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Abstract: This study evaluated the concurrent application and the results of the root electrical ca-
pacitance (Cr) and minirhizotron (MR) methods in the same plant populations. The container ex-
periment involved three winter wheat cultivars, grown as sole crops or intercropped with winter
pea under well-watered or drought-stressed conditions. The wheat root activity (characterized by
Cr) and the MR-based root length (RL) and root surface area (RSA) were monitored during the
vegetation period, the flag leaf chlorophyll content was measured at flowering, and the wheat shoot
dry mass (SDM) and grain yield (GY) were determined at maturity. Ck, RL and RSA exhibited sim-
ilar seasonal patterns with peaks around the flowering. The presence of pea reduced the maximum
Cr, RL and RSA. Drought significantly decreased Cr, but increased the MR-based root size. Both
intercropping and drought reduced wheat chlorophyll content, SODM and GY. The relative decrease
caused by pea or drought in the maximum Cr was proportional to the rate of change in SDM or GY.
Significant linear correlations (R% 0.77-0.97) were found between Cr and RSA, with significantly
smaller specific root capacitance (per unit RSA) for the drought-stress treatments. Ck measurements
tend to predict root function and the accompanying effect on above-ground production and grain
yield. The parallel application of the two in situ methods improves the evaluation of root dynamics
and plant responses.

Keywords: cereal-legume intercrops; drought stress; grain yield; in situ root methods; root growth

1. Introduction

Owing to methodological difficulties in assessing the growth and activity of intact
root systems in the soil [1,2], the application and development of indirect, non-destructive
techniques, including electrical methods, have received increasing attention in recent
years [3,4].

The electrical capacitance of the root-soil system (Cr), measured using a low-fre-
quency alternating current (1 kHz AC) between one electrode fixed to the plant stem base
and another inserted into the surrounding soil, was reported to correlate with the root
system size (RSS) [5]. The first, generally accepted conceptual model, hypothesizes that
roots are equivalent to leaky cylindrical capacitors, in which the electrically conductive
root sap is separated from the conductive soil solution by polarizable membrane dielec-
trics [6]. Membranes store electric charges proportional to their surface area, modifying
the phase and amplitude of the AC signal.
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Nevertheless, some studies revealed the inconsistencies with Dalton’s proposals, and
questioned the feasibility of the Cr method [7]. Dietrich et al. [8,9] suggested a revised
model, and explored that Cr was dominated by the stem base between the plant electrode
and the substrate surface (with a negligible contribution of the roots), and was correlated
with a stem cross-sectional area. According to their explanation, the Cr-RSS correlations
are merely due to the allometric relationship between root and shoot traits. Another recent
study also suggested that current leakage chiefly occurred in the root neck and proximal
roots and much less in the distal segments [10]. In contrast, progressive root cutting and
root immersion experiments in hydroponically grown plants supported that Cr is highly
influenced by the roots located in the media [11]. There is a consensus that the current
pathway inside the plant organs is influenced by tissue properties, e.g., suberization
[4,6,12,13]. Therefore, one advantage of the capacitance method is that Cr is a reflection of
root size and physiological status, i.e., water content, membrane integrity and permeabil-
ity, and endodermal maturation, driven by ontogenic changes and environmental (stress)
factors [13]. Due to the allometry between the proximal root regions that mostly contribute
to current flow and the distal fine roots responsible for solute absorption [8-10], Ckr is re-
lated to the water uptake activity of the root system (referred to as “root activity”) as a
whole [6,14,15].

The rapid Cr method is appropriate for monitoring the same plant over time, and for
screening large plant populations [16]. As the neighboring plants (with intermingling
roots) are not connected electrically, Cr provides plant-scale information [13]. An evident
drawback to using the technique is the complete lack of root visualization. It is difficult to
quantify root traits from capacitance data, which are more suitable for the relative com-
parison of RSS for the same species, grown in the same substrate and measured under the
same conditions [16]. Although Cr is strongly affected by the soil water content (SWC),
this can be taken into account with species-specific functions [15]. The soil dielectric re-
sponse tends to reduce the efficiency of the method, particularly in the case of complex
soils abounding in surface-charged colloidal particles [3]. Nevertheless, despite the uncer-
tainties about the underlying biophysical mechanisms, the method has proven useful in
several studies to evaluate RSS in herbaceous native and crop species and in tree saplings
grown in pots [14,17-19] or in the field [13,15,16,20].

The minirhizotron (MR), a more widely used non-destructive visualization tech-
nique, allows the dynamic study of root traits at particular locations in the soil profile,
including root architecture, branching, depth distribution, length density, production,
longevity, mortality, turnover and decomposition [2,21]. However, MR represents only
part of the root system, with limited resolution for the fine roots that are responsible for
water uptake [22]. The main biases are attributed to the artificial MR tube surface and the
poor soil-tube wall contact (including soil gaps), which may result in modified tempera-
ture conditions, altered water flow and decreased soil penetration resistance, potentially
changing the observed root density and traits [7,23]. The critical points in the MR tech-
nique are the assessment of root physiological status (activity) by visual evaluation (e.g.,
color, shrinking, contour smoothing, blotting), and the differentiation between the roots
of individual plants [21]. The available data are often limited due to the time-consuming
image analysis, and to the lack of automatic image processing methods that give satisfac-
tory results for MR pictures [2,24].

We surmised that the use of the entirely different Cr and MR methods in the same
root study would be beneficial. In the framework of an EU H2020 project, the aim was to
use the two techniques concurrently (which has not previously been reported) in inter-
cropping systems, which are increasingly important in sustainable agriculture [25,26]. The
more efficient resource utilization in species mixtures compared to sole crops may result
in benefits such as higher yield equivalent ratios and yield stability, improved grain qual-
ity, enhanced lodging resistance, improved soil conservation and better control of pests
and weeds [27,28]. Cereal-legume, including wheat-pea mixtures, are the dominant in-
tercrops in organic farming in Europe [26,29]. Symbiotic N2 fixation in pea more or less
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satisfies the high N demand of the cereal [25,30]. The complementary resource use and,
therefore, growth and yield components, highly depend on the root dynamics, and the
root architectural modifications of the mixed species [1,31]. The wheat root response to
intercropping under altered conditions is often highly variable and is hardly predictable
[32]. Therefore, in situ root investigation methods were deemed appropriate to track root
development over time in mixed crop culture, and to evaluate the responsiveness of the
selected wheat cultivars to intercropping under different irrigation conditions. Winter
wheat and pea mixtures, grown in containers in the greenhouse, were used for the present
methodological study. Although this controlled environment was likely not representa-
tive of field conditions, it allowed us to standardize experimental parameters, to adjust
contrasting soil moisture regimes, and to eliminate weather anomalies.

In this study, Ck and MR measurements were performed in the same intercrop sys-
tem, aiming specifically (i) to analyze and compare the results provided by the methods
during monitoring the response of root dynamics of various wheat genotypes to inter-
cropping and drought, and (ii) to evaluate the potential benefits of the simultaneous ap-
plication of the two approaches.

2. Results
2.1. Root Electrical Capacitance

The apparent root capacitance (Cr*) obtained for the well-watered sole wheat crops
increased rapidly over time until DAP 65 for cultivars ‘Mv Nador’ (9.2 nF) and "‘Mv Ko-
lompos’” (13.0 nF), and until DAP 77 for YQCCP (11.3 nF; Figure 1a). The peak of Cz* co-
incided with the early or full flowering stage (BBCH 61-65) in each case. The intercropped
wheats showed similar phenology and temporal Cr* patterns. The presence of pea caused
a decrease in wheat root capacitance (with maxima of 7.6, 11.2 and 10.7 nF for ‘Mv Nador’,
‘Mv Kolompos” and YQCCP, respectively); in general, this effect was significant from
DAP 31 (stem elongation) to DAP 88 (milky or early dough) (Table S1).
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Figure 1. Changes in the apparent root electrical capacitance (Cr*; in nanofarads, nF) of wheat with
plant age (DAP: days after planting) under (a) well-watered and (b) drought-stressed conditions.
Bars show standard deviations (n = 30). Treatment codes: N: wheat cv. Mv Nador; K: cv. Mv Kolom-
pos; C: YQCCP population; 0: wheat sole crop; P: wheat-pea intercrop; (+): well-watered; (-):
drought-stressed.
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Under drought, both sole and intercropped wheat exhibited a moderate increase in
Cr* over time, with peak values ranging from 4.4 to 7.0 nF on DAP 53 (boot stage; BBCH
41-49) for the various cultivars (Figure 1b). Wheat phenology was accelerated by drought,
especially for YQCCP, which flowered two weeks earlier. Drought provoked a sudden
decrease in Cr* after flowering (between DAP 65 and 88) in all treatments. As in the case
of the well-watered treatment, the pea intercrop significantly reduced wheat root capaci-
tance under drought during the greater part of the growing season (Table S1). In each
treatment, drought resulted in a significant decrease in Cr* from DAP 21 (leaf develop-
ment stage; BBCH 14-15) onwards (Table S2).

2.2. Minirhizotron Image Analysis

MR image analysis demonstrated that the total RL and RSA (at 20-80 cm depths) of
the well-watered crops increased rapidly until the flowering period (DAP 65-77), and
subsequently declined to maturity (Figure 2a,b). In both the sole and mixed crops, the root
system proved to be relatively small, medium and large, respectively for ‘Mv Nador’,
YQCCP and ‘Mv Kolompos’. According to the paired f test, maxima of RL and RSA were
significantly (p < 0.01) higher in the sole wheat culture compared to the corresponding
mixture. ARD showed similar temporal patterns, reaching a maximum between DAP 42
(late stem elongation; BBCH 34-36) and DAP 65 (early flowering), and gradually de-
creased thereafter (Figure 2c). Wheat genotypes ‘Mv Nador’, YQCCP and “‘Mv Kolompos’
were characterized by thin, medium and thick root systems, respectively. In the pure
wheat stands ARD significantly (p < 0.01) exceeded that of the intercrop counterparts.
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Figure 2. (a,d) Root length (RL), (b,e) root surface area (RSA) and (c,f) average root diameter (ARD),
obtained by minirhizotron image analysis, in relation to plant age (DAP: days after planting) under
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well-watered (a—c) and drought-stressed (d—f) conditions. RL and RSA are sums from the three soil
depths (20, 50 and 80 cm), ARD is a weighted average. For treatment codes, see Figure 1.

Under drought conditions, there was a prolonged increment in total RL and RSA
until DAP 77 or 88 (milky or dough stages; BBCH 75-85), followed by a slight decline
during maturity (Figure 2d,e). Apart from this, the differences observed in these root traits
between the wheat types and between the sole and intercrops were similar to those ob-
tained for the corresponding well-watered treatments. In most cases, water deficit in-
creased the maximum RL and RSA, the only exception being the ‘"Mv Kolompos’ sole crop,
in which RSA was reduced by drought (however, this could be due to the relatively high
basis of comparison with the well-watered plants). The paired ¢ test showed that the max-
imum of RL was significantly (p <0.01) increased by drought. The peak value of ARD was
significantly (p < 0.05) reduced both due to intercropping and due to drought, and was
found to be less variable between the treatments and over time under drought conditions
(Figure 2f).

The well-watered wheat cultivars showed different RL distributions in the soil profile
(Figure 3a), while in dry soil all three wheats exhibited the highest RL at the 50 cm depth
(Figure 3b). RL was usually reduced by intercropping with pea and was increased by
drought at each depth.
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Figure 3. Maximum root length (RL) at 20, 50 and 80 cm soil depths, obtained by minirhizotron
image analysis, under (a) well-watered and (b) drought-stressed conditions. For treatment codes,
see Figure 1.

2.3. Chlorophyll Content and Yield Components

The SPAD values measured for wheat leaves ranged from 45.2 + 0.5 to 54.1 + 2.5
(mean + SD; n=15; Figure 4a). The presence of pea led to an overall decrease in chlorophyll
content, but the change was only significant in the case of well-watered ‘Mv Nador’ (p <
0.01), drought-stressed ‘Mv Kolompos’ (p < 0.05) and YQCCP (p < 0.001). Water deficit
significantly (p < 0.01) reduced the SPAD value in each treatment.

Total wheat SDM per treatment was found to be between 138 and 508 g (Figure 4b).
When wheat genotypes grown under the same experimental conditions were compared,
SDM was always relatively low, medium and high for ‘Mv Nador’, ‘Mv Kolompos’ and
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YQCCP, respectively. According to the paired ¢ test, SDM was reduced both by intercrop-
ping (p < 0.05) and particularly by drought stress (p <0.01).

Total wheat GY varied between 36 and 167 g in the treatments (Figure 4c). Unlike
SDM, sole-cropped ‘Mv Kolompos” had the highest GY under well-watered conditions,
and in the case of drought, ‘"Mv Nador’ exhibited the highest and YQCCP the lowest GY
in both sole and mixed stands. The effect of pea intercropping and drought on GY was
significant at the p <0.05 and p < 0.01 levels, respectively.
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Figure 4. (a) Leaf chlorophyll content as SPAD value (mean + SD; n = 15), (b) total shoot dry mass
(SDM) and (c) total grain yield (GY) under well-watered (white columns) and drought-stressed
(grey columns) conditions. For treatment codes, see Figure 1.
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2.4. Relative Changes in Plant Parameters

The percentage changes in maximum Cr*, SDM, GY and maximum RSA in response
to pea intercropping and drought were calculated for each wheat genotype. In the case of
well-watered plants, the relative decrease in Cr*, SDM and GY caused by pea intercrop-
ping was the lowest (5%, 7% and 17%, respectively) for YQCCP, and the highest (18%,
23% and 54%) for ‘Mv Nador’ (Figure 5a). Conversely, RSA showed a considerable reduc-
tion for ‘Mv Kolompos’ (49%) and the composite population (47%), and a relatively mod-
erate decrease for ‘Mv Nador” (38%).
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The presence of pea resulted in a similar decrease (11-15%) in Cr* for all the cultivars
when grown under drought conditions (Figure 5a). SDM, GY and RSA dropped by 7-
21%, 23-36% and 18-35%, respectively, compared to the sole crops. Pea caused the highest
relative changes in Cr*, SDM and RSA in the YQCCP population, whereas the greatest
loss in GY was observed for the cultivar ‘Mv Kolompos'.

Drought stress reduced Cr* by 32-59%, SDM by 41-68% and GY by 29-73% (Figure
5b). In both sole and intercrops, the relative changes in all three parameters were compar-
atively low, medium and high for genotypes ‘Mv Nador’, ‘"Mv Kolompos” and YQCCP,
respectively. Except for the ‘Mv Kolompos’ sole crop, RSA was increased by drought in
all cases (by 3-25%), but more intensely in the intercrops.

a Well-watered Drought-stressed

N

Intercrop effect (%)
&
o

-40
-50 oCR* 0OSDM
aGy RSA

-60
b NO NP KO KP co CcP

20 1

B -20 =] £ =
£ = = =
2 -40 1 = = =
8 = g |
a = = =
-60 E = E
OCR* oOsSDM| = =

BGY BRSA

-80

Figure 5. Percentage changes in the apparent root electrical capacitance (Cxr*), total shoot dry mass
(SDM) and total grain yield (GY) of wheat and in the root surface area (RSA) caused by (a) pea
intercropping and (b) drought stress. In the case of Cz* and RSA, maximum values (detected at the
wheat flowering stage) were used for calculation. For treatment codes, see Figure 1.

2.5. Relationship of Electrical Capacitance to Root Surface Area

Highly significant positive linear correlations (F: 26.9-255; R2: 0.771-0.970; p < 0.001)
were found between Cr* and RSA for each wheat genotype and water supply (Figure 6).
Analysis of covariance showed significant differences in regression slope between the
genotypes under both well-watered (F226 = 6.46; p < 0.01) and drought-stressed conditions
(F224=5.08; p < 0.05). Drought decreased the slope significantly for ‘Mv Nador’ (F1,16=25.3;
p <0.01) and YQCCP (F11s = 15.8; p < 0.01), but non-significantly for ‘"Mv Kolompos” (F1,1
=3.00; p > 0.05).
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Figure 6. Linear relationships between the apparent root electrical capacitance (Cr*) and root surface
area (RSA) in well-watered (filled symbols and solid lines) and drought-stressed (empty symbols
and dashed lines) treatments. Only data obtained up to the flowering stage of the wheat genotypes
were considered, and were pooled over the two pea treatments. For treatment codes, see Figure 1.

3. Discussion
3.1. Root Dynamics

Both Cr* and the MR-based root properties were found to exhibit strong patterns
depending on growth status, peaking at wheat flowering for the well-watered treatments.
In the case of water deficit, Cr* had already started to decrease at booting, whereas the
peaks of RL and RSA were postponed to the milky or dough stages. These findings are
consistent with data in the literature obtained using various root methods. Annuals trans-
locate and assimilate preferentially to the aboveground parts after flowering, and RSS in-
creases slightly or even declines as the roots decay [33]. Previous studies reported maxi-
mum wheat root biomass, root length and root activity (water use) at about anthesis
[34,35], with strong links to the concurrent peaks of green leaf area and whole-plant tran-
spiration [36]. However, the patterns of wheat root growth may be less determinate [37],
as was indicated in the present experiment by the Cr* and RL data obtained for the com-
posite cross population YQCCP, which was genetically and phenologically heterogeneous
[38]. Wheat ARD was reported to peak during the flowering stages, and was found to be
smaller in dry soil [22].

3.2. Effect of Drought and Intercropping

Drought stress shortened the wheat vegetation period. Root activity (Cr*) began to
decline before flowering, and showed a sudden decrease thereafter, due to enhanced lig-
nification and accelerated root senescence [13,39]. Nevertheless, the decreasing trend in
RL and RSA was observed later under drought. This was reported due to the delayed
disappearance of dead roots (the visual determination of when roots reach the dead stage
is subjective), especially in dry soil, where decomposition is slower [40].

The Cr and MR methods indicated that the presence of pea had a negative effect on
root growth parameters. Although intercropping systems generally give a higher total
yield compared to sole crops (higher land equivalent ratio), the single component species
often responds to intercropping with a reduction in biomass and grain yield [41]. The high
plant density in additive intercrops often leads to strong interspecific competition be-
tween wheat and legumes below ground for soil nutrients and water (principally under
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drought), and above ground for light [41,42]. It was reported that pea cultivars with vig-
orous early development and climbing growth habit tended to overgrow the wheat
(which provided mechanical support), limiting light interception for the cereal canopy
[43]. This was clearly observed in the present study: pea overtopped the wheat, and tied
up the wheat leaves with tendrils during the vegetative phase. Pea significantly reduced
the SPAD chlorophyll content in well-watered ‘Mv Nédor’ and in drought-stressed ‘Mv
Kolompos” and YQCCP, in which greater aboveground biomass loss was detected under
the given experimental conditions. The decreased chlorophyll content of flag leaf (the ma-
jor source leaf) by drought indicated an enhanced senescence and nutrient remobilization,
leading to reduced shoot and root productivity and grain yield [44,45]. ‘Mv Nador” and
YQCCP were the least and the most tolerant to intercropping, respectively, under well-
watered conditions, in contrast with the tolerance under drought. The reduction in cereal
yield by the competitive interactions may be overcome by reducing the intercrop density.

3.3. Benefits and Drawbacks of the Combined Approach of Cr and MR

The two different root methods provided apparently conflicting results, in that
drought stress substantially decreased maximum Cr* (by 32-59%), but increased RL and
RSA. Increase in root mass is a common response to limited water supply, but plant re-
sponses to drought depend greatly on timing, duration and severity [39]. In the present
case, the drought was relatively moderate during the early growth stages, but became
severe during flowering and grain filling, which are the most sensitive periods of wheat
growth [33]. Mild drought in early growth stages have been reported not to inhibit or even
to stimulate wheat root production [46], as was indicated by the present MR investigation.
In accordance with the current Cr* data, severe drought was observed to reduce root ac-
tivity by reducing the uptake of water and promoting tissue maturation [39]. Neverthe-
less, another possible explanation for the decreased Cr* is the smaller shoot growth and
stem diameter, altering the allometry between root and shoot [8,9]. This should be taken
into account as well, considering the distinct depths of MR and Cr measurements, and the
uncertainties about the relative influence of deep vs. shallow roots on Cr* [2,10].

An enhanced root/shoot ratio under drought is considered a typical response of
plants, including wheat [46], to water deficit. In relative terms, the restricted aboveground
growth (associated with reduced leaf area and total plant transpiration) decreased the wa-
ter uptake of the whole root system, indicated by the decline in Cr*. Comparing the wheat
cultivars studied, the relative change in maximum Cr* induced by drought (like the effect
of pea intercropping) was proportional to that in SDM and GY. ‘Mv Nador’ was found to
be the most tolerant to drought both in the sole crop and the intercrop, while the YQCCP
was the most sensitive. Drought-stressed plants exhibited lower specific root capacitance
(per unit RSA), manifested in the smaller slopes of the Cr*-RSA regression lines. On the
one hand, this finding may support the functional aspect of the Cr method, pointing out
that Cr represents not only the geometrical size but also the physiological status (e.g., tis-
sue maturity, root decay) of the root system. On the other hand, however, it demonstrates
the limited comparison ability of capacitance data collected under contrasting growth con-
ditions due to their different relationships with real RSS values. It is notable that the MR
data indicated a larger RSS under drought, while the Cr measurements did not show such
a trend at all.

Many previous studies demonstrated that MR-based RL and RSA data measured at
anthesis in winter wheat (mainly in deeper soil layers) were positively correlated with
plant water use and grain yield [24,33,47]. However, this was not the case in the present
experiment, where well-watered and severely drought-stressed plants were compared.
Cr* proved to be a more sensitive indicator of SDM and GY losses. Nevertheless, if the
capacitance method is applied alone, it remains unclear to what extent the change in root
size or root activity, or even only the altered root to shoot ratio (reduced stem cross-sec-
tional area), affects Cr*. Transformation of measured Cr into Cr* using predetermined
specific calibrations is only required to monitor root dynamics in field-grown plants under
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variable SWC, but is unnecessary for single measurements (which should be made around
anthesis) performed under spatially homogeneous moisture conditions [16]. However,
caution is required when applying the capacitance technique to compare cultivars, con-
sidering that, as verified in the current study, the relationship between Cx* and RSS may
differ markedly. Furthermore, drought-induced changes in root membrane thickness and
root depth distribution (including the death of shallow fine roots and the proliferation of
deep roots) can be expected to weaken the capacitance response [10,13].

3.4. Conclusions

The current research confirmed that the Crk and MR measurements reveal different
characteristics of the root system. The parallel use of the two methods in the same plant-
soil system is able to give more information about the seasonal pattern of root growth and
function, and principally about the influence of experimental conditions on root traits.
Root capacitance predicts the accompanying effects on aboveground biomass production
and grain yield in a comparative study, whereas the MR method is more suitable for quan-
tifying relevant RSS variables. The concurrent application of the two non-destructive tech-
niques could provide a better understanding of how various crop genotypes respond to
different cultivation practices (e.g., tillage, sowing density, fertilization) or environmental
conditions (e.g., drought, elevated CO:, nutrient deficiencies). The dual methodology
could be particularly beneficial under contrasting growing conditions (when root and
shoot development is often asynchronous), and in plant mixtures, in which the roots of
the component species are difficult to distinguish with the MR method. Nevertheless, con-
sidering the lack of treatment replications in the present model system, more extensive
studies are needed for better evaluation of the benefits and drawbacks of using both tech-
niques combined, and to fill the gap of knowledge about the disparity of changes in Cr
and MR data under stress.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

The experimental design was factorial with (1) three winter wheat (Triticum aestivum
L.) genotypes: the cultivars ‘Mv Nador’ (“N”) and “‘Mv Kolompos’ (“K”) and the YQCCP
composite cross population (“C”); (2) two cropping systems: wheat as sole crop (“0”) and
a wheat—pea (Pisum sativum L., cv. Aviron) intercrop (“P”); and (3) two water treatments:
well-watered (“+”) and drought-stressed (“—“). ‘Mv Nador’ is an intensive, short (60-80
cm), early maturing variety, whereas ‘Mv Kolompos’ is a robust, less intensive, medium-
tall (85-95 cm), medium-early cultivar. The late maturing composite cross population was
created by crossing 20 parental lines in the Organic Research Centre, UK [38]. The wheat
cultivars selected for the experiment were examined as a model genotypes of conventional
(‘Mv Nador’) and organic (‘Mv Kolompos’) farming systems, while the population
(YQCCP) was used as a model to examine the effects of an organic heterogeneous material
compared to the homogeneous varieties. The winter pea ‘Aviron’ is a determinate, semi-
leaflet, medium-early, medium-tall (70-85 cm) cultivar with rapid early growth.

Six 1000 L cubic plastic containers were used, two (a well-watered and a drought-
stressed) for each wheat genotype (Figure S1). Each container was divided into two parts
(with 0.5 m? surface area) by placing a 2 cm thick plastic sheet vertically, to separate the
sole crop of a given genotype from the corresponding intercrop. Perpendicular to the
sheet, three clear polycarbonate MR tubes (110 cm long, 70 mm outer diameter, 4 mm wall
thickness) with end caps were installed horizontally through each container at depths of
20, 50 and 80 cm below the soil surface [21]. The containers were filled with topsoil (0-30
cm) taken from the nearby certified organic field (N 47°18'41", E 18°46'48"). The soil was
a haplic chernozem according to the FAO-WRB [48] classification, which consisted of
36.2% sand, 40.7% silt and 23.1% clay, with a pHm0 of 7.61, 16.3 mmol 100 g cation ex-
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change capacity, 1.70% CaCOs, 3.36% humus content, 1822/364/459 mg kg-' N/P/K con-
tent, and 1.42 g cm~® bulk density. The SWC values at saturation, field capacity and wilting
point were 47.9%, 28.9% and 8.7%, respectively (the soil water retention curve was deter-
mined with a pressure membrane apparatus). The soil packed into the three well-watered
containers was at around field capacity, but for the three drought-stressed containers the
soil was first spread out to dry to approx. half of field capacity. The bottom of the contain-
ers was filled with fist-size stones covered with agro-textile to ensure drainage. Large
clods were broken up, organic debris was removed, and the soil was compacted carefully
during filling (to avoid injuring the MR tubes). SWC at 20 and 50 cm soil depths was rec-
orded every 2 h in each experimental unit with Decagon EC-5 sensors (Decagon Devices
Inc., Pullman, WA, USA) connected to Em5b dataloggers.

Wheat seeds were germinated in moistened 30 mm Jiffy peat pellets (Jiffy Int. AS,
Kristiansand, Norway) at 22 °C for 10 days, after which the seedlings were vernalized for
6 weeks at +4 °C, 10/14 h (light/dark). Ten days before the end of vernalization, pea seeds
were germinated in the same way and were planted in the containers concurrently with
the wheat. Each container held a sole crop of a genotype on the one side, and the intercrop
of the same genotype on the other side. Each treatment (occupied a half container) con-
sisted of 4 rows of 38 wheat plants with 12.5 cm row spacing (0.5 x 1 m; ~300 plants m-),
perpendicular to the MR tubes. Intercropping was additive, with 25 pea plants (50 plants
m), five in each wheat interrow and longitudinal edge. The containers were maintained
in a tempered greenhouse, initially at 15/10 °C for 12/12 h (light/dark), changing gradually
to 23/18 °C for 16/8 h during the plant growth period. The containers were arranged in
two rows according to the irrigation regime, with different orders for the genotypes
within a row. The orientation ensured the uniform light and ventilation conditions for
each container. The SWC in the three well-watered containers was reduced to 60-70%
field capacity (17-20 v/v%), and then kept at this level by weekly irrigation. The three
drought-stressed containers were given a little water (5 mm) at planting, after which the
soil was allowed to dry to near wilting point (~9 v/v%), which was maintained by slight
(6-10 mm) irrigations thereafter.

In the well-watered containers, the SWC at 20 and 50 cm depths decreased from field
capacity to 17-20 v/v% by approx. DAP (days after planting) 70 (Figure S2), and varied
between 18 and 25 v/v% in the 0-12 cm layer on the days when Cr measurements were
made. In the case of drought stress, the soil moisture approached the wilting point at 20
and 50 cm by DAP 50 (wheat booting stage) and DAP 70 (end of flowering), respectively.
A range from 9 to 12 v/v% SWC values were detected at 0-12 cm during the Cr measure-
ments.

4.2. Electrical Capacitance Measurements

Electrical measurements were performed on ten occasions throughout the growing
season, between DAP 10 and 115, and an eleventh measurement was made on DAP 129
for the well-watered composite wheat owing to its longer growth period. Thirty wheat
plants were randomly selected from the inner rows of each treatment. The SWC at 0-12
cm (equal to the insertion depth of the Cr ground electrode) was recorded in the root zone
of each individual plant with a pre-calibrated Campbell CS5620 handheld TDR meter
(Campbell Sci. Ltd., Loughborough, UK). Volumetric SWC values were converted to rel-
ative water saturation (Ori1) on the basis of the predefined saturation water content. There-
after, parallel Cr was measured for each selected plant with an Agilent U1733C portable
LCR instrument (Agilent Co. Ltd., Penang, Malaysia) at 1 kHz, 1 V AC. The ground elec-
trode was a stainless steel rod, 15 cm long and 6 mm in diameter (303531; RS Pro GmbH,
Gmiind, Austria), pushed vertically into the soil 5 cm from the stem to a depths of 12 cm.
The plant electrode was clamped to a 4 mm wide strip cut from a 25 um thick aluminum
foil. The strip was smeared with conductivity gel, and was tied around all the basal parts
of the plant 15 mm above the soil surface [20].
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In order to take the spatial and temporal variability in SWC into account, all the Cr
data were converted into an apparent (saturation) capacitance, Cr*, according to the spe-
cies-specific function: Cr* = Cr-5.807e-17750r¢l, using the Ora values associated with the rele-
vant Cr. A detailed description of how the empirical equations were calculated can be
found in Cseresnyés et al. [15] Cr*, which is equivalent in practice to the capacitance meas-
ured in a water-saturated soil (B = 1), was considered as a proxy of the functional root
extent (root activity). The wheat growth stage was determined on each measurement day
using the BBCH scale [49].

4.3. Minirhizotron Technique

Only one MR tube per soil depth was installed in each treatment because of the rela-
tively small container volume. MR was primarily used to track the root seasonal patterns
and to evaluate the effect of intercropping and drought. On the same days when Cr was
detected, root images (21.6 x 19.6 cm; 300 dpi) were recorded for each treatment and depth
using a CI-600 rotary scanner (CID Bio-Science Inc., Camas, WA, USA) set to the same
position in the MR tube throughout the experiment. No images were taken in the well-
watered containers on DAP 21 due to a technical problem.

The images were processed with RootSnap! software (ver. 1.3.2.25), which provided
root length (RL), root surface area (RSA) and average root diameter (ARD). As it was im-
possible to distinguish between wheat and pea roots, the total root pool of the component
species was evaluated. Nevertheless, wheat roots were considered to be dominant due to
the much higher planting density and the dense adventitious root system [50]. Only active
roots, identified by their white to pale brown color, were considered, whereas dark brown,
blurry roots were disregarded [21].

4.4. Leaf Chlorophyll Content and Post-Harvest Measurements

The flag leaf chlorophyll content was estimated in situ at anthesis to characterize the
physiological status of wheat grown under different conditions. Fifteen plants from the
central rows of each treatment were investigated using a Minolta SPAD-502 m (Konica
Minolta Inc., Osaka, Japan). Three measurements taken on the same plant were averaged.

At wheat maturity (on DAP 130 and 119 for the well-watered and drought-stressed
treatments, respectively), the two crops were hand harvested separately just above the
soil surface. The wheat biomass was oven-dried at 70 °C to constant weight to determine
the total shoot dry mass (SDM), after which the ears were threshed manually to obtain the
total grain yield (GY).

4.5. Data Analysis

The data were analyzed using Statistica software (ver. 13; StatSoft Inc., Tulsa, OK,
USA). The effect of pea intercropping and drought on the Cr* and SPAD values was eval-
uated with an unpaired f test (p < 0.05). Welch’s correction was applied when the F test
indicated significant differences between the variances. A paired f test was used to ana-
lyze the influence of intercropping and drought on the maxima of RL, RSA and ARD, and
on SDM and GY (in this case, treatments differing only in cropping design or in water
regime were paired). Simple linear regression was performed to relate Cr* to RSA. In this
case, only the data collected until the wheat flowering stage (when Cr* and RSA peaked)
were used, and pooled over cultivar sole and intercrop. The reason for this is that the
correlation between capacitance and root size properties is much stronger during the most
active (vegetative to flowering) plant growth stages characterized by intensive root
growth, and becomes weaker during maturity stages, when root suberization, reduced
activity and death can result in a sudden decrease in capacitance [6,10]. The regression
slopes were compared with analysis of covariance.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/plants10101991/s1. Table S1. Effect of pea intercropping on the apparent root electrical
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capacitance (Cr*) of wheat at different plant ages (DAP: days after planting). Unpaired f test (1 = 30)
or Welch'’s test [superscript (W) in the table] was used, based on the homogeneity of variances. NS:
non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001. Treatment codes: N: wheat cv. Mv Nador; K: cv.
Mv Kolompos; C: YQCCP population; 0: wheat sole crop; P: wheat—pea intercrop; (+): well-watered;
(-): drought-stressed. Table S2. Effect of drought stress on the apparent root electrical capacitance
(Cr*) of wheat at different plant ages (DAP: days after planting). Unpaired ¢ test (1 = 30) or Welch's
test [superscript (W) in the table] was used, based on the homogeneity of variances. NS: non-signif-
icant; * p < 0.05; ** p < 0.01; *** p < 0.001. For treatments codes, see Table S1. Figure S1: Schematic for
the experimental design. Treatment codes: N: wheat cv. Mv Nador; K: cv. Mv Kolompos; C: YQCCP
population; 0: wheat sole crop; P: wheat—pea intercrop; (+): well-watered; (-): drought-stressed. Fig-
ure S2: Changes in volumetric soil water content (SWC) with plant age (DAP: days after planting)
in well-watered [(+)] and drought-stressed [(-)] treatments at different soil depths. SWC was rec-
orded continuously at 20 and 50 cm depths using automatic data loggers, but only concurrently
with root electrical capacitance measurements in the 0-12 cm layer with a handheld TDR meter.
Data were averaged across the three wheat cultivars and two pea treatments. Horizontal dashed
lines indicate water content at field capacity (FC; 0.02 MPa) and wilting point (WP; 1.5 MPa).
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Abbreviations

AC Alternating current

ARD Average root diameter

Cr Root electrical capacitance
Cr* Apparent (saturation) root electrical capacitance
DAP Days after planting

GY Grain yield

MR Minirhizotron

RL Root length

RSA Root surface area

RSS Root system size

SDM Shoot dry mass

SWC Soil water content
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