which would require an entirely different approach (MacLaurin et al., 2012, 2013). 466 

Currently this is beyond the scope of this paper, but we will in future use this approach to 467 

better understand state changes in rhizosphere gels, which would enable us to investigate 468 

critical timings and moisture contents of soil for water retention, capillarity, and therefore 469 

drought tolerance of different plants. 470 

Comparison between the mucilage accumulation times (i.e. formation of phase gradient, Fig. 471 

6) and the times of liquid bridge buckle (i.e. rise of the measured contact angle, Fig. 7), 472 

illustrated a correlation between the occurrence of these events and the mucilage 473 

concentration, which is consistent with the aforementioned assumptions. While there was 474 

agreement between the model and experimental measurements, there were still certain 475 

minor discrepancies between the two. The strict symmetric condition imposed in the model 476 

resulted in uniform recession of the liquid bridge based on uniform evaporative fluxes across 477 

the surface (Fig. 4). This is unlikely to be the case in the actual measured system, as regions 478 

with highly accumulated gel are likely to reduce the local evaporative fluxes, thus non-uniform 479 
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evaporation rates are likely to occur (see accumulation regions in Fig. 4). Furthermore, the 480 

frictional effects that likely occurred in the experimental measurements will further perturb 481 

the uniformity of evaporation along with the uniformity of the surface recession. Minor 482 

differences between the modelled and measured results (particularly for the 4.6 mg g-1 case) 483 

can be attributed to the experimental variability (Fig. 7). As a result, liquid bridges may have 484 

buckled slightly earlier than the model would have predicted this onset to take place for the 485 

low mucilage content experiment (2.3 mg g-1).  486 

Results highlighted several mechanistic behaviours that were either overlooked or 487 

oversimplified in earlier studies. The multifaceted manner by which the liquid bridges dry (i.e. 488 

gel accumulation, gel coalesces shield, evolution in contact angle) provides information that 489 

fundamentally explains the impact that mucilage has on water retention and flow. This was 490 

previously handled by inclusion of a semi-empirical adsorptive potential (Carminati et al., 491 

2017) or changes and soil hydraulic conductivity (Landl et al., 2021), which are both functions 492 

of mucilage concentration, and neglecting explicit water-gel interfaces. In our model we 493 

identify the regions of accumulation where fluid is reduced in mobility, which would impede 494 

flow of water within subdomains. This explains on a mechanistic level the impact of mucilage 495 

on water, and in particular immobilisation in places where mucilage accumulates. In previous 496 

studies, these effects were assumed but never investigated mechanistically (Carminati et al., 497 

2017).  498 

Our results also show that the volume fraction of the gel phase may be able to diffuse freely 499 

at low volume fractions (i.e. low fibre concentrations in the water), which is consistent with 500 

previous pore scale models (Cooper et al., 2018). However, a fibre concentration gradient 501 

resulting from strict Fickian diffusion might not adequately capture gel distributions in the soil 502 

pore space, especially when considering pore scale evaporative fluxes of water. At the 503 

rhizosphere scale, our results demonstrate that the gel accumulates on surfaces adjacent to 504 

the evaporation front. This allows for a mechanistic description of the steep drops in fibre 505 

concentrations previously monitored (Ahmed et al., 2014). Furthermore, plant mucilage 506 

provides a source of carbon that primes and stimulates soil microbial activity (Kuzyakov and 507 

Blagodatskaya, 2015). The locality of the gel accumulation after a drying cycle would restrict 508 

the spatial availability of nutrient sources for microbial activity to distinct pockets in the soil 509 

pore space.  510 
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The current model proposed in this study is one of the first multi-phase descriptions of pure 511 

water and gel surrounded by air in a deforming mixed phase domain, demonstrating the 512 

feasibility of modelling domains that change in shape and size. This model demonstrates the 513 

importance of considering multiphase soil models that no longer rely on fixed domain 514 

skeletons, thus allowing for potential evolution of particle boundaries and the pore space. 515 

However, for the purpose of describing the current experimental system, the model considers 516 

several simplifications as stated before. Many of these were due to the difficulties associated 517 

with numerical stability. Future studies might be able to overcome some of these 518 

shortcomings by estimating the gel accumulation on a non-deforming domain considering 519 

indicator function that quantifies the virtual boundary of the mixed phase subdomain. This 520 

would enable application of the current model for image based studies, similar to Cooper et 521 

al. (Cooper et al., 2018). Furthermore, consideration of frictional affects will help to describe 522 

the heterogeneous drying and possibly even the bridge buckle seen in the measurements. We 523 

note that the model was developed for Chia mucilage. However, the model description is 524 

general, thus we expect similar characteristics for actual root mucilage (Flory, 1953) and even 525 

EPS formed by bacteria colonies (Or et al., 2007). This approach could also be used to compare 526 

exudates from different plants (Naveed et al., 2017) or bacterial EPS, which may have 527 

different compositions and therefore slightly different polymer behaviour, or at different 528 

scales of domain (i.e. changing soil structures) furthering our understanding of how different 529 

plants modify their environments in different ways. 530 

Extending our modelling approach to bacterially formed EPS in the soil pore space can 531 

improve our understanding of microbial habitats under dynamic environmental conditions 532 

(i.e. wetting and drying events). Bacteria without flagella cannot actively manoeuvre in soil, 533 

thus changes in moisture content can potentially flush these bacteria out of the soil (Tecon 534 

and Or, 2017). Furthermore, as soil dries, microbial communities may become locally pinned 535 

down resulting in death(Dechesne et al., 2010). Production of EPS would enable the microbial 536 

community to form a potentially resilient biofilm that can retain fluids internally under drying. 537 

This can also help to keep the community adhered and healthy in their location. These 538 

polymeric structures will further enhance local soil aggregation and formation(Six et al., 539 

2000), which will also enhance soil water retention characteristics. Furthermore, while not 540 

explicitly included in the current study, microbial activity will likely break down rhizodeposites 541 
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within soil. While microbial assimilated carbon will be respired, microbes will invest certain 542 

proportions (~30%) to form EPS and other extracellular enzymes essential for breaking down 543 

soil organic matter (Schimel and Schaeffer, 2012).  Thus, a proportion of microbial assimilated 544 

plant exudates (<30%) can be redistributed in the soil in the form of microbial communities 545 

in EPS at scales smaller than that of the rhizosphere. It’s worth noting that the exact rates and 546 

proportions of these carbon transformations in soil are thought to vary widely (Schimel and 547 

Schaeffer, 2012). 548 

Besides plant roots and microbial communities, soil fauna such as earthworms also produce 549 

mucus and casts that they use to line and, thus, reinforce their burrows (Jégou et al., 2001). 550 

Earthworm excretion is notably rich in adhesive compounds (Brown et al., 2000), which are 551 

likely to have similar physical characteristics to microbial EPS. Our model predicts that a drying 552 

water EPS mixture would result in a hydrophobic outer layer. If such a layer were present 553 

along the surface of earthworm galleries, this would enable their burrowing structures to 554 

persist after mild precipitation events. Similar compounds are excreted by other soil fauna, 555 

such as termites (Jouquet et al., 2021). In more arid regions where termites reside, the 556 

polymeric compounds that they excrete act to reduce the adverse impacts of wind erosion 557 

on soil through mechanical binding (i.e. soil aggregation). These mechanical effects are 558 

currently considered to be out of the scope of the current study, but will be looked at in 559 

further studies. 560 

In conclusion, we have combined experimental and modelling approaches to provide a 561 

mechanistic underpinning for experimental observations of the behaviours of plant and 562 

potentially microbial derived EPS in soil. Our work contributes to the understanding of how 563 

plant mucilage or more generally EPS in soil changes over time under drying conditions, 564 

identifies indicators of the transition from liquid to solid film in accordance with the modelled 565 

onset of accumulation, which helps to explain the localised increases in water retention 566 

observed in the EPS modified soil structure. We found that higher mucilage concentration 567 

was associated with earlier polymer accumulation and bridge buckling. Although it is difficult 568 

to measure in situ mucilage concentrations, previous studies have reported increased 569 

mucilage exudation in drier conditions (Albalasmeh and Ghezzehei, 2014), which may mean 570 

that local concentrations are higher in dry soils. Although the carbon cost of exudation is high, 571 

mucilage exudation contributes to the formation of a rhizosheath (Ruiz et al., 2019) 572 
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(Albalasmeh and Ghezzehei, 2014), the presence and thickness of which is associated with 573 

drought tolerance (Basirat et al., 2019). If mucilage drying and phase transition contributes to 574 

soil aggregation and rhizosheath formation, then earlier phase transitions could help with a 575 

more rapid formation of the rhizosheath. If so, exuding mucilage at a higher concentration 576 

(and therefore carbon cost) could help plants respond more rapidly to drying conditions, 577 

granting them enhanced drought tolerance early on.  578 

The model we have developed provides the basis for an approach that could be developed 579 

further to test evolution of mucilage in realistic and even image-based geometries, allowing 580 

us to better understand how mucilage affects the behaviour of real soil. As well as the drying 581 

process investigated here, it would be possible to build a model to investigate rewetting, 582 

which could elucidate the water repellency observed in dried mucilage (Moradi et al., 2012). 583 

However, to apply the approach to image-based models and to test different scenarios, it will 584 

be necessary to adapt the model, perhaps taking a different approach to building the 585 

deforming boundary which is currently the major factor causing difficulties with the model. 586 

Lastly, while the pore scale information is useful for describing how these mechanisms work 587 

fundamentally, upscaling these results is important to incorporate this information into 588 

typical larger scale soil modelling (Daly and Roose, 2015).  589 

590 
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