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Abstract

The ability of plants to colonize the fluvial environment and withstand uprooting by

floods is largely controlled by the anchoring effect of roots. We characterized the

root architecture and tensile strength of Alnus incana, a riparian tree species of the

Betulaceae family for which there are no systematic observations of its vertical root

structure. Four A. incana individuals and two nearby Populus nigra 3–10 years old

growing on bars in gravel-bed rivers were excavated. Their root structure was charac-

terized in terms of root diameter, age, and depth and was related to sediment grain

size and scour or deposition by floods. Root tensile strength was also measured as a

function of root diameter using a load cell and displacement transducer attached to

individual roots. The architecture of A. incana roots differed from that of nearby

P. nigra, as all roots were in fine, sandy sediments, growing in one or more dense

radial layers of which the most prominent was 0.2–0.3 m below the surface. The

layers reflect deposition of fine sediments during floods. New fine sediment deposits

promote the growth of a new root layer close to the aggraded ground surface. Root

tensile strength was similar to Salicaceae species. These observations indicate that

A. incana colonizes habitats that have already received fine sediment deposition,

most likely induced by other young plants, especially Salicaceae species. A. incana

then provides a high near-surface root biomass, potentially further stabilizing sur-

faces and playing a complementary role as an ecosystem engineer.
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1 | INTRODUCTION

Vegetation is one of the three main components, along with water

and sediment, controlling the style and dynamics of fluvial systems

(Gurnell et al., 2012; Gurnell et al., 2016). River ecosystems in temper-

ate climates are disturbance dominated, where the ratio between veg-

etation resistance and flood disturbance is the critical parameter

defining the potential for vegetation to grow and influence the river

evolutionary trajectory (Corenblit et al., 2014). Floods can damage

vegetation in several ways, including anoxia as a result of waterlog-

ging, and direct physical damage from transported sediments, burial,

and uprooting (Politti et al., 2018). Recent studies have highlighted

that uprooting is the main cause of vegetation loss in gravel-bed rivers

(Bankhead et al., 2017) and that uprooting occurs mainly in associa-

tion with riverbed erosion (uprooting type II as defined by Edmaier

et al., 2011, 2014). The drag exerted by the flow is generally not suffi-

cient to uproot a plant, except in the very early stages (a few weeks to

months) of the growth of a seedling (Bywater-Reyes et al., 2015;

Calvani et al., 2019; Perona & Crouzy, 2018), indicating that root

anchorage, including root strength, vertical structure, and depth, play

a crucial role in the uprooting resistance of vegetation. Root density

and individual root strength are also relevant parameters controlling
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bank stability and erosion, adding cohesion to bank sediments

(Abernethy & Rutherfurd, 2001; Andreoli et al., 2020; Pollen &

Simon, 2005).

Despite their relevance, data on the vertical distribution of roots

in riparian, highly disturbed environments are scarce. Conceptually,

two idealized models are possible, depending on where roots find

the main source of water as well as nutrients. In stable environ-

ments, with the formation of soil horizons that can store a significant

amount of water as well as nutrients, plants develop predominantly

near-surface roots, with a density that decreases downwards below

the surface in an exponential profile (Schenk & Jackson, 2002).

Riparian species such as those of the Salicaceae family (Salix, Popu-

lus) are typically phreatophytes and develop deeper roots that track

the ground water table. In this case, the root vertical profile depends

on the distance to the mean ground water table level and its sea-

sonal and flood-related fluctuations (Tron et al., 2015). Pasquale

et al. (2012, 2014) measured the vertical root structure of young

Salix cuttings planted on gravel bars. They reported that the root

profile depends mainly on the distance from the median groundwa-

ter level, with larger fractions of the root biomass on the upper

(lower) part in the case of cuttings growing at low (high) elevation.

Local conditions, in terms of flood disturbance and sediment grain

size, can also affect the vertical root profile. Holloway et al. (2017a,

2017b, 2017c) showed that mature black poplar trees (Populus nigra)

growing on river banks and islands show very complex root distribu-

tions, reflecting the local flood history and consequent bending,

damage, and partial burial of the plants over the sequence of inunda-

tion events to which they have been exposed.

Recent studies have shown that trees located in different habitats

across a gradient from relative shelter to increasing exposure to floods

are characterized by different morphological and biomechanical traits,

with stronger and deeper roots in areas more affected by flood distur-

bance (Hortobágyi et al., 2017). This means that different Salicaceae

species may act as ecosystem engineers in different locations, taking

advantage of their greater resistance to uprooting and/or higher

above-ground biomass to induce enhanced fine sediment deposition

(Hortobágyi et al., 2018). Similarly, field observations on the Taglia-

mento River (Italy) have shown that a member of the Betulaceae fam-

ily, grey alder (Alnus incana) can also colonize bare riverine sediments

and can complement the ecosystem engineering role of the dominant

riparian tree species, P. nigra (Bertoldi & Gurnell, 2020). However, to

our knowledge there is no systematic information available on the

root architecture of A. incana, as compared to the more commonly

studied Salicaceae species.

To fill this gap, we gathered field data to characterize the root

strength and vertical root distribution of individual A. incana trees

growing on bars in gravel-bed rivers and to explore the controls on

root vertical profiles exerted by sediment grain size and flood distur-

bance. We also gathered data on nearby P. nigra trees to allow com-

parisons with a species whose roots have attracted greater research

attention. These observations will contribute to enhancing mathemat-

ical models used to predict sediment root reinforcement and vegeta-

tion uprooting resistance within highly disturbed river environments.

2 | METHODS

During September to November 2020, we excavated four A. incana

plants of different age in two gravel-bed rivers in north-east Italy

(Figure 1a). In addition, we excavated two P. nigra plants growing

close to and of similar age to two of the A. incana plants to allow for

direct comparison of the root systems of individuals of the two spe-

cies in the same environmental setting.

Two A. incana trees of about 10 years age were located along

an island braided reach of the Tagliamento River, Italy (Figure 1b), in

the same area investigated by Holloway et al. (2017a, 2017b,

2017c) and Bertoldi and Gurnell (2020). The Tagliamento River is a

large gravel-bed river that is considered one of the most natural

in the Alps, where many studies on biogeomorphic feedbacks

between vegetation and fluvial morphology have been carried out

(e.g., Bertoldi et al., 2011; Gurnell & Bertoldi, 2022; Gurnell &

Petts, 2006; Gurnell et al., 2001). The reach has a median bed mate-

rial grain size of about 40 mm, but with a significant proportion of

sand, a longitudinal slope of about 0.003 m/m, a width of up to

1 km, and several established and pioneer islands, where P. nigra

and Salix spp. are the most common species. A. incana occurs only

sporadically in specific locations, such as along secondary channel

edges (Bertoldi & Gurnell, 2020).

The other four investigated trees were located along the Centa

Creek, a tributary of the Brenta River (north-east Italy) near the vil-

lage of Caldonazzo (Trento Province) (Figure 1c). The Centa Creek is

a gravel-bed river with a flashy hydrological regime, with major

floods occurring during heavy convective rainfall events in autumn.

Sediment production in the catchment is high, and in the down-

stream reaches the river has been extensively regulated with a series

of 1–1.5 m high check dams spaced at approximately 100–200 m

intervals, which limit sediment flux and reduce the slope from its

natural value of 0.017 m/m. The river is also embanked, confining it

to an active width of approximately 50 m. Vegetation colonizes the

river bed extensively in the periods between floods, when the river

frequently runs dry, encroaching large parts of the active channel

where the morphology has been stabilized by the engineering works.

P. nigra and Salix spp. are again dominant, with occasional A. incana

plants. The vegetation is clear cut every 5–8 years to avoid complete

encroachment. We selected a reach with extensive young trees,

ranging in age from 3 to 5 years, to complement the older plants

investigated along the Tagliamento.

The six trees were excavated by hand, carefully removing sedi-

ment to minimize root damage. We excavated to the deepest root

and recorded the depth and diameter of the larger roots (diameter

larger than 4 mm) and the size of the surrounding sediment. We did

not recover the full length of lateral roots, but limited the analysis to

an area of about 0.5 m radius around the tree's trunk, mapping the

vertical distribution of the larger roots and the profile of the sur-

rounding sediments. Tree and root ages were estimated by counting

the number of annual growth rings in cores or cut trunks and roots,

supported by analysis of aerial imagery to reconstruct when the rele-

vant vegetated patches appeared at each site. A. incana tends to
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display false rings during periods of stress (e.g., droughts, floods), so

our annual growth ring counts may be slight overestimates in some

cases.

In addition, a sample of 135 pieces of finer A. incana roots

(approximately 0.2 m long with diameters in the range 0.4–4 mm)

was collected from the two sites. The tensile strength of each root

specimen was tested using a load cell and displacement transducer

attached to the root. Clamping devices used to connect each root

to the load cell were selected to minimize root damage and avoid

snapping at the clamping point. Once clamped, each root was sub-

jected to increasing force until it snapped and the peak applied

force was recorded, following Gurnell et al. (2019). Measurements

were performed in the field, immediately after the roots were cut,

and were repeated in the laboratory following several days of air-

drying. The diameter of each root was calculated as the average of

three measurements along the length of the root piece using an

electronic caliper to an accuracy of 0.01 mm. Tensile strength was

then computed as the ratio of peak resistance force to root cross-

sectional area.

3 | RESULTS

The field observations on the four A. incana trees reveal a different

architecture from the P. nigra trees located in the same environment.

The excavated A. incana individuals displayed one or more layers

of horizontal roots, including a large number of fine roots, all located

entirely in sand and finer sediments. No deep taproots were observed.

Thus, all A. incana roots were contained in the sandy (deposited)

layers and so were above the underlying gravel surface that presum-

ably represents the original bar surface prior to finer sediment deposi-

tion. In the following, we qualitatively describe the vertical root

structure of the four excavated A. incana trees. Summary information

on each tree, including its height, trunk diameter at breast height, and

estimated age are provided in Table 1.

Tree Ai1 was an isolated individual, 4.5 m tall and 7 years old,

located on the top of a recently eroded bank (Figure 2a). All of the

roots were in a layer of sand deposited on top of gravel. Most of

the root biomass was close to the surface (0.2–0.3 m below the bank

top surface), with roots arranged in a radial pattern but with more

F IGURE 1 (a) Map of north Italy, with the location of the Tagliamento River and the Centa Creek, a small tributary of the Brenta River.
(b) Satellite image of the Tagliamento reach, with location of the two excavated A. incana (© Planet, September 2020). (c) Aerial image of the
Centa reach with the location of the four excavated trees, two A. incana and two P. nigra (© GoogleEarth, September 2019). [Color figure can be

viewed at wileyonlinelibrary.com]
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larger roots on the upstream side of the tree (Figure 2b,c). The bank

had been eroded within a year of the survey, before which the tree

was part of a larger island bounded by an active and an abandoned

channel. The bank top surface was approximately 1.5 m above the

low flow water surface suggesting the groundwater table was proba-

bly more than 1 m below the tree's deepest root.

Tree Ai2 was the largest excavated A. incana individual, approxi-

mately 11 m tall and 10 years old. It was located on an island formed

since 2008 in an area of the Tagliamento river that has experienced

extensive vegetation encroachment and up to 1 m of fine sediment

deposition during the last decade (Gurnell & Bertoldi, 2022). We

exposed half of the root structure, on the side of the tree that was

nearest a side channel. Ai2 displayed two main layers of larger lateral

roots at approximately 0.55 m and 1.05 m below the ground surface.

The first layer (around 0.55 m below the ground surface) was located

within a recent sediment deposit (probably deposited during floods in

autumn 2018 and 2019), with the trunk continuing downwards with-

out any clear change in diameter (0.19 m) or structure (Figure 3a).

Several large roots of up to 50 mm in diameter were present in this

recently deposited layer, accompanied by numerous finer roots, par-

ticularly at approximately 0.2–0.3 m below the ground surface

(Figure 3a). Below this upper root layer (Figure 3b) we excavated what

was probably the previous trunk of the tree, with a smaller diameter

(0.14 m) and a slight inclination in a downstream direction. A lower

lateral root layer was present, approximately 0.5 m below the upper

root layer and 1.05 m below the current ground surface. This layer

was comprised of a smaller number of roots of larger average diame-

ter than the upper layer (Figure 3b). All of the lateral roots were in

sand, with a very thin layer of fine gravel separating the two root

layers and the original gravel bar surface located about 0.25 m below

the lower root layer.

Available topographic surveys (2010, 2013 and 2021, see

Gurnell & Bertoldi, 2022 for further details) of the area within which

Ai1 and Ai2 were located confirm that the site of Ai2 has been subject

to more than 1 m of deposition in the last 10 years. Figure 4 reports

the evolution of a transect through the location of Ai2 and across the

ca. 12 m wide island on which it is located. The 2010 survey largely

corresponds to the upper surface of a gravel layer which was exposed

or excavated in the field in 2021. This is also confirmed by aerial

images taken in 2009 and 2010, which show the area as a gravel bar

with some sparse vegetation. The 2013 survey followed a large flood

in November 2012 with a return interval of 15–20 years. This

flood caused deposition of up to 0.4 m of sand and forms the layer in

F IGURE 2 Photographs of
tree Ai1: (a) before excavation;
the excavated roots at late
(b) and early (c) stages of
excavation. [Color figure can be
viewed at wileyonlinelibrary.com]

TABLE 1 Diameter, height, and age of the six excavated trees.

ID Diameter (mm) Height (m) Age (years)

Ai1 47 4.5 7

Ai2 140 11 10

Ai3 68 6 4

Ai4 19 2.4 3

Pn1 78 6.5 5

Pn2 32 1.8 2/3
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which the lower lateral roots developed. This is also confirmed by an

age estimate of 9 years for the large diameter roots within this lower

layer. The upper layer of roots were estimated to be ca. 2–3 years

younger than those in the lower layer, which corresponds with depo-

sition of at least 0.4 m of sediment during a flood in November 2014.

The 2021 topographic survey shows a total depositional depth of up

to 1.2 m on the original gravel surface, with the most recent 0.5–

0.6 m of deposition attributable to floods in autumn 2018 and 2019.

Given that the channel to the left of the island in Figure 4 was dry at

low flow in 2010, we estimate that the groundwater level is probably

located at least 0.8 m below the deepest roots of Ai2.

Trees Ai3 and Ai4, excavated along the Centa creek, were youn-

ger than those excavated along the Tagliamento. Their root structures

follow a similar pattern to Ai1 and Ai2. Both trees displayed two

lateral root layers, the upper layer formed following deposition of fine

sediment. Ai3 had an upper layer at 0.3 m below the ground surface

with a lower layer located 0.5 m below the upper layer (Figure 5).

Both layers displayed a radial pattern of lateral roots, but in this case

with a larger proportion of the roots on the downstream side of the

trees.

Tree Ai3, which was 4 years old, had 55 lateral roots greater than

4 mm in diameter (largest root was 21 mm diameter) radiating from

the trunk. Of these, approximately 20 were concentrated within a

0.2 m vertical distance within each of the two layers and all roots

were developed within sand deposits.

Tree Ai4 was the smallest (2.4 m) and youngest (3 years) of the

four excavated A. incana trees. Excavation revealed that seven stems

visible above ground originated from the same plant, and were proba-

bly the result of damage by a flood that occurred 2 years earlier

(Figure 6). The flood deposited a sand layer approximately 0.5 m deep,

through which the tree sprouted seven stems and formed an exten-

sive layer of roots approximately 0.2 m below the ground surface. A

lower root layer was located 0.5 m below this upper layer and imme-

diately above a gravel surface. All the roots were in sand.

To directly compare the vertical root structure of A. incana with

that of P. nigra individuals of similar age and dimensions and at the

same location, we excavated two P. nigra trees, Pn1 and Pn2, located

a short distance from Ai3 and Ai4, respectively (Figure 1c and

Table 1).

Figure 7 shows the excavated root structures of trees Pn1 and

Pn2. Three major differences were observed in their root structures

when compared to those of nearby A. incana. First, both P. nigra plants

had a main taproot that continued vertically into the gravel layer and

accounted for a large proportion of the root biomass. Second,

and particularly for Pn2, most of the roots were in gravel. Pn1 roots

were in a mixture of sand and gravel, with a greater density of roots in

F IGURE 3 Photographs of tree Ai2: (a) the upper root layer about 0.6 m below the original soil level (brown mark at the top of the trunk);
(b) the lower root layer, after cutting the upper root layer. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Reconstruction of bed elevation changes in
comparison with the observed 2020 root profile of tree Ai2. The *
symbols correspond to the upper limit of gravel deposits exposed
during excavations in 2021. [Color figure can be viewed at
wileyonlinelibrary.com]
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the sandy layers. Third, the biomass of lateral roots and of fine roots

was much lower when compared to the nearby, excavated A. incana.

This was particularly noticeable for Pn2, which had only a few small

(but >4 mm diameter) lateral roots and almost no fine roots. Pn2 grew

on a gravel deposit, with finer sediments only at the base of the roots

and close to the groundwater table. Pn1 had 4 larger horizontal

roots (diameter approximately 30 mm), one on top of the other and

oriented in the same direction (toward the bank, see enlargement in

Figure 7a).

The vertical distribution of the horizontal area occupied by the

roots of each excavated tree was computed from the sum of their

cross-sectional areas within 0.1 m depth increments (Figure 8). All

four A. incana trees present distinct layers of horizontal roots, with

three trees (Ai1, Ai3, Ai4) displaying an upper layer within 0.2–0.3 m

of the ground surface. Tree Ai2 was an exception in not having a dis-

tinct larger lateral root layer close to the surface, but this may be

due to recent sediment deposition since some small, finer roots were

present where such a root layer might be expected. Where lower lat-

eral root layers are present (Ai2, Ai3, Ai4), they are always located

within flood deposits, which, based on associations between larger

root ages and flood dates, created new surface layers of finer sedi-

ments that were quickly penetrated by new roots. In contrast, the

two P. nigra trees display a smaller horizontal root area that, in the

case of Pn2 is almost an order of magnitude smaller than that of the

nearby A. incana. This difference is even greater if the abundance of

fine roots is considered, which were numerous for all the four

F IGURE 5 Photographs of tree Ai3: (a) the excavated roots; (b) the lower root layer, displaying more roots on the upstream side of the tree.
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Photographs of tree Ai4: (a) the excavated roots; (b) the coarser root architecture (after removing all of the finer roots), with the
lower root layer clearly visible. [Color figure can be viewed at wileyonlinelibrary.com]
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A. incana and sparse or almost absent in the case of Pn1 and Pn2,

respectively.

The tensile strength of the 135 A. incana roots measured in the

field (living) and after several days of air drying in the laboratory

(dried) show considerable scatter but with the highest values (up to

40 MPa) observed for smaller roots (diameter less than 1 mm)

(Figure 9a). However, there was no statistically significant relationship

between tensile strength and diameter, with the linear model esti-

mated on log-transformed variables indicating a constant value of

approximately 15 MPa regardless of root diameter. Dry roots showed

a higher average tensile strength of approximately 20 MPa but once

again, there was no statistically significant association between tensile

strength and root diameter. Comparison with previously published

data for P. nigra roots (Gurnell et al., 2019) showed generally similar

F IGURE 7 (a) A photograph
of the excavated roots of tree
Pn1, with an enlargement of the
four larger horizontal roots and
the taproot; (b) a photograph of
the excavated roots of Pn2, with
an enlargement of the taproot.
[Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 8 Vertical
distributions of horizontal root
area displayed by the six
excavated trees.
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values of tensile strength, with P. nigra roots showing only slightly

higher values, but P. nigra roots showed a significant decrease in ten-

sile strength with increasing root diameter.

4 | DISCUSSION

Our observations show that the root architecture of two young (3 and

4 years) A. incana trees differs significantly from that of two young

(2 or 3 years and 5 years) P. nigra growing in close proximity and thus

subject to similar environmental conditions. Furthermore, the root

architecture of two older (7 and 10 years) A. incana trees growing at a

different site and in a different environmental setting, show many

similar characteristics to the two younger trees. Two main differences

are relevant for understanding the processes leading to establishment

and uprooting of A. incana: (i) all the roots we excavated were in fine,

sandy sediments, although the two rivers are gravel-bed rivers; and

(ii) A. incana roots grow predominantly near the surface, in dense

radial layers located (initially) 0.2–0.3 m below the surface. Subse-

quent deposition of fine sediments promotes the growth of new root

layers close to the new surface. Therefore, the four excavated

A. incana did not send vertical roots into the underlying gravel layers

and toward the water table. This suggests that this species mainly

uses rainwater or floodwater that has percolated from the surface and

been retained in the unsaturated finer sediment layers. The root struc-

ture of A. incana can be compared with that of P. nigra, as directly

observed in two trees growing a short distance from two of the exca-

vated A. incana. The two older Ai individuals can also be compared

with previous measurements of P. nigra individuals reported by Hollo-

way et al. (2017a, 2017b). In general, the younger P. nigra individuals

observed in the present study had a deep taproot and a very small

number of lateral roots, with a highly variable vertical distribution. The

two older A. incana individuals were of similar age to the eight P. nigra

individuals described by Holloway et al. (2017a, 2017b). Once again,

all P. nigra individuals had a deep tap root that clearly differentiated

them from Ai1 and Ai2, but they displayed many more and larger lat-

eral roots than the younger P. nigra individuals excavated in the

present study. These P. nigra lateral roots described by Holloway

et al. (2017a, 2017b) were arranged in layers that corresponded to

finer sediments deposited by past floods but they were less numerous

than observed in association with A. incana in the present study. Fur-

thermore, Holloway et al. (2017c) observed increased numbers of

finer and coarser P. nigra roots associated with finer sediment layers,

indicating that root layers in both species display vertical profiles that

reflect the specific history of each excavated tree and its response to

damage, erosion, and sediment deposition by floods.

Data on individual A. incana trees are scarce in the literature.

However, recently, Andreoli et al. (2020) reported the vertical root

distribution measured in seven trenches along two gravel bed rivers in

South Tyrol (Italy). The study reports aggregate data on seven vertical

root profiles excavated to a depth of 1 m, five on the Mareit River

and two on the Ahr River. These profiles represented river banks colo-

nized by Alnus incana, Salix spp. (mainly S. eleagnos, S. purpurea), Betula

pendula, Larix decidua, Fraxinus excelsior, and Picea abies. Root area

ratios were measured at 0.1 m intervals from the surface to a depth

of 1 m at all sites. Three sites, one on the Mareit River and two on the

Ahr River showed a high A. incana cover (over 80%), two sites on

the Mareit river showed intermediate A. incana cover (43%, 53%), and

the remaining two sites on the Mareit river showed negligible

A. incana cover (0%, 16%). The two sites on the Ahr River were

located in relatively mature, floodplain woodland. They showed root

area ratios that were around four times higher than the other five

sites, but this probably reflects site age as much as species composi-

tion. More importantly, they showed two peaks in root area ratio with

increasing depth, the first within 0.25 m of the surface and the second

between 0.55 and 0.65 m below the surface. On average the five

young sites on the Mareit River showed lower average root area

ratios and a progressive decline in root area ratio with depth below

0.25 m. When the profiles for the five sites are compared, those with

negligible A. incana cover and dominated by Salix spp. show a more

even root area ratio with a gradual decline with depth below 0.35 m;

those with intermediate cover and a similar cover of Salix spp. show a

very rapid decline in root area ratio to low values below 0.35 m; and

the site dominated by A. incana also shows a rapid decline below

F IGURE 9 Observations and
statistically significant power
relationships between tensile
strength and root diameter for
(a) living and dried roots of
A. incana and (b) living roots of
P. nigra and A. incana.
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0.35 m but the decline plateaus to 0.65 m depth before dropping to

similarly low values to the intermediate cover sites. Accepting that the

research methods and locations used in our two studies were very dif-

ferent, the vertical root distributions observed by Andreoli et al.

(2020) provide complementary evidence of abrupt changes in the root

area ratio including multiple lateral root layers in association with

A. incana.

Our measurements of the tensile strength of A. incana roots

showed slightly higher values than those reported in previous studies

of riparian species (Andreoli et al., 2020; Gurnell et al., 2019), and our

measurements did not show a statistically significant trend with root

diameter, in contrast to measurements for P. nigra and Salix alba

(Gurnell et al., 2019) and a mix of roots from riparian species (predom-

inantly Salix spp. and A. incana) reported by Andreoli et al. (2020). Gur-

nell et al. (2019) showed generally lower tensile strength for the two

Salicaceae species investigated than our A. incana observations, which

may explain the lower values of tensile strength reported by Andreoli

et al. (2020) for their mixed (predominantly Salix spp. and A. incana)

roots.

Root architecture and tensile strength are the two main compo-

nents for estimating root reinforcement of sediment profiles (Pollen &

Simon, 2005). The shallower root profile of A. incana when compared

with the Salicaceae in the present research is supported by previous

observations of P. nigra root profiles on the Tagliamento River

(Holloway et al., 2017a, 2017b, 2017c) and by the observations of

mixed root profiles from the Mareit and Ahr (Andreoli et al., 2020).

The shallower root profile of A. incana may determine a sharp

decrease in added cohesion and reinforcement with depth, limiting

bank stability and resistance to lateral erosion. However, the dense

radial surface root layer of A. incana could play a significant role in lim-

iting the initiation of sediment transport at the surface, which could

be particularly important if, as we observed, A. incana roots are con-

fined to fine sediments. Considering that uprooting of riparian trees

mainly occurs in association with significant erosion that exposes a

large proportion of roots (Bywater-Reyes et al., 2015; Calvani

et al., 2019), a root biomass concentrated in a near-surface layer may

increase plant stability when erosion is shallow but is likely to have a

limited effect in the case of deep scouring events such as may occur

during lateral bank erosion. This also raises the question of the role of

any secondary root layers, and whether much older individuals than

those excavated in our study may support several deeper root layers

and also greater lateral extension in their larger lateral roots. All of

these observed or inferred properties of A. incana root architecture,

including the large number of lateral roots and also the apparently

higher root tensile strength of this species, could provide physical pro-

tection to an eroding bank once the roots become exposed. Such a

process, where exposed roots remain to cover a significant proportion

of the bank face and limit the mobilization of sediment, could have a

similar effect to the cohesive slump blocks modeled by Eke et al.

(2014). It would be also interesting to measure the uprooting (pull-

out) resistance of A. incana seedlings when the root biomass is still

low. Comparisons with the uprooting resistance of Salicaceae seed-

lings (uprooting type 1 sensu Edmaier et al., 2011) would establish the

relative potential of A. incana to survive early flow disturbances and

contribute to initial colonization of exposed riverine sediments. Early

development of a radial root layer by A. incana seedlings could, at

least partly, counteract the shallow root depth, as highlighted by

Piqué et al. (2020), who compared the pull-out resistance of nine dif-

ferent riparian species typical of Chilean rivers.

Our observations of root strength and architecture confirm that

A. incana is likely to have a different, complementary engineering role

in gravel bed rivers where the dominant riparian species are from the

Salicaceae family, extending the differences among Salicaceae species

described by Hortobágyi et al. (2018). Our previous observations that

A. incana tends to germinate and grow in less disturbed areas, espe-

cially along the margins of small side channels between vegetated

islands (Bertoldi & Gurnell, 2020) and our observation in the present

study that it develops in fine sediment deposits, suggests that it can

only colonize habitats that have already been modified by previous

vegetation colonization (e.g., by Salicaceae). Its presence may enhance

the engineering effect of the Salicaceae by providing high root density

at shallower depths, thereby enhancing the added cohesion from

roots in the surface sediment layers. In addition, the combination of

A. incana with Salicaceae species, increasing the richness of woody

species present, could increase total root length and the number of

root tips and thus reduce erosion rates, as observed for herbaceous

plants by Allen et al. (2016). A. incana is a plant that can fix nitrogen

through symbiosis with the nitrogen-fixing bacterium Frankia alni and

so could have additional benefits for other plant species.

Our findings on the root structure of A. incana, with its dense

shallow root biomass and potential to develop more than one layer of

lateral roots, improves our understanding of plant growth strategies

and demonstrates that root architecture is a key element in recogniz-

ing and interpreting fluvial biogeomorphic interactions. Our observa-

tions complement those of Hortobágyi et al. (2017), who reported

differences in morphological and biomechanical traits of P. nigra

according to their position on a gravel bar. They observed finer and

more superficial roots at the bar tail, and deeper and stronger roots at

the upstream-facing part of the bar. Hortobágyi et al. (2017) sug-

gested that these contrasts could be due to differences in the magni-

tude of flow disturbances, which decrease downstream along the bar.

However, there could also be an effect of grain size, as the bar tail

was richer in sand. Indeed, disturbance, sediment type, and vegetation

development are strongly linked, and more data are needed to better

understand and disentangle feedbacks, particularly when roots are

taken into account.

Despite recent advances, our ability to predict the vertical root

profile of riparian trees in highly disturbed environments remains lim-

ited. Holloway et al. (2017a) concluded that moisture, grain size, and

depth could only explain 36% and 26% of the variability in P. nigra root

density and root area ratio, respectively. Mathematical models such as

that proposed by Tron et al. (2014, 2015) proved to be valid in describ-

ing the vertical distribution of roots of phreatophytic plants as a func-

tion of the temporal fluctuations of the groundwater level. More

recently, Perona et al. (2022) assembled three analytical root distribu-

tion models and developed an integrated framework that considers the
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vertical and horizontal distribution of roots as a function of groundwa-

ter level and precipitation. This framework has the ability to model a

range of different environmental conditions and vegetation species.

However, the model does not consider grain size variability, nor the

effect of bed surface morphological changes, such as scour and deposi-

tion, two variables that seem to have a notable effect on the trees that

we excavated. The availability of more data (and more species, as

reported here for A. incana) may help to improve predictive models and

derive sets of parameters that can be used for different species. Recent,

novel numerical (Caponi & Siviglia, 2018; Caponi et al., 2020) and sto-

chastic models (Bau' et al., 2021) have been proposed to take into

account the effects of different root profiles, demonstrating that roots

play a crucial role in fluvial biogeomorphic feedbacks and can signifi-

cantly influence the evolution of the river bed, but such models need to

be informed by a larger body of field observations.

5 | CONCLUSIONS

We explored the root architecture and root tensile strength of

A. incana growing on bars along two gravel-bed rivers in Northern

Italy. Our field observations show that A. incana root growth strategy

is different from that of the Salicaceae, such as P. nigra, which show a

(deep) taproot and a vertical distribution that is strongly influenced by

water table depth. Based on our observations, A. incana roots grow

only in fine, sandy sediments and do not have a deep taproot. Their

vertical root structure is independent of groundwater depth, with a

dense layer of horizontal roots growing near the surface, typically at

about 0.2–0.3 m depth. Deeper root layers are present when the tree

has experienced fine sediment deposition. Several of the investigated

individuals showed a second, deeper layer marking the position of the

original riverbed surface and then a shallow layer formed closer to

the current bed surface. The lack of a tap root indicates that A. incana

is not a phreatophytic species and its vertical root distribution is not

determined by the dynamics of the water table.

Data on the vertical root architecture of riparian species and a

better understanding of the processes and parameters that control

their biomass and vertical distribution are key to improving predic-

tive biogeomorphic models, where the uprooting process is mainly

controlled by root depth. The superficial but dense root structure of

A. incana can significantly stabilize the upper layers of fine sedi-

ments, providing additional cohesion and direct physical protection

covering a large part of exposed river banks. A shallow root struc-

ture may be less effective in limiting plant uprooting where deep

scour occurs, as in the case of bank erosion at bends. Overall,

A. incana is likely to play a complementary ecosystem engineering

role along a river dominated by deeper rooted Salicaceae species,

both in terms of its spatial position in less disturbed habitats where

fine sediments have been deposited, and its vertical root profile,

which adds a significant amount of biomass in the more superficial

sediment layers. Future research, building on the data set and

results presented here, will incorporate a wider range of riparian

environmental settings and tree ages and will help to further

develop these concepts.
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