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Introduction

Tree willows (Salix spp.) are important bioengineering tools 
in bank stabilisation along river and stream banks throughout 
the temperate world [1-4]. Willows are well adapted to growing 
in such a changing and movable environment [5-8]. Their 
trunks can sustain water and flotsam barrages, and their root 
systems both stabilise the tree and the sediments in which they 
grow [2,9,10]. Salix spp. naturally occur in many temperate 
Northern Hemisphere countries particularly in riparian habitats. 
However, in New Zealand, Salix spp. are exotic and so their use 
in bioengineering resulted from intentional planting of vegetative 
material along river and stream banks. Thousands of kilometres 
of streams and riverbanks throughout New Zealand are now  

 
lined with willows [11]. Historically the tree willow S. fragilis was 
planted extensively in river systems, and its root system is very 
effective in resisting erosive forces and stabilising sediments [11]. 
The brittle nature of its branches promotes vegetative spread 
along rivers, which in turn requires more management than less 
brittle species. Riverine environments are a natural habitat of S. 
nigra, S. pentandra, S. lasiandra and S. matsudana [12] and these 
species and their hybrids are considered effective tree willow 
alternatives in New Zealand to the more brittle S. fragilis.

Creating or recruiting new riparian forests to improve 
riverine ecosystem functions can be challenging under modified 
flow regimes [13]. Both droughts through declining water table 
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and floods through prolonged submersion and loosening of 
root anchorage affect riparian forests [14,15]. Salix species are 
particularly tolerant of these extremes because of their rapid 
establishment of a root system to adapt to a declining water table 
and their resilience to uprooting in floods [6]. Controlled cutting 
experiments have shown that S. nigra root system is well adapted 
to partial and continuous flooding conditions [6]. Survival of S. alba 
and S viminalis cuttings following flood conditions was shown to 
depend nonlinearly on both deposition and erosion processes but 
under severe substrate deposition and erosion cutting survival 
rate was 42% [7] demonstrating the resistance of these species, 
even as one-year–old cuttings, to uprooting and stem breakage.

Willows used as bioengineering tools are typically planted 
as vegetative cuttings of various sizes [6,16-18]. Poles of 2-5m in 
length can be planted deep into the gravel profile, whereas 1.5m 
whips or 0.5m stakes may have sufficient length to only reach the 
depth of the sand layer or even just the silt. The depth to which 
the planting material is planted has survival implications when 
the water table falls during drier periods of the growing season 
[19]. Poor survival and growth occurred for cuttings encountering 
sediment moisture deficits, which were more prominent in coarse 
textured sediments [7,19].

Additional knowledge of how willow roots develop in these 
sediments can inform our understanding of how the root systems 
stabilise alluvial sediments and inform clonal choices and planting 
techniques to accelerate establishment and improve tree stability 

under adverse flow conditions [8,20].

We investigated tree growth and root development of five 
tree willow clones in layered river sediments, the layers being 
silt over sand over coarse gravel, typical of gravel river systems in 
New Zealand. In determining how similar the rooting behaviour 
of five tree willow clones bred for riverbank stabilisation are to 
each other when grown in riverbank sediments layered according 
to their natural occurrence, we hypothesised that cutting root 
development will be determined by the substrate, rather than the 
willow genetics, resulting in a similar amount and distribution of 
root.

Methods

To investigate root development of the different tree willow 
clones in layered riverbank sediments a box trial was set up on 
a research facility at The New Zealand Institute for Plant & Food 
Research Limited (PFR), Palmerston North [8].

Five tree willow clones, Salix matsudana × alba ‘Tangoio’ 
(‘Tangoio’). S. matsudana × alba ‘Moutere’ (‘Moutere’). S. nigra 
(Nigra), S. matsudana × lasiandra (M x L) and S. matsudana 
× pentandra (M x P), were selected to compare their root 
development in typical layered river sediments. Two of these 
clones, ‘Tangoio’ and ‘Moutere’, are commercial clones and 
used currently in riparian protection schemes. The remaining 
three clones, bred for riparian bank stabilisation, are not yet 
commercialised (Table 1; clones with a seedling number only).

Table 1:

Box Clone Parentage Cutting Top Diameter mm Cutting Bottom Diameter mm

1 ‘Moutere’ S. matsudana × alba 30, 24,20 33, 27, 24

2 ‘Tangoio’ S. matsudana × alba 24, 21, 23 28, 25. 26

3 M x L S. matsudana × lasiandra 26, 31, 25 28, 33, 28

4 Nigra S. nigra × S. nigra 30, 22, 23 32, 25, 25

5 M x P S. matsudana × pentandra 29, 26, 25 31, 28, 28

Three 0.9m cuttings of each clone having similar stem 
diameters (Table 1) were pre-soaked in a bucket of water until 
root buds were visible and planted in plywood boxes on 30 
September 2019. Each of five plywood boxes (dimensions 1.6m 
x 0.8m x 0.4m) were divided into three compartments of equal 
dimensions [8]. Roots were able to extend between compartments 
in every sediment layer since the walls between compartments 
had a large central hole. Each box was filled with river run gravel 
to a depth of 21cm, followed by sand to a depth of 14cm and finally 
silt to a depth of 35cm, being 70cm depth in all. The stones, sand 
and silt were supplied by a local river gravel extraction company. 
Each clone was confined to a single box with one cutting planted 
into each compartment. Each cutting was planted to 0.7m depth. 
Box containers were located outside so they were provided with 
natural rainfall, supplemented with water supplied from an 
overhead sprinkler twice daily [8]. No mineral nutrients were 
added to the mix.

During the growth phase, the boxes were weeded and insect 
pests (giant willow aphids) colonising the cuttings were removed 
manually.

Plants were harvested 21 weeks after planting the cuttings. 
For each plant shoot fresh mass and leaf area were measured, 
and roots in each sediment layer were collected, stored in paper 
bags and processed separately. Roots were washed and separated 
into diameter classes >2mm, 1-2mm, 0.5-1mm and < 0.5mm. Root 
length (RL) was measured for all diameter classes except < 0.5mm. 
Root dry mass (RM) was measured for all diameter classes. Plant 
shoots and leaves were oven-dried at 70°C for 72 hours. Samples 
for all root diameter classes were separately oven-dried at 70°C 
for 48h, weighed and RM recorded. Root length (RL) was assessed 
from RM for roots with diameter < 0.5mm by extrapolation from 
a mean RL: RM calculated from measurements of RL and RM for 
three samples of roots <0.5mm diameter. The mean density of RM 
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and the total RL were calculated for each substrate in the different 
layers. The root length density (RLD) and the root mass density 
(RMD) were calculated within the sediment type (silt, sand and 
stones) for all the root diameter classes and used in the analyses 
to normalise for the varying depth of each sediment type. RM 
collected from each cell was attributed to the plant growing in that 
cell, though there was ready access for root extension between 
cells within the box. Shoot dry mass for each tree was measured 
and recorded. The top and bottom diameters of the cuttings were 
measured at the beginning and the end of the experiment. Data 
were log-transformed and analysed using ANOVA. Differences 
were considered significant at p = 0.05.

Immediately following removal of the roots the cuttings were 

immersed in water to allow roots to initiate again and compare 
rate of root development in a non-resistant environment. Photos 
of the immersed section of the cutting were taken around 25 days 
following the immersion in water.

Results

Height growth after 21 weeks was similar among clones 
except for S. matsudana × lasiandra (M x L) where growth was 
less for two of the three plants (Figure 1). The largest of the M x L 
plants had the highest shoot DM (199.4g) of all 15 willow plants, 
but for the remaining two M x L plants shoot DM was only 29g and 
33g, much less than the mean shoot DM of all plants (129g). The 
clones differed in leaf size and branching pattern (Figure 1), and 
other above ground parameters (Table 2).

Figure 1: From left to right. S. matsudana × pentandra, S. matsudana × lasiandra S. matsudana × alba ‘Moutere’. Salix matsudana × alba 
‘Tangoio’, S. nigra.

Table 2: Analysis of variance for plant parameters.

Means (n=3) Shoot 
DM g

Root 
DM g

Leaf 
DM g

Above Ground 
DM g

Leaf Area 
cm2 Shoot no. LA/Shoot 

DM Root: Shoot

M x L 87 13.7 a 47 134 6642 12.0 ab 140.8 e 0.43

M x P 95 46.7 c 52 147 6372 8.3 a 123.2 d 0.35

‘Moutere’ 148 15.5 a 74 222 5788 21.3 c 78.5 a 0.09

Nigra 130 30.2 b 92 222 10705 9.7 a 116.2 c 0.25

‘Tangoio’ 178 53.0 c 90 268 8779 17.0 bc 97.6 b 0.38

Pooled SE 28 4.2 16 44 2075 1.9 0.3 0.12

LSD 89 13.1 52 139 6540 5.9 1 0.36

ANOVA                

Clone F (4 and 10 df) 1.8 18.3  1.7 1.6 1 8.5 6093.6 1.3

p 0.216 <.001 0.238 0.241 0.465 0.003 <.001 0.326

Letters after means indicate which are significantly different at p=0.05 (least significant difference test); means with a letter in common were not 
significantly different.

Most above ground measures did not differ significantly 
between clones, but the leaf area/shoot dry matter ratio was 
significantly different for each clone (p < 0.001), and shoot 
number also differed between clones (p = 0.003) (Table 2).

Mean root biomass (N = 3) varied significantly between 
willow clones (Table 2); being 159g for ‘Tangoio’, 140g for M x P, 

90g for Nigra, 46.5g for ‘Moutere’ and 40g for M x L. Growth was 
relatively even between cells in each box except for M x L (Figure 
1). Differences in RMD and RLD between cells in each box were 
not significant.

Most roots were located in the upper silt layer and in the stones, 
with root mass being lowest in the sand layer (Figure 2, Table 3). 
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Biomass of finest roots (<0.5mm diameter) was proportionally 
greater in silt and stone layers than in sand. Relative proportion of 
finest root RMD to total RMD was lowest in sand (range 56-77%; 
M x L > Nigra > Tangoio > M x P > ‘Moutere’ and highest in stones 
(range 78-95%; ‘Tangoio’ = M x P > M x L > ‘Moutere’ > Nigra. In 
silt the equivalent range was 66-83% (M x L > Nigra > ‘Tangoio’ > 
M x P > ‘Moutere’). Root branching was less in sand than the other 
substrates, and where branching occurred, fine roots typically 
extended upwards into the silt layer.

Root development varied between clones. The relative 
proportions of RMD found in silt varied between clones from 
49% to 23%, in sand from 32% to 9%, and in stones from 68% 
to 41% (Table 3). Likewise, the relative proportions of RLD for 
roots >0.5mm diameter varied between clones from 47% to 22% 
in silt, 30% to 4 % in sand and from 71% to 43% in stones (Table 

3). Finest root (<0.5mm diameter) biomass was 72% of RM for 
‘Moutere’, 77% for Nigra, 82% for ‘Tangoio’, 84% for M x L and 
87% for M x P.

While the distribution of roots was generally similar for 
all clones (high in silt and stones, and low in sand), there were 
significant differences between clones (Table 4) that could be 
attributed to genetic influences.

Mean root mass per plant ranked ‘Tangoio’ > M x P > Nigra > 
‘Moutere’ > M x L, and similarly root to shoot ratio was ranked M x 
P > ‘Tangoio’ > Nigra > M x L > ‘Moutere’.

Root Mass Density (RMD) 

There were significant differences in RMD between clones (p 
<0.001), between substrates (p <0.001), and in the interaction of 
clone and substrate (p <0.001).

Table 3: Mean distribution (%) of root mass (RM), root length density (RLD) and root mass density (RMD) between silt, sand and stones for each 
of the five willow clones.

Willow Sediment % RM % RLD % RMD

M x L

silt 60 46 45

sand 7 4 13

stones 33 50 42

M x P

silt 34 22 23

sand 61 7 9

stones 11 71 68

‘Moutere’

silt 44 16 29

sand 19 30 32

stones 36 54 39

Nigra

silt 56 37 41

sand 9 14 17

stones 35 49 42

‘Tangoio’

silt 63 47 49

sand 5 9 10

stones 32 44 41

Table 4: Analysis of variance for root mass density (RMD; g m-3) and root length density (RLD; m m-3) (a) without separation into root diameter 
classes, and (b) with separation into diameter classes (log-transformed data).

(a) Fixed Term Degrees of Freedom p LSD between Clones

RMD

clone 4 <0.001

172%substrate 2 <0.001

clone x substrate 8 <0.001

RLD

clone 4 0.004

218%substrate 2 <0.001

clone x substrate 8 <0.001

(b)

RMD > 
2mm 

diameter

clone 4 0.03

823%substrate 2 0.039

clone x substrate 8 <0.001
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RMD 
1-2mm 

diameter

clone 4 0.019

221%substrate 2 <0.001

clone x substrate 8 <0.001

RMD 
0.5-1mm 
diameter

clone 4 <0.001

202%substrate 2 <0.001

clone x substrate 8 0.029

RMD 
<0.5mm 
diameter

clone 4 0.009

222%substrate 2 <0.001

clone x substrate 8 <0.001

RLD >2mm 
diameter

clone 4 0.036

533%substrate 2 0.025

clone x substrate 8 <0.001

RLD 
1-2mm 

diameter

clone 4 0.167

272%substrate 2 0.1

clone x substrate 8 0.549

RLD 
0.5-1mm 
diameter

clone 4 <0.001

184%substrate 2 <0.001

clone x substrate 8 <0.001

RLD 
<0.5mm 
diameter

clone 4 0.005

222%substrate 2 <0.001

clone x substrate 8 <0.001

These differences were significant at every root diameter 
(Table 4). In the sand layer, RMD of M x L was < the other clones;

For M x L, RMD in silt and stones > in sand; for M x P, RMD in 

stones > in Silt > in Sand; whereas for ‘Moutere’, RMD in silt, sand, 
stones was similar. For both Nigra and ‘Tangoio’, RMD in silt and 
stones > in sand (Figure 3).

Figure 2: Mean root dry mass present in each of the substrates for each willow clone. Bars are 1 sd.

Root Length Density (RLD)

For RLD, the patterns are generally similar to those for RMD 
(except for ‘Moutere’)

There were significant differences in RLD between clones (p 

= 0.004), between substrates (p <0.001) and in the interaction of 
clone and substrate (p <0.001); these differences are significant 
for all root diameters except 1-2mm (Table 3) which is more 
evenly distributed across substrates (Figure 3).
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In the sand layer, RLD for M x L < the other clones. For M x L, 
RLD in silt and stones > in sand; for M x P, RLD in stones > in silt 

> in sand; for ‘Moutere’, RLD in sand and stones > in Silt; for both 
Nigra and ‘Tangoio’, RLD in silt and stones > in sand (Table 3).

Figure 3: Distribution of mean root length density separated by root diameter for the five willow clones in the different substrates.

                             (a)	 S. nigra                            (b)  S. matsudana × pentandra               (c) S. matsudana × alba ‘Moutere’

                                        (d) S. matsudana × alba ‘Tangoio’             (e) S. matsudana × lasiandra 

Figure 4: Root development of the cuttings of the five tree willow clones after 25 days immersion in water following root removal.

Root development in a non-resistant environment

The rate of root initiation following immersion of the de-rooted 
cuttings in water differed among the five clones and differed in 

the location where root development was most prominent (Figure 
4). Root development from the base of the cutting was more 
prominent in Nigra and M x P than in the other three clones.
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Discussion 

This study investigated root development in five tree willow 
clones in a controlled environment where sediment depths 
were uniform and the plants received both natural rainfall and 
irrigation. Riverine field studies of S. nigra [1,21,22] found that 
moisture deficits reduced height growth, above-ground biomass 
and leaf area. We hypothesised that substrate characteristics 
would be more influential in willow root system development 
than genetics. Our findings confirm that the distribution of root 
within the three substrates was similar for all clones and that the 
nature of the substrate was a significant factor determining root 
growth. However, under the same conditions of growth, there 
were significant differences in rates of shoot and leaf growth. 
Under high moisture conditions as provided in this study, fine root 
presence in the sand layer was low suggesting that soil moisture 
conditions in the sand layer were less favourable. 

However, the roots penetrated easily through the sand layer to 
the root system, allowing the roots to infiltrate upwards into the 
silt at a greater distance from the cutting, and so mine a greater 
soil volume for nutrients and water. In moisture deficit conditions 
both sand and stones will become difficult environments for root 
survival unless the water table is close. This study has shown that 
root initiation is substantial from the bottom of the cutting and root 
growth is high in a well-watered stony medium. If long cuttings of 
willows are planted to the depth of the water table, or close to it, 
satisfactory growing conditions can be maintained during periods 
when surface layers are moisture deficient. High amounts of fine 
roots were associate with high soil water contents, whereas soil 
layers with lower water content and therefore less plant available 
water had lower fine root densities [23]. Deep rooted trees can 
hydraulically redistribute water to shallow soils which can sustain 
fine roots during periods of water stress [23]. Field excavations 
on the Hutt River, New Zealand showed that willow trees planted 
from poles to 3 m depth in river bank sediments had an extensive 
root system in the surface silt layer and in the deep gravel layer, 
but had few roots in the sandy intermediate layer [24]. If cuttings 
are not planted to a depth where initiating roots can reach water 
easily then the anchorage of the tree will rely on the roots present 
in the silt layer which is most prone to destabilisation in flood, 
as well as to drought conditions where a falling water table can 
result in willow mortality [13].

Development of roots in riverine sediments contrasts with 
root development in grassland and forest soils where increasing 
soil density with depth restricts root growth [25,26] In river 
sediments willows can exploit the more porous media to extend 
roots at varying depths, but are root growth may be restricted in 
the deeper riverine sediments with poor water holding capacity 
unless roots can access the water table quickly. 

Conclusion

a)	 Early establishment of both shoot and root growth 
varied significantly between the willow clones, between 

substrates, and in the interaction clone x substrate. We conclude 
that root development of tree willows is influenced by genetics 
and by the nature of the media in which the tree is growing. 
Above ground growth (stems, leaves) is not a reliable guide of 
root growth. Commercial clone S. matsudana × alba ‘Tangoio’ 
produced the greatest root growth, followed by the experimental 
clone S. matsudana × pentandra. Root growth for S. matsudana × 
alba ‘Tangoio’ was more prominent from the section of cutting in 
the silt layer, in contrast to S. matsudana × pentandra where root 
growth was more prominent from the bottom of the cutting.
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