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1 Aboveground data collection 

Plants of three species, gum rockrose (Cistus ladanifer L.), rosemary (Salvia rosmarinus 

Schleid.), and hairy-fruited broom (Cytisus striatus [Hill] Rothm), were sampled in eight 

selected plots within this area. The plots were selected in order to represent a wide variety of 

sizes and inter-plant distances of focal Mediterranean shrub species. For each plot, a 2x2m 

quadrant was marked in the soil to serve as a spatial reference, and a varying number of focal 

individual plants were selected within each plot. The plot 01 was sampled during the months 

of September and October of 2018, and root samples were identified using microsatellite 

marker analysis. This plot, located in a flat area and dominated by rosemary plants, was 

selected only because reference microsatellite markers had been developed for this particular 

species (Segarra-Moragues & Gleiser, 2009). We selected 14 presumably physiologically 

different individuals in the plot and its surroundings, i.e. 14 groups of plant tissues 

functionally connected by transportation tissues. Plots 02 to 08 were sampled during the 

months of August, September, and October of 2019, right after the dry season when soils 

were expected to be the driest of the year. Root samples in these plots were identified by dye 

injection, and a maximum of five focal individuals were selected in each plot, as we worked 

with five different colors of dye. Plot 02 was used to test the staining method and will not be 

further considered.  

After selecting and marking out each plot, plant height was first measured in situ from the 

ground level to the highest point of the plant canopy. Two stem diameter measures for each 

focal plant were taken at the ground level: in the widest direction and in a direction that was 

perpendicular to the first. The mean diameter was then recorded. The crown projection for 

each selected shrub in the plot was registered using drone (DJITM Mavic Pro) photography. 

For each individual plant, surrounding plants were covered using white fabric, and zenithal 

drone photographs including 30 x 60 cm reference boards were taken. Individual crown area 

was calculated using the photographs, controlling for each shrub crown height and the 

camera’s angular size. For the particular case of plot 01, a leaf sample was collected from 

each of the 14 individuals and kept in silica gel in order to create a library of the genotypes 

of the focal individuals in the plot.  
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Individuals were then collected by cutting their above-ground parts from ground level. For 

plots 03 to 08, some branches of each shrub were collected before plant injection, as dye was 

injected through those cut branches, and the rest of aboveground material was collected after 

injection. Aboveground parts were brought to the lab and dried in constant temperature, 

leaving the plot bare and ready for coring. In the lab, each plant’s aboveground 

photosynthetic and non-photosynthetic material were separated and weighed. For both 

rosemary and gum rockrose, leaves were considered photosynthetic biomass and twigs and 

branches were considered non-photosynthetic biomass. However, brooms are generally 

leafless shrubs (they only produce vestigial small leaves that fall shortly after growing), and 

young twigs are the principal photosynthetic organs. For that species, photosynthetic twigs 

(sometimes including some vestigial leaves) were identified by their diameter (smaller than 

5 mm) and by their greenish-grey color, and considered photosynthetic biomass.  

 

2 Core extraction using a mechanical diamond drill, and preliminary 

sample processing 

After collecting all the aboveground biomass in the plot and its surroundings, soil samples 

were extracted. In order to extract representative samples from a difficult medium, as is the 

case of the ranker soil in our study site, we designed a platform that allowed us to adapt a 

two-meter tall HusqvarnaTM DS-450 column, a tool serving as support for the DM-340 

drilling engine. To operate the machine in the field, we used a 6 kW diesel autonomous power 

generator (PramacTM PX8000). The platform is a sled-shaped structure made of steel, 

consisting of two parallel two-meter bars, resistant to bending, fixed to three metallic wide 

boards. Two lateral boards hold heavy objects in order to stabilize the platform. The central 

board is adapted to fix the column. Large iron staples are used to fix the bars to the soil, 

resisting torque due to the rotation of the drill bit in the soil (Fig SM 1-2). With this 

adaptation, we were able to use the diamond core drilling machine to successfully extract 

roots in the field, coring large, representative samples from stony soils (Fig SM 3). The 

extraction was effective, usually taking around 5 to 20 minutes to remove an 80 cm deep core 

of about 10.4 cm in diameter (SM video part 3). 
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We sampled the soil following a nearly regular pattern of core extractions in each plot and 

its surroundings. Several samples were extracted from each core based on a vertical 

stratification. In each position at the ground surface level a first sample was extracted and 

subsequent samples were extracted in the same location (core) from deeper soil layers (see 

SM - 3D plot maps). We used the scale available in the sides of the drilling column to control 

for coring depth. While specific depth classes were targeted, the actual depth limits of each 

sample was variable. We measured and noted the actual initial and final depth for each 

extracted sample using a measuring tape before and after the extraction of each sample. 

 

Figure SM 1: Technical specifications; materials needed to assemble a platform to use the Husqvarna 

DS-450 column in the field. 
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Samples were sifted using a 2 mm sieve. In both fractions (passed and retained by the sieve), 

roots and mineral matter was found. Mineral components recovered in the sieve were rocks 

and gravel, whose volume was measured with graduated beakers partially filled with water. 

The percentage of stones and gravel in each sample was calculated based on this volume and 

the total volume of the core as a function of the length of the soil sample (core vertical 

partition) and the core diameter (104 mm). Roots recovered in the sieve with evident signs 

of being dead (hollow, rotten, or excessively dry and easy to break) were discarded. The 

remaining samples recovered in the sieve from the plot 01 were kept in silica gel inside 

hermetic zip bags at all times, and all the remaining root samples were kept in paper bags.  

All root samples recovered in the sieve were brought to the lab, and cleaned with a dry brush. 

For root-plant linking purposes, every root sample was assigned a root numerical code. 

Additionally, every root fragment with a diameter bigger than 0.5 mm was assigned fragment 

numerical code, so that for roots that had ramifications each root branch was considered as a 

different root fragment. The diameter of each root fragment was calculated as the mean of 

two perpendicular diameter measures taken near its center with a digital caliper (precision 

0.01 mm). For roots with a diameter smaller than 0.5 mm, only the diameter class (Ø < 0.5 

mm) was noted. Dry biomass of each root fragment, and for total Ø < 0.5 mm roots in bulk, 

was recorded, using a precision balance (±0.1 mg). 

 

Figure SM 2: Assembling the platform designed to provide a stable support for the drilling machine 

for ecological field work: a- schematic instructions and b- actual photograph of the platform being 

assembled. 
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Figure SM3: Schematic showing the mechanical coring system. Drilling machine: a- column; b- 

column scale, c- drilling engine; d- diamond core drill bit; e- sled-shaped steel platform holding the 

machine; f- heavy objects located in the terminal boards (leverage); g- at least four staple pins to fix 

the platform bars to the substrate (to resist torque); h- actual photograph of the coring mechanism. 

 

Finally, we processed the fraction of soil that passed through the sieve in the field, in order 

to recover the organic matter, which was mostly composed of fine roots. To that end, samples 

were introduced in a bucket with water and stirred energetically for at least 30 seconds. After 

stirring, we left the materials to rest for a minute during which mineral components were 

deposited as sediment, and the floating fraction was recovered using a 0.5 mm mesh sieve. 

All the sediment and water were discarded, and the organic fraction recovered by flotation 

was flushed with fresh water in the mesh to remove fine mineral particles, oven-dried, and 

fine roots were separated from contamination materials using plastic plates inclined at 30º 

and struck lightly and repeatedly with circular movements, until heavier organic particles 

were collected in the lower part of the plate and discarded. Recovered fine roots from each 

soil sample were weighed and dry biomass was recorded. 

 

3 Mapping 3D relative position of plants and soil samples 

A spatial reference for each plot was recorded with a drone photograph using poles forming 

approximately a 2 x 2 m quadrat defining a horizontal plane [𝑥, 𝑦]. After removing 
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aboveground biomass from the focal plants, but before coring, a second drone photograph 

was taken to record the location of each plant (the insertion points of the stem to the soil 

surface) relative to the poles. Several cores were extracted within or surrounding each plot, 

and then one last drone photograph was taken to record the location of the cores (center of 

the circle formed by the projection of the core to the ground surface) relative to the poles. 

The combination of all drone photographs allowed us to draw a full map of each plot 

including the positions and [𝑥, 𝑦] coordinates of plants and cores (Fig SM 4).  

 

Figure SM 4: Mapping the plot with drone photography: a- spatial references of the plot using 

reference 60x30cm orange boards, b- locating the plant insertion points (1-5), c- locating the core 

centers (1-15), and d- final map, where poles of different colors are marked, connected by a short-
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dashed line, and the coordinates system, which origin was the red pole, is defined by the 1x1 meter 

square projected in long-dashed lines. Plants are represented by green x symbols, and cores are 

represented by blue + symbols. 

 

We defined a third coordinate 𝑧 that represents the vertical spatial dimension. To determine 

the coordinate 𝑧 of objects, we assumed that soil surface was a plane, and we determined the 

slope of such plane. We used a laser level located in the center of the plot, and calculated the 

relative height of the insertion of each pole to the soil surface (Fig SM 5). To attribute a 𝑧 

coordinate to each pole, we fixed the [x, y] = [0,0] pole coordinates at z = 0 and fitted the 

slope of the plane to the relative height registered at the other poles. Knowing this slope, we 

were able to predict 𝑧 for any object located at the ground level based on their [𝑥, 𝑦] 

coordinates. Because we stratified each soil core in the samples, the mean 𝑧 coordinate for 

each sample could be approximated as the ground level z coordinate minus the mean depth 

of the sample. In this way we found the coordinates of the centroid for each cylinder-shaped 

soil sample. 

 

 

Figure SM 5: Photography showing the measure of the slope in plot 07, using a laser level that was 

located in the center of the plot (right) leveled in a horizontal position (inset) to measure the relative 

height of the plot poles (left). 
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4 Microsatellite marker analyses 

The 839 root fragments and 14 leaf samples collected from plot 01 were kept in silica gel at 

room temperature at all times until they were brought to the DNA analysis lab. Because the 

number of collected roots was relatively large, and the cost of the DNA analysis per sample 

was high, we selected only the roots with a diameter higher than 1mm for the analyses. By 

doing so, we discarded about 50% of the root samples. The selected roots were analyzed 

fragment by fragment, following a dual approach: first, we verified that the samples belonged 

to Salvia rosmarinus using DNA barcoding; then, all rosemary root and leaf samples were 

genotyped using 6 different microsatellite loci.  

Since RAD-seq or RAD-seq-like approaches are not species-specific genotyping methods, 

fungal or bacterial DNA present in the roots might interfere during genotyping. Even though 

the methodological accuracy would depend on the proportion of plant DNA / simbiont DNA, 

following Lang et al. (2010) and considering the costs of each approach, we decided to use 

the microsatellite markers specifically developed for Salvia rosmarinus (Segarra-Moragues 

& Gleiser, 2009) rather than a RAD-seq-like method, to overcome any problems related to 

sample contamination with symbiont DNA. 

4.1 DNA isolation 

DNA isolation from leaf and root samples was carried out using the ISOLATE II Plant DNA 

Kit (Bioline) and the DNeasy PowerSoil DNA Isolation kit (Qiagen), respectively. A 

negative control that contained no sample was included in every isolation round to check for 

contamination during the experiments. 

4.2 DNA barcoding 

Two candidate DNA barcode regions were tested for their potential to accurately identify 

Salvia rosmarinus samples: the internal transcribed spacer 2 (ITS2) region of nuclear 

ribosomal DNA and a region of the chloroplast ribulose-1,5-bisphosphate 

carboxylase/oxygenase large subunit (rbcL) gene. Based on the results of this preliminary 

test, the rbcL region was selected as the optimal DNA barcode for this project, since it yielded 

a more specific amplification pattern in root samples, a higher rate of sequence recovery, and 

a similar discriminatory power compared to the ITS2 region (data not shown). The primer 
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pair rbcLa-F (5’ ATG TCA CCA CAA ACA GAG ACT AAA GC 3’) (Levin et al., 2003) 

and rbcLa-R (5’ GTA AAA TCA AGT CCA CCR CG 3’) (Kress et al., 2009) was used to 

amplify a fragment of approximately 550 base pairs (bp) of the rbcL region by polymerase 

chain reaction (PCR).  

PCR reactions were carried out in a final volume of 25 μL, containing 12.5 μL of Supreme 

NZYTaq Green PCR Master MixTM (NZYTech), 0.5 μM of each primer, 2.5 μL of the 

template DNA solution, and PCR-grade water up to 25 μL. The thermal cycling conditions 

were as follows: an initial denaturation step at 95 ºC for 5 minute, followed by 35 cycles of 

denaturation at 95 ºC for 30 seconds; annealing at 51 ºC for 30 seconds; extension at 72 ºC 

for 1 minute; and a final extension step at 72 ºC for 5 minutes. A negative control that 

contained no DNA was included in every PCR round to check for cross-contamination. PCR 

products were run on 2 % agarose gels stained with GreenSafe PremiumTM (NZYTech), and 

imaged under UV light to verify the amplicon size. PCR products of the 19 root samples that 

yielded a single amplicon of the expected size were bi-directionally sequenced using the PCR 

primers in an ABI 3730xl sequencer (Thermo Fisher Scientific). The PCR products obtained 

from two leaf samples were also sequenced, as positive controls.  

Electropherogram analysis and overlapping was conducted in Geneious 11.1.5 (Biomatters 

Ltd). During electropherogram analysis, the primer annealing regions and the low quality 

regions at both ends of each electropherogram were trimmed (error probability limit of 0.03). 

Sequence reads were manually checked for sequencing errors and ambiguous base calls. 

Samples were identified to the species-level by comparing the sequences obtained with the 

rbcL barcode records available in two public reference databases: DDBJ/ENA/GenBank 

(International Nucleotide Sequence Database Collaboration) and BOLD (the Barcode of Life 

Data Systems). The best-matching reference rbcL barcode was found using the best close 

match method (sensu Meier, Shiyang, Vaidya, & Ng, 2006) and the Sequence Classifier tool 

in Geneious 11.1.5. 

4.3 Microsatellite genotyping 

A pilot project was carried out to test the performance of the 12 microsatellite loci developed 

by Segarra-Moragues & Gleiser (2009) (data not shown). Based on the results, the following 
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loci were selected for genotyping: Roff438, Roff850, Roff203, Roff101, Roff135, and 

Roff424. 

A total number of 14 leaf samples and 217 root fragments whose species identity was 

confirmed as rosemary were genotyped using the 6 microsatellite loci. PCRs were performed 

in a final reaction volume of 12.5 μL, containing 1 μL of DNA (10 ng/ μL), 6.25 uL of the 

Type-it Multiplex PCR Master Mix, 2x, included in the Type-it Microsatellite PCR Kit 

(Qiagen), 4 μL of PCR-grade water, and 1.25 μL of the primer mix. The optimal PCR 

protocol consisted of an initial denaturation step at 95 ºC for five minutes, followed by 30 

cycles of 95 ºC for 30 seconds, 57 ºC for 90 seconds, 72 ºC for 30 seconds; eight cycles of 

95 ºC for 30 seconds, 53 ºC for 90 seconds, 72 ºC for 30 seconds; and a final extension step 

at 68 ºC for 30 minutes. All PCR batches included a negative control to check for potential 

cross-contamination. Oligonucleotide tails were attached to the 5’ ends of the primers to 

allow for fluorescent labelling (Schuelke, 2000). The oligonucleotide tails used were the 

universal sequences M13 (GGA AAC AGC TAT GAC CAT), CAG (CAG TCG GGC GTC 

ATC), and T3 (AAT TAA CCC TCA CTA AAG GG). The three oligonucleotides were 

labelled with the HEX dye, the 6-FAM dye, and the TAMRA dye, respectively. PCR 

products were run in agarose gels stained with GreenSafeTM (NZYTech), and imaged under 

UV light to verify the amplicon sizes. PCR products were subsequently subjected to fragment 

analysis in an ABI 3730xl sequencer (Thermo Fisher Scientific), under the “fragment 

analysis” mode. Alleles were called using Geneious 11.1.5. In order to avoid the generation 

of false variability, an allele was not called if its pattern was unclear. 

 

5 Plant injections with dyes  

The roots of individual plants in plots 03 to 08 were identified using plant injection with dyes. 

Plants were stained in situ using fresh flower colorants (LiquiplastTM dye for cut flowers and 

ornamental leaves) of five different colors (red, green, yellow, purple, and blue) before the 

core extraction. Each focal individual plant was stained in a different color in each plot (SM 

video part 2). The dye solutions were prepared at a concentration of 10 g l-1 using pure water.  
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For staining, one or several branches per plant were cut leaving at least 10 cm of margin 

before the closest branching node. The first 2-4 cm below the cut were sanded to eliminate 

bark irregularities. The sanded surface was covered with vacuum grease (Dow CorningTM 

high vacuum grease), wrapped with wax film (ParafilmTM), and covered with a second, thick 

layer of vacuum grease. The first 6-8cm of the branch were fitted inside a PVC transparent 

tube (RefittexTM Cristallo). A first metal clamp was tightened around the tube on top of the 

sanded area, in order to seal the air inside the tube. A second metal clamp was tightened 

around the tube below the sanded area in order to create resistance against the tube sliding 

out due to the pressure. The tube was filled with colorant, and then connected using a system 

of hoses and push-in fittings (NorgrenTM Pneufit C) to a nitrogen cylinder with a pressure 

regulator (HarrisTM Model 601 Nitrogen) (Fig SM 6) (SM video). 

 

Figure SM 6: Schematic showing the adapted staining system. a- Compressed gas cylinder; b- gas 

pressure regulator; c- pneumatic hose; d- push-in fitting diverting to several plants; e- faucet; f- fitting 

connected to barb fitting adaptor; g- transparent PVC tube; h- dye; i- metal clamp holding the tube 

on sanded branch surface; j- metal clamp holding the tube on non-altered branch surface; k- actual 

photograph of the system in the field (plot 04). 



14 
 

5.1 Hydraulic model 

We developed a hydraulic model to estimate the velocity of dye in the stem vessels assuming 

10 m of vessel, when the water potential inside the root is the same as the water potential of 

the dye: 𝑣10(𝑓)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. Generally, the direction of water movement between two points of space 

can be predicted in base to the water potential (Ψ𝑤, MPa) of each point. We can define the 

difference in water potential between systems A and B as ΔΨ𝑤 = Ψ𝑤
𝐴 − Ψ𝑤

𝐵, such that a 

positive ΔΨ𝑤 indicates that water spontaneously moves from A to B (see Kirkham 2014 for 

this and the rest of this section). The flux of such movement will depend on this difference 

as well as on the radius and the length of the transporting vessels, and the viscosity of the 

fluid (Fig SM 7 a). 

 

Figure SM 7: Simplified schematic of the hydraulics behind the staining method. a- General drivers 

of mass flow movements in the plant stem. b- Schematic of the detailed hydraulic processes 

happening during plant injection with dyes, including (i.) mass flow caused by the pressure difference 

in the PVC tube and the plant vessels, (ii.) solvent diffusion between sap and dye, (iii.) water diffusion 

from roots to soil through root membranes, and (vi.) the diffusion of water in soil after leaving the 

root, in which interior the dye concentrates. 

 

In the hydraulic system represented by the plant injection setup, four particular processes are 

driving the descent of the dye to the roots (Fig SM 7 b). Let’s first consider the processes 

happening at the level of the stem vessels. The volume connecting the interior of the PVC 

tube to the root tips in not interrupted by any membrane, because the branch through which 

the injection is performed has been cut. Ignoring the gravity potential, which is at this scale 
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negligible, we can assume that the water potential difference only depends on the pressure 

gradient. This means that 

 ΔΨ𝑊
𝑟−𝑡 = 𝜓𝑃

𝑟𝑜𝑜𝑡 −  𝜓𝑃
𝑡𝑢𝑏𝑒 [SM1] 

(where 𝜓𝑃 stands for a pressure potential) will give the direction of the mass flow in the stem. 

Because the composition of dye and the sap are different, we can presume that some colorant 

molecules can diffuse towards the sap (and vice versa) independently from the mass flow, 

yet this second process is presumably very slow as compared to the mass flow.  

The other two processes happen at the level of the root/soil interphase, where a membrane 

that is permeable to water separate the two media. Here, only water, and not the solutes, will 

flow through the membrane, and the direction of such flow will be determined by  

 ΔΨ𝑤
𝑠−𝑟 = 𝜓𝑃

𝑟𝑜𝑜𝑡 + 𝜓π
𝑟𝑜𝑜𝑡 − 𝜓M

𝑠𝑜𝑖𝑙  [SM2] 

where 𝜓𝜋 stands for an osmotic potential (at atmospheric pressure and a temperature of 25 

ºC, pure water has an osmotic potential of about 0 MPa) and 𝜓𝑀 is a matrix potential, caused 

by the adhesive forces of solid particles together with solutes (similar to the osmotic potential, 

for media with solid particles). Note that soil atmosphere is an open system and hence it is 

always at the atmospheric pressure, which in hydraulics is often considered the zero pressure 

potential. Finally, once in the root surface, water will diffuse in soil, and the root surface will 

tend to dry out if the soil is not saturated with water. 

When we first exert a pressure in the PVC tube, fluid starts moving in the plant vessels from 

the PVC tube towards the roots. Such mass flow will progressively slow down as 𝜓𝑃
𝑟𝑜𝑜𝑡 

increases, and it will stop as soon as 𝜓𝑃
𝑟𝑜𝑜𝑡 = 𝜓𝑃

𝑡𝑢𝑏𝑒. However, because the membrane at the 

root/soil interphase is permeable to water, the progressive increase of 𝜓𝑃
𝑟𝑜𝑜𝑡 will unbalance 

the ΔΨ𝑤
𝑠−𝑟 equilibrium from Eq. 2, forcing water to leave the root as far as 𝜓𝑃 + 𝜓π < 𝜓𝑀, 

and compensating for the increases in 𝜓𝑃
𝑟𝑜𝑜𝑡. Water will then diffuse in soil, and we could 

assume that 𝜓𝑀 will always tend to its initial value. Nevertheless, as water abandons the 

interior of the roots, the solutes (especially colorant molecules) accumulate inside, and this 

results in an increase of 𝜓π
𝑟𝑜𝑜𝑡. This process will end up canceling the water diffusion trough 

the membrane, allowing 𝜓𝑃
𝑟𝑜𝑜𝑡 to actually increase. As soon as the osmotic potential inside 

the root caused by the concentration of the sap and dye molecules compensates the pressure 
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coming from the PVC tube, i.e. 𝜓𝑀 =  𝜓𝑃
𝑡𝑢𝑏𝑒 + 𝜓π final

𝑟𝑜𝑜𝑡  following Eq. 2, both water diffusion 

in the membrane and the descending mass flow in the stem will stop. 

Given all these processes, lets define 𝑃 (bar) = 10 𝜓𝑃
𝑑𝑦𝑒

 and assume that vessels resistance to 

flow is the factor limiting the velocity of the mass flow, i.e. that water diffusion through the 

root membranes is relatively fast and the system is at the equilibrium Ψ𝑤
𝑠𝑜𝑖𝑙 = Ψ𝑤

𝑟𝑜𝑜𝑡 at all 

times. Our assumption may not be always true, yet it is the best approximation possible as 

the diffusion rate through the root membranes is largely dependent on the fine roots total 

surface area, which is an unknown. Under this assumption, the mean mass flow velocity 𝑣  

(m s-1) in the stem at any time can be calculated following the Hagen-Poiseuille equation for 

resistivity: 

 𝑣(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ =
𝑅2

8 𝜂 𝐿
Δ𝜓𝑃(t) [1] 

where 𝑅 (m) is the radius of the vessel (species-specific trait, highly variable), 𝐿 (m) is the 

total length of the vessel (equivalent to the individual’s root crown radius), and 𝜂 the viscosity 

constant.  

Let us take 𝐿 = 10 𝑚, 𝜂 =  10−8  MPa s, and replace Δ𝜓𝑃 = 0.1 𝑃 − 𝜓𝑃
𝑟𝑜𝑜𝑡. At the level of 

the roots, because we assume quasi equilibrium conditions for water diffusion trough the 

membrane, 𝜓𝑃(t) + 𝜓π(𝑡) =  𝜓𝑀, so that when the dye reaches the root membranes, we get 

𝜓𝑃
𝑟𝑜𝑜𝑡 =  Ψ𝑤

𝑠𝑜𝑖𝑙 − 𝜓𝜋
𝑑𝑦𝑒

. We can finally write the velocity for 𝐿 = 10𝑚 at the time 𝑓 at which 

the dye has reached the root membrane, 𝑣10(𝑓)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (m s-1) as a function of the vessel diameter ∅ 

(m) as: 

 𝑣10(𝑓)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  4.5 ∗ 109 ∗ (
∅ ∗ 10−6

2
)

2

∗ (0.1 ∗ 𝑃 + 𝜓𝜋
𝑑𝑦𝑒

−  Ψ𝑤
𝑠𝑜𝑖𝑙) [2] 

 

Following this simple approximation, we produced a contour plot of 𝑣10(𝑓)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ that we used to 

design a protocol to ensure that roots were fully stained. To calculate 𝑣10(𝑓)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ for the dyes 

used we measured the osmotic potential for each of the five colors at a concentration of 10 g 

l-1 with a Wescor PSYPROTM. For each dye color, three solutions were prepared using pure 
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water (Mili-QTM). For each solution, two measures were taken using different sample 

chambers, using the mean of both measures. Given the most conservative case scenario 

(0.361 m h-1 for rockrose and purple dye, see results), we exerted 1.5 bars of pressure over a 

period of 30 hours, which seemed enough for staining 10 m long roots (much larger than the 

sampled plots). We applied pressure in three cycles of 10 hours each during the daytime. At 

night, no pressure was applied, because the presence of a person to observe the process is 

recommended at all times (e.g., not refilling dye in tubes may result in air bubbles blocking 

xylem vessels, or leaks may result in the emptying on the gas cylinder). 

 

5.2 Root identification based in dye injection 

 

Figure SM 8: Photographs of the results of a- cases in which the fragment identity was determined 

using the visual inspection in a gum rockrose stained in purple, a rosemary stained in blue, a hair-

fruited broom stained in green, and rosemary roots stained in yellow and in red (from left to right), 

and of b- the dissolving dye in water methods for different species and colors after two hours. 

After staining, root fragments were subjected to individual level color-based identification in 

the lab. We recognized the presence and the color of dyes within each root fragment by means 

of two methods: (i) visual inspection of the fragments and (ii) dissolving the dye in warm 

water (SM video part 4). The visual inspection consisted of scratching the external root bark 

or breaking the root to visually inspect the plant transport tissues (Fig SM 8a). With those 

roots for which we did not detect a color during the visual inspection, a dissolving method 
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was applied. The dissolving method consisted of introducing each root fragment in a 4x6cm 

transparent zip bag filled with approximately 3mL of water, and maintained at a temperature 

between 50-60ºC in a water bath. If present, colorant should dissolve in the water, becoming 

visible (Fig SM 8b). To check if there was any dye, we visually checked the bags after five 

minutes, two hours, and 24 hours. 

 

5.3 Measure of sapwood area, hardwood area, and shrub age 

The cross section area of the base of the stem at the ground level was sanded and scanned for 

each individual in order to estimate the age of the plant, the hardwood area, and, for the 

stained individuals, the sapwood area. Cross-section stem cuts were scanned in the lab, using 

a resolution of 2,400 pixels per inch for samples in plot 01 and 1,200 pixels per inch for the 

rest of the plots (this lower resolution was sufficient). The images were analyzed using 

paint.net 4.2.15. To estimate the age of each individual, two radii were defined, and the 

number of growth rings were counted, keeping the higher value when both values were 

different. For rockrose and broom, the number of rings was considered the age of the plants 

in years. For rosemary, which is known to have two activity periods per year in central Spain 

(Cabal, Ochoa-Hueso, Pérez-Corona, & Manrique, 2017), half the number of rings was 

considered the age of the plant in years. The hardwood area was calculated using the image 

to select the surface area of the hardwood (stem section without bark and without rotten 

wood) in pixels, and transforming this value into cm2 based on the image resolution.  

 

Table SM 1: Levels of RGB used to discriminate sapwood area in cross sectional scanned stems: 
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In order to measure the sapwood, and because the distribution of color in the stem cross 

section was in some cases not very obvious, we used the ‘Cut Color’ tool developed by 

‘XMario’ for paint.net, allowing to select in an image the pixels that meet a color defined by 

RGB and a level of tolerance varying from 0 to 100. To define the sapwood, we counted for 

each color the pixels with the RGB values shown in Table SM 1 at a low level of tolerance 

(10). The selected pixels after combining the selections for different RGB selections was 

used to calculate the sapwood area. Generally, the selection is straightforward and all selected 

pixels are the ones that one would select with the naked eye, yet in the cases where the stain 

faded in the hardwood rather than showing a discrete transition, this method allowed us to 

make a more unbiased quantitative selection. In few specific cases, when the protocol 

selected some isolated areas that were clearly not stained we removed them manually before 

measuring the area. 

 

 

Figure SM 9: Analysis of stained shrub transversal stem cut at the ground level. a- After injecting a 

shrub with dye from selected branches, not only roots but also all the leaves attached to other branches 



20 
 

of the same shrub got stained. Two examples are shown: b- leaves of a rosemary after injecting red 

dye, and c- leaves of a rockrose after injecting purple dye, both compared to natural color leaves of 

the same species. This indicated that all sapwood must be stained, and we were able to calculate actual 

shrubs sapwood from d- the transversal cut of shrubs stems at the ground level for all three species 

(e.g. 403- rockrose, 502 broom, and 405- rosemary). Sanded cuts were scanned showing e- the annual 

(or biannual) growth rings (white arrow), the hardwood area (limited by a slashed red line), and the 

sapwood area (stained blue in the image) for each individual. 

Besides allowing us to recognize the root identity at the individual level for the stained 

individuals from the root fragments collected in soil cores, the staining method also allowed 

us to determine the sapwood area of each stained individual. Dye was not only detected in 

roots, but it also diffused through the stem upwards, back into the leaves attached to non-cut 

branches of the stained plants (Fig SM 9a). We observed that all leaves were stained (Fig 

SM 9b, c). Given this dye redistribution throughout all parts of the plant, we were quite 

confident in assuming that the stained surface in the scanned stems reliably represented the 

actual sapwood area of the plants. Sapwood can be defined as the part of wood that is alive 

and actively transporting sap. Interestingly, without staining, the sapwood area was 

impossible to discern from hardwood in the three analyzed species. While hardwood is easier 

to measure, having information about the sapwood area can provide much more detailed and 

functional information to derive allometries. Using this staining method, we were able to 

determine the sapwood area from the scanned stems (Fig SM 8d, e) (see 2 Cross sectional 

cuts of stems). 

 

6 Reproduction and aboveground tissue turnover  

To complete our database, we estimated the allocation of plants to reproduction and leaf and 

twig turnover for two of the studied species: gum rockrose and rosemary. Because this data 

required collecting samples over a period of time, we used different plants located in the 

same study site to measure these parameters. Twelve plants of each of the two species were 

selected in Las Tejoneras in summer 2018, in order to represent a wide range of sizes from 

the smaller to the larger plants present in the area. Each of the plants was marked, assigned 

a code, and fenced to prevent disturbances by small predators to get an accurate estimate of 

biomass productivity and allocation. Plants were tracked for a full year, from  1st September 

2018 until 31st August 2019. For each plant, the crown area was measured on two separate 
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occasions using drone photography, in summer 2018 and in summer 2019, and the mean 

crown area was calculated for each individual.  

To estimate allocation into reproduction and tissue turnover, we placed several litter below 

the canopy of each plant and noted the total surface area of the trays under each plant. These 

trays collected all the litter shed by each plant over the year. We collected the tray content 

every two months and kept it dry in paper bags in order to minimize any potential biomass 

lost due to decomposition. All the material collected over the year was oven dried and litter 

was classified into photosynthetic material (leaves), non-photosynthetic materials (twigs and 

branch parts), and reproductive material (flower parts, fruit parts, and seeds). Every litter 

fraction for each individual was weighed. 

 

7 Data analyses 

7.1 Data processing: combining root-, core-, and plant-level data 

Because information in our study came from multiple independent analyses (some data 

linked to individual plants, some data linked to soil samples, and some data linked to each 

root fragment), we obtained three datasets with some shared information. In order to analyze 

the root density distribution of plants, we needed to combine them. In order to do that, we 

first combined the plant- and core-level data by calculating the Euclidian distance of each 

plant-soil sample pair in each database grouping them by plots, using their respective x, y, 

and z coordinates. That is, for each plant in each plot we calculated its distance to the centroid 

of every soil sample extracted from the same plot.  

Table SM 2: Classification of root fragments collected in soil samples by their diameter in diameter 

classes and categories. The table includes information about the detection level (bulk for roots 

weighted in bulk for a diameter class, and by fragments for roots weighted and for which diameter 

was measured fragment by fragment) and about the identification methods applied. 

Category Ø class Ø (mm) Detection Id. microsat. Id. staining 

Fine 

XXS < 0.50 Bulk No No 

XS 0.50 - 0.99 By fragments No Yes 

S 1.0 - 1.99 By fragments Yes Yes 

Coarse L ≥ 2.00 By fragments Yes Yes 
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Table SM 3: Soil sample-level variables obtained after data processing ("combidata" in R, see ‘SM: 

data and code’) 

Name Name in R Units Description 

Plant plant - Code for each shrub individual 

Sample sample       - Code for each core sample 

Plot plot - Code for each plot 

Species sp - Shrub species 

Crown area CA m2 Crown area of the shrub individual 

Core core - Code for each core 

Depth depth m Depth of the centroid of the core sample 

Stone stone % 
Volumetric percentage of stone in the core 

sample 

Aboveground 

weight 
AboveW kg 

Aboveground dry biomass of the shrub 

individual 

Euclidian 

distance 
Euclidian m 

Distance separating the shrub individual 

insertion to the ground and the centroid of the 

core sample 

Absolute depth absDepth m Absolute value of Depth 

Method method - 
Method used to link root fragments to shrub 

individuals 

Coarse roots 
CoarseRoot

s 
mg cm-3 

Dry biomass of roots of Ø > 2 mm in the core 

sample 

Self coarse 

roots 
self_Coarse mg cm-3 

Dry biomass of roots of Ø > 2 mm in the core 

sample linked to the shrub individual 

Non-self 

coarse roots 

nons_Coars

e 
mg cm-3 

Dry biomass of roots of Ø > 2 mm in the core 

sample not linked to the shrub individual 

Self roots of S 

Ø class  
self_S mg cm-3 

Dry biomass of roots of 1 < Ø < 2 mm in the 

core sample linked to the shrub individual 

Non-self roots 

of S Ø class  
nons_S mg cm-3 

Dry biomass of roots of 1 < Ø < 2 mm in the 

core sample not linked to the shrub individual 

Fine roots FineRoots mg cm-3 
Dry biomass of roots of Ø < 2 mm in the core 

sample 

Self fine roots self_Fine    mg cm-3 
Dry biomass of roots of Ø < 2 mm in the core 

sample linked to the shrub individual 

Non-self fine 

roots 
nons_Fine mg cm-3 

Dry biomass of roots of Ø < 2 mm in the core 

sample not linked to the shrub individual 

 

Second, in order to merge the root-level information to each entry of the combined database 

we first classified the root fragments in three diameter classes, differentiating dominantly 

absorptive fine roots from transportation coarse roots as shown in Table SM 2. In each core 

sample and for each root category or diameter class, root density for each diameter class was 

calculated based on the rooting volume. This rooting volume (cm3) in each sample was 

calculated based on the length of the core partition, the core diameter, and the volume of 
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stones in the sample which was subtracted from the total sample volume. Root density was 

calculated as root weight divided by rooting volume in the sample (mg cm-3). 

 

7.2 General IRDD model structure 

All our analyses and visualizations were performed using R version 4.0.4 (R Core Team, 

2017) and R studio (version 1.4.1106). We initially performed graphical outputs and 

calculated basic summary statistics in order to previsualize our data (run R code in SM – Data 

and code). Based on these calculations and visualizations, we drew some preliminary 

conclusions, and also confirmed that our data were meeting the necessary assumptions to be 

fitted to statistical models. After visual inspection of the data (SM – data and code), we 

identified two plants that seemed not to be correctly stained (#404, broom, and #602, 

rockrose). We experienced problems when staining these plants in the field, because their 

stems were not intact and the stain leaked. Both plant data were removed for all the analyses. 

Table SM3 offers a summary of all the variables obtained after processing the data at the 

local level (i.e. in each soil patch represented by a core sample). 

We fitted IRDD models for both fine and coarse roots to our data based on the intensive work 

of multidimensional data previsualization we performed, and informing our model structure 

mechanistically.  

To predict the IRDD of fine roots (Ø < 2 mm), we assumed that the cost of building roots 

increases quadratically with the distance to the plant stem based in the ESPR model (Cabal, 

Martínez-García, De Castro Aguilar, Valladares, & Pacala, 2020), and hence that the root 

density decrease should be inversely proportional. We also assumed that the non-self root 

density distribution would have a multiplying effect as a variable measuring local 

belowground competition intensity. This effect was incorporated both directly and through 

an interaction coefficient with the distance from the stem. We could then fit the model to a 

case in which there is root over-allocation as a response to more intense competition close to 

the stem (positive direct effect), but a shift to local under-proliferation further away from the 

stem (negative interaction effect), as predicted by the exploitative segregation (ESPR) theory 

(Cabal et al., 2020). Because the soil resource concentration decays in the vertical soil profile, 
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we incorporated a multiplier coefficient of soil depth. We finally assumed that the plant root 

density will vary with plant size following a power law, the functional relationship most 

commonly used for biological allometries (West, Brown, & Enquist, 1997). To fit such a 

model for each species, using the plant individual identity as a random effect, we used the 

glmer (lme4 version 1.1-27) (Bates, Mächler, Bolker, & Walker, 2015) function with Gamma 

distribution and the natural logarithmic link: 

 (𝑅𝐷𝑓 + 0.05) ~ 1 + ln(𝐸 +  𝜕) ∗ 𝑁𝑆𝑅 + 𝐷 + ln(𝐴𝑊) + ( 1 | 𝑝𝑙𝑎𝑛𝑡) [3] 

where RDf stands for fine root (Ø < 2 mm) density (mg/cm3), E is the Euclidian distance 

from the sample centroid to the plant insertion point (m), NSR stands for the non-self root 

density (mg/cm3), D stands for the depth of the sample centroid (m), AW is the aboveground 

dry biomass (kg) of the plant, and plant represents the plant identity used as a random 

intercept factor. Because the root density at the intercept (distance = 0) cannot infinite, we 

summed 𝜕 to the distance before transforming. In each case, the value of 𝜕 was adjusted so 

that the power of the relation RD-distance was -2, following our mechanistic expectations 

from the ESPR model.  

To predict the IRDD of coarse roots (Ø > 2 mm), we assumed that the role of coarse roots is 

to transport the resources uptaken by fine roots from each soil patch to the insertion point of 

the plant’s stem to the soil. We fitted RDc using the glmer (lme4 version 1.1-27) (Bates et 

al., 2015) using a Gamma distribution and the identity link, to the predicted RDf for each 

observation, forcing the intercept to zero. 

 𝑅𝐷𝑐~ 1 + 𝑅𝐷𝑓 + ( 1 | 𝑝𝑙𝑎𝑛𝑡) [4] 

 

7.3 IRDD models for comparing methods (fIRDD+m and cIRDD+m) 

We first fitted two IRDD models, one for roots of diameter class S and another for coarse 

roots, incorporating the factor method (with two levels, “Staining” and “Microsatellite”) and 

using as data only the rosemary plant individuals for which at least one root was correctly 

linked to a plant (genotypes 01 –plants 1, 3, 5, 8 and 9– and 02 –plants 2 and 6– only). The 

roots of such species and diameter classes were the only one that where identified using both 

methods, and hence could be used to compare them. 
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In a fine roots model with factor method (fIRDD+m), RDS account for only roots of the Ø 

class S (1 – 2 mm). To fit such a model for each species, using the plant individual identity 

as a random effect, we used the glmer (lme4 version 1.1-27) (Bates et al., 2015) function 

with Gamma distribution and the natural logarithmic link: 

 
(𝑅𝐷𝑆 + 0.05) ~ 1 + ln(𝐸 +  𝜕) ∗ 𝑁𝑆𝑅 + 𝐷 + ln(𝐴𝑊) + 𝑚𝑒𝑡ℎ𝑜𝑑

+ ( 1 | 𝑝𝑙𝑎𝑛𝑡) 
[5] 

where RDs stands for observed fine root density (mg cm-3), E is the Euclidian distance from 

the sample centroid to the plant insertion point (m), NSR stands for the non-self root density 

(mg/cm3), D stands for the depth of the sample centroid (m), AW is the aboveground dry 

biomass (kg) of the plant, and plant represents the plant identity used as a random intercept 

factor. 

In the coarse roots model with factor method (cIRDD+m), RDc accounts for all roots with Ø 

> 2 mm. We fitted our model using the the glmer function (lme4 version 1.1-27) (Bates et 

al., 2015) using a Gamma distribution and the identity link, based on the predicted RDS for 

each observation, forcing the intercept to zero (if there are zero fine roots there will be zero 

transportation roots), and accounting for the plant identity as a random intercept factor:  

 𝑅𝐷𝑐~ 1 + 𝑅𝐷𝑆 + 𝑚𝑒𝑡ℎ𝑜𝑑 + ( 1 | 𝑝𝑙𝑎𝑛𝑡) [6] 

where RDc stands for observed coarse root density (mg cm-3), and RDs stands for predicted 

fine root density (mg cm-3) following the previous fitted model.  

 

7.4 IRDD models to estimate root density (fIRDD and cIRDD) 

We fitted three fine roots IRDD (fIRDD) models and three coarse roots IRDD (cIRDD) 

models, one for each plant species, in order to obtain the fine roots fIRDD predictions of 

plants for each of the species, i.e. predictions of RDf across three-dimensional space based in 

Eq. 1. Plants analyzed using microsatellite analyses were not accounted for when fitting these 

fIRDD and cIRDD models. First, because the method seemed less effective. Second, because 

the roots of the XS Ø class were not linked to plants using this method, therefore removing 

these plants allowed us to add all the information from finer roots linked to individuals with 
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the plant injection. For this group of plants, we also linked roots in the XXS Ø class (Ø < 

0.5mm, for which individual-plant-level identification was not performed) to individual 

plants, based in the proportion of XS roots (0.5 < Ø < 1mm) in a soil sample that could be 

linked to such individual. The density of XXS roots associated to an individual in a sample 

was estimated equal to the total density of XXS roots in that sample multiplied by the density 

of XS roots linked to the same individual, divided by total XS root density in the sample. The 

decision to consider only this particular diameter class to link XXS roots was based on the 

results of a linear model in which we predicted the density of XXS roots in each soil sample 

as a function of the root densities of the other Ø classes, controlling for the depth and for the 

possible interaction between depth and every explicative diameter class. The model only 

detected a significant positive effect of XS root density and of depth, but not of the other Ø 

classes nor any interaction (Table SM 4), hence only the XXS roots of plants linked using 

the staining method and not microsatellite could be accurately linked based in this estimation.  

Table SM 4: Results for the preliminary analysis of data predicting the density of XXS roots. 

Significance codes:  0 ‘***’ 10-3 ‘**’ 10-2 ‘*’ 0.05 ‘·’ 0.1 ‘ ’ 1. 

 Estimate Std. Error t value p-value  

Intercept 4.21803 0.62754 6.722 1.18 10-10 *** 

XS (0.5 < Ø < 1mm) 2.51407 0.52709 4.770 3.11 10-6 *** 

S (1 < Ø < 2mm) -0.08957 0.26268 -0.341 0.733407      

Coarse (2mm < Ø) -0.04736 0.03257 -1.454 0.147224      

Depth -5.00003 1.35615 -3.687 0.000278 *** 

XS : Depth -2.32356 1.80906 -1.284 0.200171      

S : Depth 0.29476 0.73437 0.401 0.688484      

Coarse : Depth 0.12635 0.11672 1.082 0.280070      

 

We fitted a fine roots IRDD model (fIRDD) based in eq. 3 to estimate the local root density 

RDf in every soil space location for each species, giving an equation of the form: 

 𝑅𝐷𝑓 = (𝑒𝛼+𝛽.𝑁𝑆𝑅+𝛿𝐷 . (𝐸 + 𝜕)−2+𝛾.𝑁𝑆𝑅 . 𝐴𝑊𝜔) − 0.05 [7] 

where  is the fitted intercept, and the coefficients to the explanatory variables are  for NSF, 

 for the depth, for E + 𝜕 with  𝜕 being adjusted to obtain  = -2, and  for the interaction 

between the distance and NSR. When any of the coefficients were not significantly different 

from zero (including ) at a confidence level of 95%, the corresponding explicative variables 

were removed in a step by step method and a new model was fitted.  
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Based on such predictions, we fitted a coarse root IRDD model (cIRDD) using the model 

structure presented in eq. 4 and based on the RDf predictions from the fIRDD model for each 

species, giving an equation of the form: 

 𝑅𝐷𝑐 = 𝜇. 𝑅𝐷𝑓 [8] 

where  is the ratio of coarse roots to fine roots in every soil patch. 

 

7.5 Estimating plant-level root information from the IRDD models 

After fitting models to predict fIRDD and cIRDD for each species, we produced a new plant-

level database, including the plant-level information directly obtained from the field and root 

information. In order to produce plant-level root information, we used the fitted models to 

infer the whole IRDD of each shrub individual. To make predictions of total root biomass of 

each Ø class, we used model predictions across three-dimensional space. For each shrub’s 

IRDD, we used as model intercept the plant-specific intercept, given that plant identity was 

used as random intercept factor; the non-self root density used was the mean value per plot, 

accounting for different competition levels in the different plots; model predictions were 

yielded for all depths at which root density was non-zero; Euclidian distance was calculated 

at each point of time based in depth and an X coordinate representing horizontal distance 

from the plant; to obtain actual root weights, we multiplied the predicted root density across 

space by mean rooting volume (1 - stone proportion) in each plot. Three-dimensional fIRDD 

was obtained by rotation of the two-dimensional predictions around the vertical axe passing 

through the insertion point of the plant to the substrate, and total fine root biomass was 

obtained by numerically integrating the fine root density across the three-dimensional space. 

Total coarse root biomass of each shrub was obtained similarly, fitting cIRDD models in the 

two-dimensional space, rotating the predictions in three-dimensions, and numerically 

integrating those predictions. Root ranges were also estimated based in the fIRDD model. 

Using all plant-level data, we calculated the total belowground dry weight of plants, 

allometric and functional ratios, and other plant-level variables as shown in Table SM 5. 
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Table SM5: Shrub individual-level variables obtained after data processing ("new.plant" in R code) 

Name Name in R Units Description 

Plant plant - Code for each shrub individual 

Plot plot - Code for each plot 

Species sp - Shrub species 

Total height totH m Maximum height 

Crown area CA m2 Crown area 

Photosynthetic 

material 
PM g Dry biomass of photosynthetic material 

Non photosynt. 

material 
NPM g 

Dry biomass of non-photosynthetic 

aboveground material (wood and twigs) 

Harwood area totA cm2 Harwood area measured at the ground level 

Sapwood area sapA cm2 Sapwood area measured at the ground level 

Age age years Estimated age of shrubs based in dendro 

Diameter of the 

stem 
dstem cm Stem diameter measured at the ground level 

Aboveground 

weight 
AboveW kg 

Aboveground dry biomass of the shrub 

individual 

Non-self fine 

roots 
nons_Fine mg/cm3 

Mean non-self root density in the plot based 

in the core samples 

Stone stone % 
Mean volumetric percentage of stone in the 

plot based in the core samples 

Intercept intercept mg 

Individual plant intercepts in the fine roots 

IRDD models, where plants were considered 

random intercept factors 

Root range R.range m 
Maximum root range estimated at depth = 0 

from the IRDD models  

Crown range CA.range m √𝐶𝐴/𝜋 

Fine roots fROOT g 

Total fine roots estimated from integrating 

IRDD model results in three dimensional 

space, accounting for mean stone and mean 

non-self roots in the plot. 

Coarse roots cROOT g 

Total coarse roots estimated from integrating 

IRDD model results in three dimensional 

space accounting for plot mean stone. 

Belowground 

weight 
BelowW kg (𝑓𝑅𝑂𝑂𝑇 +  𝑐𝑅𝑂𝑂𝑇)/1000 

Root to shoot 

ratio 
root.shoot - 𝐵𝑒𝑙𝑜𝑤𝑊/𝐴𝑏𝑜𝑣𝑒𝑊 

Root to crown 

range ratio 
R.CA - 𝑅. 𝑟𝑎𝑛𝑔𝑒/𝐶𝐴. 𝑟𝑎𝑛𝑔𝑒 

Fine roots to 

sapwood ratio 

fROOT.Sap

W 
g/cm2 𝑓𝑅𝑂𝑂𝑇/𝑆𝑎𝑝𝐴 

Photosynthetic 

material to 

sapwood ratio 

PM.SapW g/cm2 𝑃𝑀/𝑆𝑎𝑝𝐴 
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Photosynthetic 

material per 

crown area 

PMperCA g/m2 𝑃𝑀/𝐶𝐴 

Non photosynt. 

material per 

crown area 

NPMperCA g/m2 𝑁𝑃𝑀/𝐶𝐴 

Fine roots per 

crown area 

fROOTperC

A 
g/m2 𝑓𝑅𝑂𝑂𝑇/𝐶𝐴 

Coarse roots 

per crown area 

cROOTper

CA 
g/m2 𝑐𝑅𝑂𝑂𝑇/𝐶𝐴 

Photosynthetic 

material shed 
litter.PM g/m2 yr 

Dry biomass of photosynthetic material shed 

by surface and year 

Non photosynt. 

material shed 
litter.NPM g/m2 yr 

Dry biomass of non photosynthetic material 

shed by surface and year 

Reproduction RM g/m2 yr 
Dry biomass of reproductive material shed by 

surface and year 

Biovolume biovolume m3 𝐶𝐴 ∗ 𝑡𝑜𝑡𝐻 

 

For allometry analyses, we assumed they all followed power laws by fitting a linear equation 

to log-log transformed data (Niklas, 2004). For each case, we calculated the Pearson’s 

correlation between log-transformed variables and the t-distribution significance tests for 

Pearson’s correlation (Hollander, Wolfe, & Chicken, 2003). We considered two easy-to-

measure, non-destructive metrics as potential structural predictors for shrub allometries: the 

basal diameter (stem diameter at the ground level), and the plant biovolume. First, we tested 

the correlation among both metrics, and between them and the shrubs’ ages. Secondly, we 

established allometric relations between each of these predictors and several generic 

variables (hardwood area, total aboveground biomass, and total belowground biomass), 

functional variables directly related to plant hydraulics (sapwood area, leaf dry biomass, and 

fine roots dry biomass), and to generic and functional plant ratios (shoot to root biomass, 

crown to root range, leaf biomass to sapwood area, and fine roots to sapwood area). For the 

latter four ratios, we also plotted and compared them between species in order to identify 

general allometry patterns related to both shoot-to-root ratios and hydraulic functionality. 

We then tested for dynamic (rates, per year) allometries controlling for shrub crown area (per 

square meter of crown). We only carried out these analyses for two species (gum rockrose 

and rosemary) for which we had collected reproduction and aboveground tissue turnover 

data. First, we established allometric relations between both allometry predictors and the 
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three measured labile plant fractions (leaf turnover, branch turnover, and reproduction 

allocation, all measures of dry biomass per unit surface area of the litter collection trays). 

Second, we established direct relationships between age and the four standing biomass 

fractions, controlling for plant crown area (leaf, branch, coarse roots, and fine roots, all 

measures of dry biomass per unit surface area of the shrub crown). Pearson correlations were 

calculated for all pairs of log-log transformed variables. 
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Annex- Cross sectional cuts of stems 

The next images correspond to the analyzed cross sectional stems cuts from ground level 

from all analyzed shrubs available, showing the original scanned image, the selected 

hardwood and the selected sapwood for shrubs dyed in situ. For each table row, the black 

horizontal line is a scale representing 1 centimeter. 

Original Hardwood Sapwood 

102 – Salvia rosmarinus 

 

103 – Salvia rosmarinus 

 

104 – Salvia rosmarinus 

 

105 – Salvia rosmarinus 
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106 – Salvia rosmarinus 

 

107 – Salvia rosmarinus 

 

108 – Salvia rosmarinus 
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109 – Salvia rosmarinus 

 

110 – Salvia rosmarinus 

 

 

112 – Salvia rosmarinus 

 

113 – Salvia rosmarinus 
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114 – Salvia rosmarinus 

 

301 – Cytisus striatus 

 

302 – Cistus ladanifer 

 

303 – Cytisus striatus 
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304 – Salvia rosmarinus 

 

305 – Salvia rosmarinus 

 

401 – Cistus ladanifer 

 

402 – Cistus ladanifer 
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403 – Cistus ladanifer 

 

404 – Cytisus striatus 

 

405 – Salvia rosmarinus 

 

501 – Salvia rosmarinus 
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502 – Cytisus striatus 

 

503 – Cistus ladanifer 

 

504 – Cytisus striatus 

 

505 – Cistus ladanifer 
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601 – Cistus ladanifer 

 

602 – Cistus ladanifer 

 

603 – Cistus ladanifer 

 

604 – Cistus ladanifer 

 

605 – Cistus ladanifer 
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701 – Cytisus striatus 

 

801 – Salvia rosmarinus 

 

802 – Salvia rosmarinus 
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803 – Salvia rosmarinus 

 

804 – Salvia rosmarinus 

 


