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Abstract The split-root system technique has been
used to analyse plant biology for several decades,
but woody plants have not received enough atten-
tion in this experimental approach. Historically, sev-
eral methods have been developed, ranging from the
simplest method of dividing a root into two parts and
placing them in separate containers to more complex
methods, such as grafting a second root from another
plant. Each method has advantages and disadvantages
that determine the goals of the experiment. Thus far,
research using the split-root system has covered only
62 species of woody plants, mainly to investigate
the water shortage effect on water acquisition. Many
studies have also considered the significance of func-
tional root-system diversity for plant fertilisation,
which allows a better understanding of ion transport
regulation mechanisms and some anatomical and
functional features of woody plants. Ion uptake and
transport have been studied frequently using isotope
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labelling. The split-root system method also offers
interesting possibilities for studying the interactions
of plants with other organisms. For example, this
method was used to study root colonization strategies
by mycorrhizal fungi. The comprehensive analysis of
the split-root system technique in this review provides
fine-scale information on the future concepts needed
to study root-system biology, as the ability of roots to
play a range of functions in the plant remains largely
untested.

Keywords Tree root system - Plant-soil interaction -
Nutrient uptake - Drought - Pot experiment

Introduction

Plants, especially woody ones, are constantly exposed
to changes in environmental conditions. The changing
temperature, insolation, humidity, herbivore pressure,
and competition within and between species affect the
above-ground parts and the interrelationships at the
root-soil contact. Thus, the influence of various biotic
and abiotic factors on the root structure and metabo-
lism has been intensively studied, and knowledge in
this regard has increased. However, the root systems
of trees and how they function remain a scientific
mystery in many aspects.

The soil environment, in compere above ground,
is characterised by a smaller amplitude of changes,
especially physical factors, but is more heterogeneous,
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especially during the life of one tree plant (Hodge
2006). A technique enabling a detailed mechanistic
and functional root-system survey (i.e. the split-root
system or SRS) is employed to analyse the effect of
a heterogeneous soil environment on plant growth
under controlled conditions. This technique has been
known for a long time; the first general studies were
published in the 1940s (Long 1943) and, in the case
of woody plants, in the 1960s (Fucik and Titus 1965).
Whether dealing with herbaceous or woody plants,
the SRS technique splits the root into two (or more)
nontouching parts planted in separate containers.
There are several ways to establish the SRS, which
for herbaceous plants on the example of Arabidopsis
thaliana (Brassicaceae) have been discussed in more
detail in the review Saiz-Fernandez et al. (2021).
The roots of woody plants live longer and are larger
than herbaceous plants, so they benefit from a more
heterogeneous soil environment and they have to be
more plastic. The vascular cambium originates in
two different tissues (pericycle and procambium),
and not only in the pericycle as in herbaceous plants.
The roots of woody plants have a rich set of mycor-
rhizal fungi, which changes with the age of the tree
(Dighton and Mason 1985). Therefore, even though
the methods described for woody plants are similar to
those for herbaceous plants, due to the different struc-
ture of the root, they have their own specificity.

The application of SRS technique is used in funda-
mental studies of plant morphology and physiology:
plant signalling (Torres et al. 2021), sectoriality defined
as the restriction of resource and hormone movement to
limited regions of the plant, each of which comprises
a quasi-autonomous “independent physiological unit”
(Marquis 1996; Orians et al. 2004), water uptake and
transport (Ameglio et al. 1999), ion transport (Gloser
et al. 2009b) or ectomycorrhizal symbioses (Rose et al.
2023). The SRS in woody plants was most often used
to study the effects of drought. Some studies aimed at
optimizing water consumption were done on economi-
cally important species: vine grapes (Antolin et al.
2006, 2008; Dry and Loveys 1999; Dry et al. 2000; Poni
et al. 2007, 2009), apples (Einhorn et al. 2009, 2012;
Gowing et al. 1990; Zhao et al. 2008) or citrus (Allen
et al. 2000; Contreras-Barragan et al. 2014; Miranda
et al. 2018; Romero-Conde et al. 2014). The SRS
method is also sometimes used in ecological research
(e.g. plant interspecies competition (Marler 2013) and
plant interaction with pathogens or mycorrhizal fungi
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(Kennedy et al. 2009)). However, these studies are still
incidental, and their more common applications may
introduce new research directions. This review aims to
discuss the previous research results and mark research
areas in which this technique may enhance the knowl-
edge of woody plant anatomy, physiology and ecology.
It presents various techniques for achieving SRS, giving
the advantages and disadvantages of each method, and
gives examples of SRS applications in the study of the
root system and above-ground parts of woody plants.

Data collection methods

The use of the SRS method for studying woody plants
is rare. In the Web of Science database (as of 26 January
2022), out of 902 publications where the split-root key-
word occurs, less than 100 papers describe research on
woody plants. In total, 25 botanical families were repre-
sented in these studies, with the most numerous species
from Pinaceae (24) and Rosaceae (16) and 11 each from
the Vitaceae and Fabaceae families. Of the 57 species,
the most numerous were Vitis vinifera (Vitaceae) and
Malus domestica (Rosaceae), both of great economic
importance. During the review preparation, the experi-
ments were divided according to the method of root-sys-
tem separation, a factor that differentiates a) the substrate
in which the split roots are placed, b) areas of application
of the SRS and c) the use of the isotope technique.

Root-system separation methods

Saiz-Ferndndez et al. (2021) proposed five basic
methods for generating an SRS in their A. thaliana
review. For woody plants, several additional methods
for obtaining an SRS are known (Table 1). Each of
these approaches has advantages and disadvantages,
which define the research applications (Table 2).

Split-root system

The most commonly used method in woody plants for
experimenting with an SRS is dividing the developed
root into two parts of comparable size (i.e. split-devel-
oped root or SDR), and more than half of all studies
in this review used this method. The SDR was applied
in all areas identified in this study (Table 1). The
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Table 1 Diagram illustrating the method of obtaining root
separation with references
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1—Taylor and Goubran (1976); 2—Catchpoole and Blair
(1990); 3—McDonald et al. (1991); 4—Tagliavini and Maran-
goni (1994); 5—Simonneau and Habib (1994); 6—Kuhn et al.
(1995); 7—George et al. (1997); 8—Sakuratani et al. (1999);
9—Gentili (2006); 10—Aganchich et al. (2007); 11—Maz-
zola et al. (2007); 12—Gloser et al. (2008); 13—Meng et al.
(2008); 14—Poni et al. (2009); 15—Gloser et al. (2009a, b);
16—Aganchich et al. (2009); 17—Neuhaus et al. (2007);
18—Turner et al. (1996); 19—Fort et al. (1998); 20—Ken-
nedy et al. (2009); 21—Zhang and George (2009); 22—Srika-
setsarakul et al. (2011); 23—Wu et al. (2012); 24—Hu et al.
(2014); 25—Reef et al. (2015); 26—Contreras-Barragan et al.
(2014); 27—Wiriya-Alongkorn et al. (2016); 28—Costa et al.
(2017); 29—=Graciano et al. (2009); 30—Hafner et al. (2017);
31—Li et al. (2017); 32—Veerman et al. (2018); 33—Lucas
et al. (2018); 34—Bogar et al. (2019); 35—Hafner et al.
(2020); 36—Tochterle et al. (2020); 37—Bertoli et al. (2020);
38—Hafner et al. (2021); 39—Balbin-Suarez et al. (2020);
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Table 1 (continued)

40—Kang et al. (2020); 41—Balbin-Suarez et al. (2021); 42—
Rohr et al. (2021); 43—Shane et al. (2003); 44—Shane and
Lambers (2006); 45—Mayerhofer et al. (2021); 46—Ameglio
and Archer (1996); 47—Ameglio et al. (1999); 48—Ameg-
lio et al. (1997); 49—Allen et al. (2000); SO—Thomas et al.
(2000); 51—Loveys et al. (1999); 52—Lovisolo et al. (2002);
53—Woolfolk and Friend (2003); 54—Hirota et al. (2004);
55—Vohnik et al. (2005); 56—Antolin et al. (2006); 57
Boukcim et al. (2006); 58—Poni et al. (2007); 59—Antolin
et al. (2008); 60—Cubera et al. (2009); 61—Gowing et al.
(1990); 62—Portz et al. (2011); 63—Hao et al. (2012); 64—
Black et al. (2012); 65—Beis and Patakas (2015); 66—Marino
et al. (2017); 67—Feng et al. (2017); 68—Gorka et al. (2019);
69—Shani et al. (1993); 70—Marler (2013); 71—Romero-
Conde et al. (2014); 72—Wang et al. (2016a, b); 73—Tan et al.
(2021); 74—Dry and Loveys (1999); 75—Dry et al. (2000);
76—Palm et al. (2021); 77—Zhao et al. (2008); 78—Einhorn
et al. (2012); 79—Wang et al. (2016a, b); 80—Miranda et al.
(2018); 81—Einhorn et al. (2009); 82—Cesarz et al. (2013);
83—Glenn and Welker (1993); 84—Lilleskov and Bruns
(2003); 85—Glenn and Welker (1991); All references are
listed in detail at the end of the paper.

advantage of this method is that it is easy. It is sufficient
to roughly clean soil from the roots, split the root into
two similar parts and place each set in a different con-
tainer or on both sides of a partition. Another advan-
tage is that the gradient of heterogeneous soil can be
tested (Allen et al. 2000). The disadvantage of the SDR
method is its limited applicability for plants character-
ised by a taproot presence, as it is impossible to separate
one axial root into two parts. However, modifying the
unequal SDR (uSDR), as in the case of Juglans regia
(Juglandaceae) research, can be performed (Ameglio
and Archer 1996; Ameglio et al. 1999). Another modi-
fication of this method is the division of the root into
more parts, called multiple SDR (mSDR), which is not
a commonly used method because it requires the forma-
tion of several similarly sized side roots.

The second most frequently used method is the
separation of newly formed lateral roots (i.e. split
newly forming roots or SNR). Separation of the root
system can be achieved in this case in two ways:
pruning the taproot, which induces the formation of
lateral roots, or rooting shoots. The advantages of this
method include the possibility of including species
producing the taproot in the research and, in its sec-
ond variant, the possibility of researching genetically
identical plants, vegetatively propagated from a sin-
gle individual. Both of these experimental approaches
result in the formation of lateral roots. However, they
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Table 2 Root-system separation method, Web of Science (WoS) papers, and application areas

Methods No. of papers Drought and water Ion Signal Interactions with Carbon Eco-
using the tech-  transport in plants manage- transmis- microorganisms distribu- logical
nique ment sion tion effects
Split-developed root (SDR) 45 + + + + + +
Unequal split-developed root 3 +
(uSDR)

Multiple split-developed root 1 +
(mSDR)

Split newly forming root 20 + + + +
(SNR)

Cutting longitudinally root 6 + + +
(CLR)

Cutting longitudinally cuttings 3 + +
(CLC)

Inverted grafting—inarching 5 + + +
aG)

Approach grafting (AG) 1 +

Double split-root (DSR) 1

Natural split (NS) 3 + +

Number of papers as of 26 January 2022

are associated with physical damage to the plant,
which may make plants more susceptible to pathogen
infection (Gordon et al. 2015; Lakomy et al. 2019),
inducing plant defence responses (Feng et al. 2022)
and an imbalance in the proportion of the above- to
below-ground parts (Zadworny et al. 2021). All of
these can be considered disadvantages. With the SNR
method, the water balance (Beis and Patakas 2015;
Marino et al. 2017), ion transport (Boukcim et al.
2006; Cubera et al. 2009), signal transmissions (Gow-
ing et al. 1990; Portz et al. 2011) and interaction with
microorganisms (Bogar et al. 2019; Hao et al. 2012)
in the plant were investigated.

Another two methods of preparing the SRS
are cutting the roots longitudinally (CLR) or cut-
ting longitudinal cuttings (CLC). These methods
are rarely used; only 11 publications on their use
were found. The advantages and disadvantages
of these methods are similar to those of SNR. The
advantage of these methods, especially in the vari-
ant where the cuttings are split, is that there is no
need to replant the plant, and testing the influence
of the substrate on the rooting of cuttings is pos-
sible (Palm et al. 2021). The disadvantage is the
higher exposure to infection by fungal pathogens
because the wound area of the plant tissue is signifi-
cantly larger. Another disadvantage is that, until the
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experiment is complete, we do not know whether the
newly formed roots are of comparable size in both
variants. These methods can only be used on plants
that tolerate root pruning very well or root easily, for
example to study the transport of water and ions in
the plant for CLC (Dry and Loveys 1999; Dry et al.
2000; Palm et al. 2021) and CLR (Catchpoole and
Blair 1990; Romero-Conde et al. 2014; Shani et al.
1993; Tan et al. 2021; Wang et al. 2016a)). Marler
(2013) used this method to describe the recognition
response of Cycas edentata (Cycadaceae) to related
plants among competitors for soil resources.

The least common method of creating an SRS is
horticultural techniques to graft two seedlings, which
can be performed using one of two methods: attach-
ing a second root (i.e. inverted grafting) or approach
grafting (a longitudinal incision of a shoot of two
plants at the same height, binding them together
and after some time, when two plants grow together
removing one of the tops). Grafting has some signifi-
cant advantages. The first is the possibility of experi-
menting with plants forming a taproot. The roots of
the two grafted plants are not damaged because the
plant grafting is within the shoot. The second advan-
tage is that this method reduces or avoids stress dur-
ing root-system transplanting. The greatest advantage
of this method is combining plants from different
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origins, such as varieties or populations of the same
species. The SRS achieved by grafting help to iden-
tify whether physiological processes (e.g. the end of
the shoot growth and the establishment of the apical
bud or the end of root length growth), are under plant
internal (genetics) or external (environment) con-
trol. Thus, such a combination of genetically diverse
plants can help to study signal transmission in plants
or growth and development regulation mechanisms.

However, grafting also has many disadvantages.
First, this method can be used only in species for
which the grafting efficiency is high. Second, the
grafting procedure is time-consuming and can be per-
formed only at a specific time of the year. In addition,
grafting is associated with tissue damage, which may
be associated with pathogen infections. Grafting as
a method of obtaining SRS will have a very limited
application in plants characterized by a high degree
of sectoriality. Another disadvantage of grafting
methods is the need to wait longer for the combined
plants to fuse, which often requires waiting through
the growing season. These methods were primarily
applied in creating an SRS in fruit trees, such as apple
and citrus trees. The influence of irrigation and water
transport was investigated regarding their application
(Einhorn et al. 2009, 2012; Miranda et al. 2018), ion
transport (Wang et al. 2016b), or signal transmission
regulation in the plant (Zhao et al. 2008).

The method of natural separation of the growing
plant’s root system (i.e. natural split or NS) has some-
times been used, especially in rhizotron research,
which is particularly important in root development
analysis in a heterogeneous substrate. The advan-
tage of the NS method is that the damage caused by
artificial root separation can be reduced. The disad-
vantages of the NS method include hardware limita-
tions, as this method is used in rhizotrons, allowing
the observation of root growth. If it were not possible
to observe roots through the visors, the existence of
a root separation could only be verified after the end
of the experiment. Glenn and Welker (1991); Glenn
and Welker (1993) used this method in studies of
the effect of turf created by grasses on the water and
nitrogen uptake by peach seedlings (Prunus persica;
Rosaceae). Lilleskov and Bruns (2003) also employed
this method for research on root colonisation by ecto-
mycorrhizal fungi.

Some studies have presented more complex exper-
imental setups using the SRS. Such an arrangement

is the double split-root rhizotron, which separates the
root systems of two tree seedlings into compartments
with root strands of one seedling at each side and a
shared root compartment in the centre where root
strands of both tree seedlings can interact (Cesarz
et al. 2013). In these studies, the effect of deciduous
tree species on soil biota and carbon dynamics was
analysed using isotope labelling.

Research using the split-root system
Effect of drought and water transport on plants

More than half of the publications using the SRS
within trees concern the issues of water acquisition
or its transport within plants. In this research, par-
tial root drying (PRD) was the most common fac-
tor differentiating the substrate where the split roots
were placed. Some researchers indicated that water
transport from well-watered roots could compen-
sate for the deficiencies in drained roots (Allen et al.
2000; Glenn and Welker 1993; Simonneau and Habib
1994). The results are sometimes not obvious because
no clear compensation was seen, which may result
from different experimental setups and a large vari-
ety of species. Nevertheless, we presented some of
the most interesting ideas and examples of few stud-
ies and effort to make some generalizations. Experi-
ments with the PRD have shown that partial restric-
tion of water availability can increase the water use
efficiency in Citrus paradis (Rutaceae) (Contreras-
Barragan et al. 2014), Ginkgo biloba (Ginkgoaceae)
(Wang et al. 2016a) and Persea americana (Laura-
ceae) (Neuhaus et al. 2007). This phenomenon may
partially explain the presence of a hydraulic redistri-
bution, transporting water from the well-watered part
to the unwatered part, which occurs between neigh-
bouring plants (Hafner et al. 2021, 2017; Hirota et al.
2004; Sakuratani et al. 1999; Tochterle et al. 2020).
Without the use of SRS and a heterogeneous sub-
strate, the discovery and description of a hydraulic
redistribution would be impossible. Sufficient water-
ing of only one part of the root while the other part
was dried often has a negative effect on growth but
increases the water use efficiency and does not reduce
yield (Einhorn et al. 2009; Loveys et al. 1999; Poni
et al. 2007).
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The physiological explanation of these processes
has often been based on the regulatory role of plant
hormones. For example, drying out half of the root
does not increase the abscisic acid (ABA) content
or do not reduce the amount of water in the shoot
(Fort et al. 1998). Moreover, gas exchange and
ABA content in the leaves are related to the overall
water consumption, and alternating (i.e. PRD) does
not reduce the value of these traits (Einhorn et al.
2012). Experiments using PRD in the SRS of grape-
vines exhibited the regulatory effect of ABA and
cytokinins on the reactions of the stomata (Beis and
Patakas 2015). Some compensating mechanisms
may be related to the intensity of the gas exchange,
which is not always limited under mild stress con-
ditions (Aganchich et al. 2009) because the sum of
the diffusional resistances (i.e., stomatal and meso-
phyll resistances) sets the limit for photosynthetic
rates. The results of many pot experiments with
V. vinifera (Vitaceae) with an SRS (Antolin et al.
2006, 2008; Dry et al. 2000; Poni et al. 2007, 2009)
resulted in interesting field experiments. Knowledge
on the use of PRD in field conditions has been col-
lected and presented in a recently published review
(Slamini et al. 2022) and will not be discussed fur-
ther in this paper.

A plant’s root system is characterised by high het-
erogeneity between and sometimes within species
resulting from their life history, growth pattern, and
other factors, which means that some root parts have
a specific function in some species but not others. The
SRS would considerably facilitate determining water
uptake capacity in root systems that exhibit structural
diversification. Research on the plant water supply
using the SRS was conducted to analyse the secto-
rial character of plants (Dry and Loveys 1999; Shani
et al. 1993). In some tree species (e.g. Acer rubrum
(Sapindaceae) or Thuja occidentalis (Cupressaceae)),
sectoriality is significant, which means that water
transport from a specific root always takes place to
a specific shoot (Gloser et al. 2008, 2009b). Ameg-
lio et al. (1999) showed with the help of SRS experi-
ments that the use of the predawn leaf water potential
indicator is problematic because proper water sup-
ply of the root fragment (20%) is able to maintain
the value of this indicator in walnut (Juglans regia;
Juglandaceae) leaves at a level close to the control,
while others were water shortage as indicated by sap
flow measurements. Thus, SRS has so far been a very

@ Springer

useful tool for studying many aspects of water uptake,
transport and use by woody plants.

Nutrient uptake and transport

The experiments with the SRS also significantly con-
tributed to the study of ion transport in plants. Usu-
ally, the experiments were based on the different
fertilisation of individual parts of the roots. For exam-
ple, the availability of nitrogen in the soil enhanced
the proliferation of fine roots (e.g. A. rubrum (Sap-
indaceae) and Betula papyrifera (Betulaceae)) in the
fertilised pot (Gloser et al. 2008). Moreover, hetero-
geneity was found in the maple in the above-ground
part, with the leaves associated with the nitrogen-fer-
tilised roots being larger and having a higher relative
chlorophyll concentration. This finding may indicate
that maple is more sectorial than birch. Tan et al.
(2021) demonstrated a different reaction to the uptake
of water and nutrients in a heterogeneous environment
by birch (Betula platyphylla; Betulaceae) and larch
(Larix olgensis; Pinaceae). Birch showed a higher
foraging precision assessed by biomass and greater
foraging plasticity assessed in morphology and physi-
ology. In contrast, larch seedlings had higher root N
concentration in the well-watered condition. Authors
conclude that birch is better acclimatized to heteroge-
neous soil conditions and larch has a greater capacity
to N uptake when water supply improves.

Interspecies differences are visible in many other
studies, where the results sometimes indicate differ-
ences generated by uneven fertilisation (Boukcim
et al. 2006; Cubera et al. 2009; Gentili 2006; Palm
et al. 2021). However, this differentiation is not always
revealed (George et al. 1997; McDonald et al. 1991).
The lack of these differences may result from mecha-
nisms to compensate for the uneven supply of nutrients
(Gloser et al. 2008; Palm et al. 2021). The description
of these mechanisms was possible thanks to the use
of the SRS technique differentiating the availability of
water and nutrients. The diversified nutrient supply in
the soil increased the root proliferation in the fertilised
soil of spruce (Picea abies; Pinaceae) and pine (Pinus
sylvestris; Pinaceae), which was not found in Douglas
fir (Pseudotsuga menziesii; Pinaceae) (George et al.
1997). The form of nitrogen fertilisation influenced the
architecture of Cedrus atlantica (Pinaceae) roots, and
an increased supply of ammonium (NH,) resulted in
longer lateral roots than in the nitrate (NO,) fertilised
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variant (Boukcim et al. 2006). Different results were
obtained for the oak (Quercus ilex; Fagaceae), where
the increased availability of ammonium (NH,) limited
root growth, and the SRS showed that unfavourable
conditions of NH, content have local consequences on
the rooting depth and systemic consequences on the
fine root density (Cubera et al. 2009). The most suitable
NH,:NO; ratio for a short-rotation poplar (Populus del-
toides; Salicaceae) plantation was tested using the SRS
in which 1-3% of the total root system was supplied
with 2mMN at NH,:NO; ratios of 0:100, 20:80, 40:60,
60:40, 80:20 and 100:0 (molar basis), with the rest of
the plant supplied with 0 mM N, resulting in the whole
plant becoming N deficient. The most developed root
system was at a 20:80 ratio, therefore, the authors con-
clude that N form has a profound effect on root devel-
opment and morphology in enriched patches (Woolfolk
and Friend 2003). Tan et al. (2021) found that the nitro-
gen uptake in a heterogeneous environment is higher
in birch (B. platyphylla; Betulaceae) than in larch (L.
olgensis; Pinaceae) which was confirmed by greater
biomass and greater morphological and physiological
plasticity of the birch roots. On the other hand, larch
responded better to the improvement of water condi-
tions by increasing nitrogen uptake. Bogar et al. (2019)
proved that in the SRS experiment (differentiated nitro-
gen availability and isolates of the mycorrhizal symbi-
ont with different uptake efficiency) the allocation of
carbon to the Pinus muricata (Pinaceae) roots and the
associated ectomycorrhizal fungi is greater when they
provided the plant with more nitrogen. Authors suggest
that plants may be able to regulate this ectomycorrhizal
symbiosis at a relatively fine scale, and that this regu-
lation can be integrated across spatially separated por-
tions of a root system.

In split-root experiments, soil nitrogen uptake by
Eucalyptus grandis (Myrtaceae) roots was reduced
with enhanced phosphorus concentrations, but if the
enhance concerned only half of the root system, nitro-
gen uptake was similar to that of the control (Gra-
ciano et al. 2009). When an increased phosphorus
concentration was used in only part of the root sys-
tem, the nitrogen uptake did not differ from the con-
trol group because the decrease in nitrogen assimila-
tion was counteracted by an increase in root hydraulic
conductivity (Costa et al. 2017). In contrast, the defi-
ciency of phosphorus in one part of the root system
of an apple tree (Malus domestica; Rosaceae) may
be supplemented by increased uptake in a part of the

system better supplied with this element (Taylor and
Goubran 1976).

Plants with the SRS are convenient models for
studying the uptake and transport of trace and toxic
elements. Wang et al. (2016b) showed using inverted
grafting and labelledH,'°BO, (B) that the inarched
B-efficient rootstock genotype increases the boron
supply of the plant, but decreases its content in the
original Citrus sinensis (Rutaceae) root. Kuhn et al.
(1995) using the SRS confirmed that the uptake of the
basic elements magnesium (Mg), calcium (Ca), and
potassium (K) by spruce roots (Picea abies; Pinaceae)
is modified by the presence of aluminium (AI**) ions
and the pH of the substrate. The amount of elements
(Ca, Mg and K) taken up by the root fragment placed
in the Al substrate was higher, which was found
thanks to the compounds labelled stable isotopes.
The toxicity of high doses of AI** which was treated
in one part of the eucalyptus roots is neutralised by
adding phosphorus ions in the other part (Kang et al.
2020). The SRS method revealed that the toxic con-
centrations of zinc (Zn) for part of the willow root
(Salix matsudana; Salicaceae) result in a greater allo-
cation of carbon to the zone free of elevated concen-
trations of this element (Palm et al. 2021). This aspect
may be useful in phytoremediation studies.

The use of the SRS of spruce (Picea abies;
Pinaceae) and Douglas fir (Pseudotsuga menziesii,
Pinaceae) in rhizotrons with a transparent front
plate where microsuction cups were installed in the
rhizosphere of the root made it possible to assess ion
concentrations in individual root zones (Zhang and
George 2009). The soil solution chemistry differs in
the rhizosphere of various root types and different
segments of single roots, and the high water con-
sumption of the above-ground part causes the roots
to take up more water than nutrients, leading to the
accumulation of nutrients in the rhizosphere. This
phenomenon was intensified after fertilisation, espe-
cially near the root tips. By placing micro-suction
cups in different parts of the SRS, it was detected that
old brown and suberized roots may also contribute to
plant water and nutrients uptake. The SRS is also an
excellent tool to study the effects of fertilisation on
atmospheric nitrogen fixation by bacteria of the genus
Frankia in sea buckthorn (Hippophaé rhamnoides;
Elacagnaceae) and results show that phosphorus
stimulates a nitrogen (N,) fixation by direct effects
on nodule (Gentili 2006). Through this experiment
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and the use of a heterogeneous substrate, it was also
detected that phosphorus also stimulated N uptake
from solution and influenced N isotope fractionation
during N uptake.

Signal transmission

The signals derived from the root play critical roles in
coordinating the shoot response to underground con-
ditions, but recognition of these signals, especially
over long distances, is scarce (Deng et al. 2021).
The SRS appears to be a valuable tool for studying
these processes. Lovisolo et al. (2002) used the SRS
to study the reduction of plant hydraulic conductance
during drought stress. Drying of only a part of the
root resulted in an increase ABA in the whole plant,
to the level observed where the whole root was sub-
jected to drought stress. However, no reduction of
whole-plant hydraulic conductance was observed.
This suggests that the ABA drought signal does not
affect the development and functionality of tissues
transporting water at the level of the whole plant,
determining its hydraulic conductance. Indeed, plants
growing under harsh conditions may greatly benefit
from an expanded root system that would communi-
cate unfavourable conditions, increasing the ability of
the entire plant to survive. Gowing et al. (1990) con-
ducted an SRS experiment in which the dry part of
the root system sends a signal that limits the growth
of shoots and leaves of apple trees (Malus domestica;
Rosaceae). These studies have proven that this signal
is non-hydraulic because recovery to normal growth
was achieved by re-irrigating or cutting off the des-
iccated root. Such conclusions would not be possible
without the use of the SRS method.

Iron (Fe), as an essential element for the proper
development of plants, plays a critical role in rec-
ognising signal transmission in the plant (Gayomba
et al. 2015). Its availability depends on the soil pH.
In alkaline soils, it is deficient, and in acidic soils, the
concentrations may be toxic; therefore, maintaining
its homeostasis requires a very efficient signal trans-
mission system in the plant. Wu et al. (2012) demon-
strated that depriving some of the roots of apple trees
(Malus xiaojinensis; Rosaceae) of Fe ions induced
a radical increase in Fe (III) reductase activity and
extrusion of protons in the root part supplied with
Fe. This outcome suggests that responses to iron defi-
ciency are mediated by systemic signalling. Hu et al.
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(2014) presented the regulation at the whole-plant
level and the local level of root growth towards areas
richer in nitrogen. The SRS was used to gain infor-
mation about the local and systemic consumption of
soluble sugars by the pathogenic fungus of the genus
Phytophthora (Peronosporaceae). Studies of Portz
et al. (2011) showed that the response to the infec-
tion, expressed by decrease in the level of sucrose
and increase in its degradation products (glucose
and fructose), was very similar both in the infected
and control root fragments. This proves the systemic
response of beech (Fagus sylvatica; Fagaceae) roots
infected with the pathogen.

Communication between individual organs, tis-
sues or cells in plants, especially woody plants, is still
poorly understood. Therefore we suppose that the use
of SRS in the study of signal transmission in the plant
may be particularly useful in distinguishing local or
systemic responses to stress factors.

Interactions with microorganisms

The study of plant—pathogen/herbivore interaction or
defence responses against pathogens requires a holistic
approach, recording the responses in the affected and
other parts of the plant. The SRS technique makes it
possible to observe the defence reaction in, for exam-
ple, the uninfected part of the root. Numerous publi-
cations have presented the results of experiments with
SRS studies on the interaction of trees with soil micro-
organisms. For example, using the SRS technique with
heterogeneous nutrient source by Lilleskov and Bruns
(2003) showed that the colonisation of pine (Pinus
muricata; Pinaceae) roots by late succession fungi
(Tomentella sp.; Thelephoraceae) depends on the nutri-
ent supply, which has not been found for early succes-
sion fungi (Rhizopogon sp.; Rhizopogonaceae). The
authors stated that the strategy of Rhizpogon may be to
colonize roots early in high resource soils; whereas that
of Tomentella may be based upon slower colonization
rates and greater competitive ability, so colonizes the
roots also in the low nutrient soil. Vohnik et al. (2005)
conducted an experiment using SRS to ensure spatial
isolation of two fungi, inoculated into an individual
root, and to screen the effects of inoculated fungi on
their host plants. The root colonization of Rhododen-
dron cv. Azurro (Ericaceae) by an ericoid mycorrhizal
fungus improves the supply of phosphorus and nitro-
gen for leaves of whole plant, and that the supply is
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dependent on the species and strain of the fungus. Ken-
nedy et al. (2009) confirmed that priority effects play
a significant role in the dynamics of ectomycorrhizal
fungi root tip colonisation. However, a study of the
split-root experiment did show that the quantity of col-
onization on the side to which spores were added was
not affected by the identity of the species present on
the other part of the seedling. So establishing a partner
reaction with the ectomycorrhizal fungi is very local.
In contrast, Hao et al. (2012) documented a systemic
response limiting the development of the parasitic
nematode on both the roots of grapevine inoculated
with arbuscular fungi and those not inoculated. A non-
systemic but local reaction was demonstrated for apple
roots exposed to apple replant disease (Lucas et al.
2018). Bogar et al. (2019) found that plants can distin-
guish and select a mycorrhizal partner. The SRS exper-
iments with Pinus muricata seedlings have shown that
the root fragment associated with the ectomycorrhizal
fungus, which provides the plant with more nitrogen,
receives more carbon compounds in return. Moreo-
ver, carbon and nitrogen transfer depends on com-
petition and soil resources (Bogar et al. 2022). These
SRS experiments were also used to study the causes of
apple replant disease. The disease is closely related to
soil microorganisms, and the defence reactions of the
roots at the biochemical level are local, as they were
observed only in the part of the root exposed to apple
replant disease (Balbin-Suarez et al. 2021, 2020; Rohr
et al. 2021). The use of SRS in studies of arbuscular
mycorrhizal and ectomycorrhizal symbioses, includ-
ing several studies on woody plants, was presented by
Kafle et al. (2022), so we will not discuss this issue in
detail in this paper.

Studies of interactions of plants with other organ-
isms using SRS can also help to determine the nature
(systemic or local) of defensive reactions against path-
ogens, herbivores or parasitic plants. And one of the
most interesting research areas offered by SRS is the
study of the mechanisms of mycorrhizal establishment.

The remaining research areas in which the SRS
was used are represented in the literature by single
publications. Gorka et al. (2019) demonstrated that
carbon obtained in the photosynthesis process by
beech (Fagus sylvatica; Fagaceae) seedlings is trans-
ferred to the soil environment via the ectomycorrhi-
zal hyphal sheath, and this process is selective and
depends on the nitrogen resources in the soil. Cesarz
et al. (2013) using a more complicated experimental

setup (double SRS) hypothesized that modifications
of the soil microorganism community and soil pro-
cesses to be most pronounced in the mixed treatment
with both tree species present due to complementary
effects of the two tree species. They have found differ-
ences between beech (Fagus sylvatica; Fagaceae) and
ash (Fraxinus excelsior; Oleaceae) in the influence on
the soil environment. Beech more strongly affects the
below-ground environment via exudates and the asso-
ciated changes in rhizosphere microorganisms and car-
bon dynamics than ash. It has been shown that mixing
of tree species increased plant biomass and mycorrhi-
zal colonization but did not affect soil chemistry and
microbial biomass. Marler (2013) studied the com-
petition of cycad (Cycas edentate; Cycadaceae) roots
and found that roots can recognise whether a neigh-
bour is a related plant or from a remote population or
another species. The related neighbourhood reduced
the growth of the roots and above-ground parts, what
has not been observed in unrelated neighbours. Bertoli
et al. (2020) demonstrated that the ability to recognise
related plants exists when analysing eucalyptus (Euca-
lyptus urophylla; Myrtaceae) seedlings. They found an
inverse relationship: competition with individuals from
other populations or half-siblings limited growth but
not the competition with clonal specimens.

Use of isotope labelling

Differentiating the substrate and tracing the transport
path of components in the roots employs a combina-
tion of the SRS technique and isotopically labelled
compounds. The subject of these studies has primar-
ily been various aspects of water and element uptake
and their transport in the plant. In experiments using
the SRS technique, the compounds labelled with sta-
ble isotopes of the elements were frequently used
(about one-fourth of the studies). Nitrogen (N) was
used to study the following:

e the transport of nitrogen between different plant
species (Catchpoole and Blair 1990). They found
nitrogen transfer from labelled half of the box to
the roots of Leucaena leucocephala (Fabaceae)
from unlabelled half one and then to other plants
(e.g. grass)

e the influence of different level of phosphorus on
the uptake of nitrogen and N, fixation in Hip-
pophae rhamnoides (Elacagnaceae) (Gentili
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2006), where the stimulating effect of phosphorus
was demonstrated,

e the uptake, transport and use of nitrogen in pho-
tosynthesis in Picea abies (Pinaceae) and Thuja
occidentalis (Cupressaceae) (Gloser et al. 2009b),
it was found that, patchy N supply caused hetero-
geneous N distribution of newly acquired N within
crown but both species have mechanisms that
reduce adverse effects of patchy N supply,

e the influence of two species, Fagus sylvatica
(Fagaceae) and Fraxinus excelsior (Oleaceae),
on soil microorganisms and carbon and nitro-
gen dynamics (Cesarz et al. 2013), where using
a double split-root rhizotrons a significant impact
of root exudate on the microbiome of the rhizos-
phere was demonstrated, hence the conclusion that
the effects of living roots have to be included into
studies on soil C dynamics to understand carbon
and nutrient cycling,

e nitrogen transfer in Pinus sylvestris (Pinaceae) from
one part of the root system to another (Veerman
et al. 2018), where the split-root method proved to
be suitable to measure N rhizodeposition.

The methods using isotope labelling also tested
the effect of different soil (infected with apple replant
disease and control) on nitrate uptake efficiency,
plants show no systemic response to apple replant
disease although exchange between the two root parts
occurred as indicated by 15N (Lucas et al. 2018). The
influence of nitrogen availability on the relationship
between Fagus sylvatica ectomycorrhiza hyphae and
soil bacteria, when nitrogen was added to the litter
compartments, bacterial biomass, and the amount of
incorporated carbon strongly declined (Gorka et al.
2019). Whereas Bogar et al. (2022) show than Pinus
muricata (Pinaceae) seedlings can exchange carbon
for fungal nitrogen, but coupling of these resources
can depend on the fungal species and soil nitrogen.
Carbon (*C) was used to monitor tracers of distribu-
tion between the fruit and roots of Actinidia argute
(Actinidiaceae). Cut off part of the root caused that
more carbon went to the fruit, so in these plants, com-
petitive strength for carbohydrate supply was higher
in fruit compared with the remaining roots. This sug-
gesting that the intact roots did not increase in func-
tion to compensate for the loss of root area (Black
et al. 2012). Carbon ('3C) was used to track the host
P. muricata (Pinaceae) investment in fungi (Bogar
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et al. 2019). Where the results show that ectomycor-
rhizal plants can discriminate among potential fungal
partners and that roots and fungi with greater nitro-
gen supplies received more plant carbon. This rela-
tionship is not universal because these results were
not confirmed by studies on F. sylvatica, where, also
with the use of SRS and labelled compounds ('*C and
I5N), a greater flow of assimilates to the roots provid-
ing more nitrogen was not found (Mayerhofer et al.
2021).

Calcium (**Ca and **Ca), magnesium (* Mg and
% Mg) and potassium (' K) were used to follow the
path during uptake in the root and during long-range
transport in the shoot (Kuhn et al. 1995). Phospho-
rus (**P) was used to examine within-plant phospho-
rus variability in Picea sitchensis (Pinaceae) and
Pinus contorta (Pinaceae) (McDonald et al. 1991), it
was shown that the varied content of P in the soil did
not result in differentiation in the root tissues. Boron
(‘°B) was used for studies of increasing boron uptake
by inarching grafting of orange seedlings with a culti-
var with higher uptake efficiency (Wang et al. 2016b).
These results suggest that, under low B conditions,
inarching B-efficient orange cultivar onto B-deficient
one improves the plant’s B uptake. Oxygen ('*0) was
used to study water uptake in the halophytic mangrove
Acicennia marina (Acanthaceae) (Reef et al. 2015). It
is presented that Acicennia responds to transient fresh-
water patches by increasing water uptake from areas of
the root zone where the saline enviroment is better for
growth. Deuterium labelling (*H) was used to quantify
the hydraulic redistribution in Picea abies (Pinaceae),
Pseudotsuga menziesii (Pinaceae), Acer pseudoplata-
nus (Sapindaceae), Castanea sativa (Fagaceae), Fagus
sylvatica (Fagaceae), Quercus robur (Fagaceae) and
Abies alba (Pinaceae) (Hafner et al. 2020, 2021, 2017,
Tochterle et al. 2020). For all these species, it has been
proven that there is a hydraulic redistribution of water
to less hydrated roots.

Perspectives

The presented research results using the SRS do
not exhaust all possibilities offered by this method.
The first issue that could be of assistance is the sec-
toriality/integrity of the vascular system of woody
plants. Root functioning depends on the above-
ground part and vice versa. Some researchers have
assumed that this dependence is so strict that a



Plant Soil (2023) 489:89-105

99

specific leaf corresponds to a specific root (Shino-
zaki et al. 1964a, b). However, the degree of inte-
gration of the vascular system is species-specific,
and there are systems ranging from full integration
to full sectorial character (Lehnebach et al. 2018).
Most research on tree sectoriality concerns decidu-
ous species. Even among conifers that lack vessels,
variation in sectoriality occurs (Augusto et al. 2011;
Gloser et al. 2009a; Zanne et al. 2006). Experimen-
tal differentiation of soil conditions for fragments of
the root system of one plant, especially with the use
of stable isotope-labelled compounds, should help
to identify the degree of the sectorial character of
individual tree species. Understanding the sectorial-
ity of woody plants can be very important in some
cases, Marquis (1996) emphasizes that the sectorial-
ity may influence a plants ability to tolerate tissue
loss, Vuorisalo and Hutchings (1996) suggest that
sectoriality affect competitive interactions between
individual plants and Zanne et al. (2006) states that
sectoriality may reduce embolism spread, which
suggests that sectored species should be especially
prominent in xeric environments.

Research using the SRS could facilitate determin-
ing the factors influencing the anatomical structure
and functionality of roots, the moment of the end of
the shoot in a given growing season, and other fac-
tors. Knowing which features of plants (trees) are
genetically determined and which are environmen-
tally related can help better predict the directions
of environmental changes in the context of climate
change. For example, biomass allocation to fine roots
(Zadworny et al. 2016) or functional features related
to photosynthesis and water use (de Miguel et al.
2014) are largely genetically determined. The discus-
sion on the factors determining the moment of the
end of shoot growth and the establishment of the api-
cal bud in trees is still open. Some research has indi-
cated photoperiodic and thermal regulation (Kvaalen
and Johnsen 2008; Oleksyn et al. 2001), and others
have proposed genetic determinants (Aldrete et al.
2008; Hodge et al. 2012; Sogaard et al. 2008). The
moment of completion of the growth in height and
the formation of the apical bud significantly influ-
ences root functioning because, from this point on,
the assimilated carbon can be used to a greater extent
for root growth. Experiments combining roots by
inverted grafting from two individuals of differing
origins (e.g. north population and south population)

and cultivating them in the SRS could be used to
determine the extent to which the environmental fac-
tors modify the genetic conditions of the root struc-
ture. Thanks to this, it could be determined whether
the greater proportion of acquisitive roots in northern
populations described by (Zadworny et al. 2016) is
conditioned by the origin of the above-ground part of
the tree and whether a change in environmental con-
ditions, e.g. global warming, will change it. In natu-
ral conditions, the roots of even one tree very often
live in different thermal conditions, which can be
caused, for example, rooting depth, by the slope, the
type of undergrowth plants, or artificial factors cov-
ering the soil. It is known that temperature changes
can affect the desynchronization of the growth pro-
cesses of the aboveground and belowground parts of
plants (Abramoff and Finzi 2015). Root phenology is
a poorly understood phenomenon, but it is known that
it is dependent on soil temperature and in the context
of climate change, recognition of these relationships
seems very important (Radville et al. 2016). Experi-
ments used SRS could simulate various tempera-
tures in different parts of the roots, which would be a
completely new experimental approach. They would
allow to determine the influence of temperature as a
regulator of various growth processes e.g. root respi-
ration or inductor of signals sent by the roots.

Another area in which the SRS application is pos-
sible is the study of the holistic nature of defence
responses, according to Mundim et al. (2017). Plants
infected by pathogens or attacked by herbivores often
react with various types of defence reactions (Kar-
ban and Baldwin 1997). This induced defence is
often immediate chemical reactions to reduce infec-
tion, deteriorate food quality, or produce deterrents
(Agrawal and Karban 1999). The answer to the fol-
lowing questions can be obtained through SRS exper-
iments: Will the reaction to insect damage to one part
of the root also occur in the other? Will the direction
of carbon allocation be determined by the damage?
Do trees, through the roots or mycorrhiza network,
transmit information about damage to their neigh-
bours, evoking similar defensive reactions? Certainly,
there are many more questions that can be answered
with the help of SRS.

The limitations cannot be ignored in presenting
the areas in which the SRS method has been and can
be used in tree research. In the case of trees, we can
only test small individuals (i.e. young trees whose
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roots fit in pots or small containers). Another limita-
tion is the time of conducting experiments because
tree roots quickly fill the space available, which may
inhibit their growth. Some negative factors include
the potential damage and infection when preparing
the seedlings. Although studies with SRS on mature
trees are also conceivable, preparing such an experi-
ment would require many years of waiting.

Conclusions

The review of the literature showed ten different
ways of obtaining SRS. The selection of the appro-
priate method is conditioned by the goals set in the
research as well as the limitations of each method.
Research using SRS contributed most to the recog-
nition of water transport in the plant, especially in
partial root drying conditions, and to understanding
the transport of key elements in heterogeneous soil
conditions. Several interesting discoveries have been
made through the use of SRS. For example, Sesba-
nia rostrata (Fabaceae) has been shown to reverse
sap flow to desiccated roots (Sakuratani et al. 1999).
And the amount of water delivered by a hydraulic lift
to the dry roots of Markhamia lutea (Bignoniaceae)
and Quercus robur (Fagaceae) was sufficient for even
neighbouring roots of other plants to survive (Hafner
et al. 2021; Hirota et al. 2004). The ability of Cycas
revoluta (Cycadaceae) seedlings to recognize neigh-
bours was confirmed, and in the case of related plants,
growth restriction was demonstrated (Marler 2013).
Using SRS, it was shown that Picea abies (Pinaceae)
and Thuja occidentalis (Cupressaceae) possess mech-
anisms that reduce adverse effects of patchy N sup-
ply and restricted nitrogen transport in xylem (Gloser
et al. 2009b). It seems that the most interesting area
where the use of the SRS technique can bring new
results are the interactions of woody plants with
organisms living in the soil. We mean both mycorrhi-
zal fungi and many representatives of soil fauna. So
far, there is little work in this field and it is difficult
to make generalizations regarding, for example, the
nature of the response (local or systemic) to pathogen
infection or damage caused by herbivores.
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