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a higher capacity for regrowth after damage. We conclude 
that, in the absence of water limitations, tea-leaved willow 
shows high tolerance to root losses and is unlikely to be 
affected by realistic levels of root herbivory.

Keywords  Belowground herbivory · Chlorophyll 
fluorescence · Leaf water content · Plant growth

Introduction

The importance of belowground herbivory in natural ecosys-
tems is indisputable (Blossey and Hunt-Joshi 2003; Johnson 
et al. 2016; Gan and Wickings 2020). Still, the vast major-
ity of studies addressing plant responses to belowground 
herbivory has been conducted on crops, and the shortage of 
information on responses of forest plants, especially trees 
and shrubs, to root damage is the most critical gap in our 
knowledge of belowground insect herbivory (Zvereva and 
Kozlov 2012). Especially little is known about the effects of 
minor losses of root biomass (i.e., of background root her-
bivory) on growth of forest trees (Zvereva and Kozlov 2012; 
Kozlov and Zvereva 2018). Extending research from agricul-
tural to natural systems will inevitably improve our under-
standing of mechanisms of plant tolerance and resistance to 
belowground attacks in the context of the evolutionary arms 
race between plants and insects (Johnson et al. 2016).

One of the reasons behind a relatively low number of stud-
ies exploring the consequences of belowground herbivory is 
the difficulty of applying controlled levels of root damage to 
experimental plants (Kozlov and Zvereva 2018). The accurate 
removal of the desired amount of root biomass can only be 
done during replanting (Schmid et al. 1990), but this proce-
dure causes transplant shock. Other methods, such as punching 
holes in soil around plants (Silva and Furlong 2012), cutting 
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roots below a certain depth with a sharp blade (Ryalls et al. 
2015), or adding herbivores to growth media (Barber et al. 
2015) require destructive sampling to estimate the actual level 
of root removal by comparing root biomass between experi-
mental and control plants. These and other methodological dif-
ficulties involved in observations of belowground objects and 
in their manipulation (Dawson and Byers 2008) explain the 
relatively slow accumulation of knowledge on the impacts of 
root herbivory on growth and productivity of plants in natural 
ecosystems (Zvereva and Kozlov 2012).

Hydroponically grown plants, in contrast to plants grown 
in soil or in other solid media, offer an excellent opportunity 
to non-destructively measure root characteristics and precisely 
apply the desired level of mechanical root damage to simulate 
belowground herbivory at any stage of plant growth. Neverthe-
less, plants growing in nutrient solutions have only rarely been 
used to investigate impacts of root losses on their performance 
(but see Schmelz et al. 1999; Aldahadha et al. 2012). Willows, 
which possess high rooting ability (Chmelar 1973), are suit-
able models for studying effects of root damage on plants in 
hydroponic experiments.

Willows readily pioneer disturbed sites and, as keystone 
species, facilitate biodiversity at the landscape level by pro-
viding food or shelter for many organisms (Haughton et al. 
2016; Tumminello et al. 2018). Many willow species, due to 
their fast growth and high stress tolerance, are used for habi-
tat restoration (Pezeshki et al. 2007; Sylvain and Mosseler 
2017), phytoremediation (McBride et al. 2016; Lebrun et al. 
2018) and biofuel production (Karp and Shield 2008; Smart 
and Cameron 2008). Therefore any factor hampering growth 
of willows may have not only ecological but also economic 
importance. Nevertheless, only a handful of studies (Houle and 
Simard 1996; Endress et al. 2016) have addressed the impacts 
of root damage on willow performance.

This study explores the effects of simulated root herbivory 
on biomass production and leaf physiological characteristics 
of tea-leaved willow, Salix phylicifolia L. This deciduous 
species grows as a multi-stemmed shrub in a great variety of 
habitats, including nutrient-poor sites, and is quite common in 
Northern Europe. We asked: (1) which performance indices 
of tea-leaved willow are most affected by root damage; (2) 
which level of root loss is tolerated by this species in terms of 
above- and below-ground biomass production; and, (3) how 
do nutrient levels modify the effects of root losses on willow 
performance.

Materials and methods

Experiment #1 (2017)

This experiment was designed to explore the impacts of 
realistic levels of root losses on performance of tea-leaved 

willow and to uncover dose-dependence in these effects. 
Fifteen cuttings were collected from each of 10 tea-leaved 
willows naturally growing along the railway in Jäkärlä, 
Turku (60°32ʹ12ʺ N, 22°21ʹ01ʺ E) on 5 May 2017, when 
the uppermost buds in some willow stems were just start-
ing to open. The cuttings were 5–14 mm in diameter and 
23–35 cm in length.

Two 60 cm × 40 cm × 18 cm plastic containers were filled 
with 25 L of tap water with added liquid fertilizer (1 mL/L 
of Aqua Vega A and 1 mL/L of Aqua Vega B) and 2 mL/L of 
Rhizotronic (Canna International BV, The Netherlands). The 
resulting solution contained 0.052 g/L of nitrogen, 0.011 g/L 
of phosphorous, 0.057 g/L of potassium, and other elements 
(Mg, Ca, B, Cu, Mn, Mo, Zn and Fe). The solution was 
renewed every four weeks and was constantly aerated during 
the experiment.

The base of each cutting was cut obliquely with a sharp 
knife and the cuttings were inserted into 1-cm thick pieces 
of ethylene–vinyl acetate mat (Gymstick International Oy, 
Finland) so that one-third of each cutting was below the mat. 
These pieces of mat with inserted cuttings were placed into 
containers so that they floated on the surface of the nutrient 
solution. The containers with cuttings were put in a passive 
polyethylene greenhouse to protect the plants from natural 
herbivory.

The lengths of all roots and shoots produced by our cut-
tings were measured on 24 May 2017. The cuttings with 
extreme root and shoot production were excluded, and 105 
vigorous cuttings were randomly (with respect to plant 
genotypes, using random number generator available at 
www.rando​m.org) attributed to treatments, 15 cuttings per 
treatment. The treatments included a control and removal 
of 2%, 4%, 8%, 16%, 32%, and 64% of root biomass (as 
approximated by root length). The desired amount of root 
biomass was removed by cutting away one or more rootlets 
with scissors. The removed root pieces were dried (for 24 h 
at + 105 °C) and weighed to 0.1 mg.

On 23–24 July 2017, i.e., two months after root removal, 
efficiency of the photosynthetic system II was measured 
as the ratio between variable fluorescence and maximum 
fluorescence (Fv/Fm). These measurements were made from 
three fully developed leaves (taken from lower, middle and 
upper thirds of the longest shoot of each cutting) after a 
30-min period of dark adaptation using a Junior-PAM fluo-
rometer (Walz Heinz GmbH, Effeltrich, Germany) which 
employs the blue (460 nm) Power LED for pulse-modulated 
fluorescence excitation. After measurements, these leaves 
were weighed, dried, and weighed again. Relative water 
content was calculated as the weight of water lost from the 
leaves during drying divided by fresh leaf weight, and spe-
cific leaf area (SLA) was calculated as total area of three 
12-mm diameter leaf disks taken from these leaves divided 
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by their dry weight. Leaves, shoots and roots of each seed-
ling were collected, dried and weighed.

Experiment #2 (2018)

This experiment was performed to address the effects of the 
extreme levels of root loss, which were not considered in the 
first experiment. Facilities, growth media and measurements 
were the same as in the first (2017) experiment.

Ten cuttings were collected from each of 10 tea-leaved 
willow plants on 4 May 2018. The cuttings were 6–14 mm in 
diameter and 32–38 cm in length. On 4 June 2018, 90 vigor-
ous cuttings were selected and randomly attributed to one 
of four treatments, including control and removal of 25%, 
50%, and 75% of root biomass, applied on 4 June, 29 June 
and 22 July 2018. The plants were measured and harvested 
on 8–9 August 2018.

Experiment #3 (2020)

This experiment was carried out to explore the effect of 
nutrient supply on the tolerance of tea-leaved willow to 
extreme levels of root loss. The treatments were the same 
as in the second (2018) experiment. To assure replication 
within the levels of nutrient supply, this experiment was 
established using four 38 cm × 25 cm × 18 cm plastic con-
tainers each filled with 14 L of tap water.

We collected 11‒12 cuttings from each of 10 tea-leaved 
willows on 29 April 2020. The cuttings were 5–11 mm 
diameter and 22–37 cm in length. On 12 June 2020, 100 
vigorous cuttings were selected and randomly attributed to 
one of two levels of liquid fertilizer (high: 1 mL/L of Aqua 
Vega A and 1 mL/L of Aqua Vega B; low: 0.2 mL/L of Aqua 
Vega A and 0.2 mL/L of Aqua Vega B), and to four treat-
ments nested within these fertilizer levels, including control 
and removal of 25%, 50%, and 75% of root biomass. These 
treatments were applied on 12 June, 7 July and 31 July 2020. 
The plants were measured and harvested on 18 August 2020.

Data analysis

The impact of root removal on plant performance within 
each experiment was analysed by mixed model ANOVA 
(SAS GLIMMIX procedure, type 3 tests; SAS Institute 
2009), followed by pairwise comparisons among treat-
ments. A proportion of removed roots (in all experiments) 
and nutrient levels (only in 2020) were considered as fixed 
effects and plant genotype (i.e., individual from which cut-
tings were taken) was considered as a random effect. The 
number of shoots and leaves was analyzed with the Poisson 
model, whereas for all other variables the Gaussian model 
was used. Shoot biomass included newly produced stems and 
leaves. The final root biomass included only roots collected 

at the final harvest, whereas the total root biomass included 
all roots produced by a cutting, including those removed dur-
ing the experiment. Root: shoot ratios were calculated using 
the total root biomass. The values of SLA, Fv/Fm and leaf 
water content obtained from three leaves of the same plant 
were averaged for plant-specific values prior analysis. To 
facilitate accurate F tests of the fixed effects, standard errors 
and denominator degrees of freedom in all analyses were 
adjusted by the latest version of the method described by 
Kenward and Roger (2009). The significance of the random 
factor was evaluated by calculating the likelihood ratio and 
testing it against the chi-squared distribution (as described 
in Littell et al. 2006).

Results

Mortality of cuttings was very low (6, 0 and 3 cuttings 
across different treatments in 2017, 2018 and 2020, respec-
tively) and was therefore not analyzed. The single removal of 
2–64% of roots in early summer did not affect any trait stud-
ied with the exception of root: shoot ratio, which increased 
slightly in response to 8‒64% treatments (Table  1 and 
Table S1 in supplement materials).

The effects of the repeated removal of 25%, 50%, and 75% 
of roots on plants growing in high-nutrient solution were 
generally consistent between the experiments conducted in 
2018 and 2020 (Fig. 1). The removal of 25% of roots did 
not influence either root or shoot production, whereas the 
removal of 75% of roots decreased shoot biomass in both 
years and total root biomass in 2020 only (Table 1; Fig. 1a, 
b, e, h). The consequences of the repeated removal of 50% 
of roots varied among performance indices and between 
study years (Table 1, Fig. 1). The decrease in shoot biomass 
resulted primarily from the decrease in leaf number, whereas 
the number of shoots was not affected (Table 1, Tables S2, 
S3 in supplement materials).

The cuttings grown in high-nutrient solution (data of 
2020; control combined with 25% treatment) produced 
65% more aboveground biomass than cuttings grown in 
low-nutrient solution (F1, 41.0 = 4.46, P = 0.04). The level of 
nutrients modified the effects of root removal (0‒25% vs. 
50‒75%) on both shoot biomass (F1, 87.6 = 5.53, P = 0.02) 
and the total root biomass (F1, 87.5 = 4.23, P = 0.04). The 
cuttings grown in high-nutrient media responded to the 
removal of 50% and 75% of roots by significant decreases 
in both shoot and root biomass production, whereas cut-
tings grown in low-nutrient media were not affected by these 
severe treatments (Fig. 1). Root: shoot ratios increased in all 
treatments proportionally to the intensity of root damage in  
both high and low nutrition conditions (Fig. 1k–m). None of 
the treatments affected leaf water content and SLA, whereas 
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Fv/Fm decreased in plants grown in the low-nutrient solution 
(Table 1, Tables S1–S3 in supplement materials).

Willow clones differed significantly in the majority of 
performance indices (Table 1), but responded similarly to 
root removal in terms of aboveground biomass produc-
tion (interaction terms: 2018, χ2

1 = 0.00, P = 0.95; 2020, 
χ2

1 = 0.96, P = 0.16).

Discussion

Belowground net primary production accounts for 40–70% 
of total terrestrial productivity (Vogt et al. 1996). Never-
theless, the processes occurring in the soil are still poorly 
understood (Copley 2000). This especially concerns inter-
actions between plant roots and soil-dwelling herbivores 
(Johnson et al. 2016).

Above the ground, insects remove 5–8% of the leaf area 
of woody plants annually (Kozlov et al. 2015), whereas there 
remains considerable uncertainty on the proportion of roots 
lost to insects in natural ecosystems. Cyr and Pace (1993), 
by summarizing diverse information, estimated that 13% of 
root biomass is annually consumed by all belowground her-
bivores, including both vertebrates and invertebrates. Eco-
logical field studies reported, on average, the loss of 25% 
of root biomass due to natural insect herbivory (Zvereva 
and Kozlov 2012). However, these studies were presum-
ably conducted when densities of root-feeding insects were 
exceptionally high, and thus the measured losses, in all like-
lihood, exceeded the background level (Kozlov and Zvereva 
2018). At the same time, the biomass of soil dwelling insect 
herbivores, in combination with data on their feeding effi-
ciency, suggests that in European forests insects annually 
consume 0.5% of their food supply, i.e., of the fine root bio-
mass (Kozel et al. 2017).

This information demonstrates that five of the 6 treat-
ments applied in our first experiment (2% to 32% of root 
biomass removed once in early summer) mimic realistic lev-
els of root herbivory in natural ecosystems. None of these 
treatments affected growth or physiology of experimental 
plants, indicating that, in the one-season perspective, bio-
mass production by tea-leaved willow can hardly be affected 
by root herbivory. This conclusion is in line with the consid-
erably lower effect of root herbivory on aboveground plant 
characteristics in natural ecosystems relative to agricultural 
ecosystems (Zvereva and Kozlov 2012).

Willows easily tolerate clipping of 50‒100% of foliage 
once during the growing season. The only growth response 
of S. caprea L. and S. myrsinifolia Salisb. to this severe defo-
liation was a three-fold increase in the number of epicormic 
shoots (i.e., increase in branching) during the next growing 
season, whereas leaf size and shoot length were not affected 
(Zvereva and Kozlov 2001). Biomass of shoots produced by Ta
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another willow species, S. planifolia Pursh, decreased fol-
lowing 50% defoliation, but did not change after the removal 
of 50% of roots at both high and low fertilisation levels 
(Houle and Simard 1996). Similarly, removal of 64% of roots 
at the beginning of the growing season, as well as removal 
of 25% of roots three times during the growing season, did 
not cause retardation of aboveground growth in tea-leaved 
willow. The statistically significant decrease in biomass pro-
duced by our willow cuttings was observed only in the most 
severe treatments, i.e., after the repeated removal of 50% 
(only in 2020) and 75% (in both 2018 and 2020) of root 
biomass. These results, in combination with the outcomes 

of defoliation experiments (Houle and Simard 1996; Zvereva 
and Kozlov 2001), indicate that willows compensate equally 
well for root and leaf herbivory, thus questioning the gen-
erality of the conclusion (Johnson et al. 2016) that plants 
tolerate leaf damage better than root damage.

Several hypotheses have been suggested to explain the 
effects of resource availability on plant tolerance of her-
bivory (Wise and Abrahamson 2005, 2007). In our study, 
willows growing in media with a high concentration of fer-
tilisers produced less aboveground biomass following the 
repeated removal of 50% and 75% of their roots compared 
with controls, while in media with a low concentration 

Fig. 1   Effects of root removal 
on biomass (dry weight, esti-
mated marginal means + S.E.) 
produced by Salix phylicifolia 
cuttings in 2018 a, d, g, k and 
2020 b, c, e, f, h, i, l, m : a, b, 
c – total aboveground (leaf plus 
shoot) biomass; d, e, f – final 
root biomass; g, h, i – total root 
biomass (including biomass 
removed in the course of the 
experiment);k, l, m – root: shoot 
ratio calculated for total biomass; 
a, b, d, e, g, h, k, l – high 
concentration of nutrients in 
growth media; c, f, i, m – low 
concentration of nutrients in 
growth media. Bars with dif-
ferent letters significantly differ 
from each other (P = 0.05). 
Sample size, 2018: 21‒23 plants 
per treatment; 2020: 12‒13 
plants per treatment by nutrient 
level combination
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of fertilisers, none of the treatments resulted in statisti-
cally significant decreases in aboveground biomass pro-
duction (Fig. 1). This result indicates that tea-leaved wil-
low tolerates higher levels of root damage in low-nutrient 
conditions compared with high-nutrient conditions, thus 
supporting the Growth Rate Model (Hilbert et al. 1981). 
According to this model, in low resource conditions plants 
do not attain their maximum growth rate and therefore 
have a higher capacity for regrowth after being damaged, 
while high-resource media enhance plant growth to the 
maximum, thus leaving no possibility for compensatory 
responses (Hilbert et al. 1981). Although the Growth Rate 
Model has been developed for aboveground herbivory, it 
can be applied to our results because aboveground biomass 
production by intact willow cuttings was 65% higher in 
high-resource media than in low-resource media. Thus, 
although an increased supply of nutrients usually mitigates 
the adverse impact of root herbivory on plants (Gange and 
Brown 1989; Zvereva and Kozlov 2012), some species 
adapted to low-resource environments, like tea-leaved wil-
low (Hill et al. 1999), may not benefit from high resource 
availability in terms of compensatory responses to root 
damage.

The increase in root: shoot ratio due to intensive root 
regrowth (Franco et al. 2011) is a typical response to drought 
and nutrition stress aimed at optimisation of the whole plant 
growth by intensifying water and nutrient uptake (Bloom 
et al. 1985). In both low and high nutrition conditions, all 
treatments caused an increase in root: shoot ratios (Table 1) 
proportional to the intensity of root damage (Fig. 1k, l, m). 
This result suggests that extensive root removal caused water 
and/or nutrition stress in our plants. Importantly, in 2018, 
even the most severe treatment did not decrease total root 
biomass, indicating that tea-leaved willow prioritizes root 
compensatory growth over shoot and leaf production.

Plants often compensate for defoliation by an increase 
in photosynthesis (Welter 1989; Nykänen and Koricheva 
2004), but root herbivory generally leads to a decrease in 
photosynthesis (Zvereva and Kozlov 2012). However, pho-
tosynthesis in hydroponically grown plants, such as wheat 
(Aldahadha et al. 2012) and tea-leaved willow, did not 
decrease following root damage. Both these experiments 
suggest that a decrease in photosynthesis in response to 
root damage occurs mostly due to water deficit. Conse-
quently, hydroponic experiments may not provide an entire 
suite of responses to root damage which are observed in 
plants growing in soil. We therefore have to limit our con-
clusion on the extreme tolerance of tea-leaved willow to 
belowground herbivory to the conditions in which plants 
do not experience water limitations.

Tolerance to herbivory can evolve only if there is vari-
ability in responses between plant genotypes (Strauss and 

Agrawal 1999). However, absence of interaction between 
clone (genotype) and treatment effects on aboveground 
biomass production indicates that genetic variation in 
tolerance of tea-leaved willow to root herbivory is either 
minor or not existent. This result is in line with several 
other studies (Houle and Simard 1996; Barton 2013) 
which failed to find genetic variations in plant tolerance to 
herbivory. Therefore, we conclude that the compensatory 
root regrowth in response to root damage may be a plastic 
response with little variation in reaction norm among plant 
genotypes.

One of the most critical limitations of our experiments 
is their duration. Low levels of insect folivory have long 
been considered “negligible” for plants based on the 
results of short-term studies. However, both artificial 
defoliation and exclusion of herbivores by insecticide 
application consistently demonstrate that minor losses 
(2‒8% annually) of leaf area over the long-term substan-
tially reduced aboveground biomass production in North 
European forest trees (Zvereva et al. 2012; Shestakov et al. 
2020). Multiyear experiments addressing root herbivory 
are relatively rare, and meta-analysis of their outcomes has 
yielded contradictory results (Zvereva and Kozlov 2012). 
Woody plants exposed to belowground herbivory during 
two or more years demonstrated smaller adverse effects 
relative to single-season experiments, whereas perennial 
herbaceous plants suffered from stronger adverse effects in 
long-term studies more than in short-term studies (Zvereva 
and Kozlov 2012). Therefore, long-term (lasting for at 
least four years) experiments involving repeated removal 
of a few percentage of roots are needed to quantify the 
chronic effects of the realistic levels of belowground insect 
herbivory on woody plants; but these experiments are dif-
ficult to carry out with hydroponically grown plants.

Another factor which also hinders the interpretation of 
experimental results and their application to natural envi-
ronments is that terrestrial plants only rarely receive water 
ad libitum. These two limitations jointly negate the ben-
efits offered by hydroponics to studies addressing impacts 
of root herbivory on plant growth or reproduction, primar-
ily the possibility to accurately remove the desired amount 
of plant roots. Nevertheless, plants growing in nutrient 
solutions may provide good models for short-term experi-
ments addressing rapid physiological and biochemical 
responses to minor levels of root herbivory and/or trans-
mission of damage-induced signals from roots to leaves.

Conclusion

In the absence of water limitation, tea-leaved willow shows 
high tolerance to root losses and is unlikely to be affected by 
realistic levels of root herbivory. The tolerance of tea-leaved 
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willow to root damage decreased with an increase in nutrient 
availability.
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