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Extending the conceptual model of river island development
to incorporate different tree species and environmental
conditions
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Email: a.m gurnell@amulac.k ferent vegetation-landform evolution pathways. Time sequences of aerial images track
vegetation development over 30 years in the four gaps. In combination with the flood
disturbance time series, we interpret vegetation dynamics and identify the fate of sex-
ual and asexual reproduction strategies by observing vegetation expansion from lines
of young plants and shrubs and from uprooted deposited trees and pioneer islands,
respectively. Analysis of image sequences reveals common features across the four
gaps that are generalized to extend a conceptual model of island development. Grow-
ing conditions, disturbance energy and time (window of opportunity) between major
floods are the main controls on vegetation colonization. These vary among rivers,
among reaches along the same river and locally, as in the investigated gaps, allowing
different tree species with different life history traits (e.g., Populus nigra, Alnus incana)
to engineer local river landforms in different and complementary ways. Although the
conceptual model is inspired by observations on the Tagliamento River, consideration
of species life history traits and the joint influences of growing conditions, disturbance
energy and windows of opportunity provide a framework that may be applied to other

temperate rivers where trees drive landform development.
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1 | INTRODUCTION research attention, especially over the last two decades. Building on

understanding of vegetation colonization of disturbed, dynamic ripar-
The importance of riparian trees for the development and stability of ian zones (e.g., Bornette, Tabacchi, Hupp, Puijalon, & Rostan, 2008;
river islands and floodplain margins has been a subject of considerable Dykaar & Wigington, 2000; Johnson, 2000; Mahoney & Rood, 1998;
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Polzin & Rood, 2006) increasing emphasis has been placed on feedbacks
between plants and fluvial processes (Dufour, Rodriguez-Gonzalez, &
Laslier, 2019) and particularly the ways in which plant species may act
as “physical ecosystem engineers” (Jones, Lawton, & Shachak, 1997),
driving the creation and maintenance of fluvial landforms (e.g., Bendix &
Stella, 2013; Bertoldi, Gurnell, & Drake, 2011; Corenblit et al., 2011,
2015; Corenblit, Steiger, Gumnell, Tabacchi, & Roques, 2009; Corenbilit,
Tabacchi, Steiger, & Gurnell, 2007; Gurnell, 2014; Gurnell et al., 2016;
Gurnell, Bertoldi, & Corenblit, 2012; Kollmann, Vieli, Edwards, Tockner, &
Ward, 1999; Politti, Bertoldi, Gurnell, & Henshaw, 2018; Tabacchi
et al,, 2019).

Research over two decades on the Tagliamento River, N.E. Italy,
has concentrated on such plant—physical environment interactions.
The physical roles of species from the Salicaceae family have been
investigated, particularly Populus nigra L. (black poplar), which domi-
nates islands and floodplain margins along the middle and lower
reaches of the river. This research led to the proposal of a conceptual
model of island development, whereby species from the Salicaceae
family drive island development (Gurnell et al., 2001; Gurnell &
Petts, 2002; Gurnell, Tockner, Edwards, & Petts, 2005). The concep-
tual model incorporates three pathways along which Salicaceae
species may colonize the surfaces of river bars and initiate island
development: (1) germination and growth of widely dispersed seeds
when they are deposited at suitable germination sites; (2) germination
and growth of seeds that accumulate in sheltered locations such as in
the lee of wood piles and (3) sprouting of shoots and roots from
deposited wood pieces or entire uprooted trees. However, in the
high-energy context of the Tagliamento, Pathway (3) has been identi-
fied as the most likely to initiate island development with the rapid
rooting and sprouting of flood-deposited trees and large wood playing
a crucial role in stabilizing bar surfaces and trapping fluvial sediments,
wood and plant propagules to construct small “pioneer” islands
(Edwards et al., 1999). Pioneer islands provide shelter for further veg-
etation development and sediment retention, and they may coalesce
to form larger, building islands and extensions of the floodplain.
Gurnell and Petts (2006) extended the conceptual model by incorpo-
rating the impacts of changes in flood unit stream power and also the
depth and variability of the alluvial water table along narrowing and
widening sections of a river. Such longitudinal changes in the balance
between flood disturbance severity and the growth performance of
young trees in response to the local groundwater regime explains
observed longitudinal changes in the presence, spatial extent and per-
sistence of islands within different reaches of the Tagliamento. In par-
ticular, Gurnell and Petts (2006) emphasized reach-scale variations in
the potential of Pathway (3) to support pioneer and building island
development following the deposition of uprooted trees and large
wood pieces of Salicaceae species.

The “recruitment box” model (Mahoney & Rood, 1998) is relevant
to Pathways (1) and (2) of the island development model. It couples
(a) the seasonal production of seeds by riparian Salicaceae species
with (b) synchronous seed dispersal by floods to suitable germination
sites and then (c) rapid seedling growth promoted by post-flood
declines in the water table during a period without significant flood

disturbance. This model has been widely applied and much research
has developed from it to explain the frequent presence of single spe-
cies, single age cohorts of Salicaceae species bordering many rivers
and, more generally, how such riparian systems function and can be
conserved (e.g., Braatne, Jamieson, Gill, & Rood, 2007; Cooper,
Merritt, Andersen, & Chimner, 1999; Foster & Rood, 2017; Kalischuk,
Rood, & Mahoney, 2001; Lytle & Merritt, 2004; Scott, Auble, Dixon,
Johnson, & Rabbe, 2013; Scott, Auble, & Friedman, 1997). However,
growth from seedlings or small vegetative fragments do not appear to
be a major driver of the first stages of tree colonization along the mid-
dle and lower Tagliamento main stem. Even in the upper part of the
main stem, where sprouting of vegetative fragments deposited on the
river bed is relatively rare, accumulations of large wood and/or boul-
ders are crucial for providing shelter within which seedlings (notably
of the locally co-dominant species A. incana) survive and initiate pio-
neer islands (Pathway (2), Gurnell et al., 2001). The relative lack of
effectiveness of sexual reproductive Pathways (1) and (2) for initiating
vegetation establishment and landform development in the middle
and lower Tagliamento has been attributed to (a) slower early growth
rates of seedlings in comparison with sprouts from vegetative propa-
gules of varying size, particularly from uprooted, deposited trees
(Francis, 2007; Francis & Gurnell, 2006; Gurnell, 2016; Moggridge &
Gurnell, 2009), (b) frequent “flashy” flood disturbances capable of
uprooting or burying seedlings and (c) the predominant occurrence of
the largest floods in autumn and thus well beyond the spring season
of seed production by P. nigra and other species from the Salicaceae
family that are present along the river (Karrenberg & Suter, 2003).
Point (c) is particularly important because seeds of the riparian
Salicaceae have an extremely short period of viability (Gosling, 2007;
Karrenberg & Suter, 2003). However, this is not such a limiting factor
for dispersal and successful establishment of species that produce
seeds with a longer period of viability or that reproduce asexually. For
these species, flood timing does not strongly limit successful recruit-
ment from propagules that are dispersed to suitable germination
or sprouting sites, but the length of time without disturbance or
“window of opportunity” (Balke, Herman, & Bouma, 2014) for growth
following flood dispersal remains a major control on recruitment
success.

Recently, Bertoldi and Gurnell (2020) reported on the potential
contribution of A. incana (L.) Moench. (grey alder), a member of the
Betulaceae family that produces seeds with a longer period of viability
than the riparian Salicaceae, for river bed landform development in
the middle reaches of the Tagliamento. They investigated broad
spatio-temporal and topographic changes across the river bed associ-
ated with woody vegetation in general (dominated by P. nigra) and
with A. incana in particular. Over the last two decades within a >7 km
long study reach, A. incana has shown an expansion in cover; is mainly
distributed in lines that broadly parallel the river's course; is located at
lower elevations on the river bed than riparian woodland vegetation
in general; and is associated with local aggradation of the river bed.
These observations indicate that in addition to general aggradation
and expansion of wooded islands dominated by P. nigra, A. incana

also appears to be driving island development locally along the
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margins of some channels, bars and islands. Additionally, Bertoldi and
Gurnell (2020) concluded that an increase in cover of A. incana since
2000 is most likely explained by the species' presence at relatively
lower elevations than vegetated areas in general and along landform
edges that would be preferentially eroded by major floods. Therefore,
the recent apparent increase in the cover of A. incana does not seem
to relate to an extension of the species' geographical range but rather
recovery of the species following the largest flood in the last 35 years
in 2000. This conclusion is supported by Lippert, Miiller, Rossel,
Schauer, and Vetter (1995) and Karrenberg, Kollmann, Edwards,
Gurnell, and Petts (2003), who record significant presence of A. incana
in the middle reaches of the Tagliamento prior to the 2000 flood. In
short, A. incana appears to be associated with landform building in
specific locations where it may complement physical engineering by
the dominant species P. nigra, and its importance may vary through
time because of its greater susceptibility to removal during large
floods.

Following from this previous research, we investigate the potential
complementary role of A. incana (Betulaceae) to that of the dominant
species, P. nigra (Salicaceae), in physically engineering the development
of islands and floodplains along the middle reaches of the Tagliamento.
Like P. nigra, A. incana is a pioneer species that can rapidly colonize
areas of bare ground. However unlike P. nigra, A. incana (a) releases
seeds in the autumn (Wilson, Mason, Savill, & Jinks, 2018) that are
easy to store (Gosling, 2007) with some evidence (Thompson,
Bakker, & Bekker, 1997) that the seeds form a short-term persistent
seed bank (i.e., can remain viable for at least 1 year), ensuring viable
seeds are available throughout the year for redistribution by floods;
(b) is less likely to reproduce asexually (as noted on the Tagliamento
by Kollmann et al, 1999, and experimentally by Francis, Gurnell,
Petts, & Edwards, 2005), although flood damage may encourage
sucker and root stump shoots in a similar manner to that reported for
regrowth following coppicing (Rytter, 1996; Rytter, Sennerby-Forsse, &
Alriksson, 2000; Wilson et al., 2018), and very occasionally some
uprooted stumps may survive and sprout if deposited at suitable sites
(authors' field observations) and (c) prefers moister, more nutrient-rich
sites (Rytter, 1996). Thus, the two species show important differences
in their life history traits and environmental requirements, which may
allow some complementarity in their roles as physical ecosystem
engineers.

In order to explore the potential physical ecosystem engineering
role of A. incana in comparison with (P. nigra-dominated) vegetation in
general, we investigate detailed pathways of vegetation establishment
and landform building within gaps (linear open spaces) of varying
width on the river bed of a reach of the middle Tagliamento River
between areas of established vegetation (i.e., islands, floodplain). Gaps
provide reduced local exposure of the bed to disturbance from floods
and allow us to explore the following working hypotheses:

1. A reduction in exposure to flood disturbance (represented by areas
of river bed confined within gaps) enhances the relative impor-
tance of sexual reproduction in the initiation of areas of woody

vegetation on the river bed.

2. Vegetated area initiation and development displays distinctive
spatio-temporal patterns reflecting traits of the colonizing woody
species.

3. Patterns of vegetation and related landform development reflect
the survival and growth of woody species under the influence of
local growing conditions, flood disturbance energy and windows of
opportunity between disturbances.

We generalize the outcomes of the above investigations to
extend the conceptual “island development model” described by
Gurnell et al., 2001 and Gurnell & Petts, 2006.

2 | METHODS

2.1 | Investigative design

Bertoldi and Gurnell (2020) present a spatio-temporal and topo-
graphic analysis of vegetation development across the three most
heavily vegetated areas of the braid plain, totalling almost 1 km? area,
of the river bed within an island-braided reach of the middle
Tagliamento River (Figure 1a). To explore our three working hypothe-
ses, we searched this surveyed area for gaps (linear spaces between
established islands and or floodplain) that were oriented parallel to
the braid plain (i.e., similar orientation to flood flows). We identified
nine suitable gaps from which we selected three of contrasting width
(Figure 1a, Gaps 1, 3 and 4). We added a fourth gap (Figure 1a, Gap 2)
surveyed in the field in 2018, which had been removed by a flood
prior to the above survey but was of intermediate width between
Gap 1 and Gaps 3 and 4. Gaps of similar orientation with respect to
flow, bounded by consistently high (wooded) boundary resistance but
of different width are likely to moderate flood energy to different
degrees, providing an energy gradient for investigating vegetation
responses.

We assembled secondary data sources (river stage records, his-
torical aerial images and airborne lidar data sets) and field observa-
tions for each gap. These supported definition of gap boundaries and
underpinned reconstruction of vegetation and topographic develop-
ment of the river bed (see Section 2.2).

The above analyses allow us to revisit our three working hypothe-
ses and incorporate them into an extended conceptual model of island
development (Gurnell et al., 2001; Gurnell & Petts, 2006).

2.2 | Secondary data sources

A 35 year river stage record (Figure 1b) from a site approximately
1 km downstream of the study reach illustrates the timing, magnitude
and frequency of flood events. Black and grey arrows (Figure 1b) indi-
cate all flood peaks exceeding 3 m stage (i.e.,, bankfull discharge:
Bertoldi et al., 2009). Note that prior to 2000, stage was recorded
irregularly but since 2000 measurements are at 30 min intervals.
Flood events during 1990, 1996, 2000 and 2004 (black arrows) are
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FIGURE 1 (a) The study
reach showing Gaps 1, 2, 3 and
4. (The image was downloaded
from Google Earth, image©2019
Maxar Technologies and flow is
from North East (top right) to
South West (bottom left); the
centre of the braid plain extends
from approximately
46.242075°N, 13.039804°E
[upstream] to 46.192989°N,
12.961997°E [downstream].)

(b) Daily river stage record at the
Villuzza station (located 1 km
downstream from the study
reach), 1985 to present. The
record after 2000 (black line)
represents the daily maximum
stage extracted from 30 min
observations. The precise nature
of the record before 2000 (grey
line) is unknown but probably
varies between single
observations within a day and the
highest observation within a day
(the number of observations
within a day is highly variable).
Arrows indicate floods exceeding
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the most relevant to our analysis because they are sufficiently old to
assess the flood origins of trees that were both taller than 4 m during
our field surveys in 2018 and 2019 (see below) and are also readily
detected by the most recent airborne lidar data (2013, see below).
Only one of these flood events (June 1996) did not occur in Autumn
but this was followed by another of similar peak magnitude in
November 1996. The four later bankfull events (2008, 2012, 2017
2018) also all occurred in autumn or winter. The 4 year “window of
opportunity” without any significant floods between the October
2004 and October 2008 floods is also relevant to the following
analyses. Later “windows” (2008-2012, 2012-2017) were not investi-
gated because, following the above criteria, they are too recent to be
investigated using the available secondary data sources, and,
unlike 2004-2008, both were interrupted by near-bankfull events
(Figure 1b).

Rectified aerial images (1986, 1993, 1997, 2003, 2005, 2010,
2011, 2013 2017) visualize the distribution and cover of bars,

2000 2005 2010 2015

Year (marked at 1 January)

2020

channels and vegetation over 30 years. The 1993 images were cap-
tured before the 1993 flood event. The first five image dates show
the river before, between and after the 1990, 1996, 2000 and 2004
floods and the remaining dates capture later changes in land cover.
The images were used to identifying gap boundaries and quantifying
gap widths at times when the gaps were clearly defined and free of
vegetation, particularly using the 2003 images, which were captured
shortly after the largest flood in the last 35 years (in 2000). They also
supported mapping of the changing distributions of flowing channels,
areas of bare (unvegetated) river bed and established vegetation, and
the locations of uprooted deposited trees, pioneer islands, lines of
seedlings, lines of shrubs and any major accumulations of wood within
and around each gap. While lines of young plants or shrubs may
represent sprouting vegetative fragments deposited within flood
trash lines, they are highly likely to represent growth from water-
transported and deposited seeds and thus a sexual pathway to

vegetation development. Therefore, lines of very young plants are
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hereafter called “lines of seedlings.” In contrast, uprooted, deposited
trees and the pioneer islands that develop from them represent an
asexual pathway to vegetation development.

Three airborne lidar surveys (May 2005, August 2010, October
2013) revealed changes in bed topography and the spatial extent and
height of (P. nigra dominated) woody vegetation in general and also of
field-mapped (see Section 2.3) A. incana individuals within and around

the four gaps over an 8 year period.

2.3 | Field observations

In March 2019, the positions of all A. incana individuals taller than 4 m
were recorded in and around Gaps 1, 3 and 4. Although the vegeta-
tion in Gap 2 and much of the adjacent island were removed by
the October 2018 flood (Figure 1b), detailed field mapping and pho-
tography of the upstream half of this gap was undertaken in 2018.

This provided a detailed pre-flood record of bed morphology, the

distribution of woody vegetation and the main tree species, and also
the locations of a sample of alder individuals taller than 4 m, allowing
their changing height to be extracted from the three lidar surveys.

Bertoldi and Gurnell (2020) detail the analysis of lidar data to
establish a typical annual vertical growth increment of approximately
0.6 m for A. incana within the study reach and its verification using
field measurements.

3 | RESULTS

3.1 | Gap boundaries and widths

The boundaries of Gaps 1, 2, 3 and 4 (Figures 2-7) were established
from aerial images. Each gap boundary was interpreted from the
image which showed it at its widest extent and free of vegetation.
Boundaries of Gaps 2, 3 and 4 were defined from the 2003 images.
Although these gaps were present in earlier images, the largest

FIGURE 2 Maps of the
distribution of cover types and
vegetation features in and

Vegetation around Gap 1 interpreted from

Dead wood A .

W aerial images captured in 1986,

5 ater i 1993, 1997, 2003 and 2005
ane sediment (note that the boundaries of the

Gap edges

gap were inferred mainly from
the 1993, 1997 and 2003 images
plus the 2005 DEM (Figure 4)
and that the gap is completely
obscured (overhung) by
vegetation in all images after
2005, flow is from north to
south) [Colour figure can be
viewed at wileyonlinelibrary.com]

Deposited tree

Line of seedlings
Pioneer island

Line of young shrubs
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flood on record in 2000 eroded extensive parts of their margins and
all three gaps were free of vegetation in 2003. The 2000 flood does
not appear to have affected the extent of Gap 1, which is marked
by a river channel in the 1986 image. The relatively wide time
spacing between early images and the fact that Gap 1 is the
narrowest of the four and so its margins are often obscured (over-
hung) by vegetation, make tracking of its dimensions challenging. A
composite approach involving inspection of early images and the ear-
liest (2005) DEM was used to define the approximate boundaries of
Gap 1, and may have defined a wider gap than is appropriate. Aver-
age gap widths of 27, 45, 98 and 97 m, respectively, for Gaps 1, 2,
3 and 4 were calculated from 10 equally spaced width measurements
distributed along and perpendicular to each gap's upstream to down-

stream axis,.

FIGURE 3 Maps of the
distribution of cover types and
vegetation features in and around
Gap 2 interpreted from aerial

3.2 | Evolution of vegetation cover and bed
morphology in Gaps 1, 2,3 and 4

Flowing channels, vegetated areas, areas of unvegetated sediment,
deposited trees, pioneer islands, lines of seedlings and lines of young
shrubs were mapped using the historical aerial images. Deposited
trees and pioneer islands indicate the fate of large vegetative woody
plant propagules, whereas lines of seedlings and shrubs predominantly
indicate the fate of seeds and possibly small vegetative woody plant

propagules deposited in flood trash lines. Time sequences of maps of

these cover features are provided, respectively, for Gaps 1, 2, 3 and
4 in Figures 2, 3, 5 and 6. Figures 4 and 7 display detrended 2005 and
2013 DEMs and the distribution and relative height of vegetation in
2013 for Gaps 1 and 2 (Figure 4) and Gaps 3 and 4 (Figure 7).

images captured in 2003, 2005, e  Deposited tree @ seedlings

2009, 2011, 2013 and 2017 (flow —— Line of seedlings @ Dead wood

is from north-east to south-west) ©  Pioneerisland <7 Water tN
[Colour figure can be viewed at = Line of young shrubs Bare sediment
wileyonlinelibrary.com] === Gap edges (2003) @ Embanked
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FIGURE 4 Gap1(a-c)and
Gap 2 (d-f), showing the 2005
detrended DEM (a,d), 2013
detrended DEM (b,e) and 2013
distribution and relative height of
5 ; the vegetation cover (estimated
# 3 : 3 from lidar data, vegetation height
ranges from O m [white] to >15 m
[darkest green]) and positions of
alder individuals surveyed in 2019
(Gap 1) and 2018 (Gap 2) (c,f)
[Colour figure can be viewed at
wileyonlinelibrary.com]

Alnus incana

100 m

321 |

Gap 1
The channel occupying this narrowest gap is seen between
unvegetated bars in 1986 (Figure 2). By 1993, widespread patchy veg-
etation encroaches the downstream part with some lines of young
shrubs in the upstream parts and numerous pioneer islands across the
bar surface upstream of the gap. By 1997, the gap encloses a continu-
ous linear area of bare sediment, presumably created during the 1996
floods. In the northern part, an elongated vegetated area within the
western side has absorbed the lines of young shrubs observed in
1993 and the eastern part of the gap displays several new parallel
lines of young shrubs. By 2003, the upstream part is obscured by con-
tinuous vegetation and the downstream part has extended to the
southern tip of the island. An area of bare sediment can still be seen
within the central part of the gap in the 2005 image and the entire
gap is completely concealed by vegetation in all subsequent images
(not shown). Throughout this time sequence, pioneer islands are seen
on open areas of sediment, particularly in the northern (upstream) part

of the mapped area, whereas lines of young shrubs generally develop

™

o

100 m

Alnus incana

in the central part of the mapped area, particularly within evolving
gaps between established vegetated areas. The 2005 and 2013 DEMs
(Figure 4a,b) show the large bar on which the main mapped island has
developed with a bar head to the north where most pioneer islands
developed over the image sequence. Three minor channels in the
northern part of the gap join to form a single channel within the cen-
tral and southern parts (Figure 4a,b). Virtually all of the mapped
A. incana individuals taller than 4 m in 2019 (Figure 4c) are located
along the edge of the channel through Gap 1 and along a smaller
channel crossing the eastern part of the island on the 2005 DEM.

322 | Gap2

Gap 2 was enlarged by the 2000 flood and disturbed by another sig-
nificant flood peak in November 2002 (Figure 1b) so that in 2003
(Figure 3), it is only occupied by bare bars and braid channels with a
few deposited trees, three of which are aligned towards the head of a

bar within the upstream half of the gap. In 2005, there are three
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FIGURE 5 Maps of the
distribution of cover types and
vegetation features in and around
Gap 3 interpreted from aerial
images captured in 1997, 2003,
2005, 2009, 2011, 2013 and
2017 (flow is from east-north-
east to west-south-west) [Colour
figure can be viewed at
wileyonlinelibrary.com]

pioneer islands at the upstream end of the gap, two at the same loca-
tion as deposited trees in 2003. These two deposited trees/pioneer
islands persist within the vegetation cover until the 2017 image. A
nearby pioneer island, observed to the north east in 2005, also per-
sists within the extending vegetation cover until at least 2013. In
2009, two new pioneer islands are observed along the western side of
the upstream bar and lines of seedlings are seen forming downstream
from the two original pioneer islands, along the eastern and western
margins of the upstream bar and on the head of the downstream bar
within the gap. In 2011, the 2009 lines of seedlings are lines of young
shrubs; additional shrub lines are evident along the eastern edge of
the downstream bar and around the upstream bar tail. New pioneer
islands are present on the upstream bar and several pioneer islands
and lines of seedlings/shrubs from 2009 are incorporated into vege-

tated areas along the western side of the gap. By 2013, all of

e Vegetation
@ Dead wood
<7 Water
Bare sediment
=== Gap edges (2003)
®  Deposited tree
—— Line of seedlings
° Pioneer island
—— Line of young shrubs

the pioneer islands and lines of shrubs present in 2011 are incorpo-
rated into elongated vegetated areas. By 2017, vegetation cover has
expanded, providing a complex structure that has trapped floating
wood, retaining enormous rafts and smaller patchy accumulations of
wood. Over the time sequence, the upstream end of the gap has been
the predominant area for deposition of large uprooted trees which
often develop into pioneer islands, whereas the central and down-
stream areas have mainly supported development of lines of seedlings
and other small propagules which, if they survive, develop into lines
of shrubs. The 2005 DEM (Figure 4d) shows two streamlined bars in
the upstream and downstream parts of the gap, which by 2013
(Figure 4e) display distinct elevated patches on their surfaces. The
upstream bar shows elevated areas around the three early pioneer
islands at the bar head and elongated elevated areas along the central,

western edge and the central to downstream part of the eastern bar
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edge. A. incana individuals in this gap could not be mapped in 2019,
but mapping in 2018 revealed near-continuous lines of A. incana on
the surfaces of these elongated features. A subset of these trees, indi-
vidually mapped and measured in 2018, are indicated in Figure 4f.

323 | Gap3

The outer limits of Gap 3 (Figures 5, 2003 image) were established fol-
lowing the 2000 flood, which eroded extensive floodplain edges along
the north side of the gap (compare 1997 image). Following the 1996
floods (Figure 5), numerous trees were deposited across unvegetated
bar surfaces. By 2003, numerous pioneer islands are present on bar
surfaces and deposited trees, possibly from the 2000 flood, contribute
to more widespread pioneer islands in 2005. Also in 2005, several par-

allel lines of seedlings are evident, some of which are observable in

Vegetation
Dead wood

Water

Bare sediment

Gap edges (2003)
Deposited tree

Line of seedlings
Pioneer island

Line of young shrubs

FIGURE 6 Maps of the
distribution of cover types and
vegetation features in and around
Gap 4 interpreted from aerial
images captured in 1997, 2003,
2005, 2009, 2011, 2013 and
2017 (flow is from east to west)
[Colour figure can be viewed at
wileyonlinelibrary.com]

2003 and were probably initiated following the 2000 flood, whereas
some probably reflect flow paths during the 2004 flood. By 2009,
many of the 2005 pioneer islands in the central part of the gap have
coalesced to form larger vegetated areas. Quasi-parallel, linear vegeta-
tion features, particularly bordering the braid channel to the north
of the main bar, include lines of seedlings, young shrubs and more
mature vegetation, were probably initiated by different flood events.
The 2011, 2013 and 2017 images show progressive vegetation
encroachment across the gap as pioneer islands and lines of shrubs are
absorbed into elongated vegetated areas running approximately paral-
lel to the adjacent channels. Beyond the gap, deposited trees and pio-
neer islands are observed in all the three later images but few lines of
seedlings or young shrubs are evident. The 2005 and 2013 DEMs
(Figure 7a,b) display elongated ridges on a large central bar, all aligned
approximately parallel to the channels on either side of the bar. All

alder trees mapped in 2019 are positioned in lines along the edges of
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FIGURE 7 Gap 3(a-c)and
Gap 4 (d-f), showing the 2005
detrended DEM (a,d), 2013
detrended DEM (b,e) and 2013
distribution and relative height of
the vegetation cover (estimated
from lidar data, vegetation height
ranges from O m [white] to >15 m
[darkest green]) and positions of
alder individuals surveyed in

2019 (c,f) [Colour figure can be

viewed at wileyonlinelibrary.com]
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the tallest vegetated areas and elongated ridges, particularly on the
central and southern parts of the main bar (Figure 7c).

324 | Gap4d

Like Gaps 2 and 3, the outer limits of Gap 4 were established follow-
ing the 2000 flood (Figure 6, 2003 image), which trimmed the edge of
the large island on the northern side of the gap. In 2003 the gap con-
tained a number of deposited trees, probably from the 2000 flood,
but was unvegetated apart from a few pioneer islands and some lines
of seedlings and young shrubs confined towards the downstream
(western) end of the gap. By 2005, the number of pioneer islands had
increased and mainly appears to reflect sprouting of deposited trees
observed in 2003. There is little evidence of the effects of the 2004
flood apart from a line of seedlings towards the centre of the gap, the
addition of a few deposited trees and the removal of some previously
deposited trees. By 2009, pioneer islands and lines of seedlings and
young shrubs follow the edges of the central bar and some dry chan-
nels. A line of pioneer islands at the centre of the gap may represent
shrubs that have grown from patches of seeds and small vegetated
fragments along a disrupted flood trash line. By 2011, vegetated areas
have developed around many of the 2009 pioneer islands and lines of
young shrubs broadly follow 2005 lines of seedlings and shrubs.
Through 2013-2017, all of these vegetated features are absorbed

into expanding areas of vegetation. Towards the main channel and to
the south of the gap, deposited trees and pioneer islands appear and
disappear across areas of bare sediments but few linear vegetated fea-
tures are observed. The 2005 DEM (Figure 7d) reveals a large stream-
lined bar bordered by channels in the central part of the gap, with
some smaller channels crossing the bar. The edges of these features
correspond to the lines of seedlings and young shrubs observed in the
aerial images. The 2013 DEM (Figure 7e) shows a similar spatial pat-
tern of bars and channels but with some more elevated areas across
the central bar and to the west (downstream) and east (upstream)
within the gap, which correspond with the 2013 vegetated areas
(Figure 7f). Alder trees mapped in 2019 (Figure 7f) are aligned along
the edges of these linear features, particularly along the northern and
southern sides of the central bar and in the downstream part of the
gap, and along the edges of the island on the southern side of the gap.

3.3 | Tracking the heights of A. incana individuals
through 2005, 2010 and 2013

As previously noted, the alder trees mapped in 2019 (2018 in Gap 2)
almost entirely grow in lines, are associated with linear topographic
features, and very frequently correspond to lines of seedlings/young
shrubs observed on the aerial images. The bar graph in Figure 8 shows

the average height of these alder trees for selected subareas of Gaps
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1, 2, 3 and 4 and their immediate surroundings in 2005, 2010 and
2103, estimated from lidar data. Maps of the vegetation distribution
and the locations of the surveyed alders in and around Gaps 1, 2,
3 and 4 are presented in Figure 8 in relation to black ellipses bounding
the sub areas depicted in the bar graph.

Based on an average annual growth rate of 0.6 m (Bertoldi &
Gurnell, 2020), the average heights of alder trees presented in the bar
graph (Figure 8) suggest that those in the central and downstream
part of Gap 1 (Figure 8, Area 1A) and in the small gap to the east
(Figure 8, Area 1B) pre-date the 1996 floods, whereas those in the
upstream part (Figure 8, Area 1C) date back to around the time of the
1996 floods. The alder trees in Gap 2 date back to the 2004 flood. In
Gap 3, the oldest alder trees appear to date back to the 1996 floods
and are found along the edge of the island on the southern side of the
gap (Figure 8, Area 3A) whose edges were not trimmed by the 2000
flood. The alders in Areas 3B and 3C date to the 2000 flood, or possi-
bly the 2004 flood in area 3C. In Gap 4, the alder trees around the
island on the south side of the gap (Figure 8, Area 4A), an area which
was not eroded by the 2000 flood, date back to 1996. The alders in
Areas 4B, 4C and 4D (Figure 8) are positioned in the downstream
(4B) part of the gap and on the north (4C) and south edges (4D) of the
bar in the centre of the gap. These three areas show progressively
shorter trees and appear to date to the floods of 2000 (4B) and 2004
(4C and 4D). All of these dates confirm the previous interpretations of

vegetation development (Section 3.2), particularly in relation to lines
of seedlings and young shrubs.

4 | DISCUSSION
4.1 | A sequence of vegetation and landform
development in and around gaps

Although riparian vegetation encroachment in braided rivers is a
highly complex, multi-scale process (Belletti, Dufour, & Piégay, 2014;
Rapple, Piégay, Stella, & Mercier, 2017), based on our detailed obser-
vations (Sections 3.2 and 3.3), the four investigated gaps showed
many common evolutionary features, tracked from an unvegetated
state following a large flood to a state where they support extensive
riparian woodland superimposed upon aggraded river bed landforms,
which we interpret below in relation to our three working hypotheses
(see Section 1).

Deposited trees/pioneer islands are observed throughout all of
the gaps, across bars beyond the gaps, and at all stages in the evolution
of gaps from an unvegetated to a fully vegetated state. They are the
key element of Pathway (3) of the island model (Figure 9a). In almost
all cases, the deposited trees that sprout, root-anchor themselves on
bar surfaces, and then interact with transported sediments to create

FIGURE 8 Above—Bar graph
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pioneer islands are P. nigra. Occasionally other Salicaceae species
sprout and drive pioneer island development, but Pathway (3) is
extremely rarely related to A. incana within the study reach.

Lines of seedlings and young shrubs are rarely observed and,
when present, rarely survive for long in the earliest stages of gap evo-
lution or in the more exposed areas outside of the gaps. Lines appear
to form preferentially in the central and downstream parts of gaps.
This indicates that lines of seedlings form in the study reach where
there is some shelter provided by a gap and/or (pioneer) islands,
supporting hypothesis (a) that a reduction in exposure to flood distur-
bance enhances the relative importance of sexual reproduction in the
initiation of vegetated areas. The lines appear to correspond to flow
“trash lines” along channel and bar margins and sometimes in the lee
of deposited trees and pioneer islands. They are an expression of
Pathway (2) of the island model (Figure 9a), since trash lines are usu-
ally composed of dead wood, other dead organic material and seeds,
but they may also incorporate viable woody fragments. The lines are
most likely to develop from seedlings that benefit from macro-shelter
by the vegetated sides of the gap and within-gap pioneer islands and
also micro-shelter from dead and living-sprouting wood within the
trash line. These suppositions are supported by the following facts:

A. incana individuals are almost completely confined to these lines;

this species rarely reproduces vegetatively in its early years; unlike
species of the Salicaceae family, A. incana produces a seed bank and
so has an extended time period (possibly more than a year, Thompson
et al., 1997) within which its seeds may germinate.

Nevertheless, trash lines may also promote vegetative reproduc-
tion from small as well as large woody fragments. While A. incana has
occasionally been observed to produce stump sprouts from deposited
trees in the study reach, field experiments on the Tagliamento with
smaller A. incana cuttings have universally failed and sprouts have
rarely been observed on roots exposed by erosion (authors' personal
observations). Furthermore, laboratory experiments employing varied
soil moisture regimes and sediment calibres have shown extremely
poor survival rates for A. incana cuttings but high survival of two
Salicaceae species, P. nigra and Salix eleagnos (Francis et al., 2005).
Therefore, any asexual recruitment pathway is likely to be confined
to Salicaceae species. Furthermore, as pioneer islands and lines of
shrubs develop, areas of sheltered but open, relatively fine, moisture-
retentive sediments may accumulate along the sides and lee of these
vegetated landforms that could support recruitment from spring-
dispersed Salicaceae seeds. Corenblit et al. (2016) observed on the
Garonne River, France, how a single Salicaceae species, P. nigra,

engineered bar surfaces and supported their aggradation, lateral
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and downstream extension as chronological sequences of stands grew
in the shelter of established stands. On the Allier River, France,
Tinscert, Egger, WendelgaR, Heinze, and Rood (2020) found that
the most genetically diverse stands of P. nigra were found on the least
disturbed sites, supporting our proposal that where this species
develops on bare, highly disturbed sites, it reflects a pathway driven
by vegetative reproduction, although recruitment from seeds may
occur in less-disturbed, sheltered locations. This is also supported by
Barsoum (2002), who observed that early stage recruitment of P. nigra
along the Dréme River, France, was predominantly from seed, but
poor survival over time in response to flood disturbances induced a
shift towards vegetative regeneration.

Hortobagyi, Corenblit, Steiger, and Peiry (2018) highlighted the
engineering roles of different Salicaceae species on the Allier River,
where P. nigra acts as the main engineer species at the bar scale but
two other Salicaceae species, Salix purpurea and Salix alba with slightly
different traits, respectively, colonized and physically engineered the
bar sides (coping with the most exposed positions) and tail (benefitting
from the most sheltered locations). Here, we have shown the impor-
tance of even stronger contrasts in the traits displayed by two riparian
trees species drawn from different families for the physical engineering
of islands and floodplain edges on the highly disturbed Tagliamento.
This exemplifies hypothesis (b) that “vegetated area initiation and
development displays distinctive spatio-temporal patterns reflecting
traits of the colonizing woody species.” Not only is initial colonization
by P. nigra dominated by vegetative reproduction and the development
of pioneer islands, but the presence of pioneer islands, particularly at

the head of gaps, produces sufficient shelter for seedlings to survive.

Furthermore, because of the predominance of autumn floods, initial
colonization of open sites requires seeds that are viable in the autumn,
precluding those of Salicaceae species but supporting colonization by
A. incana. Thus seedling colonization of bare areas of sediment on the
Tagliamento is dependent on some shelter from flood disturbances,
which is often facilitated by the presence of P. nigra-driven pioneer
islands, but as lines of seedlings and shrubs dominated by A. incana
grow, Bertoldi and Gurnell (2020) show that they interact with trans-
ported sediments to perform a physical engineering role, building linear
landforms that often border developing islands and maintain channel
edges. In the case of A. incana, sheltered areas not only provide some
protection for the developing seedlings, but also the relatively finer,
free-draining but relatively moisture-retentive substrates that experi-
ments suggest the species prefers (Hughes et al., 1997). Thus A. incana
and P. nigra adopt central positions in two different but complemen-
tary Pathways ((2) and (3)) that drive island development within the
study reach.

If they survive, vegetated gaps may have several possible fates.
Narrow gaps (e.g., Gap 1) may continue to support relatively gentle
flows of water during floods and isolated ponds during low flows,
reflecting their small size, high boundary roughness and strong bank
reinforcement by tree roots. Bank reinforcement is likely to be partic-
ularly effective where the channels are bordered by A. incana, because
this species is frequently observed to spread its roots across the sur-
face of bank faces in the study reach. Wider gaps tend to be bordered
by channels with one or more central bars that aggrade to form
islands. In the second widest gap (Gap 2) one of these channels had

become dominant by 2018 (Figure 10), with the second channel
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blocked at its upstream end by a large wood jam (Figure 10a). If vege-
tation and island development had continued beyond 2018, it is
likely that the island that had developed within the gap would have
attached to the established island along its western margin, forming a
greatly enlarged and “complex” established island (Figure 9a). The wid-
est gaps (Gaps 3 and 4), although only supporting channel flow during
floods, maintained distinct channels throughout their evolutionary
sequence along both gap edges (Figure 7), suggesting that they may
be sufficiently wide to support the development of new established
islands (Figure 9a) within the gap. However, it is possible that the
evolving islands might eventually attach at one or both sides and that
the channels might simply fill or be maintained as persistent flood
channels similar to that displayed by Gap 1. Overall these variations in
the patterns of vegetation and related landform development within
the four gaps reflect the survival and growth of woody species under
the influence of flood disturbance energy, windows of opportunity
between disturbances and local growing conditions (shelter, substrate
moisture retention), supporting hypothesis (c).

Mapping of Gap 2 in 2018 (Figure 10), illustrates the key general
features described above, including the importance of pioneer islands
at the gap head (red dots, Figure 10b) which protect sediments accu-
mulating in their lee to form linear ridges. Once shelter from pioneer
islands is combined with shelter along gap and bar margins, viable
deposited seeds or vegetative fragments contained within linear trash
lines can germinate or sprout. Because of the extended viability of its
seeds, the germinating species is most likely to be A. incana, which
builds linear ridges as it grows that protect the sides of the channels,
bars and (pioneer) islands where the trash lines were deposited. While
the head and central part of the island within Gap 2 is dominated
by P. nigra, the edges and tail are dominated by A. incana, with some
Salix eleagnos (Figure 10a). The developing vegetation cover in this
modest-sized gap has also trapped enormous quantities of dead wood
(Figure 10a) which has been retained from flood flows across and
around the developing vegetation cover as local accumulations and
vast rafts of wood. These are clearly visible in the 2017 aerial images
(Figure 3) and may further support vegetation development Pathways
(2) and (3) in colonizing areas of bare sediment (flow pathways) across
the building island surface. There is little evidence of vegetation
development Pathway (1), although young alder growing around the
edges of the alder lines is most likely from local seed dispersal, and
some young P. nigra and other Salicaceae species may have developed
from seeds deposited on bare sediments in open but sheltered loca-
tions in the lee of developing vegetation patches.

4.2 | An extended conceptual model of island
development

The original conceptual model of island development, inspired by
observations along the Tagliamento River (Gurnell et al., 2001, 2005;
Figure 9a), emphasized that vegetation development Pathway (1) is
unlikely to be successful, mainly because it requires longer windows

of opportunity than are typically available on this river. However,

Pathway (1) may support vegetation development in areas sheltered
by vegetation patches created by the other two pathways. Pathway
(3) is observed to be the most successful. It drives island development
in the middle and lower reaches of the river where P. nigra is the domi-
nant riparian tree species. Pathway (2) is observed quite widely in the
river's headwaters, where the dominant riparian tree species are
S. eleagnos and A. incana (Karrenberg et al., 2003) and large dead wood
accumulations are available to shelter seedlings. Pathway (2) comple-
ments Pathway (3) in the middle reaches (Gurnell et al., 2000, 2001).
In the lower reaches, Pathway (2) may also be active in the tail of
scroll bars (elongated pioneer islands that develop around lines of
sprouting deposited trees—Pathway (3)) on the inside of meander
bends (Zen, Gurnell, Zolezzi, & Surian, 2017; Zen, Zolezzi, Toffolon, &
Gurnell, 2016).

Gurnell and Petts (2006) extended the island development model
by considering the opposing effects of unit stream power and ground-
water depth in widening and narrowing reaches of the Tagliamento.
They suggested that in the widest reaches, deeper groundwater levels
might reduce plant growth performance to such an extent that islands
would not develop, even though the unit stream power associated
with any particular flood event would be much smaller than in
narrower reaches. They also suggested that in very narrow reaches,
higher tree growth rates promoted by groundwater upwelling and
near-surface water tables would be insufficient to resist the increase
in flood unit stream power and thus would prevent island develop-
ment. They proposed that island development would be most exten-
sive in reaches of intermediate width, where intermediate rates of
tree growth would be sufficient to support island development under
intermediate levels of unit stream power. This reach-based approach
to framing the likely success of river physical engineering by plants
was upscaled to consider the extent and nature of river bed engineer-
ing by riparian and aquatic plants across rivers of widely contrasting
energy and planform styles (Gurnell et al., 2012).

Figure 9b is concerned with river bed engineering by riparian
trees and conceptualizes interactions among tree growth performance
along Pathways (1), (2) and (3) according to three controlling factors
that operate across multiple time and space scales. The first factor
is growing conditions. This control operates at all spatial scales from
biogeographical region to river catchment to river reach to patches
within reaches. Although many factors influence growing conditions
for riparian trees, moisture availability is crucial and is dependent
upon substrate calibre (water retentiveness), river water surface and
alluvial groundwater levels. Different vegetation development Curves
(1), (2) and (3) can be conceptualized for a single tree species under

n o«

“poor,” “moderate” and “good” growing conditions (the three graphs
shown in Figure 9b). How far vegetation development can progress
along each curve depends upon the two remaining controlling factors.
The second control is the window of opportunity that is available fol-
lowing germination or initial sprouting of vegetative propagules (hori-
zontal axis on all graphs, Figure 9b). This controlling factor is entirely
time dependent, remembering that for species that do not support a
seedbank, the start of the curve is the season of seed production,

whereas for other sexual or asexual propagules, it can be any time in
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the growing season. The third controlling factor is flood disturbance.
In relation to flood disturbance, the development curves can be inter-
preted as vegetation resistance, since any disturbance that plots
higher than a given curve would remove vegetation following that
development curve. The frequency and magnitude of floods varies
through time, generating extreme flow events of widely varying total
power or energy. Total stream power is distributed across the width
of the flow, resulting in longitudinal reach-scale variations in unit
stream power according to flow width for any single value of total
stream power. Furthermore, within a reach, stream power is distrib-
uted unevenly according to three-dimensional patterns of water depth
and shelter, so that disturbance energy (vertical axes, Figure 9b),
the bed shear stresses that it exerts and the resulting severity of sedi-
ment erosion and deposition processes can vary across all spatial
scales. This has the potential for plants following vegetation growth
Pathway (1) to survive locally and Pathway (2) to survive more widely
in “seedling safe zones” (Polzin & Rood, 2006) within reaches where
only those following Pathway (3) may be capable of resisting removal
in the most exposed sites.

The above-described multi-scale approach to considering the suc-
cess of the different vegetation development pathways, can be inter-
preted by referring to three scenarios. In wide unvegetated rivers or
wide gaps in the largest rivers subject to frequent, high energy distur-
bances, only Pathway (3) can lead to island development where grow-
ing conditions are also good and a sufficiently long window of
opportunity occurs. Thus, Pathway (3) is the only pathway that builds
enough plant resistance for vegetation to persist under high distur-
bance energy (horizontal lines) and this only occurs under good
growth conditions when the window of opportunity (vertical lines) is
greater than moderate (right graph, Figure 9b). Under these restricted
circumstances, vegetation development Pathway (3) can lead to pio-
neer island and possibly established island development. In contrast,
in rivers where disturbing flows are of relatively low energy (lowest
horizontal lines in all graphs, Figure 9b), all pathways can lead to suc-
cessful vegetation development under good growing conditions,
although Pathway (1) requires at least a moderate window of oppor-
tunity. Under moderate growing conditions, Pathway (1) is unlikely
to be successful, but Pathway (2) may succeed in driving island—
floodplain development if the window of opportunity is moderate,
and Pathway (3) is likely to be successful regardless of the length of
the window of opportunity. Between these examples, an infinite num-
ber of combinations are feasible, but we can consider the study reach
of the Tagliamento as an illustration and investigate the fate of two
engineer tree species. As the primary engineer, P. nigra initially colo-
nizes exposed sites, so it suffers high energy disturbances (highest dis-
turbance line) and thus may only survive by following Pathway (3) to
build pioneer islands that aggrade into established building islands
(right graph, Figure 9b). However, if deposited by a sufficiently large
flood, trees following Pathway (3) will be floated into relatively ele-
vated positions, and if the window of opportunity is sufficiently long,
they may induce aggradation so that the developing pioneer island
may only suffer medium disturbance from a later high magnitude

event and may continue its trajectory towards island development

(middle graph). Thus, as deposited P. nigra individuals grow, they can
reduce the intensity of their exposure to disturbance from a flood
event of a given size and they may also induce areas of reduced flood
disturbance energy for propagules of the same species following other
growth pathways. This can be extended to other species that may
preferentially follow other development pathways. A. incana tends to
follow Pathways (1) and (2) because of its stronger dependence on
sexual reproduction in its early years. In the study reach, Pathway
(1) is unlikely to be successful, because even in sheltered, elevated
positions, where flood energy may be reduced locally to medium
levels, good growing conditions and a long window of opportunity are
needed to resist even low disturbances (right graph). This explains
why this pathway is unlikely to contribute to island development
unless it develops from trash lines that are already sheltered within
gaps and/or benefit from shelter by pioneer and established islands
and within embayments in floodplain edges. However, the species
may successfully grow in trash lines under moderate growing condi-
tions in lower energy rivers (middle graph) where disturbance energy
is generally lower, particularly if the window of opportunity is
sufficiently long.

n o«

Of course, the words “poor,” “moderate,” “high” applied to grow-

ing conditions; “short,” “moderate,” “long” applied to windows of
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opportunity, and “low,” “medium” and “high” applied to disturbance
energy are all qualitative and can be conceptualized across different
time and space scales and in relation to different riparian species.
Figure 9b provides a significant advance of the island model because,
for the first time, it allows more than one tree species drawn from
different families and possessing different life history traits to be
incorporated, emphasizing that different species may engineer river
landforms in different and complementary ways. Previous research
has explored and modelled how riparian plant species with different
life history traits respond to environmental conditions and their
changes (e.g., Bornette et al., 2008; McCoy-Sulentic et al., 2017;
Merritt, Scott, LeRoy Poff, Auble, & Lytle, 2010; Stromberg &
Merritt, 2016) and has started to consider how plant traits may be rel-
evant to fluvial geomorphology (e.g., Hortobagyi et al., 2018; O'Hare,
Mountford, Maroto, & Gunn, 2016; Tabacchi et al., 2019). The
extended conceptual model of island development builds on such
ideas by considering their species-specific and complementary conse-

quences for river landform development.

5 | CONCLUSIONS

In conclusion, our observations of physical ecosystem engineering
by P. nigra and A. incana within the study reach of the Tagliamento,
emphasizes that on this high energy river, patches of vegetation that
survive within the braid plain are mainly initiated by vegetative repro-
duction from large propagules (usually whole uprooted trees). Because
the dominant species, P. nigra, reproduces freely vegetatively, this is
the key engineering species to sprout and build pioneer islands on the
braid bar surfaces (vegetation development Pathway (3)), although

other Salicaceae species may also initiate pioneer islands. Furthermore,
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even when extended windows of opportunity arise, Salicaceae species
are unlikely to initiate new vegetated patches from seeds (Pathways
(1) and (2)) because their seeds are released in Spring; they have a
short period of viability; and the largest floods on the Tagliamento
occur in Autumn (when there are no viable seeds to disperse and when
any young seedlings of the year are too small to survive). In contrast,
A. incana does not reproduce readily by vegetative means, particularly
when trees are fairly young (i.e., within the age range constrained
by island turnover on the Tagliamento, Zanoni, Gurnell, Drake, &
Surian, 2008). Therefore, A. incana is very unlikely to drive pioneer
island development (Pathway (3)), but this species releases seeds in
Autumn that have an extended period of viability and so may benefit
from dispersal by floods to suitable sites to initiate Pathways (1) and
(2). Even so, seedlings are unlikely to survive in the high energy envi-
ronment of the Tagliamento unless they receive some macro- (poten-
tially Pathway (1)) or micro- (Pathway (2)) shelter from flood flows. On
the study reach, A. incana mainly benefits from macro-scale shelter
downstream from pioneer islands and in gaps between established
islands. These (lightly sheltered) locations may also offer slightly finer,
more moisture-retentive, open sites to support A. incana, germination
and growth. Thus, landforms built by P. nigra on the surfaces of gravel
bars facilitate nearby colonization by A. incana. Because A. incana, in
turn, initiates distinct linear vegetated patches that trap sediments and
aggrade, both species act as physical ecosystem engineers, building
landforms that may or may not become joined to one another in the
early development stages. The two species act as complementary
physical ecosystem engineers, building separate and combined land-
forms that reflect their different traits and growing environmental
requirements.

Although tree species, hydrological and geomorphological condi-
tions may differ within and between other temperate river environ-
ments, we have attempted to generalize the ways in which the traits
of engineer plant species constrain physical ecosystem engineering
outcomes along three main vegetation development pathways. Our
extended conceptual model of island development identifies three
interacting aspects of the river system that may constrain the func-
tioning and relative importance of those three pathways: flow distur-
bance energy, windows of opportunity and local growing conditions.
We hope that this conceptualization of how multiple tree species
might function in different but complementary ways to drive island
development will be helpful in the context of other temperate river
environments dominated by the same or other riparian tree species.
In addition, the conceptual model provides a clear framework that
could be explored in detail using numerical models (e.g., Bertoldi
et al., 2014; Caponi & Siviglia, 2018).

ACKNOWLEDGEMENTS

The authors thank two anonymous referees for their extremely help-
ful and constructive criticisms of the submitted manuscript, which
have undoubtedly helped us to present our research far more clearly.
However, any shortcomings in the presentation and analysis under-
pinning this paper remain the full responsibility of the authors. The

authors also acknowledge the UK Natural Environment Research

Council for providing the 2005 lidar data; Nicola Surian, University of
Padova (CARIPARO project) for the 2010 lidar data, and Yasuhiro
Takemon, University of Kyoto for the 2013 lidar data. Figure 1
includes an extract of an image captured on June 26, 2017 from Goo-
gle Earth, and from the following supplier: Maxar Technologies. In
using an extract from this image, we have conformed to guidelines
available from https://www.google.com/permissions/geoguidelines/
attr-guide.html (accessed February 27, 2020) including image attribu-
tions in the Figure caption that conform to “the text of your attribu-
tion must say the name ‘Google’ and the relevant data provider(s),

m

such as ‘Map data: Google, DigitalGlobe’ and we have not obtained
written permission to use these images because the guidelines state
that “Due to limited resources and high demand, we're unable to sign
any letter or contract specifying that your project or use has our

explicit permission.”

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Angela M. Gurnell 2 https://orcid.org/0000-0002-7249-8202
Walter Bertoldi ‘= https://orcid.org/0000-0003-1158-2379
REFERENCES

Balke, T., Herman, P. M. J., & Bouma, T. J. (2014). Critical transitions in
disturbance-driven ecosystems: Identifying windows of opportunity
for recovery. Journal of Ecology, 102, 700-708.

Barsoum, N. (2002). Relative contributions of sexual and asexual regenera-
tion strategies in Populus nigra and Salix alba during the first years of
establishment on a braided gravel bed river. Evolutionary Ecology, 15,
255-279.

Belletti, B., Dufour, S., & Piégay, H. (2014). Regional assessment of the
multi-decadal changes in braided riverscapes following large floods
(example of 12 reaches in south east of France). Advances in
Geosciences, 37, 57-71.

Bendix, J., & Stella, J. C. (2013). Riparian vegetation and the fluvial envi-
ronment: A biogeographic perspective. In J. Shroder, D. R. Butler, &
C. R. Hupp (Eds.), Treatise on geomorphology Ecogeomorphology (Vol.
12, pp. 53-74). San Diego, CA: Academic Press.

Bertoldi, W., & Gurnell, A. M. (2020). Physical engineering of an island-
braided river by two riparian tree species: Evidence from aerial images
and airborne lidar. River Research and Applications accepted May 2020.
https://doi.org/10.1002/rra.3657.

Bertoldi, W., Gurnell, A. M., & Drake, N. A. (2011). The topographic signa-
ture of vegetation development along a braided river: Results of a
combined analysis of airborne lidar, colour air photographs and ground
measurements. Water Resources Research, 47, W06525.

Bertoldi, W., Gurnell, A. M., Surian, N., Tockner, K., Zanoni, L., Ziliani, L., &
Zolezzi, G. (2009). Understanding reference processes: Linkages
between river flows, sediment dynamics and vegetated landforms
along the Tagliamento River, Italy. River Research and Applications, 25,
501-516.

Bertoldi, W., Siviglia, A., Tettamanti, S., Toffolon, M., Vetsch, D., &
Francalanci, S. (2014). Modeling vegetation controls on fluvial mor-
phological trajectories. Geophysical Research Letters, 41, 7167-7175.

Bornette, G., Tabacchi, E., Hupp, C., Puijalon, S., & Rostan, J. C. (2008). A
model of plant strategies in fluvial hydrosystems. Freshwater Biology,
53(8), 1692-1705.


https://www.google.com/permissions/geoguidelines/attr-guide.html
https://www.google.com/permissions/geoguidelines/attr-guide.html
https://orcid.org/0000-0002-7249-8202
https://orcid.org/0000-0002-7249-8202
https://orcid.org/0000-0003-1158-2379
https://orcid.org/0000-0003-1158-2379
https://doi.org/10.1002/rra.3657

7 | WILEY

GURNELL AND BERTOLDI

Braatne, J. H., Jamieson, R,, Gill, K. M., & Rood, S. B. (2007). Instream flows
and the decline of riparian cottonwoods along the Yakima River,
Washington, USA. River Research and Applications, 23, 247-267.

Caponi, F., & Siviglia, A. (2018). Numerical modeling of plant root controls
on gravel Bed River morphodynamics. Geophysical Research Letters, 45,
9013-9023.

Cooper, D. J., Merritt, D. M., Andersen, D. C., & Chimner, R. A. (1999). Fac-
tors controlling the establishment of Fremont cottonwood seedlings
on the Upper Green River, USA. Regulated Rivers: Research & Manage-
ment, 15(5), 419-440.

Corenblit, D., Baas, A., Balke, T., Bouma, T., Fromard, F., Garéfano-
Gbmez, V., ... Walcker, R. (2015). Engineer pioneer plants respond to
and affect geomorphic constraints similarly along water-terrestrial
interfaces world-wide. Global Ecology and Biogeography, 24(12),
1363-1376.

Corenblit, D., Baas, A. C. W.,, Bornette, G., Darrozes, J., Delmotte, S.,
Francis, R. A,, ... Steiger, J. (2011). Feedbacks between geomorphology
and biota controlling earth surface processes and landforms: A review
of foundation concepts and current understandings. Earth Science
Reviews, 106, 307-331.

Corenblit, D., Steiger, J., Charrier, G., Darrozes, J., Gar6fano-Gémez, V.,
Garreau, A, ... Voldoire, O. (2016). Populus nigra L. establishment and flu-
vial landform construction: Biogeomorphic dynamics within a channel-
ized river. Earth Surface Processes and Landforms, 41(9), 1276-1292.

Corenblit, D., Steiger, J., Gurnell, A. M., Tabacchi, E., & Roques, L. (2009).
Control of sediment dynamics by vegetation as a key function driving
biogeomorphic succession within fluvial corridors. Earth Surface Pro-
cesses and Landforms, 34(13), 1790-1810.

Corenblit, D., Tabacchi, E., Steiger, J., & Gurnell, A. M. (2007). Reciprocal
interactions and adjustments between fluvial landforms and vegeta-
tion dynamics in river corridors: A review of complementary
approaches. Earth-Science Reviews, 84(1-2), 56-86.

Dufour, S., Rodriguez-Gonzaélez, P. M., & Laslier, M. (2019). Tracing the sci-
entific trajectory of riparian vegetation studies: Main topics,
approaches and needs in a globally changing world. Science of the Total
Environment, 653, 1168-1185.

Dykaar, B. B., & Wigington, P. J. (2000). Floodplain formation and cotton-
wood colonization patterns on the Willamette River, Oregon, USA.
Environmental Management, 25(1), 87-104.

Edwards, P. J., Kollmann, J., Gurnell, A. M., Petts, G. E., Tockner, K., &
Ward, J. V. (1999). A conceptual model of vegetation dynamics on
gravel bars of a large Alpine River. Wetlands Ecology and Management,
7,141-153.

Foster, S. G., & Rood, S. B. (2017). River regulation and riparian woodlands:
Cottonwood conservation with an environmental flow regime along
the Waterton River, Alberta. River Research and Applications, 33(7),
1088-1097.

Francis, R., & Gurnell, A. M. (2006). Initial establishment of vegetative frag-
ments within the active zone of a braided gravel-bed river (river
Tagliamento, NE Italy). Wetlands Ecology and Management, 26(3),
641-648.

Francis, R. A. (2007). Size and position matter: Riparian plant establishment
from fluvially deposited trees. Earth Surface Processes and Landforms,
32(8), 1239-1243.

Francis, R. A, Gurnell, A. M., Petts, G. E., & Edwards, P. J. (2005). Survival
and growth responses of Populus nigra, Salix elaeagnos and Alnus incana
cuttings to varying levels of hydric stress. Forest Ecology and Manage-
ment, 210, 291-301.

Gosling, P. (2007). Raising trees and shrubs from seed, Forestry commission
practice guide (p. 28). Edinburgh, UK: Forestry Commission.

Gurnell, A., Tockner, K., Edwards, P. J., & Petts, G. E. (2005). Effects of
deposited wood on biocomplexity of river corridors. Frontiers in Ecol-
ogy and Environment, 3(7), 377-382.

Gurnell, A. M. (2014). Plants as river system engineers. Earth Surface Pro-
cesses and Landforms, 39, 4-25.

Gurnell, A. M. (2016). Trees, wood and river morphodynamics: Results
from 15years research on the Tagliamento River, Italy. In D. Gilvear,
M. Greenwood, M. Thoms, & P. Wood (Eds.), River systems: Research
and management for the 21st century (pp. 132-155). Chichester: Wiley.

Gurnell, A. M., Bertoldi, W., & Corenblit, D. (2012). Changing river chan-
nels: The roles of hydrological processes, plants and pioneer landforms
in humid temperate, mixed load, gravel bed rivers. Earth Science
Reviews, 111, 129-141.

Gurnell, A. M., Corenblit, D., de Garcia Jalén, D., del Gonzéalez Tanago, M.,
Grabowski, R. C., O'Hare, M. T., & Szewczyk, M. (2016). A conceptual
model of vegetation-hydrogeomorphology interactions within river
corridors. River Research and Applications, 32(2), 142-163.

Gurnell, A. M., & Petts, G. E. (2002). Island-dominated landscapes of large
floodplain rivers, a European perspective. Freshwater Biology, 47,
581-600.

Gurnell, A. M., & Petts, G. E. (2006). Trees as riparian engineers: The
Tagliamento River, Italy. Earth Surface Processes and Landforms, 31,
1558-1574.

Gurnell, A. M, Petts, G. E., Hannah, D. M., Smith, B. P. G., Edwards, P. J.,
Kollmann, J., ... Tockner, K. (2000). Wood storage within the active
zone of a large European gravel-bed river. Geomorphology, 34(1-2),
55-72.

Gurnell, A. M., Petts, G. E., Hannah, D. M., Smith, B. P. G., Edwards, P. J.,
Kollmann, J., ... Tockner, K. (2001). Riparian vegetation and Island for-
mation along the gravel-bed Fiume Tagliamento, Italy. Earth Surface
Processes and Landforms, 26(1), 31-62.

Hortobagyi, B., Corenblit, D., Steiger, J., & Peiry, J. L. (2018). Niche con-
struction within riparian corridors. Part |: Exploring biogeomorphic
feedback windows of three pioneer riparian species (Allier River,
France). Geomorphology, 305, 94-111.

Hughes, F. M. R,, Harris, T., Richards, K., Pautou, G., Hames, A. E.,
Barsoum, N., ... Foussadier, R. (1997). Woody riparian species
response to different soil moisture conditions: Laboratory experiments
on Alnus incana (L.) Moench. Global Ecology and Biogeography Letters,
6(3/4), 247-256.

Johnson, W. C. (2000). Tree recruitment and survival in rivers: Influence of
hydrological processes. Hydrological Processes, 14(16-17), 3051-3074.

Jones, C. G, Lawton, J. H., & Shachak, M. (1997). Positive and negative
effects of organisms as physical ecosystem engineers. Ecology, 8,
1946-1957.

Kalischuk, A. R., Rood, S. B., & Mahoney, J. M. (2001). Environmental influ-
ences on seedling growth of cottonwood species following a major
flood. Forest Ecology and Management, 144, 75-89.

Karrenberg, S., Kollmann, J., Edwards, P. J., Gurnell, A. M., & Petts, G. E.
(2003). Patterns in woody vegetation along the active zone of a near-
natural Alpine River. Basic and Applied Ecology, 4, 157-166.

Karrenberg, S., & Suter, M. (2003). Phenotypic trade-offs in the sexual
reproduction of Salicaceae from flood plains. American Journal of Bot-
any, 90(5), 749-754.

Kollmann, J., Vieli, M., Edwards, P. J., Tockner, K., & Ward, J. V. (1999).
Interactions between vegetation development and Island formation in
the Alpine River Tagliamento. Applied Vegetation Science, 2, 25-36.

Lippert, W., Miiller, N., Rossel, S., Schauer, T., & Vetter, G. (1995). Der
Tagliamento—Flussmorphologie und  Auenvegetation der gréssten
Wildflusslandschaft in den Alpen (Vol. 60, pp. 11-70). Miinchen:
Jahrbuch des Vereins zum Schutz der Bergwelt.

Lytle, D. A., & Merritt, D. M. (2004). Hydrologic regimes and riparian for-
ests: A structured population model for cottonwood. Ecology, 85(9),
2493-2503.

Mahoney, J. M., & Rood, S. B. (1998). Streamflow requirements for cotton-
wood seedling recruitment: An integrative model. Wetlands, 18, 634-645.

McCoy-Sulentic, M. E., Kolb, T. E., Merritt, D. M., Palmquist, E.,
Ralston, B. E., Sarr, D. A, & Shafroth, P. B. (2017). Changes in
community-level riparian plant traits over inundation gradients, Colo-
rado River, grand canyon. Wetlands, 37(4), 635-646.



GURNELL AND BERTOLDI

WILEY_L 7

Merritt, D. M., Scott, M. L., LeRoy Poff, N., Auble, G. T., & Lytle, D. A.
(2010). Theory, methods and tools for determining environmental
flows for riparian vegetation: Riparian vegetation-flow response guilds.
Freshwater Biology, 55(1), 206-225.

Moggridge, H., & Gurnell, A. M. (2009). Controls on the sexual and asexual
regeneration of Salicaceae along a highly dynamic, braided river sys-
tem. Aquatic Sciences, 71, 305-317.

O'Hare, M. T., Mountford, J. O., Maroto, J., & Gunn, |. D. M. (2016). Plant
traits relevant to fluvial geomorphology and hydrological interactions.
River Research and Applications, 32(2), 179-189.

Politti, E., Bertoldi, W., Gurnell, A., & Henshaw, A. (2018). Feedbacks
between the riparian Salicaceae and hydrogeomorphic processes: A
quantitative review. Earth-Science Reviews, 176(Suppl C), 147-165.

Polzin, M. L., & Rood, S. B. (2006). Effective disturbance: Seedling safe
sites and patch recruitment of riparian cottonwoods after a major
flood of a mountain river. Wetlands, 26(4), 965-980.

Répple, B., Piégay, H., Stella, J. C., & Mercier, D. (2017). What drives ripar-
ian vegetation encroachment in braided river channels at patch to
reach scales? Insights from annual airborne surveys (Drome River, SE
France, 2005-2011). Ecohydrology, 10(8), €1886.

Rytter, L. (1996). Grey alder in forestry: A review. Norwegian Journal of
Agricultural Sciences Supplement, 24, 65-84.

Rytter, L., Sennerby-Forsse, L., & Alriksson, A. (2000). Natural regeneration
of grey alder (Alnus incana (L.) Moench.) stands after harvest. Journal of
Sustainable Forestry, 10(3/4), 287-294.

Scott, M. L., Auble, G. T., Dixon, M. D., Johnson, W. C., & Rabbe, L. A.
(2013). Long-term cottonwood forest dynamics along the Upper Mis-
souri River, USA. River Research and Applications, 29(8), 1016-1029.

Scott, M. L., Auble, G. T., & Friedman, J. M. (1997). Flood dependency of
cottonwood establishment along the Missouri River, Montana, USA.
Ecological Applications, 7, 677-690.

Stromberg, J. C., & Merritt, D. M. (2016). Riparian plant guilds of ephemeral,
intermittent and perennial rivers. Freshwater Biology, 61(8), 1259-1275.

Tabacchi, E., Gonzalez, E., Corenblit, D., Garofano-Gomez, V., Planty-
Tabacchi, A. M., & Steiger, J. (2019). Species composition and plant

traits: Characterization of the biogeomorphological succession within
contrasting river corridors. River Research and Applications, 35(8),
1228-1240.

Thompson, K., Bakker, J. P., & Bekker, R. M. (1997). The soil seed banks of
North West Europe: Methodology, density and longevity (Vol. 276). Cam-
bridge, England: Cambridge University Press.

Tinscert, E., Egger, G., WendelgaR, J., Heinze, B., & Rood, S. B. (2020).
Alternate reproductive strategies of Populus nigra influence diversity,
structure and successional processes within riparian woodlands along
the Allier River, France. Journal of Hydro-Environment Research, 30,
100-108.

Wilson, S. M., Mason, B., Savill, P., & Jinks, R. (2018). Non-native alder spe-
cies (Alnus spp.). Quarterly Journal of Forestry, 112(3), 163-174.

Zanoni, L., Gurnell, A. M., Drake, N., & Surian, N. (2008). Island dynamics in
a braided river from analysis of historical maps and air photographs.
River Research and Applications, 24(8), 1141-1159.

Zen, S., Gurnell, A. M., Zolezzi, G., & Surian, N. (2017). Exploring the role
of trees in the evolution of meander bends: The Tagliamento River,
Italy. Water Resources Research, 53, 5943-5962. https://doi.org/10.
1002/2017WR020561

Zen, S., Zolezzi, G., Toffolon, M., & Gurnell, A. M. (2016).
Biomorphodynamic modelling of inner bank advance in migrating
meander bends. Advances in Water Resources, 93, 166-181.

How to cite this article: Gurnell AM, Bertoldi W. Extending
the conceptual model of river island development to
incorporate different tree species and environmental
conditions. River Res Applic. 2020;36:1730-1747. https://doi.
org/10.1002/rra.3691



https://doi.org/10.1002/2017WR020561
https://doi.org/10.1002/2017WR020561
https://doi.org/10.1002/rra.3691
https://doi.org/10.1002/rra.3691

	Extending the conceptual model of river island development to incorporate different tree species and environmental conditions
	1  INTRODUCTION
	2  METHODS
	2.1  Investigative design
	2.2  Secondary data sources
	2.3  Field observations

	3  RESULTS
	3.1  Gap boundaries and widths
	3.2  Evolution of vegetation cover and bed morphology in Gaps 1, 2, 3 and 4
	3.2.1  Gap 1
	3.2.2  Gap 2
	3.2.3  Gap 3
	3.2.4  Gap 4

	3.3  Tracking the heights of A. incana individuals through 2005, 2010 and 2013

	4  DISCUSSION
	4.1  A sequence of vegetation and landform development in and around gaps
	4.2  An extended conceptual model of island development

	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


