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ABSTRACT

This work addresses the temporal dynamics of riparian vegetation in large braided rivers,
exploring the relationship between vegetation erosion and flood magnitude. In particular, it
investigates the existence of a threshold discharge, or a range of discharges, above which
erosion of vegetated patches within the channel occurs. The research was conducted on a
14 km long reach of the Tagliamento River, a braided river in northeastern Italy. Ten sets
of aerial photos were used to investigate vegetation dynamics in the period 1954-2011. By
using different GIS procedures, three aspects of geomorphic-vegetation dynamics and
interactions were addressed: (i) long-term (1954-2011) channel evolution and vegetation
dynamics; (ii) the relationship between vegetation erosion/establishment and flow regime
and (iii) vegetation turnover, in the period 1986-2011. Results show that vegetation
turnover is remarkably rapid in the study reach with 50 % of in-channel vegetation
persisting for less than 5-6 years and only 10 % of vegetation persisting for more than 18-
19 years. The analysis shows that significant vegetation erosion is determined by relatively
frequent floods, i.e. floods with a recurrence interval of ca. 1-2.5 years, although some
differences exist between subreaches with different densities of vegetation cover. These
findings suggest that the erosion of riparian vegetation in braided rivers may be not
controlled solely by very large floods, as is the case for lower energy gravel-bed rivers.
Besides flow regime, other factors seem to play a significant role for in-channel vegetation
cover over long time spans. In particular, erosion of marginal vegetation, which supplies
large wood elements to the channel, increased notably over the study period and was an

important factor for in-channel vegetation trends.

KEYWORDS: braided river; vegetation dynamics; threshold discharges; channel

adjustment; Tagliamento River
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20 47  Over the last three decades there has been a growing interest in the relationship between
11

12 48  vegetation and channel processes. Research has focused both on specific processes,
13

14 49  such as bank stability (e.g. Pollen and Simon, 2005; Van de Wiel and Darby, 2007; Docker
16 50 and Hubble, 2008; Pollen-Bankhead and Simon, 2009; Pizzuto et al., 2010) and island

51 formation (e.g. Fetherston et al., 1995; Edwards et al., 1999; Gurnell and Petts, 2006;

21 52 Francis, 2007), as well as on the overall role of vegetation on channel dynamics and

23 53 morphology (e.g. Millar, 2000; Gran and Paola, 2001; Murray and Paola, 2003; Perucca et
25 54 al, 2007; Tal and Paola, 2007; Hicks et al., 2008; Murray et al., 2008; Jansen and Nanson,
27 55 2010; Gurnell, 2014). Field observations, along with flume experiments (e.g. Coulthard,

30 56  2005; Tal and Paola, 2010), and numerical and analytical modeling (e.g. Murray and Paola,
32 57  2003; Perucca et al., 2007; Perona et al., 2009; Crosato and Saleh, 2011; Li and Millar,

34 58 2011; Nicholas et al., 2013), have increased substantially our awareness of vegetation as
36 59  akey component of the fluvial system.

60

41 61 Itis worth recognizing that the role of aquatic and riparian vegetation varies greatly among
43 62 fluvial systems. A recent conceptual model by Gurnell et al. (2012) describes the

45 63 interaction between vegetation and fluvial morphology as a function of flow energy. The

47 64  authors highlight the role of different plants (ranging from macrophytes to riparian trees)

50 65 that can act as “riparian engineers”, controlling channel dynamics in a spectrum of forms

52 66 and processes. In low energy systems (e.g. Brooks and Brierley, 2002; Gurnell et al.,

54 67 2010), vegetation strongly controls channel morphology, causing the formation of specific
56 68 fluvial landforms and trapping fine sediments, while in high energy systems the role of

69  vegetation is more limited.
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Hydrological processes are crucial for understanding the interplay between vegetation and
channel morphodynamics (e.g. Johnson, 2000; Bendix and Hupp, 2000; Camporeale and
Ridolfi, 2006; Hicks et al., 2008; Greet et al., 2011; Perona et al., 2012). Several studies
have analyzed how different flow regimes affect such interplay, controlling vegetation
growth and the colonization of specific riparian species (e.g. Pettit et al., 2001; Nilsson and
Svedmark, 2002; Shafroth et al., 2002; Lytle and Merritt, 2004; Rood et al., 2005). Other
studies have focused on the effects of floods on vegetation dynamics, and have
demonstrated the major role that extreme floods play in the evolution of riparian vegetation

(Friedman et al., 1996; Corenblit et al., 2010; Mikus et al. 2013).

The main issue addressed by this work is the role of floods of different magnitude on
riparian vegetation dynamics. We investigated to what extent frequent low magnitude
floods influence vegetation turnover. The research was conducted on the Tagliamento
River, a large braided river in northeastern Italy. The Tagliamento River has been a natural
laboratory for exploring the geomorphological and ecological processes and interactions of
large fluvial systems under slightly-altered conditions over the last 15 years (Ward et al.,
1999; Kollmann et al., 1999). Studies conducted on the Tagliamento have been
fundamental to explaining island formation in high energy gravel-bed rivers. However,
most of the previous work on vegetation has focused on short term dynamics, i.e. periods
up to 10-15 years (Gurnell et al., 2000; Karrenberg et al., 2002; Bertoldi et al., 2011;
Welber et al., 2012), or were characterized by low spatial and/or temporal resolution (e.g.

Zanoni et al., 2008; Henshaw et al., 2013).

The novelty of the present work is the analysis of geomorphic-vegetation dynamics over a

long time span (57 years), using high spatial resolution and a temporal resolution that,
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1

é 96  while not sufficient to capture the changes between all flood events, nonetheless was

g 97 sufficiently detailed to enable us to investigate the role of the hydrological forcing on

; 98  vegetation establishment and erosion. In the investigated reach, vegetation uprooting

20 99  occurs mainly due to lateral migration of anabranches and does not imply vegetation

ﬂ 100  submergence. Because of this, the working hypotheses are: i) the probability of vegetation
E 101  erosion increases with flood discharge; ii) low magnitude, frequent floods may also cause
i? 102  vegetation erosion; iii) a threshold discharge (or range) for vegetation erosion can be

ig 103  identified. These hypotheses drove the analysis of short-term vegetation dynamics (i.e.

20

21 104  1986-2011). In addition, a longer period (i.e. 1954-2011) was investigated to analyze the

23 105 relationship between channel adjustment (i.e. evolutionary trajectory of channel

24

gg 106  morphology) and vegetation dynamics. The hypothesis for the second analysis was that
% 107  the expansion of marginal vegetation can influence in-channel vegetation dynamics

ég 108  through the delivery of large wood elements which catalyse island formation.

31

32 109

33

34 110

35

36 111  Study area

37

38

39 112

40

41 113 The Tagliamento River basin has a drainage area of 2580 km? and total relief of 2696 m
42

43 114  (Figure 1). From its source at 1194 m a.s.l., the river flows first within the eastern Southern
44

j:g 115 Alps and Prealps, then across the Venetian-Friulian plain and finally enters the Adriatic
j; 116  Sea, for a total length of 178 km. Because of high coarse sediment production in the

4

58 117  catchment, the Tagliamento River displays a wide braided channel along 90 km of its
51

52 118 course.

53

54 119

55

56 120  The study reach is 14 km long, and extends from the Osoppo bridge to the Pinzano gorge

121  (Figure 1A), with a slope varying in the range 0.003 — 0.005 m m™, and a braided
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morphology. Within its active channel, the study reach is characterized by patches of
riparian shrubs and trees of different size and age. Populus nigra is the dominant riparian
tree species, although willow species are also abundant (Salix eleagnos in particular, but
also S. alba, S. daphnoides, S. purpurea, S. triandra) (Karrenberg et al., 2003). The upper
and lower sections of the reach have distinctly characteristics, thus we divided it into two
subreaches, for detailed analysis (Figures 1B and 1C). The two subreaches differ in terms
of confinement, bedrock depth, and channel configuration. In both subreaches river
channel has some degree of confinement, but the upper subreach is less confined and the
river flows in a large intermontane alluvial plain (the Osoppo plain). Bedrock depth is about
150 m in the upper subreach from Osoppo to Cornino (Giorgetti et al., 1995), whereas in
the downstream subreach, between Cornino and Pinzano gorge, the bedrock depth is
about 40 m and bedrock outcrops at Cornino. The different setting of the bedrock is
determined by the rise of active thrusts of the eastern Southalpine Chain (Poli et al., 2009;
Zanferrari et al., 2013). Furthermore, the westward migration of the Tagliamento River,
which took place at the end of the last glacial maximum (ca. 19 ka BP, Monegato et al.,
2010), established a new path from Cornino to the Pinzano gorge. This different geological
setting produces a higher water table in the alluvial aquifer of the downstream subreach,
which is also fed by spring water in the southern portion of Campo di Osoppo (Giorgetti
and Stefanini, 1989), creating more favorable conditions for vegetation growth (Bertoldi et
al., 2011). Because of these differences, the upstream subreach is characterized by a
wider active channel and a lower vegetation cover (Figures 1B and 1C). According to
Gurnell et al. (2000) both subreaches can be defined as “bar-braided with occasional
islands”, though the downstream subreach displays locally an “island-braided”

morphology.
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1

2

3 148  Hydrology

4

5 149

6

; 150  Mean annual precipitation (1961-1990) in the Tagliamento basin is approximately 2000
20 151  mm, but there are significant variations within the catchment, ranging from 1500 mm in
11

12 152  some small portions of the upper and lower parts up to 3100 mm in some central sub-
13

14 153  basins. Daily precipitation can exceed 400 mm. Seasonal maxima in precipitation as well
15

13 154  as in river flow occur in fall and spring, whereas minima are observed in winter. The

ig 155 Tagliamento River is characterized by a flashy pluvio-nival flow regime, which results from
20

21 156  both alpine and Mediterranean snowmelt and precipitation regimes. At the Pioverno

22

23 157  gauging station (basin area of 1880 km2), the maximum and the mean discharges in the
24

25 158  period 1932-1973 were 4050 and 81 m®s™, respectively (Surian et al., 2009a). Due to the
27 159 lack of continuous records at Pioverno during the last years, in this study we referred to

30 160  the Venzone gauging station which is located a few hundred meters downstream of

32 161  Pioverno and about 8 km upstream of the study reach (Figure 1). Flow stages have been

34 162  recorded at Venzone daily for the period January 1988 — December 2001 and supported

2? 163 by observations of peak flood levels, and at 30 min intervals for the period May 2003 -
gg 164  August 2011. For the missing periods at Venzone (i.e. December 1986 — December 1987
40

41 165 and January 2002 — April 2003) daily maximum stages at Villuzza gauging station (located
43 166  at Pinzano gorge) were used and modified by taking into account the increased drainage
45 167 area (10%) at Villuzza. Discharge estimation for the Tagliamento River is rather difficult,
a7 168  due to the absence of stable cross-sections and the multi-channel character of the river.
50 169  We used a stage-discharge relationship developed by Bertoldi et al. (2010) for Venzone
52 170  station, which is located in a relatively narrow cross-section. Changes in the bed

54 171  topography are expected to have an impact on low discharges only, so we consider this
56 172 relationship sufficiently accurate for peak flood values. The mean annual flood (equal to

173 1645 m* s™") with a recurrence interval (RI) of 2.33 yr, was estimated using a Gumbel
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frequency distribution applied to 99 peak annual discharge values recorded for the period
1886-1996. The flow discharge series at Venzone in the period 1986-2011, i.e. the period
used to analyze relation between flows and vegetation dynamics, is shown in Figure 2.
The highest flood in that period occurred on 31% October 2004, with a peak discharge of

3470 m* s™" and an estimated RI of approximately 40 yr.

Methods

Changes in channel morphological features and vegetation cover were analyzed over a
time period of 57 years, from 1954 to 2011, using 10 sets of aerial photos (1954, 1970,
1986, 1993, 1997, 1999, 2003, 2005, 2009, 2011; Table I). The average spatial resolution
of photos (i.e. pixel size) is 0.88 m, but ranged between 0.11 m and 1.7 m. The analysis
was carried out with a GIS software (ArcGIS 10) and the photos were coregistered using
maps at 1:5000 scale as a base layer. Ten ground-control points were selected on
average for each photo and second-order polynomial transformations were then applied,

obtaining maximum root mean square errors (RMSE) of 2-3 m.

The overall analysis was divided into three steps to yield information on (i) long term
channel evolution, (ii) vegetation establishment and erosion, and (iii) vegetation turnover
(Figure 3). In the first step, photo interpretation was carried out for all the photo sets along
the whole fluvial corridor (area of 22.7 km?) which includes the active channel, the
floodplains and the recent terraces formed by channel incision over the last 50-100 years.
Six fluvial features were identified within the active channel: flowing channels, non-flowing
channels, exposed sediments, low vegetation, medium vegetation, and high vegetation

(Table Il). Vegetation was classified in these three categories according to height (as

http://mc.manuscriptcentral.com/esp
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1

é 200 inferred from shadows and field observations) and canopy size: herbaceous vegetation

g 201 and low shrubs/trees (low vegetation, approximately < 1.5 m, tree age <3 - 5 years); high
; 202  shrubs and trees of low-medium height (medium vegetation, in the range 1.5 m - 10 m,
20 203  tree age about 3 - 15 years); and tall trees (high vegetation, approximately > 10 m, tree
ﬂ 204 age > 10 - 15 years). The riparian zone (i.e. floodplain and recent terraces) was classified
E 205  using the three vegetation classes, plus additional features related to human activities

i? 206  such as urban/industrial areas, agricultural areas, mining sites (see Table Il for the

ig 207 complete list). Because the main focus of the analysis was on the dynamics of the active
3(1) 208 channel, features were digitized using different resolutions (i.e. scales for photo

522% 209 interpretation) according to their location in the fluvial corridor. A minimum area of 100 m?
g% 210  was adopted for digitizing features in the active channel whilst 1000 m? was selected for
% 211  the riparian zone (Figure 4).

2 212

31

32 213 In the second step, the analysis was restricted to the period 1986-2011 and aimed at the
34 214 relationship between vegetation erosion/establishment and flow regime (Figure 3).

36 215 Relatively short time spans between subsequent photos were needed in this step, and the
216  minimum, average, and maximum time spans were 1.7, 3.5, and 6.4 years respectively.
41 217  The analysis was restricted to areas that were within the active channel at some point

43 218  during the study period, thus some areas of riparian zone included in step 1 were excluded
45 219  from this analysis (Figure 3).

4T 220

50 221 A simpler classification was used in step 2. The classes referring to the active channel

52 222 were not modified, but the riparian zone features were simplified to three (Table Il). These
54 223 riparian feature classes included riparian forest (RF), low vegetation (RLV), and riparian
56 224  unvegetated areas (RUA). Re-classification produced eight new maps with eight feature

225 classes possible per map. Then we proceeded with vector intersection of each pair of
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subsequent maps (e.g. 1986-1993, 1993-1997, etc.) (Figure 5). The result of intersection
between two maps is illustrated by the matrix of Table Ill which shows that 14 different
types of processes (e.g. vegetation erosion, vegetation establishment, lateral erosion, etc.)
can be identified from the 8 feature classes (see Table Il for details on processes and

related codes).

Among the 14 processes identified by map intersections, we focused on vegetation
erosion (VE) and vegetation establishment (VES). At this stage, error assessment was
needed in order to estimate the threshold for detection of change in vegetation cover. The
GIS analysis introduced errors due to georectification, photo interpretation, and digitization
(e.g. Mount et al., 2003; Hughes et al., 2006). As recently stressed by Swanson et al.
(2011), error estimate is still rarely considered in this type of study, although it may
represent a crucial point especially if the magnitude of change is small. Our aim was to
define an error threshold that is the smallest area (polygon) that could be considered as a
real change in vegetation cover for each pair of photos. After considering analytical
approaches, such those used by Mount et al. (2003) and Swanson et al. (2011), an
empirical approach was defined. Though the approach is case specific, required visual
interpretation of errors, and was time consuming, it was assessed as being more reliable
and accurate than an analytical approach. All the polygons identified by intersection as
vegetation erosion were ranked according to their area and then divided into 20 classes
with increasing area. Then, a visual analysis was carried out on 10% of the polygons
randomly selected from each class. If the majority (i.e. more than 50 %) of those random
polygons were inconsistent with expected result (i.e. vegetation erosion) from comparison
of subsequent photos, the whole size class was defined as error. The size class with more
than 50 % of consistent polygons and with smallest area was used to define a minimum

area threshold for change detection. Finally, polygons with areas equal to or larger than

http://mc.manuscriptcentral.com/esp 10
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1

g 252  the error threshold were considered as ‘real’ sites of vegetation erosion or establishment,
g 253 while polygons below that threshold were excluded from analysis. The error threshold

; 254  ranged between 61 m? and 190 m? and was 104 m? on average (Table 1V). Using the

20 255  thresholds for change detection, it was possible to estimate the error for each pair of

ﬂ 256  photos. For instance the error for vegetation erosion ranged between 1.1% (1999-2003

E 257  photos) and 16.9 % (2009-2011 photos).

ig 258

ig 259  The aim of the third step of the analysis was the investigation of vegetation turnover for the
20

21 260 period 1986-2011 (Figure 3). It is worth clarifying that in this work we define the turnover of

23 261  a vegetated patch as the time span during which that patch was classified as within-

g% 262  channel vegetation. This can be different from the age of trees or shrubs, particularly for
% 263  vegetation that was originally part of the riparian zone (i.e. dissection islands).

ég 264

31

32 265 We focused the analysis on areas covered by medium and high vegetation (“CV” in Table
gz 266 1l), therefore we used a third classification with one class for all the unvegetated areas

2? 267  (Table Il). The following GIS procedure was adopted: (i) vector intersection of each pair of
gg 268  subsequent maps and error estimation (as described above in step 2); (ii) rasterization of
22 269 the intersection maps, using a cell size of 0.5x0.5 m; (iii) linking of the seven intersection
%:E 270  maps to obtain a final raster holding information on vegetation turnover for the whole study

45 271  period (i.e. 1986-2011). This final raster map shows vegetation turnover in high detail,
47 272  since it reports, for each cell, the occurrence of medium-tall vegetation (CV). Only small
50 273  portions of the two sub-reaches were covered by vegetation for the whole study period
52 274  (Table V).

54 275

56 276  This procedure resulted in the definition of a minimum and maximum time span that

277  vegetation patches lasted in the channel. Minimum time is the time interval between the

http://mc.manuscriptcentral.com/esp 1



©CoO~NOUTA,WNPE

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

Earth Surface Processes and Landforms Page 12 of 58

aerial photos. When turnover occurred between 1993 and 2009, the maximum time was
estimated by adding the time intervals preceding and following turnover to the minimum
time. From this we subtracted 1.5 years, which is the estimated length of time that woody
vegetation takes to grow to a height of 1.5 m on a gravel bar, and which would place it in
the “medium vegetation” class (Figure 6). This estimate was done taking into account
vegetation establishment observed (i) in 2003-2005, the shortest period we could analyze,
and (ii) on ground-based images taken by a fixed camera with an hourly temporal
resolution starting from 2008 (this monitoring system is described in Welber et al., 2012).
As an example, for a vegetated patch that was present in 1993-2003 (i.e. the patch was
vegetated in 1993, 1997, 1999, and 2003, but not in 1986 and in 2005) we estimated a

minimum time of 10.3 yr and a maximum time of 16.9 yr (Figure 6).

For the areas covered by vegetation in 1986 or in 2011 (i.e. the limits of our study period)
maximum time was estimated by a different approach. The maximum times estimated from
the patches whose turnover occurred within 1993-2009 were added randomly to the
minimum times. Considering that maximum time for the period 1993-2009 varies between
4.2 and 23.2 years (Figure 6), for each area covered by vegetation in 1986 or in 2011 a
time within that range (i.e. 4.2 — 23.2 years) was added to its minimum time. The
procedure took into account the frequency of patches with a certain maximum time. For
instance, about 44% of the patches in the period 1993-2009 have a maximum time of 8 yr,
so this time interval was added randomly to 44% of areas with vegetation in 1986 or in
2011. To test that the overall procedure, and specifically that maximum time was not
overestimated with this approach, we compared vegetated area in 1970 and 2011. This
comparison confirmed that our estimate of maximum times is reasonable and that no
vegetated areas persisted within the channel for more than 41 years, with the exception of

the Cornino island which stands on a bedrock outcrop.
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1

2

3 304

4

5 305

6

; 306 Results
9

10 307

11

12 308 Long-term channel evolution and vegetation dynamics (1954-2011)

14 309

15

12 310 As shown in Figure 7, remarkable changes occurred within the fluvial corridor between
ig 311 1954 and 2011. Besides the highly dynamic nature of the active channel, a noticeable
3(1) 312  change over this period is a substantial decrease in the active channel area (from 14.1
522% 313 km?in 1954 to 9.8 km? in 2011) and a concomitant expansion in the marginal vegetated
g% 314 areas. The 10 sets of aerial photos permit a detailed reconstruction of the evolutionary
% 315 trajectory of active channel area (Figure 8A). As is commonly defined in this type of

ég 316 analysis (e.g. Comiti et al., 2011; Ziliani and Surian, 2012), active channel area does not
g; 317 include vegetated areas, except for areas with low vegetation. For the whole study reach,
gz 318 channel area decreased markedly from 1954 to 1993 (- 45 %), then increased in the

36 319  period to 2003 (+15 %), and finally changed relatively little in the most recent period (2003-
320 2011). The upstream and downstream subreaches show very similar trends, except for the

41 321 last period (2003-2011) when the upstream reach underwent slight widening (+1 %) while

43 322 the downstream reach underwent a slight channel narrowing (-3 %) (Figure 8A).

44

45 323

46

j; 324  The extent of vegetation (i.e. sum of medium and high vegetation classes) within the active
4

58 325 channel was analyzed as the ratio of “vegetation area / active channel area”, rather than in
51

52 326 absolute terms (Figure 8B). The vegetation ratio for the whole reach ranged between 0.04

53

54 327  (in 2003) and 0.13 (in 1986), and was 0.08 on average. The temporal trend of this ratio
56 328 shows that vegetation cover increased in the period 1954-1986, decreased to 2003 and

329 then increased again in recent years (2003-2011). Substantial differences exist between
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the two subreaches. First, vegetation cover is higher in the downstream subreach, except
for the first two photos (i.e. 1954 and 1970). Secondly, the downstream subreach is
characterized by a larger variability, with the “vegetation area / active channel area” ratio
ranging between 0.04 (in 1954) and 0.21 (in 1986), while in the upstream subreach it

ranged only between 0.04 (in 2003 and 2005) and 0.09 (in 1970).

Vegetation erosion, vegetation establishment and relation with flow regime (1986-2011)

Figure 9 illustrates the vegetation erosion and establishment rates for the 7 analyzed time
spans, corrected for the identified error thresholds (Table 1V). Both vegetation erosion and
establishment were calculated as a ratio (percentage) with reference to the vegetated area
at the beginning of each time span. Significant vegetation erosion took place in all seven
time intervals, though with different magnitudes. For the whole study reach, three sub-
periods were characterized by less intense erosion, i.e. annual rates of erosion varying
between 3.2 % and 4.9 %, three sub-periods by more intense erosion, i.e. annual erosion
rates in the range 10.1 % - 12.5 %, and one period by an intermediate level of erosion

(7.4 %). This means that during the period characterized by the most intense erosion (i.e.
1999-2003) approximately 50 % of the vegetation cover was removed in 4 years. However,
a significant proportion of vegetation cover was eroded even when rates were relatively
low (e.g. 13 % of vegetation cover eroded in 4 years during the period 2005-2009). The
two subreaches show similar ratios in the first four sub-periods, but erosion was always

more intense in the upstream subreach post 2005 (Figure 9A).

As expected, annual rates of vegetation establishment show a trend opposite to that of
vegetation erosion (Figure 9B). This is true for all the sub-periods with the exception of the

last one (2009-2011), which is characterized by the maximum establishment rate (12.8%
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1

2

3 356 in the whole reach) and a significant erosion rate (7.4%). Overall, when considering both
4

5 357  vegetation erosion and establishment, it is clear that the upstream subreach is more

6

; 358 dynamic than the downstream one, as it is experienced higher annual rates of both erosion
20 359 and establishment in 11 out of the 14 time periods.

11

12 360

13

14 361 Vegetation dynamics were then related to flow regime. The main objective was the

15

i? 362 identification of a threshold discharge, or a range of discharges, responsible for vegetation
ig 363  erosion. Annual erosion rates were plotted against the corresponding mean annual

20

21 364  cumulative discharges for the seven time spans, varying the minimum discharge threshold
22

23 365  (Figure 10). Cumulative discharge (also called effective runoff in bedload transport studies)
24

gg 366  represents a proxy for the total flow energy within a given period over a certain reach. We
% 367 used different discharge thresholds assuming that if the cumulative discharge includes

29 . . . . .

30 368 also (low) flows without effects on vegetation the relation with erosion rates should be less
31

32 369 significant. On the other hand, such relationship is anticipated to be strongest when the

33

34 370  cumulative discharge is calculated including only flows actually responsible for vegetation
35

2? 371  erosion. Erosion rates could be analyzed both in terms of absolute rates (e.g. in km?) or as
gg 372  ratios (i.e. percentage). The first option would be more suitable to represent the force

40

41 373  exerted by the river on the vegetated channel boundary within a given period, but it would
42

43 374  be meaningful for a comparison among periods only if vegetation cover was relatively

44

j:g 375 constant at the beginning of each period. This was not the case; there were significant

j; 376  differences between periods (Figure 8B). Therefore, we opted for a vegetation erosion rate
4

58 377 expressed as a proportion relative to the initial vegetation extent of each time span.

51

52 378

53

54 379  The cumulative discharge-erosion rate plots (Figure 10) show that when a low discharge
55

56 380 threshold is used (e.g. Q=315 m®s™", RI < 1 yr) the relationship is very weak and not

381 significant, whereas the relationship becomes stronger at higher thresholds. Using the
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highest threshold (i.e. Q=1785 m’s™", RI=2.5 yr), cumulative discharge volume explains a
significant amount of the variation in erosion area (R>=0.79 for the whole reach and 0.66
and 0.78 for the upstream and downstream subreaches, respectively). The relationship is
weaker using an intermediate threshold, R? is 0.28 and 0.37, respectively, for Q=735 m’s™
(Rl < 1 yr) and Q=1155 m®s™ (RI=1.2 yr) (Figure 10). For such threshold discharges there
is a notable difference between the two subreaches, R? being higher in the upstream
subreach (i.e. R% is 0.47 and 0.53, respectively for Q=735 and Q=1155 m®s™") than in the
downstream one (i.e. R? equals to 0.17 and 0.26 for the same discharge values). As a
result, Figure 10 suggests that: (i) frequent flows (i.e. Q=315 m®s™, Rl < 1 yr) have no or
very little effect on vegetation; (ii) floods with Rl = 2.5 years have a significant effect on
vegetation; and (iii) floods with a RI ~ 1 year (e.g. Q=1155 m>s™", RI=1.2 yr) have a
significant but lesser impact on vegetation, but which was particularly noticeable in the

upstream subreach.

To strengthen the analysis between flow regime and vegetation erosion, we considered
the flow regime in the seven periods in terms of the largest flood that occurred and the
number of flow events above the 4 selected discharge thresholds (Table VI). The role of
relatively frequent floods is particularly evident when observing two periods, 1997-1999
and 2009-2011, which are characterized by high or moderate rates of vegetation erosion
and an absence of major floods. During these two periods the largest flood events were
relatively mild (i.e. RI=2.4 yr in 1997-1999 and RI=3.1 yr in 2009-2011), but several low
magnitude floods occurred, with 6 and 7 floods above Q=735 m3s™ (RI < 1 yr) in 1997-
1999 and 2009-2011, respectively (Table VI). More support for the significant role of
frequent floods is given by the 2003-2005 period which had a very large flood (RI1=40 yr),
but a relatively low mean annual erosion rate (i.e. 4.9%). Only 3 floods above Q=735 m’s™

took place during this period.
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1

2

3 408

4

5 409  Assessment of vegetation turnover

6

7

8 410

20 411  Figure 11 shows the time distribution of vegetated patches, considering both minimum and
11

12 412  maximum times of turnover. Average turnover time ranges from 2 to 9 years and from 2 to
13

14 413 10 years, respectively, in the upstream and in the downstream reaches. Only 10 % of

15

12 414  vegetated patches persisted in the channel for more than 12.5-23 years and 14-24 years
ig 415 in the upstream and in the downstream reaches, respectively. Therefore, some differences
20

21 416  do exist between the two subreaches, with vegetation slightly more stable in the

22

23 417  downstream reach. It is worth pointing out that although a relevant difference does exist
24

25 418 between minimum and maximum times (Figure 11), overall the results are considered to
26

% 419 be reliable as a large number of vegetated patches were used for calculations.

29

30 420

31

32 421  Focusing on maximum turnover times, it turns out that 50%, 90%, 95%, and 99% of the
33

34 422  vegetated patches have, respectively, less than 9-10 years, 23-24 years, 27-32 years, and
36 423  35-37 years (Figure 12). These results show that most of the vegetation is relatively young
424  and few vegetation patches persisted in the channel for more than 20-30 years (Figure 13).
41 425  Specifically only one island (i.e. near Cornino) is older than 40 yr, but this island is not

43 426  representative of the whole study reach because it has a bedrock substrate.

45 427

4T 408

50 429  Discussion

52 430

54 431  The role of floods of different magnitude in braided river morphology

%6 432
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One of the main questions addressed in this work is the role of floods of differing
magnitude on vegetation dynamics. This was addressed by comparing the erosion of
vegetation patches for time periods with different flow regimes, specifically periods with
large floods (i.e. Rl = 30-40 years) compared to those with lower magnitude, more
frequent events only (i.e. Rl = 2-3 years). Results of our analysis show that significant
vegetation erosion occurs during years with relatively frequent, low magnitude floods, i.e.
1=RI< 2-3 years (Figure 9 and Table VI). These findings suggest the need to reevaluate
the current perspective on the role of floods on vegetation dynamics because, until now,
most studies have emphasized that only relatively large floods (RI > 10-20 years) cause
significant vegetation erosion (e.g. Bertoldi et al., 2009; Comiti et al., 2011; Mikus et al.,

2013).

In a previous study on the Tagliamento River (Bertoldi et al., 2009), floods with Rl ~ 3 yr
were argued to represent the threshold for vegetation erosion. This work shows that the
threshold is actually lower, inasmuch as floods with Rl = 2.5 yr certainly have a significant
effect on vegetation, and more frequent floods do have some effects as well (Figure 10).
Notably, floods as low as RI ~ 1 yr had a significant impact on vegetation patches in the
upper subreach, suggesting that the threshold discharge is lower in this reach which is
characterized by a bar-braided pattern with occasional islands. The lower subreach, which
features a more island-braided morphology, has a higher threshold for vegetation erosion.
This supports the recent conceptual model developed by Corenblit et al. (2014), who
identified the existence of hysteretic patterns, where established vegetation can resist
higher levels of disturbance than plants during the colonization phase. The bio-
geomorphological evolution of vegetated islands determines the deposition of fine
sediments and the soil reinforcement by root network, with a consequent increased
stability.
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1

2

3 459

4

5 460  As for vegetation turnover, our analysis shows that 50 % of in-channel vegetation

6

; 461  persisted <5-6 years and only 10 % of vegetation persisted > 18-19 years. Moreover,

20 462  turnover appears to differ slightly between subreaches, and is marginally shorter in the

11

12 463  upstream subreach. These results confirm that turnover is remarkably rapid and even

13

14 464  greater than estimates from previous studies on the Tagliamento (Karrenberg et al., 2003;
15

12 465  Zanoni et al., 2008). Also, such turnover appears to be faster than in other braided rivers.
ig 466  For example, Mikus et al. (2013) estimated that the average tree age in an island-braided
20

21 467 reach of the Czarny Dunajec (Polish Carpathians) is 15-20 years.

22

23 468

24

gg 469  The identification of hydrological thresholds for vegetation erosion and a more accurate
% 470  estimate of turnover enhance our understanding of the role of vegetation in the

29 . . .

30 471  geomorphology of highly dynamic river systems such as the Tagliamento. Such a role was
31

32 472  summarized by Gurnell et al. (2012) who analyzed the interplay between vegetation and
33

34 473  channel form and processes by comparing fluvial systems with different energy. The

35

g? 474  overall role of vegetation on channel morphology and dynamics is very high in low energy
gg 475  systems and progressively decreases in higher energy systems. In these latter systems
40

41 476  vegetation is still a key ingredient of channel processes and morphology (e.g. Gurnell and
42

43 477  Petts, 2006; Bertoldi et al., 2011) but its “engineering” role is more limited, in terms of both
45 478  spatial and temporal scales, in comparison to lower energy systems. Because vegetation
47 479 is eroded also by moderate floods, we can argue that the long-term dynamics of

50 480 vegetation in a braided river as the Tagliamento is not controlled solely by very large

52 481  floods, unlike other gravel-bed rivers with lower energy, as the River Tech in France

54 482  (Corneblit et al., 2010) or the Czarny Dunajec in Poland (Mikus et al., 2013). This is in

g? 483  agreement with the conceptual model proposed by Paola (2001) and the related laboratory
gg 484  and field observations (Tal and Paola, 2007; Hicks et al., 2008), which highlighted that the
60
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ratio between the vegetation establishment time and the average time between
morphologically-relevant floods is key in determining planform morphology in gravel-bed
rivers. This ratio is likely > 1 in the Tagliamento because, according to our observations,

vegetation establishment (i.e. formation of pioneering islands) takes more than 2-3 years.

In terms of practical implications, our findings imply that flow regulation affecting frequent,
low magnitude floods (RI=1-3 yr) can cause significant changes on vegetation dynamics in
a braided river. This is not the case for the Tagliamento, but most Alpine rivers are
regulated by large reservoirs for hydropower production and frequent floods are often

lessened.

The identification of flow thresholds for vegetation erosion can be combined with previous
findings regarding the Tagliamento River to obtain an overall conceptual framework for
morphodynamics. Figure 14 shows the thresholds, expressed in terms of discharge and R,
for different fluvial processes, i.e. bedload transport in the channels, on low bars and on
high bars, in-channel bank erosion, sudden channel shift, and vegetation erosion. Five of
these six processes feature a discharge threshold having RI < 1 yr. Only bedload transport
on high bars requires floods with a Rl > 1 yr. This framework points out two important
findings: (i) the morphology of a braided river like the Tagliamento is the product of
geomorphic processes operating over a wide range of discharges; and (ii) relatively

frequent floods (i.e. RI=1-3 yr) are key drivers of morphodynamics for this river typology.

Channel adjustments and long term vegetation dynamics

Channel adjustment over the last 6 decades was expressed initially through a phase of

remarkable channel narrowing, followed by a phase of predominant channel widening
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1

é 511  (Figure 8A). Like in other braided rivers in Italy (e.g. Surian and Rinaldi, 2003; Surian et al.,
g 512 2009b), channel narrowing was associated with incision, estimated to be 0.5-1.0 m in the

; 513  study reach. Incision was calculated by the difference between the average elevation of

20 514  bars in 1954 and in 2005 (Figure 15). A comparison of cross sections was not possible for
ﬂ 515 this reach, because cross sectional surveys only started in 1982. Channel adjustments can
E 516  be explained in the study reach as mainly a response to in-channel sediment mining. This
12 517  explanation is supported by two elements. First, the aerial photo interpretation showing

ig 518 that mining activity was carried out in the reach for about 30 years (1970s-1990s), with a

20

21 519  peak of intensity in the 1980s (e.g. mining area was 0.74 km? in 1986). Second, the

23 520  analysis of controlling factors carried out for the adjacent reach by Ziliani and Surian

g% 521  (2012) allowed us to rule out other potential factors such as changes in flow regime or the
% 522  effects of change in land use at the catchment scale. Because gravel mining was the main
ég 523  driver of channel narrowing and incision, vegetation encroachment in formerly active

g; 524  channel areas was a consequence of incision and not its cause as previously surmised by
33

34 525  Comiti et al. (2011) and Comiti (2012) for other rivers in the Italian Alps, and in contrast to

36 526  what observed in some French rivers (e.g. Liébault and Piégay, 2002).

39 527

22 528 To explain the long-term trend (1954-2011) of in-channel vegetation cover (Figure 8B), we
j,:% 529  considered two further processes, erosion of marginal vegetation and mining activity,

gg 530 along with the flow regime. Large wood is a fundamental control on island development in

47 531 the Tagliamento River (Gurnell et al., 2001; Gurnell and Petts, 2006), therefore we

50 532 assumed that erosion of marginal vegetation would promote island growth by increasing
g; 533  the input of large wood into the channel. As for mining, this activity directly removes

gz 534 sediment and vegetation patches from the channel but constitutes a disturbance to the

g? 535 entire system. As for the flow regime, cumulative discharges for the different time intervals
gg 536  were computed based on the threshold values obtained from the previous analysis (i.e.

60
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Q=1155 m3s™, RI=1.2 yr; and Q=1785 m3s™, RI=2.5 yr for the upstream and downstream
subreach, respectively). To identify which of these controlling factors was responsible for
the long-term trend of in-channel vegetation, a chronology of factors and vegetation

changes was created for the two subreaches (Figure 16). The temporal patterns differ by

subreach and are described in detail below.

In the downstream reach, flow regime is the factor that best explains the changes in
vegetated area within the channel (Figure 16). Cumulative effective discharges (i.e. sum of
discharge above 1785 m33'1) were relatively low in the period 1970-1993, when maximum
expansion of vegetation occurred (from 6% in 1970 to 21% in 1986), while relatively high
in the following period (1993-2005) when vegetated area decreased notably (down to 6%
in 2005). The other two factors, erosion of marginal vegetation and mining activity, do not
correlate well with temporal trend in vegetation cover and, in some cases, contrast to what
would be expected. For instance erosion of marginal vegetation, and thus supply of large
wood for island initiation, was high in the period 1993-2011, but in this period vegetation
cover decreased substantially and then increased. As to sediment mining, the most
intense phase of this activity matched vegetation expansion. Although these two factors
are not the main drivers of vegetation dynamics in this subreach, they may still be
additional controlling factors. Specifically, mining activity could explain the decrease in
vegetation cover that occurred between 1986 and 1993, a period with few effective flow
events. On the other hand, erosion of marginal vegetation would help to explain vegetation
dynamics during the last period (2003-2011). Considering the flow regime during this
period, specifically the occurrence of two periods with high (2003-2005 and 2010-2011)
and one with low effective discharges (2006-2009), a reduction of vegetation cover would
be expected, followed by an expansion and, finally, another reduction. This was not the

case; vegetation expanded during the whole period, although with differing intensity. This
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563  suggests that in the period 2003-2011 erosion of marginal vegetation could have played a
564  role in vegetation dynamics by increasing significantly the supply of large wood to the

565  channel. In fact, the annual rate of vegetated area eroded from the river banks was in the

©CoO~NOUTA,WNPE

10 566  range of 0.002-0.006 km? and 0.022-0.127 km? in the period 1954-1993 and 2003-2011

12 567 respectively. This means that wood supply was about one order of magnitude greater in
E 568 the latter period, and was likely responsible for initiating the formation of new islands.

i? 569

ig 570  The explanation of the vegetation cover trend in the upstream subreach, characterized by
3(1) 571  arelatively low cover throughout the study period, is less straightforward (Figure 16). Flow
522% 572  regime explains the significant decrease of vegetation in the period 1997-2003 but does
g% 573 not explain vegetation changes in other periods. This could suggest that in a very dynamic
% 574  reach, where vegetation cover is relatively low, the small changes that were observed

ég 575  could be due factors other than flow regime. For example, the vegetation reduction

31

32 576  between 1970 and 1993 (from 9% to 6%) could be explained by mining activity, while the
34 577  very slight vegetation expansion between 2003 and 2011 (from 4% to 5%) could be

36 578  ascribed to the intense erosion of marginal vegetation as suggested also for the

579  downstream subreach.

a1 580

43 581  Such analysis of trends and controlling factors suggests that an expansion of in-channel
45 582  vegetated areas (i.e. islands) can be envisaged for the next years because of a

47 583 remarkable increase in the availability of wood from the channel margins, which are now
50 584  much more forested than in the previous decades. This increase in supply of wood to the
52 585  channel on the Tagliamento River is further compounded by the declining use of firewood
54 586 by local population, which was traditionally collected from the channel bed.

56 587

588
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Conclusions

Vegetation temporal dynamics and turnover were analyzed in a reach of the braided
Tagliamento River at high spatial and high temporal resolutions (i.e. 10 sets of aerial
photos, from 1954 to 2011). The results indicate that turnover is remarkably rapid with
50% of in-channel vegetation persisting for less than 5-6 years and only 10% of vegetation
persisting for more than 18-19 years. Subreaches with different densities of vegetation
cover show small differences, with turnover being shorter in the bar-braided subreach with

less vegetation cover.

Our analysis shows that significant vegetation erosion occurs also with relatively frequent,
low magnitude floods, i.e. floods with a Rl ~ 1-2.5 years. These findings offer a new
perspective on vegetation-geomorphic interactions because most studies have so far
emphasized that only large floods (RI > 10-20 years) cause significant vegetation erosion.
Furthermore, differences between the subreaches suggest that channel morphology
influences the minimum threshold discharge for vegetation erosion. In the more dynamic
subreach (a bar-braided with occasional islands) threshold discharge for vegetation
erosion corresponds to floods with a Rl = 1.2 yr, or even to more frequent floods, whereas
the threshold discharge is higher in the subreach characterized by a greater vegetation
cover and, locally, by an island-braided morphology (Rl = 2.5 yr). Therefore, we conclude
that vegetation erosion in the braided Tagliamento River is controlled not only by very
large floods, but also by more frequent, lower magnitude floods, unlike other gravel-bed

rivers with lower energy, where the “engineering” role of vegetation is stronger.

Besides flow regime, other factors should be taken into account to interpret in-channel

vegetation dynamics over long timescales. Erosion of marginal vegetation, which supplies
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1

2

3 615 large wood into the channel, and mining activity, which causes the removal of vegetation
4

5 616 patches, are important factors affecting vegetation cover. During the examined period,
6

; 617  wood supply increased by approximately one order of magnitude, as a result of channel
10 618 adjustment (i.e. narrowing and incision) and the consequent expansion of marginal

11

12 619  vegetation. Wood supply is a fundamental control on island development in the

13

14 620  Tagliamento River, so an expansion of in-channel vegetated areas is envisaged for the
15

16 621  near future.

17

18

19 622

20

21 623

22

23 624  Acknowledgements

24

25 625  This research was funded by Fondazione CARIPARO, project “Linking geomorphological
27 626  processes and vegetation dynamics in gravel-bed rivers”. We thank: the editor and two
30 627  reviewers of the journal for their comments and very helpful suggestions; Robert

32 628  Grabowski for useful comments and for editing our English.

34 629

36 630

631 References

4 632

44 633 Bendix J, Hupp CR. 2000. Hydrological and geomorphological impacts on riparian plant
46 634  communities. Hydrological Processes 14: 2977-2990.

49 635 Bertoldi W, Drake NA, Gurnell AM. 2011. Interactions between river flows and colonizing
51 636  vegetation on a braided river: Exploring spatial and temporal dynamics in riparian

53 637  vegetation cover using satellite data. Earth Surface Processes and Landforms 36: 1474-

55 638  1486.

http://mc.manuscriptcentral.com/esp

25



©CoO~NOUTA,WNPE

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

Earth Surface Processes and Landforms Page 26 of 58

Bertoldi W, Gurnell AM, 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, Zanoni L, Tubino M. 2010. Assessment of morphological changes induced by
flow and flood pulses in a gravel bed braided river: the Tagliamento River (ltaly).
Geomorphology 114: 348-360.

Brooks AP, Brierley GJ. 2002. Mediated equilibrium: The influence of riparian vegetation
and wood on the long-term evolution and behaviour of a near-pristine river. Earth Surface
Processes and Landforms 27: 343-367.

Camporeale C, Ridolfi L. 2006. Riparian vegetation distribution induced by river flow
variability: A stochastic approach. Water Resources Research 42.

Comiti F. 2012. How natural are Alpine mountain rivers? Evidence from the lItalian Alps.
Earth Surface Processes and Landforms 37: 693-707.

Comiti F, Da Canal M, Surian N, Mao L, Picco L, Lenzi MA. 2011. Channel adjustments
and vegetation cover dynamics in a large gravel bed river over the last 200years.
Geomorphology 125: 147-159.

Corenblit D, Steiger J, Tabacchi E. 2010. Biogeomorphologic succession dynamics in a
Mediterranean river system. Ecography 33: 1136-1148.

Corenblit D, Steiger J, Gonzalez A, Gurnell AM, Charrier G, Darrozes J, Dousseau J,
Julien F, Lambs L, Larrue S, Roussel E, Vautier F, Voldoire O. 2014. The
biogeomorphological life cycle of poplars during the fluvial biogeomorphological
succession: a special focus on Populus nigra L. Earth Surface Processes and Landforms
39: 546-563.

Coulthard TJ. 2005. Effects of vegetation on braided stream pattern and dynamics. Water

Resources Research 41: 1-9.

http://mc.manuscriptcentral.com/esp 26



Page 27 of 58

©CoO~NOUTA,WNPE

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

Earth Surface Processes and Landforms

Crosato A, Saleh MS. 2011. Numerical study on the effects of floodplain vegetation on
river planform style. Earth Surface Processes and Landforms 36: 711-720.

Docker BB, Hubble TCT. 2008. Quantifying root-reinforcement of river bank soils by four
Australian tree species. Geomorphology 100: 401-418.

Edwards PJ, Kollmann J, Gurnell AM, Petts GE, Tockner K, Ward JV. 1999. A conceptual
model of vegetation dynamics of gravel bars of a large Alpine river. Wetlands Ecology and
Management 7: 141-153.

Fetherston KL, Naiman RJ, Bilby RE. 1995. Large woody debris, physical process, and
riparian forest development in montane river networks of the Pacific Northwest.
Geomorphology 13: 133-144.

Francis RA. 2007. Size and position matter: Riparian plant establishment from fluvially
deposited trees. Earth Surface Processes and Landforms 32: 1239-1243.

Friedman JM, Osterkamp WR, Lewis Jr. WM. 1996. Channel narrowing and vegetation
development following a great plains flood. Ecology 77: 2167-2181.

Giorgetti F, Stefanini S. 1989. Composizione e provenienza delle acque di risorgiva del
Campo di Osoppo Gemona e della Piana di Artegna e Buia (Provincia di Udine). Atti
Museo Friulano St. Nat. - Gortania 11: 36-92.

Giorgetti F, Petronio L, Palmieri F. 1995. Ricostruzione della geometria dell’acquifero del
Tagliamento ad Osoppo (Udine) con diverse metodologie di prospezione geofisica.
Quaderni Geol. Appl., suppl. 1, 13-21.

Gran K, Paola C. 2001. Riparian vegetation controls on braided stream dynamics. Water
Resources Research 37: 3275-3283.

Greet J, Angus Webb J, Cousens RD. 2011. The importance of seasonal flow timing for
riparian vegetation dynamics: A systematic review using causal criteria analysis.

Freshwater Biology 56: 1231-1247.

http://mc.manuscriptcentral.com/esp 27



©CoO~NOUTA,WNPE

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

Earth Surface Processes and Landforms Page 28 of 58

Gurnell AM. 2014. Plants as river system engineers. Earth Surface Processes and
Landforms 39: 4-25. DOI: 10.1002/esp.3397.

Gurnell AM, Bertoldi W, Corenblit D. 2012. Changing river channels: The roles of
hydrological processes, plants and pioneer fluvial landforms in humid temperate, mixed
load, gravel bed rivers. Earth-Science Reviews 111: 129-141.

Gurnell AM, O'Hare JM, O'Hare MT, Dunbar MJ, Scarlett PM. 2010. An exploration of
associations between assemblages of aquatic plant morphotypes and channel
geomorphological properties within British rivers. Geomorphology 116: 135-144.

Gurnell AM, Petts G. 2006. Trees as riparian engineers: The Tagliamento River, Italy.
Earth Surface Processes and Landforms 31: 1558-1574.

Gurnell AM, Petts GE, Hannah DM, Smith BPG, Edwards PJ, Kollmann J, Ward JV,
Tockner K. 2001. Riparian vegetation and island formation along the gravel-bed Fiume
Tagliamento, Italy. Earth Surface Processes and Landforms 26: 31-62.

Gurnell AM, Petts GE, Harris N, Ward JV, Tockner K, Edwards PJ, Kollmann J. 2000.
Large wood retention in river channels: The case of the Fiume Tagliamento, Italy. Earth
Surface Processes and Landforms 25: 255-275.

Henshaw AJ, Gurnell AM, Bertoldi W, Drake NA. 2013. An assessment of the degree to
which Landsat TM data can support the assessment of fluvial dynamics, as revealed by
changes in vegetation extent and channel position, along a large river. Geomorphology
202: 74-85. DOI: 10.1016/j.geomorph.2013.01.011.

Hicks DM, Duncan MJ, Lane SN, Tal M, Westway R. 2008. Contemporary morphological
change in braided gravel-bed rivers: new developments from field and laboratory studies,
with particular reference to the influence of riparian vegetation. In Gravel-bed Rivers VI -
From Process Understanding to River Restoration, Habersack H, Piégay H, Rinaldi M
(eds.), Developments in Earth Surface Processes, Elsevier: Amsterdam, Netherlands;

557-584.

http://mc.manuscriptcentral.com/esp 28



Page 29 of 58

©CoO~NOUTA,WNPE

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

Earth Surface Processes and Landforms

Hughes ML, McDowell PF, Marcus WA. 2006. Accuracy assessment of georectified aerial
photographs: Implications for measuring lateral channel movement in a GIS.
Geomorphology 74(1-4), 1-16.

Jansen JD, Nanson GC. 2010. Functional relationships between vegetation, channel
morphology, and flow efficiency in an alluvial (anabranching) river. Journal of Geophysical
Research F: Earth Surface 115.

Johnson WC. 2000. Tree recruitment and survival in rivers: Influence of hydrological
process. Hydrological Processes 14: 3051-3074.

Karrenberg S, Edwards PJ, Kollimann J. 2002. The life history of Salicaceae living in the
active zone of floodplains. Freshwater Biology 47: 733-748.

Karrenberg S, Kollmann J, Edwards PJ, Gurnell AM, Petts GE. 2003. Patterns in woody
vegetation along the active zone of a near-natural Alpine river. Basic and Applied Ecology
4: 157-166.

Kollmann J, Vieli M, Edwards PJ, Tockner K, Ward JV. 1999. Interactions between
vegetation development and island formation in the Alpine river Tagliamento. Applied
Vegetation Science 2: 25-36.

Li S, Millar RG. 2011. A two-dimensional morphodynamic model of gravel-bed river with
floodplain vegetation. Earth Surface Processes and Landforms 36: 190-202.

Lytle DA, Merritt DM. 2004. Hydrologic regimes and riparian forests: A structured
population model for cottonwood. Ecology 85: 2493-2503.

Mao L, Surian N. 2010. Observations on sediment mobility in a large gravel-bed river.
Geomorphology 114(3), 326-337.

Mount NJ, Louis J, Teeuw RM, Zukowskyj PM, Stott T. 2003. Estimation of error in
bankfull width comparisons from temporally sequenced raw and corrected aerial

photographs. Geomorphology 56(1-2), 65-77.

http://mc.manuscriptcentral.com/esp 29



©CoO~NOUTA,WNPE

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

Earth Surface Processes and Landforms Page 30 of 58

Mikus P, Wyzga B, Kaczka RJ, Walusiak E, Zawiejska J. 2013. Islands in a European
mountain river: Linkages with large wood deposition, flood flows and plant diversity.
Geomorphology, DOI: 10.1016/j.geomorph.2012.09.016.

Millar RG. 2000. Influence of bank vegetation on alluvial channel patterns. Water
Resources Research 36: 1109-1118.

Monegato G, Lowick SE, Ravazzi C, Banino R, Donegana M, Preusser F. 2010. Middle to
Late Pleistocene chronology and palaeoenvironmental evolution of the south-eastern
Alpine Foreland: the Valeriano Creek succession (NE ltaly). Journal of Quaternary Science
25, 617-632.

Murray AB, Knaapen MAF, Tal M, Kirwan ML. 2008. Biomorphodynamics: Physical-
biological feedbacks that shape landscapes. Water Resources Research 44.

Murray AB, Paola C. 2003. Modelling the effect of vegetation on channel pattern in
bedload rivers. Earth Surface Processes and Landforms 28: 131-143.

Nicholas AP, Ashworth PJ, Sambrook Smith GH, Sandbach SD. 2013. Numerical
simulation of bar and island morphodynamics in anabranching megarivers. Journal of
Geophysical Research F: Earth Surface 118: 2019 - 2044. doi: 10.1002/jgrf.20132.
Nilsson C, Svedmark M. 2002. Basic principles and ecological consequences of changing
water regimes: Riparian plant communities. Environmental management 30: 468-480.
Paola C. 2001. Modelling stream braiding over a range of scales. In Gravel Bed Rivers V,
Mosley MP (ed.), New Zealand Hydrological Society: Wellington; 11-46.

Perona P, Molnar P, Crouzy B, Perucca E, Jiang Z, McLelland S, Withrich D, Edmaier K,
Francis R, Camporeale C, Gurnell A. 2012. Biomass selection by floods and related
timescales: Part 1. Experimental observations. Advances in Water Resources 39: 85-96.
Perona P, Molnar P, Savina M, Burlando P. 2009. An observation-based stochastic model
for sediment and vegetation dynamics in the floodplain of an Alpine braided river. Water

Resources Research 45: W09418.

http://mc.manuscriptcentral.com/esp 30



Page 31 of 58 Earth Surface Processes and Landforms

1

g 767  Perucca E, Camporeale C, Ridolfi L. 2007. Significance of the riparian vegetation

g 768  dynamics on meandering river morphodynamics. Water Resources Research 43.

; 769  Pettit NE, Froend RH, Davies PM. 2001. Identifying the natural flow regime and the

20 770  relationship with riparian vegetation for two contrasting Western Australian rivers. River
ﬂ 771  Research and Applications 17: 201-215.

13

14 772 Pizzuto J, O'Neal M, Stotts S. 2010. On the retreat of forested, cohesive riverbanks.

16 773 Geomorphology 116: 341-352.

774  Poli ME, Zanferrari A, Monegato G. 2009. Geometria, cinematica e attivita pliocenico-
21 775  quaternaria del sistema di sovrascorrimenti Arba-Ragogna (Alpi Meridionali orientali, Italia
23 776 NE). Rendiconti Online Societa Geologica lItaliana 5:172-175.

25 777  Pollen N, Simon A. 2005. Estimating the mechanical effects of riparian vegetation on

27 778  stream bank stability using a fiber bundle model. Water Resources Research 41: 1-11.
30 779  Pollen-Bankhead N, Simon A. 2009. Enhanced application of root-reinforcement

32 780  algorithms for bank-stability modeling. Earth Surface Processes and Landforms 34: 471-
34 781  480.

36 782  Rinaldi M. 2003. Recent channel adjustments in alluvial rivers of Tuscany, central Italy.
783  Earth Surf. Processes Landf. 28(6): 587-608.

41 784  Rood SB, Samuelson GM, Braatne JH, Gourley CR, Hughes FMR, Mahoney JM. 2005.

43 785  Managing river flows to restore floodplain forests. Frontiers in Ecology and the
44
j:g 786  Environment 3: 193-201.

47 787  Shafroth PB, Stromberg JC, Patten DT. 2002. Riparian vegetation response to altered
50 788  disturbance and stress regimes. Ecological Applications 12: 107-123.
52 789  Surian N, Rinaldi M. 2003. Morphological response to river engineering and management

54 790 in alluvial channels in Italy. Geomorphology 50(4): 307-326.

http://mc.manuscriptcentral.com/esp 31



©CoO~NOUTA,WNPE

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

Earth Surface Processes and Landforms Page 32 of 58

Surian N, Mao L, Giacomin M, Ziliani L. 2009a. Morphological effects of different channel-
forming discharges in a gravel-bed river. Earth Surf. Process. Landforms 34(8): 1093-
1107.

Surian N, Ziliani L, Comiti F, Lenzi MA, Mao L. 2009b. Channel adjustments and alteration
of sediment fluxes in gravel-bed rivers of north-eastern Italy: Potentials and limitations for
channel recovery. River Res. Appl. 25(5): 551-567.

Swanson BJ, Meyer GA, Coonrod JE. 2011. Historical channel narrowing along the Rio
Grande near Albuquerque, New Mexico in response to peak discharge reductions and
engineering: Magnitude and uncertainty of change from air photo measurements. Earth
Surf. Processes Landf. 36(7): 885-900.

Tal M, Paola C. 2007. Dynamic single-thread channels maintained by the interaction of
flow and vegetation. Geology 35: 347-350.

Tal M, Paola C. 2010. Effects of vegetation on channel morphodynamics: Results and
insights from laboratory experiments. Earth Surface Processes and Landforms 35: 1014-
1028.

Van de Wiel MJ, Darby SE. 2007. A new model to analyse the impact of woody riparian
vegetation on the geotechnical stability of riverbanks. Earth Surface Processes and
Landforms 32: 2185-2198.

Ward JV, Tockner K, Edwards PJ, Kollmann J, Bretschko G, Gurnell AM, Petts GE,
Rossaro B. 1999. A reference river system for the Alps: The 'Fiume Tagliamento'.
Regulated Rivers: Research and Management 15: 63-75.

Welber M, Bertoldi W, Tubino M. 2012. The response of braided planform configuration to
flow variations, bed reworking and vegetation: The case of the Tagliamento River, Italy.

Earth Surface Processes and Landforms 37: 572-582.

http://mc.manuscriptcentral.com/esp 32



Page 33 of 58

©CoO~NOUTA,WNPE

815

816

817

818

819

820

821

822

823

824

825

Earth Surface Processes and Landforms

Zanferrari A, Monegato G, Poli ME, Masetti D. 2103. Explanatory notes to the Geological
Map of Italy at the scale 1:50.000 - Sheet 049 “Gemona del Friuli”. APAT-Servizio
Geologico d’ltalia - Regione Autonoma Friuli-Venezia Giulia.

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

Ziliani L, Surian N. 2012. Evolutionary trajectory of channel morphology and controlling
factors in a large gravel-bed river. Geomorphology 173-174: 104-117. DOI:

10.1016/j.geomorph.2012.06.001.

http://mc.manuscriptcentral.com/esp

33



©CoO~NOUTA,WNPE

826

827

828

829

830

Earth Surface Processes and Landforms

Table |. Characteristics of the aerial photos used in this study

Year Date Pixel size  Type: color (C), black Discharge on the
(m) and white (BW) dates of photography

(m’s™)

1954 14 Oct 1.0 BW 78.5

1970 - 0.7 BW -

1986 24 Dec 1.0 BW 7.2

1993 22 May-16 July 1.6 BW 226-493

1997 16 Sept 1.7 c 52.1

1999 11 Sept 1.3 c 7.2

2003 14-27 Sept 0.5 c <7.0

2005 23 May 0.6 c 37.6

2009 14 May 0.25 C 56.6

2011 17 Aug 0.11 C 53.0
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Table Il. Feature classes used for aerial photo interpretation

Features used in the

Features used in the

Features used in the

first step of the Feature second step of the Feature third step of the Feature
- symbol . symbol ) symbol
analysis analysis analysis
=y
=gel - Riparian forest RF Riparian forest RF
Riparian high
’ RHV
vegetation
Riparian low RLV  Riparian low vegetation RLV . . . RLV
vegetation Riparian low vegetation
Riparian channel RC
RIPARIAN Lake L
ZONE _
Btank protection BPS
strucures Riparian unvegetated RUA
Bare soil BS area
Urban/industrial areas UIA Unvegetated area UA
Agricultural area AA
Mining site MS
Flowing channel C Flowing channel C
Non flowing channel NC Non flowing channel NC
Exposed sediments S Exposed sediments S
ACTIVE Channel low ) .
CHANNEL vegetation CLV  Channel low vegetation CLV  Channel low vegetation CLV
e oy
g - Channel vegetation Ccv Channel vegetation cv
Channel high
. CHV
vegetation
Bedrock B
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Table Ill. The eight feature classes used to analyze vegetation erosion and establishment in the period 1986-
2011 and the matrix obtained by intersection of features from two dates (e.g. 1986 and 1993), which defines
processes over a specific time span. Feature classes: C: flowing channel; NC: non-flowing channel; S:
exposed sediments; CLV: channel low vegetation; CV: channel vegetation; RF: riparian forest; RLV: riparian
low vegetation; RUA: riparian unvegetated area. Processes: VES: vegetation establishment; LVES: low
vegetation establishment; CS: channel stability; CD: channel dynamics; LVE: low vegetation erosion; VE:
vegetation erosion; LE: lateral erosion; LVS: low vegetation stability; VS: vegetation stability; DI: dissection
island; CNH: channel narrowing-high vegetation; CNL: channel narrowing-low vegetation; CNN: channel

narrowing-no vegetation; RS: riparian stability

Features of the second date
C NC S CLV CV RF RLV RUA
C |CS CD CD LVES VES CNH CNL CNN
NC |CD CS CD LVES VES CNH CNL CNN
S |[CD CD CS LVES VES CNH CNL CNN
CLV [LVE LVE LVE LVS VES CNH CNL CNN
CV|VE VE VE VE VS CNH CNL CNN
RF | LE LE LE LE DI RS RS RS
RLV|LE LE LE LE VES RS RS RS
RUA|LE LE LE LE VES RS RS RS

Features of the first date
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852
853
854 Table IV. Estimated threshold area (m2) for photo pairs and the relative error estimated for vegetation
855 erosion (VE) and vegetation establishment (VES) (errors in %, referring to the total vegetation erosion and
856 establishment)
1986- 1993- 1997- 1999- 2003- 2005- 2009-
PERIODS 1993 1097 1999 2003 2005 2009 2011
E"or(trt‘:gsm'd 190 125 110 80 95 70 61
Error VE (%) 1.7 1.2 6.1 1.1 7.9 13.3 16.9
Error VES (%) 0.7 2.7 13 4.2 10.6 3.3 1.1
857
858
859
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Table V. Area of vegetation analyzed in the estimation of turnover (Step 3, Figure 3)

Riparian vegetation

Vegetation during the whole period (1986-2011)
Vegetation in 1986

Vegetation in 2011

Vegetation for a time span between 1993 and 2009

Total vegetation

Upstream subreach

Downstream subreach

Area (km?) % Area (km?) %
0.23 18.9 0.39 241
0.01 1.2 0.07 4.1
0.23 18.7 0.37 23.2
0.28 23.0 0.33 20.5
0.47 38.2 0.45 28.0
1.22 100.0 1.60 100.0
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Table VI. Relationship between vegetation erosion rate and flow regime in the seven time spans analyzed.

Flow regime is characterized as the number of events above a given discharge threshold and the magnitude

of the largest event for each time span

total number of events above

| errr:)es?gnarr;r;:zzs dispcizl:ge maximym discharge thresholds
Period vegetated area 4t \Venzone eveqt Rl in the
percentage [%] [m¥s] period [year] 315 735 1,155 1,785

(RI<1) (RI<1) (RI=1.2) (RI=2.5)
1986 - 1993 3.7 2,490 9.0 61 21 10 2
1993 - 1997 11.6 3,410 36.7 18 10 8 8
1997 - 1999 10.1 1,649 24 8 6 0
1999 - 2003 12.5 2,490 9.0 16 12 10 6
2003 - 2005 4.9 3,468 39.9 5 2 1
2005 - 2009 3.2 1,886 34 23 1
2009 - 2011 7.4 1,820 3.1 20 3

http://mc.manuscriptcentral.com/esp

39



©CoO~NOUTA,WNPE

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

Earth Surface Processes and Landforms

Figure captions

Figure 1. (A) The location of the study reach within the Tagliamento River catchment and
the subreaches within the study reach, and aerial photos of the (B) upstream and (C)

downstream subreaches.

Figure 2. The flow record at the Venzone gauging station in the period 1986-2011. The
dashed vertical lines indicate the acquisition dates for the aerial photos. The horizontal
lines indicate the four discharge thresholds considered in the analysis of vegetation
erosion and establishment: the two lower discharges have Rl < 1 yr, while RI of the other

two is 1.2 yr and 2.5 yr respectively.

Figure 3. Flow-chart of the three-step analysis carried out in this study, detailing the results,

the methods used to obtain them and the study areas and time periods they covered.

Figure 4. Example of the minimum area measured during aerial photo interpretation.

Figure 5. Examples of map intersection showing (A) vegetation erosion and (B) vegetation

establishment. See Table Il for explanation of the codes.

Figure 6. Estimation of vegetation age from aerial photos. Minimum and maximum
turnover for vegetation patches are estimated according to presence of vegetation in
subsequent photos (gray bars in the figure) and assuming that minimum time span for
vegetation establishment is 1.5 year. The procedure to estimate maximum time for the

areas vegetated in 1986 or 2011 is explained in the main text.
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Figure 7. Example of the photo interpretation showing a subreach and 6 out of the 10
aerial photos that were used in the study. Legend: C: flowing channel; NC: non-flowing
channel; S: exposed sediments; CLV: channel low vegetation; CMV: channel medium
vegetation; CHV: channel high vegetation; RC: riparian channel; L: lake; RLV: riparian low
vegetation; RMV: riparian medium vegetation; RHV: riparian high vegetation; BPS: bank
protection structure; BS: bare soil; UIA: urban/industrial area; AA: agricultural area; MS:

mining site; B: bedrock.

Figure 8. Changes in (A) absolute channel area and (B) relative vegetated area (ratio of

vegetated area and channel area) over the period 1954-2011.

Figure 9. Annual rate of (A) vegetation erosion and (B) establishment in the whole study
reach and in the two subreaches for the seven time spans analyzed. Percentage of
erosion and establishment was calculated relative to the vegetation cover at the beginning

of each time span.

Figure 10. The relationship between annual rate of vegetation erosion and cumulative
discharges in the seven time spans; the relationship is shown for 4 increasing thresholds

of discharge.

Figure 11. Minimum and maximum time of vegetation turnover in the two subreaches.

Figure 12. Comparison between maximum time of vegetation turnover in the two

subreaches.

Figure 13. Vegetation turnover (years) for the two subreaches of the Tagliamento River.
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Figure 14. Morphodynamic framework for the Tagliamento River. Thresholds are defined
for different channel processes, and expressed in terms of discharge and RI. Data are
derived from: Surian et al. (2009) and Mao and Surian (2010) (sediment transport in the
channels, low bars and high bars); Bertoldi et al., 2010 (channel shift and in-channel bank
erosion); this work (vegetation erosion); unpublished field surveys (sediment transport on

high bars).

Figure 15. Cross sections showing channel incision in the upstream (A-A’) and

downstream (B-B’) subreaches over the period 1954-2005.

Figure 16. Chronology of changes in vegetation cover and possible controlling factors for
the two subreaches for the period 1954-2011. A grayscale is used to show the intensity of
the single controlling factors: effective discharge is the cumulative discharges above (1)
1,155 m>s™"; and (2) 1,785 m®™; (3) annual rate of marginal vegetation erosion; (4) in-

channel gravel mining area.
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36 Figure 1. (A) The location of the study reach within the Tagliamento River catchment and the subreaches
37 within the study reach, and aerial photos of the (B) upstream and (C) downstream subreaches.
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Figure 2. The flow record at the Venzone gauging station in the period 1986-2011. The dashed vertical lines
indicate the acquisition dates for the aerial photos. The horizontal lines indicate the four discharge
thresholds considered in the analysis of vegetation erosion and establishment: the two lower discharges
have RI < 1 yr, while RI of the other two is 1.2 yr and 2.5 yr respectively.
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Figure 3. Flow-chart of the three-step analysis carried out in this study, detailing the results, the methods
used to obtain them and the study areas and time periods they covered.
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Figure 6. Estimation of vegetation age from aerial photos. Minimum and maximum turnover for vegetation
patches are estimated according to presence of vegetation in subsequent photos (gray bars in the figure)
and assuming that minimum time span for vegetation establishment is 1.5 year. The procedure to estimate
maximum time for the areas vegetated in 1986 or 2011 is explained in the main text.
149x299mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/esp



Page 49 of 58 Earth Surface Processes and Landforms

©CoO~NOUTA,WNPE

44 Figure 7. Example of the photo interpretation showing a subreach and 6 out of the 10 aerial photos that
45 were used in the study. Legend: C: flowing channel; NC: non-flowing channel; S: exposed sediments; CLV:
46 channel low vegetation; CMV: channel medium vegetation; CHV: channel high vegetation; RC: riparian
47 channel; L: lake; RLV: riparian low vegetation; RMV: riparian medium vegetation; RHV: riparian high
48 vegetation; BPS: bank protection structure; BS: bare soil; UIA: urban/industrial area; AA: agricultural area;
49 MS: mining site; B: bedrock.
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two subreaches for the seven time spans analyzed. Percentage of erosion and establishment was calculated
relative to the vegetation cover at the beginning of each time span.
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Figure 10. The relationship between annual rate of vegetation erosion and cumulative discharges in the
seven time spans; the relationship is shown for 4 increasing thresholds of discharge.

Earth Surface Processes and Landforms

14%

Q=315m3s", Rl<1yr

. . ¢
- 12% .
A 10% A A
A 8%
6% o
o
o o
4%
° <
2%
0%
0.0 0.5 1.0 15 0.0 05 1.0 15
Q=735m3s", Rl<1yr
1 14%
1 ‘. 12%
] A 10%
1 8%
A
1 6%
= 4%
o® R = 0.466
| R = 0.281 2% =
0%
0.0 0.5 10 0.0 0.5 1.0
Q=1,155m3s", Rl 1.2 yr
1 14% -
* o
1 a 12%
1 A 10% -
] 8% |
A
] 6% -
o
] > 4% |
o R2 = 0.374
| 29, 4
- ) 0% : )
0.0 0.5 1.0 0.0 0.5 1.0
Q=1,785m3s", Rl 2.5 yr
1 16% -
R2 = 0.657
1 14%
1 12%
1 10% 4
1 8%
1 6% A
1 4% { ®
| 29, |
: : ) 0% : . .
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Annual cumulative discharges volume Annual cumulative discharges
[10° m2 yr] volume [10° m3 yr']
Whole Reach Upstream Reach
©86-93 m93-97 A97-99 €99-03 o03-05

14%

12% ne®
10% A
8%
6%
A
4%
o s
2% [
0%
0.0 05 1.0 15
14%
12% L
10% A
8%
6%
A
4%
o0
2% <) R2=0.166
0% . s
0.0 05 1.0
14%
12% " 4
10% A
8%
6%
A
4%
g o
2% ° Re = 0.255
0% . .
0.0 05 1.0
16% -
14% -
12% -
10% -
8% -
6% -
4% -
2% -
0% : : .
0.0 02 0.4 06

©005-09

213x275mm (300 x 300 DPI)

Annual cumulative discharges
volume [10% m3 yr]
Downstream Reach

A09-11

http://mc.manuscriptcentral.com/esp

Page 52 of 58



Page 53 of 58 Earth Surface Processes and Landforms

100% -
90% -
80% -

©CoO~NOUTA,WNPE

Upstream
70% - subreach

60% -

50% -
40% -
30% -
20% -
10% 1

Cumulative frequency of vegetated area

% -
0 5 10 15 20 25 30 35 40 45 50 55

Time [year]

100%
90%
80%

70% Downstream

60% subreach

50%
40%
30%

20%

w
w
Cumulative frequency of vegetated area

10%
40 0%

10 15 20 25 30 35 40 45 50 55
42 Time [year]

N
'—\
o
3

43 @ \linimum Maximum
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Figure 14. Morphodynamic framework for the Tagliamento River. Thresholds are defined for different
channel processes, and expressed in terms of discharge and RI. Data are derived from: Surian et al. (2009)
and Mao and Surian (2010) (sediment transport in the channels, low bars and high bars); Bertoldi et al.,
2010 (channel shift and in-channel bank erosion); this work (vegetation erosion); unpublished field surveys
(sediment transport on high bars).
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