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ABSTRACT

It is important to identify the recruitment zone of riparian vegetation and the mechanism of
vegetation recruitment since the recruitment of riparian vegetation may promote vegetation

(forest) expansion, which can reduce the flood passage capacity and alter ecological balances.

This dissertation focuses on the initial recruitment of riparian vegetation onto bare bar.
Three processes of the phenology of initial recruitment of vegetation, i.e., seed dispersal, seed
germination and seedling settlement, were considered in this study. The mechanism of initial
recruitment of riparian vegetation was clarified by a case-studied river, Suzuka River, which
is a sand bed river and located at Mie prefecture, Japan. The dissertation consists of four main

parts as following.

The distribution of accumulated seeds and the methods of seed dispersal were studied first.
Generally, the relative large flood and shoreline area were considered in the previous studies
and they were considered in this study too. As a new proposal of this study, different flow
regimes and ground surface undulation such as dunes at the upland area of bare bar were also
considered. The field investigation of accumulated seeds distribution in the upper soil layer of
the bare bar under different flow regimes was conducted first. Then the possible influencing
factors on seeds distribution and the possible methods of seed dispersal were analyzed. The
investigation results showed that moderate floods were the most favorable condition for seed
dispersal and seed accumulation. Hydrochory and wind dispersal seem to be the dominant
methods of seed dispersal to the shoreline and the upland area of bare bar, including flat area

and dune of bare bar, respectively.

Second, the characteristic of the distribution of initial recruitment, such as initial

recruitment zone location and coverage rate of vegetation, was studied. The land cover



condition and river morphology were investigated by using UAV monitoring method. The
distribution characteristics of initial recruitment zone and coverage rate of vegetation were
analyzed by referring the high resolution of the UAV field survey results in ArcGIS. The field
investigation results showed that the initial recruitment zone concentrated mainly along the
shoreline, which has close relationship with the relative elevation, and the downstream side of
dune of upland area of bare bar, which was a new discovery in this research. The coverage
rate of riparian vegetation presented the decreasing trend from the internal boundary to the

external boundary of the initial recruitment zone along the shoreline.

Third, the influencing factors on the distribution of the initial recruitment of riparian
vegetation were analyzed by referring the field survey data and 2-D flow simulation results.
The analyzed results showed that the physical environment of the bare bar, such as water
content, was more significant than the seed density for the initial recruitment of riparian
vegetation. The greater surface roughness, e.g., vegetation litter and gravel on river bed
surface, may promote the initial recruitment of vegetation more. The location of the initial
recruitment zone was determined by the annual maximum flood and the inundation frequency

during the seed dispersal period.

Finally, an initial recruitment model was proposed from the viewpoint of
hydro-morphology. The established recruitment model was calibrated by using the field
survey results, and then it was validated in the object river, Suzuka River. The internal and
external boundary of the initial recruitment zone was determined by considering the
inundation frequency and flood magnitude during the seed dispersal period, respectively. The
coverage rate of vegetation was calculated as the function of inundation frequency and the
souring force of spring flood. The simulation results showed that the proposed initial
recruitment model can well predict the initial recruitment zone and approximately represent
the coverage rate of vegetation, and this means the inundation frequency and spring flood are
dominant factors for the initial recruitment of riparian vegetation.
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Chapter 1

Introduction

1.1  Research background

Riparian vegetation zone is a complex ecotone, where connects water body to upland
vegetation of river bank. Therefore the riparian vegetation zone was easily to be affected by
high water table and soil water retention ability (Naiman and Decamps, 1997). The areas
colonized by riparian vegetation are important in both ecology and hydrology because they
are able to affect soil conservation and influence on fauna and aquatic ecosystems The
riparian vegetation owns the ecological effects of providing oxygen for animals (Woinarski et
al., 2000), transporting organic materials and nutrients for the surrounding soil (Walling et al.,
1997). Therefore, the riparian vegetation at river bank is a significant component of
ecosystem. However, vegetation develops along the river basin prefer to be affected by
manual disturbance (e.g. hydraulic structures, architecture, recreation) (Tealdi et al., 2010;
Benjankar et al.,, 2011; Benjankar et al., 2014) and natural disturbance (for example,
precipitation, temperature, typhoon) (Auble et al., 1998; Carter, 2000; Toda et al., 2005;
Stevaux et al., 2013). With the disturbance of anthropogenic action and natural effect, the
expansion of vegetation on river bank has become one serious problem in East Asian rivers
(Asaeda et al., 2015).

It was reported that the expansion of riparian vegetation may exert large effect on flood
management and ecological balance (Hupp et al., 1991, Hupp et al., 1996, Tsujimoto et al.,
1993, Tsujimoto et al., 1999, Toda et al., 2005). Bank vegetation can resist the erosion of river
bank, which resulted in higher river channel depth and narrower river channel width (Ikeda et

1



al., 1990; Pollen et al., 2004). The increasing density of vegetation may bring much larger
drag force to river flow, resulted in high river water table then. Therefore, vegetation can
threaten river flood management by the way of changing geomorphology and hydrology
(Ridolfi et al., 2006).

Ecological richness and balance can also be impaired by vegetation expansion, which has
the ability to the change of vegetation growth habit and competition between vegetation.
Vegetation usually detains sediment transport, improving the stability of sandbar or floodplain,
which in turn resists the establishment and growth of the vegetation which prefer higher
disturbance condition. And the expansion of vegetation would compete with the original
vegetation for light, space or nutrients, which would threaten the survival of native species
(Darby et al., 1995).

Effective and appropriate research method can provide a better insight for understanding
the principle of vegetation dynamics, the relationship between vegetation ecology, hydrology
and geomorphology, and they can also favor vegetation management. The methods utilized in
the previous researches were field survey (Tsujimoto et al., 1993; Ishikawa, S., 1991; Toda et
al., 2012; Bertoldi et. al., 2011; Toda et al., 2012; Straatsma et al., 2008), experiment
(Mahoney et al., 1992; Boedeltje et al., 2004, Amlin et al., 2002) and numerical simulation
(Auble et al., 1998; Mahoney et al., 1991; Garcia-Arias et al., 2011).

With the consideration of the multi-natural river conservation system, e.g. flood
management and maintenance of ecological balance, more detailed and advanced mechanism
of vegetation dynamics should be uncovered. To clarify the mechanism of vegetation
dynamics, understanding the processes of riparian vegetation dynamics and exposing the
potential influencing factors, e.g., hydrological and river morphological factors, are of vital
important. Effective and appropriate research methods are necessary for conducting the
research of riparian vegetation dynamics, because the relationship between the dynamics of

vegetation and the evolution of terrain are complicated.



1.2 Previous research

1.2.1  Dynamics of riparian vegetation

Transition among the nutrient cycle process is a key factor for vegetative succession,
including recruitment, growth and destruction, and it is easily to be affected by water cycle
and sediment composition. It was showed that the succession of tree is more related to
hydrology, whereas, the succession of herb is mainly determined by environmental conditions
(Asaeda et al., 2015). To comprehend this complicated mutual interaction between ecology
and hydrology, the development processes of riparian vegetation has become one intriguing
topic among both the ecologists and hydrologists. Some conceptual and analytical framework
models have been established by the previous researchers (Lytle et al., 2004; Simatani et al.,
1997; Naiman et al., 1997).

The life history stages of riparian vegetation was classified into “seed release”, “seed
dispersal”, “seed germination” and “growth” with the considerations of natural seasonal flow
and inverted seasonal flow pattern (Greet et al., 2011), as shown in Figure 1.1. The dynamics
of riparian vegetation was also simplified to the processes of “seed dispersion”, “vegetation
recruitment”, “vegetation establishment” and ‘“vegetation succession” by considering the
disturbance gradient of hydrogeomorphic (Corenblit et al., 2007), as shown in Figure 1.2.
Natural disturbances, such as discharge, precipitation and temperature, are also key factors for
vegetation dynamics processes (Figure 1.3), and these processes were known to be influenced
by the initial morphology condition (Simatani et al., 1997). Lytle et al. (2004) reported that
the riparian vegetation dynamics would experience different periods, such as recruitment,
growth, destruction and reproduction, in one life cycle. It can be seen that the dynamics of
riparian vegetation were classified into different processes based on different viewpoints of
the previous researchers from the above analysis. Although the process of vegetation

dynamics is not very explicit, the development of riparian vegetation was largely affected by



the hydro-morphological variables. In the following parts, the dynamics of riparian vegetation
and its corresponding influencing factors were introduced with the reference of the definition

of vegetation dynamics by Lytle et al. (2004).

Seed release

4..’.'!.\.'51. .".‘?.'?.'1‘?.'.'.\!..)
Germination
Growth/reproduction _ _ _
B A I A S ~o

-

Seasonal flow patter

Winter Spring Summer Autumn

Figure 1.1 Interaction between biography of riparian vegetation and natural river flow pattern (solid
line) and inverted flow pattern (dashed line) descripted by a conceptual model

(from Greet et al., 2011)

Hydrogeomorphic processes Vegetation
and fluvial landforms succession

ey

Vegetation
establishment

Vegetation I

recruitment
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Aﬁ f

+ -

Transverse hydrogeomorphic disturbance gradient

Figure 1.2 Dynamics of vegetation controlled by hydrogeomorphic disturbance
(from Corenblit et al., 2007)
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Ground cover vegetation
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Seed dispersal
(dispersal model)

Germination
(germination model)
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(settlement model)
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Winter

Discharge, Temperature
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---height of each type of tree,
morphology

---whether have seed dispersal or not
(wind, hydrochory, animal)

---whether germination or not of dispersed
seed (temperature, water content )

-—-whether have settlement or nor of
seedlings (competition, spring flood)

---change of tree height with the time
(water content, nutrient)
---be destructed or not in large flood

---be lost or not during competition

---height of ground cover vegetation
and trees

Figure 1.3 Vegetation dynamics model

(translated from Simatani et al., 1997)

(1) Recruitment of riparian vegetation

\Vegetation recruitment is the first stage for vegetation dynamics (Lytle et al., 2004), and it

is determined by the integration of vegetation root growth and capillary fringe, which can be

interpreted by one recruitment box model (Figure 1.4) (Mahoney et al., 1998). Vegetation

recruitment is tightly related to the seed release time (Figure 1.4 (a)), river flow receding rate

(Figure 1.4 (b)), hydrology (Figure 1.4 (c)), scouring of ice melt or spring flood (Mahoney et

al., 1998; Camporeale et al., 2013). Mahoney et al. (1998) pointed out that the “Recruitment

Box” was defined as a zone in elevation and time in which riparian cottonwood seedlings are

possible to become established successfully if the pattern of flow are favorable, such as the

seed release time (Figure 1.4 (a)), the survivable stage decline (Figure 1.4 (b)) and the

satisfied hydrograph (Figure 1.4 (c)).



The seedling recruitment zone along river margins was thought to be limited and controlled.
The highest elevation was mainly determined by the drought stress and the lowest elevation
was mainly determined by the scouring stress . With the considerations of inundation period
and drought force, the external boundary of the initial vegetation recruitment zone cannot
prolong too much higher from ordinary flow surface. With the considerations of scoring force
and vegetation growth habit (Amlin et al. (2002) and Raven et al. (2005)), the internal

boundary of the vegetation recruitment zone has a small relative elevation above ordinary

river flow.
350 - Leaf Leaf 350
flush Drop
300 F—— Growth season —— | 300
250 i Rsfe,d, § 250 -
y Release | Survivable stage
200 Recruitment 200 decline (2.5 cm/day) Recruitment
150 ------------------- ; Box 150 < s l / Box
Recruitment A “
100 . Ny
Band 100 ~
50 AT A —— 50 - S
' (a) (b)
350
E Stage
s 300 Hydrograph
5 E
E 2 250
'g o 200 Recruitment
o 8 N Box
50 150 N
g % \‘\ m/
g < 100
o N
ﬁ 50 = \\\
) ()
Base flow

May Tjun. Tio Taua. T sep. |

Figure 1.4 Description of “Recruitment box” (from Mahoney et al., 1998)

\Vegetation recruitment was pointed out to experience different stages, i.e., seed dispersal,
germination and settlement or establishment, with time passing by (Bradley et al., 1986). The
seed was dispersed and then it accumulated near the shoreline. The deposited seeds may
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germination, growth and finally settle along the shoreline. The distance of recruitment zone to
river water body is correlated to vegetation characteristics and the corresponding disturbances
(e.g. lodging, breakage, erosion or deposition). The specific information of the processes of
riparian vegetation recruitment was stated as followings.
a) Seed dispersal

Seed dispersal is the first step for vegetation recruitment, seed dispersal method, seed
dispersal time and the characteristics of seed, such as, seed size, timing of dormancy, seed
longevity are key factors for this process (Naiman and Decamps, 1997). Water is thought to
be the main dispersal method for riverine vegetation (Vogt, K., Rasran, L. and Jensen, K.,
2006), and the process of seed dispersed by water is also named hydrochory. The relationship
between hydrochory, flow regime and fluvial feature is tight, and the Froude Number,
Reynolds Number and Weber Number were known to affect the seed dispersal process (Merritt
et al., 2002). It was pointed that it is difficult for seed to deposit at the river margins and
sandbar although seeds are easily to be transported away by the ascending flow. In contrast, it
is favorable for seeds to deposit and accumulate at riverbank when it was transported at the
period of receding flow. Therefore, timing of seed dispersal is significant the formation of
seedbank, and then it is of important value for the recruitment of riparian vegetation. To
explain the processes and patterns of hydrochory, a conceptual model was developed by

Nilsson (Figure 1.5).

3 UPLANDS

RIPARIAN ZONE

5'-.
*b
RIVER "

Figure 1.5 Conceptual model of hydrochory
(from Nilsson et al., 2010)

Floating
propagule
in river

L
(-]

L 4
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Figure 1.5 shows that the floating propagules dispersed by hydrochory are derived from
the upstream (“1”), zone of riparian vegetation (“2”) and uplands (“3”), at which the
propagules were mainly transported by wind or animal. Some floating vegetation propagules
are blocked in a short time but further transported before its germination occurs. The
accumulated propagules are able to germinate at the deposited locations (“5”), further disperse
to uplands (“5a”) or overpass riparian zone (“5b”). Part of the floating propagules can
disperse long distance (“6”). It was found that seed of vegetation can be stranded at different
location of river bank, and this was mainly determined by the dispersal mechanism and
amplitude of flood water (Nilsson et al., 2010). Hydrochory (water dispersal) may facilitate
the genetic continuity of spatial separated species since its long-distance dispersal
characteristic (Waser et al., 1982). The seed dispersed by water for long-distance can also
provide the opportunity for vegetation to invade into some upland area of riverbank, such the
bare areas in the river.

b) Seed germination

Seed germination was thought to be one very complicated process, which was related to the
nature condition (Raven et al., 2005), such as, temperature, oxygen, light and so on.
Germination rate was known to be determined by the moisture of the germination zone
(Brookes et al., 2000). Since the moisture of the germination zone was affected by the
diameter and composition of sediment and the groundwater table, the process of seed
germination is tightly related to hydrological and morphological variables. Germination rate is
also a significant indicator for seedling settlement and establishment (Shafroth et al., 1998),
which can affect the final recruitment rate.

c) Seedling settlement

Seedling settlement is the last stage of vegetation recruitment, and this stage will not only

determine the vegetation coverage rate for the bear area, but also affect vegetation

multi-formats and composition for the area which ever has vegetation already. As a result of



disturbance, such as drought and flood, and self-thinning of seedlings, not all seedlings will
be settled at the recruitment zone (Mahoney et al., 1998; Lytle et al., 2004). The duration and
depth of inundation and scoring of flood was thought to exert much pressure for the seedling
growth (Dixon et al., 2006). Nutrients contents and sediment composition of soil at the
recruitment zone were also pointed as vital factors for seedling establishment, because the rate
of fine sediment can improve the survival rate of seedling (Cooper et al., 1999). The receding
period of flow was found to be favorable for seed accumulation, but the receding rate of flow
(Figure 1.4) should be paid attention since it is adverse for seedling growth if the receding
rate of flow exceeds the seedling root growth rate (Amlin et al., 2002). Seedling recruitment
zone along river margins is limited and controlled, the highest elevation is mainly determined

by the drought stress and the lowest elevation is mainly determined by the scouring stress.

(2) Vegetation natural growth and destruction
a) Vegetation growth

Growth of vegetation is the balance between primary production and respiration, change of
vegetation biomass can be clearly seen with the combination of this two processes. Ridolfi L.
(2006) proposed that change of vegetation can be calculated by a growth-death process, and
the net growth can be expressed by one logistic curve. Water content, sediment composition,
the existence of native vegetation and competition (Ye et al., 2013) between different
vegetation species were pointed to affect the process of vegetation growth.
b) Vegetation destruction

It is commonly thought that vegetation destruction is mainly resulted from large flood
(duration and magnitude) or drought (Camporeale et al., 2006; Camporeale et al., 2007;
Naiman and Decamps, 1997; Tealdi et al., 2011), and it can also be caused by high speed flow
(Ye et al., 2013). Under the influence of these disturbances, vegetation growth will be
retarded, and some vegetation will be flowed away or be uprooted. Therefore, destruction is

one direct factor for vegetation coverage rate and its overall development.



From the previous researches, we may outline the following conclusions. Hydrology plays
the determinative role on seed dispersal. If peak flow of flood occurs before seed falling down,
and the magnitude of flood is suitable, seed deposition will be promoted. Fine sediment owns
stronger water retention ability, bank slope will also affect water decline, and these features
can affect sediment moisture, which is a decisive factor to seed germination rate. Seedling
recruitment zone and seedling establishment are also affected by the sediment diameter, bed
elevation, flood magnitude and flow declining rate. Vegetation growth and destruction rate are
mainly determined by the flooding duration and its magnitude (Naiman and Decamps, 1997;
Tealdi et al., 2011), soil drought and some other disturbances. Therefore, geomorphology can
provide the basic environment for vegetation recruitment and development, river flow can

also impact recruitment and its later dynamics (Scott et al., 1996; Scott et al., 1997).

1.2.2  Relation between riparian vegetation and hydro-morphology

The importance of hydro-morphology to the dynamics of riparian vegetation was stated by
referring the previous research. It was pointed out that the relationship between vegetation,
geomorphology and hydrology is a bidirectional and interrelated action (Tsujimoto et al.,
1999; Camporeale et al., 2013), as shown in Figure 1.6. Therefore, the undercover of the
effect of vegetation on hydro-morphology may help us better understand the dynamics of
riparian vegetation and the significance for conducting the research regarding the dynamics of
riparian vegetation.

Vegetation with its submerged (Figure 1.7 a)) and emergent type (Figure 1.7 b)) will affect
sediment deposition and transportation (Ishikawa et al., 2003), then change river bed
elevation and form of river transaction (Thorne et al., 1990). Vegetation dynamics can not
only reshape river channel, but also exert some pressures on the morphology of other parts of
the river basin. For example, formation and migration of sandbar was known to be influenced

by expansion of vegetation (Toda et al., 2014). Vegetation with its flexible and non-flexible
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Figure 1.7 Main features of riparian vegetation in open channels
(from Vargas - Luna, A. (2015); Wu (2004))

type will exert different effect to flow resistance and flow potential (Darby et al., 1999). River
flow velocity and flow depth was thought to be affected by the riparian vegetation, which can
change the flow resistance (Jarveld, J., 2002; Jarveld, J., 2004). Therefore, vegetation
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submerged condition and vegetation features have different influence on water flow (Figure
1.7). To calculate the influence vegetation to river flow, simplicity was assumed, e.g., regard
the vegetation as cylindrical (Vargas - Luna et al., 2015). The resistance of riparian vegetation
to flow was calculated with two methods (Table 1.1), i.e., treating the vegetation as drag force
and treating the vegetation as one factor of bottom friction and vegetative roughness was
integrated into bed shear type.

Table 1.1 Summary of vegetation influence on water flow

Vegetation )
_ Calculation method Reference
influence
1 == y
F, = E(; AU Tsujimoto, 1999
Fo, =%pCd;ghu uw+v: Fy = %,ocd;ghv\/u2 +V° Toda et al., 2005
Submerged type:
Drag force 1 h Y2
Fo=>Cs Au,Ju, 1 U, = U(ij Stone et al., 2002
Emergent type: U, =U
Cy =CynlUZ,/UZ) Wu et al., 2005
C, =a,InU +k Sand et al., 2002
Emergent type: R, =hh, /(2h+1b,)
gn? Barfield et al.,
=P h,b,
Ry Submerged type: R, =————+(h-h,) 1979
River  bed JEERE T 2h, +b, !
shear  stress Emergent type: C; =C,
(7) .= 9 UZ Submerged type: Baptist et al., 2005
b~ ~r2
Cb 2
Cl;:Cb_'_ﬁln(ﬂJ 1_|_C:da—h"(:b
K y 29
Neg =v20/CeA A =0, dyh, Van De et al., 2004
Vegetative g
roughness 1-
h%/3 ( Ximod J Horn, R. et al.,
= vMd| 1.7~
2006

Y

N,.,,=—7— .
(nveg ) veg \/E (l_dj
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U : depth-averaged velocity; u and v: depth-averaged velocity at x-, y- direction, respectively
k: a constant for a given species and shoot-leaf number;

o, - Rate decline of vegetation drag coefficient; n: Manning s roughness coefficient;

by: spacing of the vegetation; Rs: the spacing hydraulic radius;

h: water depth; h,: vegetation height; h, : the projected submerged height of the plant;
Cyp: bed resistance coefficient; Cy: species-dependent drag coefficient;

k: Von Karman's constant (0.41); dyq: stem diameter;

Ay: the projected area of vegetation perpendicular to the flow direction;

o, lateral spacing of vegetation elements; M: stem density; d: vegetation diameter;

X, Y: measured longitudinal and transverse spacing, respectively;

Xmod: average interval to the most adjacent in-line stem upstream.

1.2.3  Research method on riparian vegetation recruitment

Methods regarding vegetation dynamics research can be divided into two categories, direct
approach and indirect approach based on the difference of with or without intuitive cognition
of vegetation dynamics. Field survey and experiment may be regarded as the direct research
method, in contrast, numerical simulation may be regarded as indirect research method.

a) Field survey

Field survey is a fundamental and popular approach for ecological research. As the
distribution and characteristics of vegetation can be clearly detected by this approach, it is the
straightest way for exploring vegetation dynamics discipline and probing the interplay
between ecological parameters and hydrological variables (Gurnell et al., 2001).

At firstly, mechanism regarding the relationship between vegetation and river morphology
IS not very specific, to obtain the data regarding geo-hydrological and ecological condition,
some field surveys (e.g. measurements or monitoring) were conducted (Tsujimoto et al., 1993;
Ishikawa, S., 1991). And at this period of time, field manipulation measurement is the main
survey method. Now, field survey method has been greatly improved with the increasing

development of GPS (Global Positioning System) and GIS (Geographic Information System).
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Remote sensing measure (e.g. Unmanned Aerial Vehicle (UAV)), which can collect the
information without physical contact, is an effective and convenient tool for field survey.
Therefore, it can provide the possibility for taking photos of overall river geomorphology and
vegetation distribution. Vegetation dynamics information, hydraulic data (e.g. water table and
discharge) and morphology data (e.g. river bed elevation and slope) can be extracted from
aerial photographs and field investigation (Bertoldi et. al., 2011; Toda et al., 2012; Straatsma
et al., 2008). Field investigation can provide some detail information, whereas remote sensing
can record and save data for a long time-series. These surveyed data can provide us the basic
and first-hand material for vegetation dynamics and river flow analysis. They can also provide
the input parameter data for the establishment and calibration of vegetation dynamics
numerical model (Benjankar et al., 2014; Sanjaya, K et al., 2016).
b) Numerical simulation

To understand the relationship between vegetation dynamics, river flow and
geomorphology, some conceptual models have been constructed (Franz et al., 1977, Hook et
al., 2005). From these conceptual models, we can easily figure out the interactive effect
between different variabilities. However it is difficult for us to analysis the quantitative
relation of one specific variable to others. Therefore, it is necessary to build some
mathematical models, which can help the hydrogeologist or biologist to analysis the interplay
of hydrology, morphology and ecology in a quantitative way, it can also do favor for the
managers to conduct some predictions and managements. Numerical simulation with its
characteristics of high efficiency, foreseeability and low-cost would be a good choice for the
research of vegetation dynamics, and this method has been employed by many researchers
(Auble et al., 1998; Mahoney et al., 1991; Garcia-Arias et al., 2011). Numerical simulation
can be mainly divided into two typical aspects, process specific simulation (\Vegetation
simulation by each process) (Auble et al., 1998; Mahoney et al., 1991; Higgins et al., 2001;

Lytle et al., 2004; Toda et al., 2015) and comprehend simulation (Benjankar et al., 2011;
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Garcia-Avrias et al., 2011).

Many mathematical models regarding vegetation seed dispersal, germination, settlement,
growth and destruction have been established based on different variables (Table 1.2). Two
methods can be used for the biomass calculation at vegetation later development stage, one is
establish mathematical model to calculate vegetation density directly (Perucca et al., 2006;
Franz et al., 1977), and another is to combine the growth biomass and destruction biomass
together. The mathematical models are derived from two aspects, relative change (e.g.
settlement rate or growth rate) and absolute change (e.g. density or biomass).

Except the models listed at Table 1.2 can be used to simulate vegetation dynamics at the
specific stages, there are still some integrated models, which can be used to explain all stages
of vegetation dynamics. CASiMiR-vegetation model (Benjankar ET AL., 2011) is an
integrated model, which can be used to simulate vegetation recruitment, succession,
reproduction and so on. As this model has complicated consideration for many related factors,
so it can be used at different conditions with its robust characteristics (Garcia-Arias et al.,
2011). A structured matrix model N(t+1)=A(t)N(t) was constructed by Lytle et al. [2004],
where A(t) is the transition matrices, which changes according the variation of hydrograph,
such as, flood mortality, drought mortality. And vegetation self-thinning was considered in
this model, which maybe an important factor for vegetation biomass. In order to elucidate the
mechanism of vegetation colonization and succession, a dynamic model was developed, and
this model involves four sub-models, including hydrological model, tree model, herbaceous
model and soil module (Asaeda et al., 2015). And this vegetation dynamics model was
verified and it can be used at the condition of low slope and fine sediment (Sanjaya et al.,

2016).
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Table 1.2 Vegetation dynamics model

Vegetation

Dynamics

Numerical simulation model

Related factors

Reference

Seed dispersal

g(x)= pléexpl[—éX}(l— pl)éexpz(—bix

2

|

g: mixed probability density function;
x: distance of seed dispersal,
p:: the proportion of seeds in the first component exp;

by, by: scale parameter of component 1 and 2 respectively.

Higgins et al., 1999

Higgins et al., 2001

By = Brax exp[—O.S- (IQ_ IQmax)Zl/t2

B.q: seedling biomass at a plot; Bpa: maximum abundance;
1Qmax: Maximum value of inundation discharge;

1Q: inundation discharge;

t: species tolerance, standard deviation on gradient

inundation discharge

of

Auble et al., 1998

Germination

I:\)ger = BsdaA:e ) IDger

Rger: germination rate; Bsga: number of available seeds
A the area of the computational element;

Pger: indicator of germination or dormancy.

Yeetal., 2013

Bger =2 B‘sd /(Day+1)

Bger: Biomass of germination seedlings;
B’ Seeds deposited on plot in one day;

Day: Successive number of days that plot is not inundated.

Dixon et al., 2006
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R, (h)=0.94-exp{0.5[In(n/1.28)/0.99F |

Rst: settlement rate; h: stage decline of hydrograph.

Mahoney et al., 1991

Ry = expl(Eq /K )+ (AGE/(3” + AGE?)

Eq: erosion depth (m); AGE: vegetation age;

K. coefficient of settlement rate.

Asaeda T et al., 2015

Two seasons: | Growing season (Summer):
lscour: Indicator of seedling survival with the effect of scour
growing Ryt sum = lscour Vinung L= arouchd
st_sum ™ “scour - Tinund drough linuna:  Indicator of seedling survival in regard to inundation
season  and Dixon et al., 2006
Non-growing season (Winter): larougnt: Indicator of seedling survival with effect of drought
Settlement non-growing
Rt win = scour / Ice_ factor Ice_factor: Effect of ice force on mortality caused by scour
season -
By biomass at settlement area; Binitial_: initial biomass at z=z,
Binitial_or- iNitial biomass at the shoreline of the ordinary flow
Ly -1 L . .
Bst = Binitia| or T Binma| 20 Zo: relative height of the water level at the seed dispersal period | Toda et al., 2015
7 _ _
0
from the river ordinary flow;
z: relative height from the river ordinary flow
Dh Rarow: growth rate; R: Constant; LA: leaf area; .
Ryrou(D?h, )= R LA-(l——D > J grow: Botkin et al., 1072
maxvmax D: diameter of vegetation at breast height (cm);
Growth

_ d_D _ GD(l_ DH/Dmax ) Hmax)
dt  (274+30,D-4b,D?)

Rgrow(D’t)

h,: height of the tree (cm);

Drmax, humax: maximum recorded diameters, heights respectively.

Shugart et al., 1977
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— d_D — GD(l_ DH/Dmax ) Hmax)
dt  (274+3b,D-4b,D?)
-S(BAR)T (DEDG)r(AL)H (WATAB)

RyronlD:t)

grow(

G, b2, b3: are growth rate parameters for each tree species;
S(BAR): stand crowding; T(DEDG): temperature factors;
r(AL):shading tolerance;

H(WTAB): function of water table.

Pearlstine et al.,,

1985

d
a Rgrowmax (t) = bRgrowmax(t)
’ [1_ Rgrowmax (t)/Bgrowmax]

Rgrowmax: the maximum growth rate
Bgrowmax: the maximum biomass that an individual plant can
achieve;

b: a non-dimensional intermediate variable

Nelder et al., 1961

oB. bl OB, bl oB.
grow _ grow grow
—6t _F>-—R-+—(KXi —J+—[Kyi

B/ biomass per unit area;

grow
P;: primary production; R;: respiration;

Ky, Kyi: the diffusion coefficients for horizontal expansion of
vegetation in x- and y- direction, respectively;

i: vegetation types index

Boysen-Jensen, P.,

1932

Bgrow: eXisting biomass; Ryrow: Species specific growth rate

Ve plot-specific carrying capacity

Ridolfi et al., 2006

Destruction

dv
Bgrow(v 't) = E = Rgrongrow(Vcc - Bgrow)
dv
—=-KV(h-
o (h-nM

V: existing biomass; K: species specific coefficient

h: river stage elevation;s: topographic elevation

Camporeale et al.,

2006
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Bdestruc(t + At) = Bdes (t) ) I:)destruc (When Vzvmax)

Y(t): vegetation biomass;
Vmax: threshold for fatal velocity (m/s)

Pgestruc.. indicator of survival or death

Yeetal., 2013

6
Ky = 2K (t+1

Reproduction

F: fecundity;
Kr: the total area available to overall cottonwood community

Ki(t+1): the area holded by a stage after mortality of flood

g(h): a function shows the effects of flood duration to seedling

settlement

Lytle et al., 2004
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1.3

Vegetation dynamics processes have been classified into different stages according to the
researchers’ insight and research motivation. A definite and valuable conceptual model
regarding vegetation dynamics is expected to have two main functions. A conceptual model
would be designed with good understanding of the mechanism of vegetation dynamics, and
the conceptual model with the support of the good understanding of vegetation dynamics
would be worthless. The other one is to make the research to be convenient, such as
simulation of vegetation dynamics even at specific stages. New conceptual model of
vegetation dynamics is proposed in this dissertation based on the field survey data and the
previous studies to make vegetation dynamics processes more legible and definite, as shown

in Figure 1.8. The concrete information regarding this conceptual model is stated as

followings.
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To make the research conduction of vegetation dynamics more easily, the overall processes
of vegetation dynamics can be divided into two components, initial recruitment (generation of
vegetation) and its later development. Considering the life cycle and growth habit of
vegetation, vegetation dynamics can also be divided into some specific processes. Initial
recruitment can be classified into three stages, seed dispersal (primary dispersal and
secondary dispersal), seed germination and seedling settlement. The main approaches for seed
secondary dispersal are wind, animal and water flow. For the later development of vegetation
dynamics, natural growth and destruction are the two dominated stages, and we hypothesize
that this two stages are independent, which can do favor for us to establish the corresponding
numerical models. Vegetation was thought to be destructed if the disturbance of flood or
drought exceeds the resistance of vegetation. However, compared with drought, flooding
duration, flooding magnitude and frequency are much more important factors for the
settlement and development of riparian vegetation (Menges, E.S.,1986; Chopin et al., 2002;
Gergel et al., 2002; Stevaux et al., 2013). The result of later development, expansion or
destruction, can be judged by the difference between growth rate and destruction rate of
vegetation.

From the previous researches and the numerical modeling of vegetation dynamics
processes listed in Table 1.2, it can be easily found that the growth of vegetation was mainly
determined by the vegetation’s ecological attribute, such as, vegetation age, diameter and
species. However, the effect of hydro-morphological variables to vegetation growth is relative
smaller. The destruction of riparian vegetation was thought to be caused by the large flood
with the consideration of critical shear stress, critical velocity or critical moment, which is
easily to be understood. However, the seed dispersal method, influencing factors for seed
germination and seedling settlement have not been clarified. The research regarding
recruitment of vegetation was generally focused on the river margins, but research on the

recruitment of vegetation onto to the upland area of sandbar is limited. Therefore, research
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regarding vegetation recruitment onto the overall area of sandbar should be further conducted.
The study in this dissertation for the recruitment of vegetation was mainly focused on the bare
bar of river bank, that is, the initial recruitment of vegetation onto bare bar. The “bare bar”
referred in this dissertation means the area of sandbar above the ordinary river flow and with

no vegetation existence. The specific objectives of the study are stated as followings.

1.3.1 Seed distribution and seed dispersal methods

Clarifying of the seed distribution and seed dispersal methods to the bare bar, including
shoreline and upland area is one of the study purposes. In addition, the field investigation and
field survey results analysis of seed distribution and dispersal methods were carried out under

different flow regimes to evaluate the effect of flood magnitude on seed dispersal.

1.3.2 Distribution and influencing factors for initial recruitment

Further expounding the distribution of initial recruitment of vegetation onto the bare bar is
the second main purpose of the study. Moreover, the influencing factors on causing the
distribution of initial recruitment of riparian vegetation, such as location of initial recruitment

zone and coverage rate of vegetation were further analyzed.

1.3.3 Modeling of initial recruitment of riparian vegetation

The third main objective of this study is to propose new initial recruitment model for
predicting the potential initial recruitment zone and the coverage rate of vegetation at the

initial recruitment zone.
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1.4 Contents of this dissertation

1.4.1  Study flow of the dissertation

The structure of this dissertation is shown in Figure 1.9. This dissertation contains six
chapters.

Chapter 1 introduces the research background, previous related studies. The processes of
vegetation dynamics and the relationship between riparian vegetation dynamics and
hydro-morphology were outlined based on the previous studies. The study objectives of this
study are also stated in this chapter.

Chapter 2 introduces the distribution characteristics of seeds in upper soil of bare bar based
on the field survey results. And the seed dispersal method of riparian vegetation on bare bar
was deduced by referring the previous research and the field survey results.

Chapter 3 introduces the classification of initial recruitment zone, and distribution
characteristics of the initial recruitment of riparian vegetation.

Chapter 4 introduces the possible influencing factors for the distribution of initial recruited
riparian vegetation. The seeds distribution in upper soil, hydrological variable (e.g.,
inundation frequency and spring flood), and physical environment of bare bar were discussed
in this chapter.

One initial recruitment model with the consideration of the relationship between seeds and
sediment distribution and the relationship between initial recruitment condition and hydrology
was proposed in Chapter 5. The potential initial recruitment zone and the coverage rate of
riparian vegetation at the initial recruitment zone were simulated by using the proposed the
initial recruitment model.

Chapter 6 outlines the conclusions of this dissertation and proposes the contents that should

be further studied in the future.
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Figure 1.9 Structure of the dissertation

1.4.2  Arrangements of the field survey

Since the overall processes of initial recruitment of riparian vegetation was considered, the
period of each process should be defined for conducting the field survey or numerical
simulation with the reference of previous researches and the actual condition of our study site.

It was reported that seed dispersal occurs at the falling limb of hydrography after relative
large flood (Mahoney et al., 1998), and that usually occurs at winter and autumn (Boedeltje et
al., 2004). The large flood, which was thought to be adverse for seed accumulation, generally
happens at August, September and October during one year at the study site. Therefore, the
period of seed dispersal was assumed to start from November to February. The seed
germination and seedling growth were influenced by the spring flow (Bornette et al., 1994).
Therefore, the period of seedling settlement was assumed to occur at March and April. And
the settlement of seedlings means the survival of seedlings with the resistance of spring flood,

which occurs at the spring season.
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Table 1.3 Arrangements of field survey for initial recruitment

Process of initial recruitment Survey objects Field survey date

Land cover (Bare bar) condition
Before initial recruitment Oct., 2016; Nov., 2017
River morphology

Seed distribution in upper soil
Seed dispersal Nov., 2017~Jan., 2018
Seed dispersal method

Land cover condition
May,2017; May,2018,
After initial recruitment (e.g. Bare bar and vegetation area)
June, 2018
River morphology

The exploration of the mechanism of initial recruitment of vegetation was mainly
conducted through the field investigation in this dissertation. The field survey focused on the
initial recruitment of riparian vegetation onto bare bar was arranged based on the stages of
initial recruitment development. The specific date of the field survey is shown as Table 1.3.
The land cover condition, especially the location and zone of bare bar, and its morphology
were investigated before the initial recruitment period after the largest flood. The field survey
of seed distribution in upper soil at bare bar was conducted during the seed dispersal period.
Finally, the field investigation of land cover (bare bar and vegetation area) condition and its

morphology was conducted again after the initial recruitment period.
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Chapter 2

Distribution and dispersal method of accumulated

seeds in upper soil

2.1 Introduction

The first stage for the riparian vegetation dynamics is the seed transportation, and then,
accumulating into the soil, which is not only one significant factor for the composition of seed
bank (Hendry et al., 1994), but also plays critical role on the establishment of recent
vegetation communities (Yoshikawa et al., 2013). Better understanding of the distribution of
accumulated seeds and the medium of seed dispersal is one effective way to predict the
location and distribution of riparian vegetation recruitment zone. It is regarded that there are
two main seed dispersal approaches, i.e. primary dispersal (Chambers et al., 1994) (seeds drop
from a parent plant to a substrate) and secondary dispersal (Fraaije et al., 2017) (via
hydrochory (water dispersal), wind or animal). The secondary dispersal has been reported to
be the main influencing factor on the horizontal movements of seeds across the soil surface
(Vander et al., 1998). The hydrochory, as one approach of secondary dispersal, was pointed to
be a governing seed dispersal method for the riparian vegetation in the land-water surface or
shoreline (Nilsson et al., 2010). Wind or animal was also pointed to affect the dispersal of
seed for riparian vegetation (Bornette et al., 1998).

As for the seed dispersal via hydrochory, the situation of seed dispersal at both longitudinal
and lateral direction is influenced by either the hydro-morphological variables, such as the
magnitude of flood (Mahoney et al., 1998) (moderate flood was reported to be suitable for the

depositional processes), the relative elevation to mean water level (Fraaije et al., 2017) and
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physical condition of the location of accumulated seeds (Oishi et al., 2010), or the
characteristics of seeds, such as species, buoyancy and settling velocity (Yoshikawa et al.,
2013). As for seed dispersed through wind, wind direction and speed were pointed to be the
important factors for seed dispersal. The rough ground surface, such as vegetation existed area,
was known to promote the accumulation of seeds compared with smooth surface (Soons et al.,
2004).

The studies referred above for the distribution of accumulated seeds and the seed dispersal
method are mainly focusing on the relative large flood and shoreline, studies on different flow
regimes and rough ground surface (such as dunes) are limited. In this chapter, we try to
investigate the distribution of accumulated seeds on a sand bed river (Suzuka River), and to
deduce the possible approach of seed dispersal to shoreline and bare bar by field observation.
First, the field investigation of accumulated seeds distribution in the upper soil layer under
different flow regimes was conducted. Then the potential influencing factors to seeds
distribution were analyzed. Finally, the possible seed dispersal method was discussed with the

analysis of the change of seed density of the accumulated seeds in the upper soil.

2.2  Study methods

2.2.1  Target study area

Suzuka River is located at the north of Mie prefecture, Japan, the total length of its main
channel is almost 38 km, and its basin area is 323 km?. The vegetation expansion has become
one serious problem at Suzuka River in recent years. The dominant types of woody vegetation
on floodplain are Simon bamboo, Celtis sinensis and willow, and the typical herbaceous
vegetation at the margin of sandbar and river bank is Phragmites japonica. The field survey
area of this study was the main river channel is located at around 9.8 km upstream from river
mouth. The study site marked with “red ellipse” is shown in Figure 2.1 (a). The initial

recruitment of riparian, which located along the shoreline (Figure 2.1 (b)) and the
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downstream side of dune (Figure 2.1 (c)), was identified at the study site. The field survey of
the initial recruitment condition was conducted before (Oct., 2016, Nov., 2017) and after the

initial recruitment (May, 2016 and May, 2018).

Figure 2.1 Field survey site (marked with red ellipse line)

The specific arrangements of each field survey are shown as Table 2.1. The field survey
was arranged at three conditions of flow regime, i.e. after moderate flood, after large flood
and around the ordinary river flow. The field survey of seed and sediment distribution were
surveyed at around shoreline area and the flat area of bare bar. Since the special morphology
of dunes was formed after the large flood, the investigation of seed and sediment distribution
at the dune zone was added to the field survey. The soil sampling depth is around 10 cm upper
soils, the location of the soil sampling (taking the field survey at Dec.11, 2017 as an example)
is shown as Figure 2.2 (a). Figure 2.2 (b) and (c) show an example of points setting of field
survey around dune. The bare bar was almost submerged by the moderate flood, and it was

completely submerged by the large flood.
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Table 2.1 Arrangements of field survey for seed dispersal

Field survey Sampling
Condition of flow regime Location of field survey
time depth
After moderate flood Oct. 12, 2017 Shoreline; Bare bar: flat area
After large flood Nov. 9, 2017 Shoreline; Upper
Dec. 11,2017  Bare bar: flat area and dune (Figure 2.2), 10 cm

Around ordinary river flow
Jan. 12, 2018

including downstream and upstream side

Field survey points
» Shoreline

A 50m ® Flat area
L R | @ Dune

Elevation (m)

o High: 12.76

0 1 Meters 122
] h 0 2 4 6 8 10 12 14 16
Distance along dune {m)

— Low: 12.20

#1 Upstream side of dune
#2 Downstream side of dune

Elevation of dune (m)
=3
o

Figure 2.2 Example of sampling points setting

(b) dune morphology, (c) longitudinal cross section of the green line at (b)

2.2.2  Investigation of the distribution of accumulated seeds in the upper soil

(1) Soil sampling
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To investigate the distribution of accumulated seeds and the grain size of bed materials, the
sand sampling was conducted. It was known that most of the seeds accumulated at the upper
7.5 cm of surface soil (Chippindale et al., 1934). With the reference of the previous studies,
the upper 10 cm depth of soil was sampled in this study. The size of the soil sampling at each

point is around 0.4x0.4x0.1 m (Figure 2.3).

Figure 2.3 Soil sampling Figure 2.4 Collected seeds

(2) Collection of seeds

Three main steps were adopted to collect seeds from the sampling soil. First, the seeds were
collected by eyesight, but only big seeds can be separated from the sediment by this step.
Second, the seeds were collected by using K,CO3 solution, and this method is to use the
difference of the specific weight of K,CO3 solution (1.54), seed (1.1~1.4) and sediment
(2.65). The K,CO3 solution mixed with a soil sample was stirred, and then the floating objects
were collected. This operation will be repeated until no floating object exists. However,
floating objects may include other materials except seeds, and therefore the third step was
adopted. The stereo microscope was utilized to discriminate the real seeds from the floating
objects according the shape, the surface, the hardness and the presence or absence of embryos

of the floating objects. The seed was finally collected from the above steps (Figure 2.4).
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2.2.3  Investigation of the river morphology and hydraulics variables

(1) Investigation of the river morphology

UAV (DJI PHANTOM 3 ADVANCED) was used to investigate the river morphology. To
revise the distortion of coordinate and digital elevate model (DEM), ground control points
(GCPs), which were selected on road and embankment, were set during the disposing process
of UAV images in Agisoft Photoscan. ArcGIS was employed for the post-analysis of river
morphology (DEM). The specific procedures for the field survey by using UAV monitoring

will be stated in Chapter 3.

(2) Investigation of the sediment particle size

The investigation of sediment particle size was also conducted from the soil sample. First,
the soil sample was dried in a constant temperature dryer. And then, the electromagnetic
sieving shaker was employed to sieve the particle size. Referred to the sediment classification
criteria, the sediment with a diameter of 0.125~0.25 mm and 0.0625~0.125 mm is defined
as fine and very fine sand, respectively. Here, the fine sediment means the sand with a

diameter less than 0.25 mm.

(3) The flow regime during and before field survey

The hydrological data (water surface elevation) during and before the field survey of seed
dispersal was collected at Takaoka gauging station, which is located at 6.25 km upstream from
the river mouth. The water surface elevation before and during the field survey is shown as

Figure 2.5.
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Figure 2.5 Water surface elevation during and before field survey

(a, b, c and d indicate the date of field survey)

2.3  Spatial distribution of accumulated seeds in the upper soil

The number of seeds of each investigation location was obtained from the processes of seed
collection, and we convert the number into a m™ basis (i.e. the number of seeds per unit area).
The rate of fine sediment was calculated from the sediment size measurement, and it was the
proportion of volume of fine sediment to the volume of all soil. The morphology of study site,
the seed density and the rate of fine sediment at each location at different surveys are shown
in Figure 2.6. The average seed density and the standard error (SE) at each kind of

topography were calculated, shown as Table 2.2.

Table 2.2 Statistical analysis of the distribution of accumulated seeds in upper soil

Seed density (m™) (mean+(SE))
Field survey time

Shoreline Flat area Downstream side of dune Upstream side of dune

Oct., 2017 926+(394)  167+(64) / /
Nov., 2017 104+(35)  74+(21) 183+(68) 125+(88)
Dec., 2017 231+(80)  208(86) 1317+(352) 500
Jan., 2018 278+(67)  100(36) 1000+(339) 167
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Comparing Figure 2.6 (a) and Figure 2.6 (b), we can clearly find that the main river
channel and the upstream of bare bar were eroded, and the seed density along the shoreline
decreased obviously with the effect of a large flood at late Oct., 2017 (Figure 2.5). We also
found that dunes were formed at the downstream area of the bare bar after this large flood. The
investigation results showed the seed density at the downstream side of dune was much higher
than the other areas after the large flood (Table 2.2). The specific relationship between the
flow regime, the river morphology and the rate of fine sediment and the distribution of

accumulated seeds in the upper soil are stated as followings.
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Figure 2.6 River morphology, seed density and rate of fine sediment at different field surveys
(No. is the mark of each sampling location)
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2.3.1 Distribution of the accumulated seeds from shoreline to flat area

From Table 2.2, we can find that the average seed density at the shoreline is higher than that
at the flat area of bare bar. The possible reason may be that the elevation of shoreline is lower
than that of the flat area on bare bar, and this resulted in high frequency of flood inundation at
shoreline. And flood debris is thought to be one significant source of propagules (Pettit et al.,
2001), in contrast, the flat area of bare bar can only be inundated at the relative large flood.
Therefore, shoreline has greater advantage for the accumulation of seeds. The previous study
reported the similar conclusions too. The number of seeds showed significant gradual decrease

from the shoreline to the upland (Fraaije et al., 2017).

2.3.2 Distribution of accumulated seeds at dunes

The dune on bare bar is a special topography since the elevation of dune changed greatly
from upstream side to downstream side. The distribution of accumulated seeds at dunes may
have some special characteristics. Therefore, the distribution of accumulated seeds at dunes
was analyzed based on the comparison with the other areas (shoreline and flat area of bare
bar). The seed density at the downstream side of dune is much higher than that at the
upstream side (Table 2.2). There are two possible reasons for this phenomenon.

First, dune may be inundated during large flood period, and the flow separation from the
crest of dunes can promote seed deposition (dispersed by hydrochory) during flood at the
downstream side of dunes on bare bar. The seed distribution at dunes of Nov., 2017 might be
caused by this reason.

Second, seeds may be transported along the upland area of the bare bar by wind during
ordinary flow discharge period. If the direction of seeds dispersed by wind is from the
upstream side of dune, the downstream sides of dune works like a pocket (Figure 2.7) to

promote the seeds dropping and deposition. If the direction of seeds dispersed by wind is from
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the downstream side of dune, the downstream side of dune works like an obstacle (Figure
2.7) to promote seed deposition by breaking the transport way. The previous study also
pointed that much more seeds deposited on the pocket-like section with the comparison of

straight section (Soomers et al., 2010).

Seed drop down (from upstream)
L

12.6
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E 125 1 ,
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)
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e
m
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Distance along dune (m)

Figure 2.7 Movement of seed around dune

Since the rate of fine sediment at the downstream side of dune is higher than that at other
locations (Figure 2.10 (a)), the minerals at this location are abundant than the other locations.
Much water may accumulate at the downstream side of dune during precipitation period, and
this improves the moisture content of this location. From the perspective of reproductive
phenology, the seeds may also “prefer to” deposit at the downstream side of dune since this
location owns high rate of nutrient and moisture content, which are the necessary requirements

for the germination of seeds and the establishment of riparian vegetation.

Referring to the above analysis, the downstream side of dune is likely the refuge to provide

the advantageous environment for the development and dynamics of the riparian vegetation.
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2.4 Influencing factors for the distribution of accumulated seeds

2.4.1  Flow regime

As the accumulated seeds at shoreline is more sensitive to water level fluctuation even
though under slight fluctuation condition, the accumulated seeds at shoreline was chosen to
explore the relationship between distribution of seeds and flow regime. Figure 2.8 shows the
relationship between the averaged seed density and the flow regime, and we divide the
duration of the surveys into three periods based on the magnitude of flood, i.e. period 1, 2, 3.

In period 1, the water level had moderate fluctuation, and the seed density reached the
highest. In period 2, one large flood occurred, and the seed density reached the lowest after
the flood. In period 3, the water level had small fluctuation around ordinary flow, and the seed
density had slight increase during this period.

Referred to the above features, the large water level fluctuation appears to be adverse for
seed dispersal and seed deposition. The most possible reason may be that the river bed had
serious erosion after the large flood. Figure 2.9 shows the change of river bed elevation with
the comparison of that at pre- and post-large flood. The erosion depth of the shoreline and the
upstream of the bare bar reached 0.2 m to 0.5 m, and most of the seeds at the shoreline might
be washed away with the erosion of river bed materials. We also investigated the flow before
period 1, and found that a large flood occurred at Aug.7, 2017, which may also wash the seeds
away from the upper soil. It can be concluded that the highest seed density along shoreline
resulted from the moderate flood. Therefore, the moderate flow fluctuation was thought to be

the favorable flow regime for seed dispersal and accumulation.
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Figure 2.8 Relationship between the average seed density at shoreline and flow regime
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Figure 2.9 Change of river morphology after the large flood

2.4.2 Sediment size

Figure 2.10 (a) shows the relationship between the average seed density and the rate of fine
sediment at different topographies. It can be seen that the seed density is almost in positive
proportion to the rate of fine sediment at bare bar area, including flat area and dune zones, but

the seed density at shoreline is higher than that at flat area of bare bar though the rate of fine

sediment at the shoreline is lower than that at the flat area.

Figure 2.10 (b) shows the relationship between the average seed density and the average

value of 50% sediment diameter (D50). It can be seen that the seed density is almost in inverse
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proportion to the average value of D50 at bare bar area. It seems that the area on bare bar with
the relative coarse sediment prefers to keep less seeds. However, to be similar to Figure 2.10
(@), the shoreline was not consistent with this relationship. The possible reason for the
difference of the relationship between seed and sediment distribution at shoreline from the bare
bar may be explained as following. In this chapter, the relationship between the sediment and
seed distribution was analyzed from the spatial viewpoint. There are large difference between
the sediment distribution at shoreline and bare bar area, because one hydraulic structure was
existed at the upstream of the study site, which bring the unbalanced condition between the
fine sediment flowing and supply, especially at the shoreline area. Therefore, the average
diameter of sediment at the shoreline is bigger than the flat area and dune zones of bare bar.
However, the flat area and dune zones are in the same spatial condition, the relationship
between seed and sediment distribution can be acquired from the comparison of their
distribution at bare bar.

From Figure 2.10 (a) and (b), it was found that the movement of seed and fine sediment is
in positive association. It was reported that the soil prefer to contain higher numbers of seeds

when it contain more fine sediment (Oishi, T. et al., 2009). This is similar with our field survey

results.
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Figure 2.10 Average seed density (bars: SE) and particle size

2.4.3  Above-ground vegetation

The seed density at No.7 (shoreline) of Oct., 2017 (Figure 2.6 (a)) is 4000 seeds m™, this
value is much higher than the other locations. And we found that there existed above-ground
vegetation. The seed density at No0.20 (downstream side of dune) of Dec., 2017 and Jan., 2018
was 2833 and 2667 seeds m? (Figure 2.6 (c) and (d)), respectively, those values are also
much higher than the other locations, and this location was also among the vegetation.

The field survey results show that the presence of above-ground vegetation may facilitate
seed accumulation. One possible reason may be that the vegetation produces seed
sedimentation or promote seed deposition by decreasing flow or wind velocity. Another
reason may be that the hydrology or morphology traits of the vegetation existed location were
favorable for the concentration of seeds around here.

The higher seed density at No.7 of Oct., 2017 and No.20 of Dec., 2017 and Jan., 2018 is
also one reason to result in the relative big value of SE at the corresponding survey time and

location (Table 2.2).
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2.5 The approach of seeds dispersal

The relationship between the accumulated seeds along shoreline and the flow regime
presents the strong dependence of seed distribution on the fluctuation of water level. Therefore,

hydrochory may be the dominant dispersal medium to the shoreline.

Figure 2.11 shows the average seed density at each topography after the large flood. The
change trend of the seed density at the shoreline is different from that at the other topographies,
and this means the seed dispersal method of shoreline and the other topographies might be

different.
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Figure 2.11 Average seed density (bars: SE) after the large flood

Comparing the same field location on bare bar at different field surveys (Figure 2.6 (b), (c),
(d)), such as location No.14 and No.15, the seed density at Nov., 2017, Dec., 2017, Jan., 2018
is 0, 917, 83 seeds m™ and 250, 1333, 333 seeds m™, respectively. The seed density is obvious
varied even though the river flow is around the ordinary river flow, which cannot submerge the
bare bar. This means the change of seed density at the flat area and dunes is not caused by
hydrochory. If we assume the seed is dispersed by animal, it is difficult to explain the

difference of seed density between the downstream and the upstream side of dune since animal
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is expected to be insensitive to dune morphology. Therefore, the wind is thought to be the
leading dispersal method of seeds to the dunes and the flat area of bare bar. The difference of
accumulated seeds distribution on bare bar for the last two field investigations might result

from the seed dispersal by wind.

2.6 Conclusions

With the analysis of the distribution of seeds in upper soil and the potential influencing

factors for the seeds distribution, the following conclusions can be outlined.

1) The seed density at shoreline is higher than that at the flat area on bare bar

2) The seed density and rate of fine sediment at the downstream side of dune are much higher
than that at the upstream side of dune.

3) The seed density is thought to be in positive proportion to the rate of fine sediment, and it is
also affected by the existence of above-ground vegetation.

4) Compared with ordinary river flow and large flood, the moderate flood is the most
favorable condition for seed dispersal and accumulation on riverbank.

5) Hydrochory is likely the dominant seed dispersal method to shoreline, and wind seems to be

the significant dispersal method to the flat area and dunes on bare bar.
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Chapter 3

Distribution characteristics of initial recruitment of

riparian vegetation

3.1 Introduction

The identification of the initial recruitment spatial distribution condition, e.g. location of
initial recruitment vegetation, and characteristics, e.g. coverage rate of vegetation, are the first
and foremost step for understanding the mechanism of initial recruitment of vegetation in
river bank.

Location of vegetation recruitment zone is closely related to hydrological processes and
morphological variables. The range of recruitment zone along shoreline was known to be
limited, which was mainly determined by the scouring force and drought stress. Shafroth et al.
(1998) found that woody vegetation may recruit at the area containing moist soil and depth of
ground water at plots is within the moist soil zone. The area for the seeds germination (one
indicator of initial recruitment zone) located at the zone with the rotation between dry and low
water level (Neiff et al., 2003). Mahoney et al. (1998) stated that vegetation can recruit along
streams with finer substrate, and more gradual stage fluctuations are necessary for larger
rivers.

The coverage condition of vegetation, such as riparian vegetation species and coverage rate
of vegetation, at river bank was studied in the previous researches (Oishi et al., 2010) from
the viewpoint of vegetation distribution on the plane direction.

The location of recruitment zone of riparian vegetation and its coverage condition have

been mentioned in the aforementioned researches. However, the study site was primarily
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limited to small range of river bank, and focused the around shoreline zone in the previous
researches, study on vegetation recruitment from a reach scale is limited. Investigation of
vegetation recruitment from a large reach scale may provide us more direct understanding on
the vegetation recruitment in the actual rivers. To undercover the recruitment of riparian
vegetation much more comprehensively in the riverbank, investigation of riparian vegetation
dynamics should not only focus on the around shoreline zone, it should also pay attention on
the upland area of bare bar, especially the substrate with higher roughness, such as dune, at
which higher seed density are distributed.

In chapter 3, the purpose is to identify the distribution of initial recruitment, such location
of recruitment zone and coverage condition, in a reach scale of sand bed river (Suzuka River)
with the length of around 5 kilometers. The arrangements of the study contained three
procedures. First, the land cover condition and river morphology was investigated before and
after the initial recruitment period. Second, the initial recruitment condition of riparian
vegetation was identified by comparing the land cover condition before and after the initial
recruitment period. Finally, the distribution characteristics of the initial recruitment zone were

discussed based on the field survey data.

3.2  Study methods

3.2.1  Target study area

The field survey area of this study was the main river channel of Suzuka River, derived
from around 14.9 km to 9.8 km from river mouth, with around 5 kilometers length. The study
area, the location, the basin and stream branch of Suzuka River are shown in Figure 3.1. The
field survey of the initial recruitment condition was conducted before (Oct., 2016, Nov., 2017)

and after the initial recruitment (May, 2016, May, 2018 and June, 2018).
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Figure 3.1 Study site, stream network and location of Suzuka River basin in Japan

3.2.2  Field survey by using UAV monitoring

Field survey in river by ground-based observation was popularly used in the previous
hydrological and ecological studies (Ishikawa et al.(1991) and Gurnell et al. (2001)). However,
the ground-based observation has a limitation in the resolution and accuracy of data in time
and space. Since the ecological period of seed dispersal, seed germination are relative short,
and the alteration of river morphology during this period is small, high accuracy and
resolution Digital Elevation Model (DSM) are of vital value for the study regarding the initial
recruitment of vegetation. For conducting large scale investigation with high resolution and
accuracy, some new field investigation methods are necessary. UAV, with the characteristic of
collecting information without physical contact and high resolution of photographs, is

regarded to be an effective and convenient field study method (Honkavaara et al. (2013) and
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Tamminga et al. (2015)).

(1) Taking images of the study site by using UAV

The land cover condition and river morphology at the study site were investigated by using
UAV (DJI PHANTOM 3 ADVANCED). The setting of points for taking images should be
conducted before the field survey conduction, as shown in Figure 3.2. The overlap of each
image was set as 80% in the field survey, and the height for UAV to take images was set as

100 m from the ground surface.

Figure 3.2 Points setting for taking UAV images

(2) UAV images analysis by using Agisoft Photoscan
a) Disposing the UAV images

Agisoft Photoscan Professional edition was employed for disposing the UAV images. The
processes for the UAV images analysis were based on the “Workflow” in the Agisoft
Photoscan. The orthophoto and digital elevation model (DEM) were obtained from the results

of UAV images analysis. With the reason of the artificial error for setting image overlap and
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the refractive effect of water (Westaway et al., 2000), the distortion of river morphology is
one general problem in the process of UAV images disposing. To revise the distortion of
coordinate and digital elevation model (DEM) data, the ground control points (GCPs) are
imperative, which were selected on road and embankment in the present study.
b) Verify the accuracy of the DEM data analyzed by Agisoft Photoscan

Although GCPs were set during the establishment of DEM, the further verification of the
disposed result can provide reliable results of the post analysis. Here, two methods were
utilized for the verification of DEM. The first method was to compare the river slope between
the UAV field survey and the data measured by government (0.0016). The result is shown in
Figure 3.3 (a), and the agreement is quite well. The second method was to choose 14 points
along the field survey area, and compare the elevation of these points between the field survey
result and the actual value, the Mean Error (ME) and Root-Mean-square Error (RMSE) are
0.288 and 0.381, respectively (Figure 3.3 (b)), and these errors was acceptable level of the

accuracy required for the post analysis.
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Figure 3.3 DEM verification

(a) comparison of river slope, (b) comparison of actual and measured value

c) Exported the aerial photographs from Agisoft Photoscan
UAV aerial photographs (Orthophoto and DEM), which were acquired from UAV images

disposing results, were exported from Agisoft Photoscan. Orthophoto (Red, Green and Blue
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(RGB)) and DEM data were mainly used to identify the spatial and temporal dynamics of

land cover and to detect river morphology at the study site.

(3) Aerial photographs analysis by using ArcGIS
a) Location of initial recruitment zone

The initial recruitment zone here was defined as the new vegetation area at bare bar before
and after the initial recruitment period. The identification of initial recruitment zone was
mainly conducted by comparing the spatial dynamics of vegetation zone and bare bar area by
using ArcGIS. The land cover was classified into vegetation, bare bar, water and artificial area
to compare the dynamics of vegetation and bare bar explicitly. Since the difference of RGB
code between water and artificial area was often unclear, the manual estimation was carried
out for extracting the boundary of these areas in this study. Maximum Likelihood
Classification (MLC) was then utilized for the classification of vegetation distribution and
bare bar area.

b) Distribution characteristics of initial recruitment vegetation

The location of initial recruitment zone was identified in the above step, the distribution
characteristics of initial recruitment zone on the bare bar was further analyzed to explore the
relationship between the location of initial recruitment zone and the river morphology.

The study aims to identify the initial recruitment condition at both the shoreline area and
the upland zone of bare bar. It was reported that the larger surface roughness of river bed may
promote seeds accumulation (Schneider et al., 1988), the river bed with higher surface
roughness was expected to promote initial recruitment of vegetation. Therefore, we paid
attention on the higher roughness area of bare bar. The surface roughness of river bed was
analyzed through the calculation of the slope of bare bar surface. Slope is determined by the
rates of the change of surface in the horizontal (dz/dx) and vertical (dz/dy) directions from the
center cell (Burrough et al., 1998). And the basic algorithm used to calculate the slope in

unites of degree (Slopey) is shown as Equation 3.1. The calculation of the surface slope of
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sandbar was conducted in the “Spatial Analyst Tools/Surface/Contour” in ArcMap.

Slope, = ATAN /{dz/axF + (dz/dyF )x (180/) (3.1)

Since the relative elevation was pointed be the dominant factor on the inundation frequency
and ground water table, which may affect the seed dispersal and seedling growth at large
extent. In the study, the “shoreline” refers the inundation boundary of the ordinary flow.
“Relative elevation” means the relative height of the point at the bare bar to shoreline. To
calculate the relative elevation of bare bar to shoreline, contours line (contour interval was set
as 0.05 m) of surface was created in the “Spatial Analyst Tools/Surface/Contour” in ArcMap.
The relative elevation of the boundary of initial recruitment zone was calculated by the
difference of the contour line value of the boundary of the initial recruitment zone and the
contour line value of the shoreline. The statistical analysis of the relative elevation of the
boundary of recruitment zone was conducted by R coding.

c) Coverage rate of vegetation at the initial recruitment zone

“Polygon grid” was created in ArcGIS for the statistical analysis of the coverage rate of
initial recruitment vegetation at different relative elevations (0.1 m was set as an interval,
Figure 3.4), and the coverage rate was calculated by the proportion of the grid number with

vegetation and the overall grid at the corresponding relative elevation.
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Figure 3.4 Statistical analysis of riparian vegetation

3.3  Classifications of the initial recruitment of riparian vegetation

Here, we divided the study site into 4 main sections to simplify the analysis of Orthophoto
and DEM data, named, Section 1, Section 2, Section 3 and Section 4, as shown in Figure 3.5
(a). It was found that there are two kinds of vegetation initial recruitment zones, one is on the
bare bar far away from shoreline (zone marked with green color in Figure 3.5 (b)), and
another one is close to the shoreline (zone marked with blue color in Figure 3.5 (b)).
Therefore, the initial vegetation recruitment zones were classified into two types based on
their distance from river flow, i.e. relative far from the shoreline and along the shoreline.

The condition of the two type’s initial recruitment zone of the study site at May, 2017 and
May, 2018 are listed as Table 3.1. The initial recruitment of riparian vegetation located along
the shoreline was identified at the all sections at May, 2017. The initial recruitment zone of
riparian vegetation located far from the shoreline was identified at Section 1 and Section 2 at
both May, 2017 and May, 2018. However, the initial recruitment zone located along shoreline
was only identified at Section 1 at May, 2018. The initial recruitment of vegetation at May,
2017 is expected to express the distribution of initial recruitment of vegetation

comprehensively. Therefore, we use field survey results of the initial recruitment condition at
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May, 2017 to analyze the distribution characteristics of initial recruitment zone, which is

located both along and far from the shoreline.

(@)

Section 1

Section 2

1 [J Near shoreline
Section 4 o

] Far from shoreline

-y

0 500 m

Figure 3.5 Distribution of initial vegetation recruitment zone at May, 2017

(a) Study site (b) location of initial recruitment zone at Section 4

Table 3.1 Initial recruitment condition of riparian vegetation

Condition of initial recruitment

Location Along the shoreline Far from the shoreline
May, 2017 May, 2018 May, 2017 May, 2018
Section 1 Yes Yes Yes Yes
Section 2 Yes No No No
Section 3 Yes No No No
Section 4 Yes No Yes Yes

3.3.1 Along the dune

The initial recruitment of vegetation at the downstream side of dune, which locates far from
the shoreline, was identified at the field survey site at May, 2017 and May, 2018 at Section 1
(Figure 3.6). To confirm the universality of this finding, the initial recruitment zone of

vegetation, which is located far from shoreline, and river morphology around the initial
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recruitment zone were analyzed at the upland of bare bar. Figure 3.7 (a) and (b) show the land
cover condition and surface slope at bare bar at D3 (Figure 3.5 (b)) before the initial
recruitment period, Figure 3.7 (c) shows the land cover condition at bare bar of D3 after the
initial recruitment. Figure 3.7 (b) shows that the topography relief is larger at the bare bar of
D3, and it was found that it is the dune zone of bare bar at D3 with the larger variations of
surface slope. The initial vegetation recruitment (green color zone) was found with the
comparison of Figure 3.7 (a) and (c). And we can find that the initial recruitment vegetation
is mainly distribution along the relative larger variation of surface slope, i.e. the location of
dune. The relationship between surface roughness and the initial recruitment zone was also
analyzed at the initial recruitment locations (D1 and D2), where far from shoreline. The initial
vegetation recruitment along dunes on bare bar can also be found at D1 and D2. Therefore,
we can conclude that the initial recruitment of riparian vegetation at bare bar far from

shoreline is mainly distributed along the dunes.

(b) Dune (May, 2018)

() Dune (May, 2017)

Figure 3.6 Initial recruitment of vegetation along downstream side of dune
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Figure 3.7 Distribution of riparian vegetation along dunes

3.3.2  Along the shoreline

(1) Initial recruitment zone distribution along shoreline

The land cover located at Section 1 (Figure 3.5 (a)) was classified into vegetation, sandbar,
artificial and water area, as shown in Figure 3.8. Figure 3.8 (a) and Figure 3.8 (b) show the
land covers classification of the field survey result before and after the initial recruitment
period, respectively. The initial vegetation recruitment zone (marked with light green) along
shoreline was identified with the comparison the spatial difference of the bare bar between
Figure 3.8 (a) and Figure 3.8 (b). Figure 3.8 (b) shows that the initial recruitment presents
the line shape along the shoreline, which is approximately parallel to shoreline. Figure 3.9
shows that the field site photos of the initial recruitment vegetation, which is located along the
shoreline, at Section 1.

The similar analysis (land cover classification) was also applied at Section 2, and the
results are shown in Figure 3.10 (a) and Figure 3.10 (b). Figure 3.10 (b) shows that the
initial recruitment zone locates between the main channel and second channel, with the

characteristics of scattered distribution.
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Figure 3.8 Land cover classification at Section 1

(a) Before initial recruitment period (Oct., 2016), (b) After initial recruitment period (May, 2017)

Figure 3.9 Initial recruitment of vegetation along shoreline
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Figure 3.10 Land cover classification at Section 2

(a) Before initial recruitment period (Oct., 2016), (b) After initial recruitment period (May, 2017)

The quantitative relationship between the initial vegetation recruitment zone and river
morphology along the shoreline was explored by comparing the location zone of the

recruitment zone and the contour map of river morphology. Figure 3.11 shows the elevation
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of river morphology and contour map (the distribution of morphology elevation) of river
morphology around the initial recruitment zone. Figure 3.11 (a) shows that initial vegetation
recruitment zone at Section 1 is located at the elevation between 11.95 m and 12.20 m. The
zone between this two elevation (11.95 and 12.20) intervals was almost parallel to shoreline,
and this was positively consistent with the shape of initial vegetation recruitment zone at
Section 1. Figure 3.11 (b) shows that initial vegetation recruitment zone at Section 2 located
at the elevation between 16.60 m and 16.80 m. The zone between this two elevation intervals
had scattered distribution, and this was also consistent with the shape of initial vegetation
recruitment zone at Section 2. Therefore, it can be concluded that the spatial distribution and

shape of initial recruitment of vegetation were tightly influenced by the river morphology.

(a)
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Figure 3.11 Contour map of river morphology around initial recruitment zone

(a) Section 1 and (b) Section 2
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(2) Simplified the initial recruitment zone along shoreline

Figure 3.11 shows the consistence between the shape of initial recruitment zone and river
morphology distribution from the horizontal view. To further analyze the location of the initial
recruitment zone from the vertical view and its relationship with the river channel, one cross
section, marked with the red line in Figure3.8 (b) and Figure 3.10 (b), was selected for the
above analysis. Figure 3.12 (a) and (b) show the condition of river channel and location of
initial recruitment zone of one cross section at Section 1 and Section 2, respectively. Figure
3.12 (a) shows that there is only main channel at the river channel, and the initial recruitment
zone distributed along the shoreline of main channel. Figure 3.12 (b) shows that there are
main channel and second channel at the river channel, and the initial recruitment zone located
between the main channel and second channel. It can be concluded that the “line” shape of
initial recruitment zone of riparian vegetation was only contributed by the main channel flow
with the comparison of Figure 3.8 (b) and Figure 3.12 (a). And the “scattered” shape of
initial recruitment zone of riparian vegetation was contributed by both the main channel and
second channel flow with the comparison of Figure 3.10 (b) and Figure 3.12 (b).

From the comparison of the initial recruitment zone distribution and river channel condition,
we can find that the distribution of the initial recruitment zone, which formed from the
accumulated seeds in upper soil, is sensitive to the river flow. It may be deduced that the
accumulated seeds along the shoreline was also consistent with the river flow distribution.
Therefore, seed accumulated along the shoreline was thought to be dispersed by the flow

since its distribution was consistent with the river flow.
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To express the relationship between initial recruitment zone distribution and the condition
of river channel systematically, the distribution of initial recruitment zone along the cross
section was simplified, as shown in Figure 3.13. Here, the internal and external boundary of
the initial recruitment zone referred that the boundary of the initial recruitment zone near and
far from the shoreline (Figure 3.13), respectively. Figure 3.13 (a) shows the initial

recruitment zone locates along the shoreline with line shape, which was influenced by the
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(b) Cross section at Section 2 (red line)

Figure 3.12 Initial recruitment zone and river channel condition
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main channel. Figure 3.13 (b) shows the initial recruitment zone locates along the shoreline

with the scattered shape, which was influenced by the both main channel and second channel.
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Figure 3.13 Simplified cross section of the river channel and the initial recruitment zone

34 Distribution characteristics of initial recruitment zone

3.4.1 Riparian vegetation distribution along dune

Figure 3.7 shows that the initial recruitment zone was distributed along the dune. To
further analyze the relationship between the dune morphology and the location of initial
vegetation recruitment zone, one longitudinal cross section was extracted of the bare bar at D1
(Figure 3.5). Figure 3.14 (a) shows the river morphology of bare bar at D1, and Figure 3.14

(b) shows the longitudinal cross section of red line in Figure 3.14 (a) and the location of the

58



initial recruitment zone. The initial recruitment zone was found to concentrate at the
downstream side of crest of dunes. The universality of the above identification should be
further discussed in the study, because the phenomenon of initial recruitment of riparian
distributed along the downstream side of dune was not be reported in the previous researches
regarding recruitment of vegetation into river bank. The relationship between the initial
recruitment zone and the dune morphology was also analyzed on the bare bar at D2 (Figure
3.5), as shown in Figure 3.15. With the comparison between the dune morphology and the
location of the initial recruitment zone, the initial recruitment zone was also found to be
located at the downstream side of crest of dunes. The phenomenon of the initial recruitment
zone concentrated at the downstream side of crest of dunes may be explained from the
following two aspects.

First, seed density is larger at the downstream side of dune. In chapter 2, it was found that
the seed density at the downstream side of dunes was much higher than the other locations
(Table 2.2). Second, the nutrient and water content may be abundant at the downstream side
of dune. The higher rate of fine sediment (one indicator of nutrient) was also investigated in
chapter 2. The possible reasons for the abundant rate of fine sediment at the downstream side
of dunes have been reported by many researchers. Johns et al. (1990) found that fine sand
filled at the trough (downstream location of dune) by using the method of numerical
simulation and field survey. Kostaschuk et al. (2008) found that 17% of suspended-load
deposited at the downstream side of dune before it reached trough. As stated in chapter 2, the
downstream sides of dune works like one pocket, which cannot only promote seed and fine
sediment deposition, but also can favor the gathering of water during precipitation period.
From the above analysis, it can be seen that the seed density, nutrient and water content may
be much higher than the other topographies of bare bar. Therefore, the downstream side of the
dunes provides a favorable condition for initial vegetation recruitment with the considerations

of both ecological factors and physical environments.
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Figure 3.14 Dune morphology and initial recruitment zone at D1
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3.4.2  Riparian vegetation distribution along shoreline

(1) Initial recruitment zone of riparian vegetation
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Figure 3.16 Relationship between the initial recruitment zone and river morphology

(a) Relative elevation (b) Distance to shoreline

The statistical analysis of the distance and relative elevation to shoreline of the boundary of
initial recruitment zone at Section 1~ Section 4 at May, 2017 and Section 1 at May, 2018 was
conducted by referring the field survey data. Comparing with the relative elevation of the
external boundary of recruitment zone (Figure 3.16 (a)), the distance to shoreline (Figure
3.16 (b)) is much more discrete. The coefficient of variation (CV) of the distance to shoreline

(0.66) is much larger than that of the relative elevation to shoreline (0.06). Therefore, we may
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deduce that compared with the vegetation distribution at transversal direction (distance to
shoreline), the range of vegetation recruitment zone has tight relationship with the river
morphology at the vertical direction (relative elevation to shoreline).

Figure 3.16 (a) shows that the relative elevation of external and internal boundary of
riparian vegetation is around 0.34 m and 0.07 m, respectively. This means that the initial
recruitment zone of vegetation concentrated at one band zone with the almost same relative
elevation at different sections of the study site. The previous relative studies also reported the
similar results, Carter Johnson (2000) conducted the field survey of tree recruitment, and he
monitored the tree seedling and measured elevation by surveyor’s transit and rod. The result
showed that the relative elevation (suitable for vegetation recruitment) between low water
level and the lower vegetated zone is 0.5 m. Rood et al. (2000) concluded that the successful
seedlings were generally established at elevations from 80 cm to 120 cm above the late
summer stream stage. Tetsuya (2009) utilized VRS-GPS (almost 1200 points) to investigate
sandbar morphology, and the investigation of vegetation was conducted too. His field survey
result showed that the mean relative elevation (elevation between water level and vegetation
recruitment zone) for annual vegetation recruitment near shoreline is 0.5 m.

Therefore, relative elevation between ordinary river flow and boundary of initial
recruitment zone is thought to be one important factor for deciding the spatial distribution of
vegetation recruitment zone with the consideration of both our field survey results and the
previous researches. The constant relative elevation and band zone of the initial recruitment
zone along the shoreline may be interpreted by the following aspects.

Although the scoring force and the drought stress was considered as the almost determined
factor for the internal boundary and the external boundary of the recruitment zone in the
previous studies (Amlin et al., 2002). In this study, the following two reasons was considered
as significant components for resulting the constant relative elevation and band zone of the

initial recruitment zone.
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Hydrochory was deduced as the seed dispersal medium of vegetation to the around
shoreline zone, and the accumulation of seed has tight relationship with the magnitude of
flood during seed dispersal period (Chapter 2). The scouring force and the inundation
boundary, which are influenced by the flood magnitude, may form the band zone of seeds
accumulation along the shoreline. The initial recruitment zone, which origins from the
accumulated seeds in upper soil, may also have tight relationship with the flood magnitude,
and then forms into band zone. In addition, the water content of soil at specific elevations was
parallel to the receding river flow (Mahoney et al., 1998), and this may also contribute to the
band distribution of initial recruitment with constant relative elevation. The predominant
specie of the initial recruitment vegetation was Phragmites japonica Steud., and this means
the physical environment adaptability of the recruited riparian vegetation is the same.
Therefore, the relative elevation of the initial recruitment zone at different sections was
almost same at the study site.

As analyzed above, the relative elevation at different Sections at the study site was almost
same. However, the relative elevation of the external boundary of the initial recruitment zone
along the main channel and second channel at Section 2 (Figure 3.12 (b)) was less than 0.34
m, which resulted in the unclear external boundary of the initial recruitment zone along the

main channel and second channel.

(2) Coverage rate of riparian vegetation at the initial recruitment zone

Figure 3.17 shows that the coverage condition of riparian vegetation located along the
shoreline at Section 1 of the study site. The coverage rate of vegetation at May, 2018 was
much less than that at May, 2017. The initial recruitment zone along the shoreline was both
identified at Section 1 at the two field survey times after the initial recruitment period (Table
3.1). To detect the distribution characteristics of the coverage rate and to compare the
difference of the coverage rate between the two field survey times (May, 2017 and May,

2018), the coverage rate of vegetation at Section 1 was analyzed.
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(@) May, 2017

Figure 3.17 Vegetation coverage condition at Section 1

From the analysis of the relationship between initial recruitment zone and river morphology;,
it can be seen that the distribution of initial recruitment vegetation has tight relationship with
the relative elevation, and the relative elevation of external boundary is around 0.34 m. The
statistical analysis of the coverage rate of vegetation was conducted at four different relative
elevation stages, i.e. (0~0.1), (0.1~0.2), (0.2~0.3), (0.3~0.4 m). Here, we use “RE” to
represent the “relative elevation”, and use the subscript of “RE” to represent the value of
relative elevation, e.g. “REg-01” means the relative elevation between 0 and 0.1 m. The
coverage rate of vegetation at May, 2017 was calculated at three areas (Area 1-1~ Area 1-3),
as shown in Figure 3.18 (a). The initial recruitment zones at May, 2018 were mainly
concentrated at three areas (Area 1-1~Area 1-3) along the shoreline (Figure 3.18 (b)), and the

coverage rate of vegetation was calculated at these three areas.
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(a) May, 2017 \ (b) May, 2018

Figure 3.18 Zone for the calculation of coverage rate of vegetation
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Figure 3.19 Coverage rate of vegetation at the initial recruitment zone
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Figure 3.19 (a) and (b) shows the vegetation coverage rate of the three areas (Area
1-1~Areal-3) at May, 2017 and May, 2018, respectively. It can be seen that the initial
vegetation coverage rate at the REg 102 is higher than that at the RE( 1-92. This means that the
riparian vegetation has the decreasing trend from the internal boundary to the external
boundary of the recruitment zone. The coverage rate of riparian vegetation between REg-o1
and RE 3-0.4 is lower than that between REg 1-03.

The difference of the coverage rate of the riparian vegetation in the relative elevation
direction (Figure 3.19) may be explained from two aspects, i.e. the seeds distribution in upper
soil and the physical environment of seedling growth. The bare bar at the area between the
shoreline and internal boundary of recruitment zone (at around RE-o1) is difficult for the seed
accumulation, and the higher inundation frequency, i.e., prolonged inundation, also caused
unfavorable environment, such as insufficient oxygen, for the germination and the seedling
growth, which leads to the smaller coverage rate at RE-1. Compared with RE-q 1, the bare
bar at RE 1-02 experienced the moderate inundation frequency, which may promote abundant
accumulation of seeds and fine sediment, and then facilitate seeds germination and seedlings
growth. Therefore, the coverage rate of vegetation at REg 102 is highest. Compared with the
coverage rate at REg 102, the coverage rate at REg -3 is lower. The possible reason may be
that the seeds density and nutrient of the bare bar at REq,-03 is lower than that at REg 102
since its inundation frequency is lower than that. It was pointed out that the seed deposition
concentrated close to the shoreline and declining with the higher plot elevations (Dixon et al.,
2006). In contrast with the bare bar at REg-p1, the bare bar at REg3-04 is difficult to be
inundated by river flow, and this caused the lower seed density, nutrient and water content.
Therefore, the coverage rate of vegetation between RE(3-04 is also very low.

It is easily to be found the possibility and high accuracy for using UAV remote sensing in
the field survey from the field survey results. The elevation interval was set as 0.05 for the

analysis of the relationship between the initial recruitment zone and the contour map of river

66



morphology. The elevation internal of 0.05 is difficult to be achieved by the general ground
based field survey methods, such as VRS-GPS, which needs artificial points setting and
operation, investigation accuracy may be affected by the limitation of point’s number and
human sample error. However, UAV is controlled by GPS, and setting of more investigation
points is feasible. The analysis the coverage rate of vegetation at the relative elevation
direction with the interval of 0.1 is also benefited from the high accuracy of the field survey
results by using UAV. Therefore, field survey by using can provide us the feasibility and
superiority to analyze the relationship between the ecological variables and the river

morphological variables.

3.5 Conclusions

This study utilized UAV remote sensing to investigate the initial vegetation recruitment
zone. High resolution of aerial photographs allowed the possibility for the detailed analysis of
vegetation distribution and river morphology, demonstrating the great efficiency and
usefulness of UAV remote sensing. Based on the UAV remote sensing, UAV aerial
photographs analysis, characteristics of initial vegetation recruitment zone and its relationship
with river morphology were summarized as followings.

1) Initial vegetation recruitment located at either the downstream side of crest of dunes on
bare bar or along the shoreline with linear and scattered distribution.

2) Relative elevation of initial vegetation recruitment zones along shoreline is almost same,
and the shape of vegetation distribution is consistent with river morphology distribution.

3) Compared with the distance to the shoreline, the location of initial recruitment zone has
much tighter relationship with the relative elevation.

4) The coverage rate of riparian vegetation presents the decreasing trend from the internal to

external boundary of the recruitment zone.

67



Chapter 4

Influencing factors for initial recruitment of riparian

vegetation

4.1 Introduction

In chapter 3, the classification and the distribution characteristics of the initial recruitment
zone was analyzed. This chapter mainly focuses on the potential factors on the distribution of
the initial recruitment of vegetation. The location and distribution of the initial recruitment of
riparian vegetation was thought to be affected by not only the hydrological variables but also
the physical environment of river bank.

The Hydrological variables, such as flow regime during different reasons (Ye et al., 2013)
and flood pulse, are regarded as one dominant driving force for vegetation recruitment,
growth and destruction with its effect on dominating the importation, permanence of river
flow and nutrient (Bayley et al. (1989) and Poff et al. (1997)). Moreover, flood pulse can be
recognized by flood inundation, flood frequency, flood recurrence and flood amplitude, and
that may be utilized as connectivity parameters to express the relationship between a leading
variable (hydrological variables) and its dependent ones, i.e. dynamics of riparian vegetation
(Stevaux et al., 2003).

Coverage of riparian vegetation at recruitment zone was related to the seeds germination
rate and settling rate of seedlings (Dixon et al., 2006). The seeds germination rate is in
positive proportion with the seeds number or seed density, which was mainly determined by
the flow regime. The final establishment of riparian vegetation was known to have tight

relationship with the duration and frequency of flooding and the scouring of ice and spring
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flood (Casanova et al. (2000), Mahoney et al. (1998)).

The physical environment of the river bank was also regarded as one significant factor on
the recruitment of vegetation. The seed dispersal (dispersed by hydrochory) and entrainment
were pointed out to be improved effective by increasing the surface roughness (Gurnell, A. et
al., 2006; Chambert et al., 2009), The surface roughness of channel substrate, such as the
existence of vegetation debris, and this indicated that the coverage rate of riparian vegetation
may be enhanced with the increase of surface roughness then. Seed germination is one
extreme complicated process, which is generally related to temperature, oxygen, light and
some other physical conditions (Raven et al., 2005). Vegetation germination rate was also
pointed out to be affected by the moisture condition of the initial recruitment zone (Brookes et
al., 2000), which is determined by the diameter and composition of sediment and the
groundwater table.

These studies referred above have advanced our understanding of the fundamental factors
on the distribution of recruitment vegetation. The purpose of this chapter is to analyze the
potential influencing factors on the location of the initial recruitment zone, the coverage
condition of vegetation onto bare bar. The study site is the same as that in chapter 3, with the
reach scale final of river, and both the around shoreline zone and upland of bare bar were
premeditated here. The seed distribution in upper soil, hydrological variable and alteration of
river morphology during the initial recruitment period were being considered in the analysis
and discussion. The physical environment of the study site was also being discussed in the

study.

4.2  Study methods

4.2.1 Investigation of accumulated seed, sediment distribution, water content of soil

The specific method and procedures on the investigation of seed and sediment

distribution on bare bar was introduced in Chapter 2. Since the water content of soil is an
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important component of biological processes, the effect of water content to the initial
recruitment of vegetation was considered in the study. The measurement of water content of
soil was conducted from the soil sample of the field survey with the following steps. First, the
weight of the soil sample was measured. Second, the soil sample was dried in a constant
temperature dryer. Third, the weight of soil sample was measured again after dryer. The water
content of soil was calculated by the proportion of the lost weight of soil sample to the

original weight of soil sample.

4.2.2 Investigation of river morphology and hydrology

The river morphology was measured by UAV monitoring, which has been reported in
Chapter 3. The discharge during the initial recruitment period was collected at Takaoka
gauging station, which located at 6.25 km upstream from the river mouth (Figure 3.1). The

discharge during the seed dispersal and settlement period is shown as Figure 4.1.
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Figure 4.1 Daily discharge during initial recruitment period

The tight relationship between the initial recruitment zone and river morphology was

uncovered by the UAV monitoring data in chapter 3. A numerical simulation was applied to
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further clarify the relationship between the location and coverage of vegetation recruitment
zone and hydrology. Nays2DH (http://i-ric.org/en/), with the function of depth averaged 2
dimensional flow and bed morph-dynamics, was employed. The fundamental equations used

in the simulation were shown as Appendix.

4.2.3 Numerical simulation of inundation frequency and spring flood

(1) Inundation frequency during seed dispersal period
Inundation frequency of bare bar is the defined here as the percentage of all water
surface elevation is during the seed dispersal period is higher that the elevation of bare bar.

And the algorithm used to calculate the inundation frequency is defined as equation (4.1).

I:)'nun. = Tinun. /Ttotal xlOO% (4-1)

Where,
Tinun. IS the inundation time of a point on the river bank; Ty is the total time during seed
dispersal period.

To calculate the inundation frequency of bare bar, the submerged condition of bare bar
under different magnitudes of discharge was calculated first. The contour map of submerged
zone under different discharges was also created. The flowchart for creating the contour map

of submerged zone is shown as Figure 4.2.

. . . Input
River geomorphology (elevation), discharge at the upstream Parameter

______________ l_____________________

2-D numerical simulation by using iRIC

v

Extraction of submerged zone of low-water channel

v

Altering of discharge for simulation

Y

Contour map of submerged zone under different discharges

Figure 4.2 Simulation flowchart of water inundation zone
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DEM data, obtained from UAV remote sensing, was imported as the river geomorphology.
The daily discharge (Figure 4.2) during the field survey period was applied to the simulation
as the upstream boundary condition, and the water surface of uniform flow assumption was
set as the downstream boundary condition. The dimeter of the bed material was set according
the field survey results of sediment distribution, and the Manning s coefficient was set as 0.03.
The submerged zone of low-water channel under different discharges was estimated from the
numerical simulation results. Inundation frequency was further analyzed for detecting the

hydrological condition of the initial vegetation recruitment zone.

(2) Scouring force of spring flood

Here, the elevation change of river bed was utilized as one indicator to show the effect of
spring flood. The alteration of river bed with the effect of spring flood was simulated by the
2-D hydrology simulation in iRIC. The uniform sediment size (mean diameter of sediment
particle) was used for the calculation of sediment transportation. The mean diameter of
sediment particle (dn) is obtained from the field survey results (Figure 4.3) at Dec., 2017 and
Jan., 2018, at which the stable river bed was almost formed after the large flood occurred

before the initial recruitment period, and its calculation is shown as Equation 4.2.

=— o AP 4.2
d, 1oo§d' . @2

72



—Shoreline (2017.12) —Shoreline (2018.01)

Sandbar (2017.12) —Sandbar (2018.01)
100 /
£ 80
on
g
2 60
fa~]
a,
[
° 40
5 /
2
& 20 /
0

0.1 1 10
Particle size (mm)

Figure 4.3 Particle size grading curve
The mean diameter of sediment particle at this study site is 4.8 mm and 5.6 mm at the

upland area of bare bar and the around shoreline area, respectively.

4.3 Results and Discussion

4.3.1 Annual maximum flood

In order to identify the influence of annual maximum flood to initial recruitment of
vegetation, the field survey of river morphology and land cover condition by using UAV
monitoring was conducted before and after the annual maximum flood in 2017 (Figure 4.4).

The initial recruitment zone of riparian vegetation was identified at May, 2018, which was
the second year of the annual maximum flood. The relationship between the location of the
initial recruitment zone and the elevation change of river bed after the annual maximum flood
is shown as Figure 4.5. Figure 4.6 shows the slope of bare bar before and after the annual
maximum flood, it was found that the slope of bare bar at the zone marked with “blue ellipse”
after the annual maximum flood was much larger than that before the annual maximum flood,
and that indicates the formation of the dune at the zone marked with “blue ellipse”.

From Figure 4.5 and Figure 4.6, it was found that the location of initial recruitment zone,

which locates along shoreline or the dunes, was almost corresponding with the location of
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shoreline and dune after the annual maximum flood in the previous year. The initial
recruitment zone along the shoreline was also identified to be located at the erosion zone, with
the erosion depth of around 0.2 to 0.5 m of river bed along the shoreline. It can be concluded
that the location of initial recruitment zone was determined by the rive morphology with the
effect of annual maximum flood, i.e., the annual maximum flood is one significant factor on
the location of initial recruitment zone. The effect of the annual maximum flood to the initial
recruitment of riparian vegetation may be explained from the following contents.

The river morphology determined by the annual maximum flood can provide the substrate
for the vegetation recruitment at the next year. It was also known that the riparian vegetation
prefers to recruit to the newly created soil substrate (Gurnell et al., 2006). The river bed along
the shoreline was easily to be eroded (Figure 4.5) by the large flood. It was known that the
rapid recruitment of vegetation was achieved at the erosional zones, because the erosional
zones has higher rate of moisture and nutrient (Asaeda, T et al., 2017). This means the annual
maximum flood may provide the newly created and erosional zones, at which provides the
beneficial environments for the initial recruitment. In this study, we assumed the period of
initial recruitment starts from November because the large flood in Japan usually happens at
Aug., Sept., and October. From the relationship between annual maximum flood and the
location of initial recruitment zone, it was thought that our assumption is reasonable at some

extent.
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4.3.2  Seeds density in upper soil

Both the seedbank and nutrient source tended to be stable after the serious disturbance of
substrate, which interfered the seed distribution in upper soil at Nov., 2017. Therefore, the
seed and sediment distribution at Dec., 2017 and Jan., 2018 was employed for analyzing the
relationship between seed density and initial recruitment of vegetation. The comparison
between the seed density at different types of river morphology during seed dispersal period

and the final recruitment of vegetation was conducted, as shown in Figure 4.7.

Seed density (m-2) Rate of fine sediment (%)
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Figure 4.7 Comparison of seed density and initial recruitment zone distribution
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Figure 4.7 shows that the initial recruitment of riparian vegetation locates mainly along the
shoreline, and part of the initial recruitment zone locates along the downstream side of dune.
However, the seed density at the downstream side of dune is much higher than that at the zone
near shoreline. Table 2.2 shows that the average seed density of the downstream side of dune
at Dec., 2017, Jan., 2018 is 1317 and 1000 m, respectively. The average seed density of the
near shoreline zone at Dec., 2017, Jan., 2018 is 231 and 278 m™, respectively, which is much
less than that at the downstream side dune. The obvious difference between the seed density
distribution and the initial recruitment condition may be caused by the inundation difference,
which is the dominant factor on water supply of upper soil and groundwater level. Although
the downstream side of dune marked with “red ellipse” had highest seed density, it is difficult
for the upland area of bare bar, such as the downstream side of dunes, to be inundated during
the around ordinary river flow period. The limited inundation frequency resulted in the
insufficient water content of soil, which is the significant factor on seed germination and
seedling growth.

Compared with the downstream side of dune, the inundation frequency at the around
shoreline area is higher, and this means the shoreline has relative higher water content. But it
is not means that the river bank with the higher inundation frequency will also own the higher
recruitment possibility of vegetation, because it was reported that too much frequent
inundation was adverse for seed accumulation and seedling growth (Carter Johnson, 2000).
The suitable inundation frequency for the initial recruitment of riparian vegetation was

analyzed in the next section.

4.3.3  Inundation frequency

The relationship between the inundation frequency and initial recruitment zone was
analyzed at Section 1 at May, 2018. In the study, the inundation condition of bare bar at

Section 1 was simulated under different magnitudes of discharge. Figure 4.8 shows the
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relationship between the initial recruitment zone and inundation zone of bare bar under

different discharges.

Inundation discharge (m”3/s)

Q=30 Q=70

B Q=110 M Q=13.0

Figure 4.8 Contour map of inundation zone
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Figure 4.9 Relation between hydrology and initial recruitment zone

To show the relationship between the location of initial recruitment zone and the inundation
frequency more clearly, one cross-section at May, 2018 (red line at Figure 5.1) was selected
for the analysis of the relationship between the initial recruitment zone and the inundation
frequency (Qsoo, refers that the inundation frequency of bare bar under such discharge is 30%).

Figure 4.9 shows that the inundation frequency of the initial recruitment zone at May, 2018 is
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around 30% and 40%.

The simulation results show that the vegetation recruitment appeared at the wet/dry
rotational area near shoreline. This result indicates that it is impossible for vegetation to
recruit at those places with everlasting river flow or with permanent droughty condition. The
inundation period of the around shoreline area can not only contribute to weaken the mortality
of seeds of seedling caused by drought, but also can facilitate the formation of fresh substrate,
which contains much more fine sediment and nutrient (Toda et al., 2005). The non-inundation
period of the around shoreline zone can provide the possibility for seed or seedling to contact
with light and oxygen, which are dominant factors for vegetation recruitment. This result
implies the intermediate inundation frequency may promote vegetation recruitment.

The similar results regarding the relationship between inundation frequency and vegetation
recruitment were also reported in the previous studies. Casanova et al. (2000) also reported
that frequency of inundation affected community composite. Poff et al. (1997) found that flow
frequency acts strongly on the dynamics of riparian vegetation dynamics, and pointed out that
species recruitment occurs under the condition of low river flow level and high circulation of
flows in the grass-herbaceous lower floodplain. This means the recruitment of grass was also
easily to be influenced by the inundation frequency of floodplain.

In this chapter, 2-D numerical flow simulation was employed to detect the effect of
hydrology on vegetation recruitment. The potential hydrological condition (such as inundation
frequency) for the initial vegetation recruitment can be easily calculated by comparing the
contour map of submerged zone and initial vegetation recruitment zone. Therefore,
combination of numerical simulation and UAV remote sensing, UAV aerial photographs
analysis may be one effective method to explore the relationship between hydrological

variables and ecological features.
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4.3.4  Physical environment

(1) Water content

Figure 4.7 (a) and (b) show that the downstream side of zone marked with “purple ellipse”,
which located near the shoreline, was recruited by new vegetation, but the downstream zone
side of zone marked with “red ellipse” which located far from the shoreline, was not recruited
by new vegetation. To identify the possible reasons, the seed density, rate of fine sediment
(index of nutrient) and water content of soil at these two zones was analyzed by referring the
field survey data at May, 2018, because the recruitment of riparian vegetation is expected to
be determined by the seed density in upper soil, nutrient and water content of soil. The
averaged seed density, rate of fine sediment and water content at the around shoreline zone,
flat area, downstream side of dune near and far from shoreline was analyzed based the field
survey data, as shown in Figure 4.10. The water content of soil at the study site may vary
much since the precipitation change much at different seasons. The dimensionless value or
relative value is necessary to compare the variables of physical environment, such as water
content and rate of fine sediment, between different study sites or field survey dates. As the
value of the above three variables at the flat area of bare bar is smallest, therefore, the value of
flat area of bare bar was set as basis. The relative proportion of the rate of fine sediment,
water content of soil and seed density at downstream side of dune to the flat area of bare bar
was calculated, as shown in Table 4.1.

Figure 4.10 and Table 4.1 show the rate of fine sediment and seed density at the
downstream side of dune located far from the shoreline is much higher than that at the
downstream side of dune located near the shoreline. In contrast with the seed and sediment
distribution, the water content of soil at the downstream side of dune located near the
shoreline was much higher than that at the downstream side of dune located far from the
shoreline, and the initial recruitment of vegetation was identified at this kind of area.

Therefore, it can be deduced that water content of soil was the reason of the initial recruitment
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of vegetation at downstream side of dune located near shoreline. It may be outlined that the

water content of soil is one determined factor on the initial recruitment of vegetation.
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Figure 4.10 Averaged seed density, water content and rate of fine sediment at the study site

(“Downstream-s” and “Downstream” means the downstream side of dune near and far from shoreline)

Table 4.1 Recruitment condition at downstream side of dune near and far from shoreline

. Rate of fine Water Seed Recruitment of
Condition of dune
sediment content density vegetation
Near shoreline 1.54 1.68 6.93 YES
Far from shoreline 3.36 1.04 62.67 NO

(2) Roughness of ground surface
a) Vegetation litter at the downstream side of dune

The initial recruitment of vegetation along the dune located far from the shoreline was
identified at Section 4, but that was not identified at Section 1. Therefore, one more field
survey at Section 4 was conducted again at Section 4 at June, 2018. The condition fo initial
recruitment at the downsteam side of dune at the Section 4 was identified in the field survey

result of June 4, 2018, as shown in Figure 4.11. Fugure 4.11 (a) shows that the downstream
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side zone marked with “blue ellipse” was recruited by new vegetation, however, the zone
marked with “red ellipse” also locates at the downstream side was not be recruited by new
vegetation. The vegetation litter at the downstream side of dune was found at the downstream
side of dune marked with “blue ellipse”. To identify the possible reasons and the effect of
vegetation litter, the averaged rate of fine sediment, water content and seed density were

analyzed at these two zones, as shown in Figure 4.12.
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® Downstream-litter @® Flat area

(b) Initial recruitment of
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Figure 4.11 Initial recruitment condition at the downstream side of dune (June 4, 2018)
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Figure 4.12 Averaged seed density, water content and rate of fine sediment at the study site

(“Downstream-litter” means the existence of vegetation litter at the downstream side of dune)
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The relative proportion of the rate of fine sediment, water content of soil and seed density
at downstream side of dune to flat area of bare bar was calculated, as shown in Table 4.2.
Figure 4.12 and Table 4.2 show that rate of fine sediment, seed density and water content at
the downstream side zone with vegetation litter is higher than that at the downstream side of
dune without vegetation litter.

With the comparison of the averaged seed density, rate of fine sediment and water content
at Table 4.1 and Table 4.2, the downstream side of dune located far from shoreline with the
existence of vegetation litter, at which the initial recruitment of vegetation occurred, had the
higher rate of fine sediment (nutrient), seed density and water content.

The deposition of vegetation litter was found after the annual maximum flood before the
initial recruitment period. There may be two reasons for explain that the rate of fine sediment
and seed density were higher at the location with vegetation litter existence. One possible
reason was that seed and fine sediment may deposit synchronously with the deposition of
vegetation litter. Another possible reason was that the vegetation litter may improve the
surface roughness, and then promote seed and fine sediment deposition. However, the
importance of the above two reasons cannot be classified clearly with the limitation of our
field survey data.

The vegetation litter located at the downstream side of dune may promote the deposition of
fine sediment and seeds, and also has water-retaining property. The humus soil was formed
with the mixture of vegetation litter into the soil. It was reported that the humus can promote
the soil to retain moisture (C.Michael Hogan, 2010), advance the formation of stable soil
structure (Hempfling et al., 1990), and it also provides available oxygen for the plant to
conduct ion exchange (Szalay, A, 1964). Both the soil moisture and aerobic environment are
essential factors for the seed germination and seedling growth at the river bank. From the
above analysis, it can be deduce that the vegetation litter at the bare bar may promote the

initial recruitment of riparian vegetation.

83



Table 4.2 Recruitment condition at downstream side of dune with and without vegetation litter

Condition of dune Rate of fine Water Seed Recruitment of
(Far from shoreline) sediment content  density vegetation
Have vegetation litter 5.02 1.32 75.75 YES

No vegetation litter 1.00 1.05 10.07 NO

b) Gravel on the bare bar surface

Figure 4.8 shows the zone locates along the shoreline marked with “red ellipse” and
“purple ellipse” has the almost same inundation frequency, however, only the zone marked
with “purple ellipse” was recruited by the new vegetation. Figure 4.13 (a) and (b) show the
land cover condition of the zone marked with “red ellipse” and “purple ellipse”, respectively.
It was found that the zone marked with “purple ellipse”” was covered by the gravel on the river
bed surface. The effect of gravel on the surface may have the following two effects on the
initial recruitment of vegetation.

First, the gravel on the river bed surface may promote the seed accumulation during the
seed dispersal period since its relative higher roughness, and it was pointed out that the higher
roughness can improve seed accumulation (Schneider et al., 1988). Second, it may also
protect the accumulated seed or seedlings to be rushed away by the spring flood during the
settlement period since the movement of sediment in upper soil was undermined with the
effect of gravel on the river bed surface. The non-dimensional shear stress was calculated
under the largest flood at settlement of vegetation (Figure 4.1), and the mean diameter of
sediment (dy,) of shoreline (with gravel on surface, d,=5.6 mm) and sandbar (without gravel
on surface, d, =4.8 mm) was applied to the calculation. Figure 4.14 shows the distribution of
non-dimensional shear stress at one cross section (red line in Figure 5.1) with the
consideration of gravel or not, respectively. It was found that the gravel on surface can
increase the non-dimensional shear stress of river bed, which means the sediment at the

around shoreline zone is difficult to be moved away. From the above two considerations, the
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gravel on the river bed surface was thought to be profitable for the initial recruitment of
riparian vegetation. However, the quantitative analysis of the effect of gravel on the
accumulation of seed was not conducted in the study, which should be further studied in the

future.

(a) Without gravel cover

- |

Figure 4.13 Condition of river bed cover and initial recruitment (May, 2018)
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Figure 4.14 Distribution of non-dimensional shear stress
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4.3.5  Spring flood

Comparing the coverage rate of vegetation at Section 1 (Figure 3.19), it was known that
the coverage rate at May, 2018 was much less than that at May, 2017. The magnitude and
duration of the daily discharge during the settlement period in 2018 was much higher than that
during the settlement period in 2017 (Figure 4.1). The largest daily discharge of Qmaximum,
which is marked in Figure 4.1, at spring during the settlement period of vegetation
recruitment, exceeds the ordinary river flow largely. To elucidate the potential influence of
spring flood on the settlement of riparian vegetation, the elevation change of river bed was
calculated by using the 2-D hydro-morphology simulation.

The simulation result of elevation change of river bed is shown in Figure 4.15. The erosion
depth of river bed under the effect of spring flood (Figure 4.1) of 2018 is around 0 to 0.1 m
(Figure 4.15). The settlement of riparian vegetation may be affected by the erosion of river
bed from the following two possible elements.

One is the accumulated seed and fine sediment in the upper soil may be affected. The
accumulated seeds and fine sediment has high possibility to be washed away with the erosion
of river bed, which has been confirmed in chapter 2. The coverage rate of vegetation will be
affected then.

Second, the seed germination and seedling growth may be destroyed. The stability of the
substrate of river bed may be disturbed seriously with the erosion of river bed, which may
impede the seed germination, and the coverage rage of vegetation will then be affected. The
seedling was expected to be destructed if the erosion depth of river bed exceeds the root
length of vegetation (Yagisawa et al., 2009). The root length of vegetation at the study site at
May, 2018 is around 0.15 m (Figure 4.16), which was thought to be longer than that at during
the settlement period. Therefore, part of the seedlings at the settlement period was deduced to
be flushed away with the erosion of river bed.

From the above analysis, it can be outlined that the spring flood may interrupt the initial
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recruitment of vegetation with its effects of washed the seeds or seedlings away and interfere

the stability of substrate.
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Figure 4.16 Root length of vegetation at the study site

4.4 Conclusions

The initial recruitment of riparian vegetation was first identified based on the field survey
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data. Then, the potential influencing factors for the initial recruitment of vegetation were

analyzed and discussed with the reference of simulation and field survey results. The

following conclusions were outlined relied on the analysis and discussion results.

1)

2)

3)

4)

5)

6)

The annual maximum flood is the determined factor on the location of initial recruitment
zone of vegetation at the next year.

The initial recruitment of vegetation onto the overall area of bare bar cannot be only
judged according to the seed density in upper soil, since the water content at the zone far
from shoreline is insufficient.

Inundation frequency is one significant factor on the initial recruitment of vegetation
around the shoreline.

The surface roughness of river bed was thought to affect the initial recruitment of riparian
vegetation. The vegetation litter at the downstream side of dune may promote seed and
fine sediment accumulation, and it also has water retaining ability.

The gravel on river surface may promote the seed and fine sediment accumulation and
reduce the movement of sediment during flood.

The spring flood with its effect on the river bed erosion and disturbance of substrate was

thought to affect the coverage rate of vegetation at the recruitment zone.
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Chapter 5

Modeling of initial recruitment of riparian

vegetation

5.1 Introduction

The relationship between seed distribution and river morphology, hydrology, and the
potential seed dispersal method has been discussed in Chapter 2. The distribution
characteristic of initial recruitment of riparian vegetation, and its tight relationship with river
morphology and hydrology was identified in Chapter 3 and Chapter 4. From the Chapter 2 to
Chapter 4, it was found that both the seed dispersal and the final initial recruitment of riparian
vegetation have very tight relationship with the hydrology and river morphology. This means
the mechanism of initial recruitment of riparian vegetation has been further uncovered in the
previous chapter at some extent. Then, a method for predicting the initial recruitment zone
and coverage of vegetation at the recruitment zone based on the mechanism knowledge
regarding initial recruitment is expected to be valuable for the restoration of the multi-natural
river from the viewpoint of river management. In Chapter 4, it was found that the initial
recruitment of vegetation along the downstream side of dunes was mainly determined by
physical environment of water content and the surface roughness of vegetation litter rather
than the hydrological variables, such as inundation frequency and magnitude of flow, since it
located far from the shoreline. The simulation of dune morphology is different to be achieved
in the flow simulation with the consideration of its irregularity in our current knowledge
background. Therefore, the modeling of initial recruitment of vegetation in this chapter will

only focus on the initial recruitment of vegetation along the shoreline area.
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The processes of recruitment were thought to have three main stages, i.e. seed dispersal,
seed germination and settlement (Figure 1.8). Hydrochory (water dispersal), which usually
happen during autumn and winter (Boedeltje et al., 2004), was known to be the main medium
of seed dispersal on riverbank (Nilsson et al., 2010). The seed transported by hydrochory was
reported to be influenced by the effective discharge and sediment transport, and it will finally
deposit and accumulate into the upper soil, which plays significant role on the establishment
of recent vegetation communities (Yoshikawa et al., 2013). The species richness of seed at the
recruitment zone was highest in samples accumulated during winter when the high flows can
active and disperse viable seeds from the river upstream (Gurnell et al., 2006), the species
richness of vegetation along shoreline at the second summer was then be enhanced with the
increase of seed species. Since the high frequency of inundation near the shoreline may settle
large numbers of seeds around shoreline areas, the number of seeds presents an obvious
decrease from the near shoreline area to upland of sandbar (Fraaije et al., 2017). The
settlement of riparian vegetation was reported to be not only influenced by the distribution of
seed and nutrient, which was known to be in positive proportion to rate of fine sediment (Toda
et al., 2005), but also the scouring of spring flood and groundwater table decline rate, which is
related to river stage alteration tightly (Lytle et al., 2004).

Although the relationship between vegetation recruitment and hydro-morphology was
stated in the aforementioned researches, the modeling of riparian vegetation recruitment was
almost not conducted. The purpose of this study is to establish a recruitment model for
predicting the initial recruitment zone and the coverage rate of riparian vegetation from the
viewpoints of hydrology and river morphology. The procedures of the study were conducted
as followings: First, the relationship between seed and sediment distribution along the
shoreline was investigated, which has been introduced in chapter 2. Second, the relationship
between the hydrology, morphology and the initial recruitment condition (zone and coverage

rate) of riparian vegetation was analyzed, which has been stated in chapter 3 and chapter 4.
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Third, an initial recruitment model was proposed and calibrated based on the field survey

results, and then it was validated in the target river.

5.2  Study methods

5.2.1 Outline of the field survey
The target study site is located at around 9.8 km upstream from the river mouth in Suzuka

River, as shown in Figure 5.1.

Figure 5.1 Study site (Suzuka River)

It was known that the seed release generally occurs after the large floods and during the
falling limb of the hydrograph. The period of riparian vegetation recruitment is assumed to
origin from Nov. to April in one year with the consideration the following two factors. First,
the high occurrence of large floods generally occurs at Aug., Sept. and Oct. at the study site.
Second, the initial recruitment of vegetation along the shoreline was identified at May at the
study site. The seed dispersal period (Figure 5.3), which was pointed out to happen at autumn
and winter4), is assumed to start from Nov. to Feb., and the settlement period (seed
germination and seedling growth) is assumed to be March and April. “Settlement” (Figure 5.3)

means the growth of seedlings with resistance of spring flood.
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Field survey of soil sampling, UAV monitoring and 2-D hydrology simulation were used in
the study, and the flowchart is shown as Figure 5.2. The relationship between seeds and
sediment distribution (conducted from Nov., 2017 to Jan., 2018) and the relationship between
initial recruitment and hydro-morphology (conducted at May, 2017 and May, 2018) were first
analyzed based on the field survey data, and the above two relationships were set as the basic
and referred condition (“blue” in Figure 5.2) for the initial recruitment model establishment.
Then, the initial recruitment model was proposed with two main steps (marked with “green”
in Figure 5.2), to determine the bare bar area (the area above the ordinary flow and without
vegetation existence) first, and then to simulate the potential recruitment zone and coverage
rate with the consideration of the basic condition (field survey results). The 2-D hydrology
simulation was conducted by using iRIC. The specific processes were introduced at Chapter

4.

| Field survey by using UAV }—’{ Disposing UAV images by using Agisoft Photoscan ‘

| Soil sampling ‘ ‘ Orthophoto DEM data |
Collection of seeds and Analysis of the Orthophoto | 2-D hydrology simulation
soil sieving experiment and DEM by using ArcGIS (water depth )

N

Recruitment condition: | Relation between | | Relation between | Determine the bare
Recruitment zone morphology and hydrology and bar (Elevation above
Coverage rate recruitment recruitment ordinary river flow)

Relation between seeds
and sediment distribution

‘ ‘ Base condition ‘

| Potential vegetation recruitment zone | Coverage rate of vegetation at the recruitment zone

Figure 5.2 Flowchart of this study

5.2.2 Investigation of accumulated seed, river morphology and hydrology

The accumulated seed in the upper soil was investigated by soil sampling and experiment

(the collection of seed from soil by K;COj3 solution and microscope). The soil particle size
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distribution was measured through sieve analysis by using electromagnetic sieving shaker.
The specific procedures for the analysis of seed, sediment distribution and river morphology
were stated at Chapter 2. The discharge collected at Takaoka gauging station is shown in

Figure 5.3.

5.2.3 Modeling of initial recruitment of riparian vegetation

(1) Initial recruitment zone of riparian vegetation

We analyze the boundary of the recruitment zone and its influencing factors first, and
therefore we define the following parameters here. Qi and Qex: the discharge referring to the
internal and the external boundary of the recruitment zone.

Since the seed of riparian vegetation is dispersed mainly by water, the zone of seeds
accumulation is determined by the inundation zone of flow. The external boundary of
recruitment zone is expected to be consistent with the external inundation zone of the largest
discharge during seed dispersal period (Nov. to Feb.). Therefore, Qe Can be set as the
maximum discharge during seed dispersal period normally. But Qe should be set as Q. (the
critical discharge for initial recruitment, which will be introduced in next section) if the
maximum discharge is bigger than Q. since too large flood may flash away the seeds and fine
sediment in upper soil, and it should be excluded.

Since the too frequent inundation is adverse for seeds accumulation, the discharge referring
to the internal boundary of recruitment zone can be determined by analyzing the most suitable

inundation frequency for the initial recruitment by hydrology simulation.

(2) Coverage rate of riparian vegetation

Since the seed density and the fine sediment at recruitment zone are dominantly determined
by the inundation frequency if the frequency is not too high, the coverage rate of vegetation at
the recruitment zone was thought to be positive proportion with the seed density in upper soil.

The coverage rate of riparian vegetation can be regarded to be in positive proportion to the
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inundation frequency during seed dispersal period. Therefore, the coverage rate of vegetation
at the internal boundary of recruitment zone was thought to be highest, and it is assumed to be
100%. However, the final coverage of vegetation was usually affected by the scouring force
of spring flood during the settlement period (March and April), which is adverse for seedling
growth. Therefore, the final coverage rate (Equation 5.1) of vegetation at the recruitment
zone is modelled as the function of the inundation frequency (Equation 5.2) at the seed
dispersal period and scouring force (Equation 5.3) of spring flood during the settlement

period.

c.( j)z{P(lnun.( j ))*@1(1— |sc)j @ >Q,)

P(Inun.( j)) Q@ =<Q.) 1)

v (T-t(§)
P(Inun.(j))—mxlOO% 5.2)
lse = KQ? _Qgr)uaVch (5.3)

Where,

C.(j): the coverage rate of riparian vegetation of point j at the recruitment zone; P(Inun.(j)):
the relative inundation frequency of point j to the inundation frequency of the internal
boundary of recruitment zone during seed dispersal period; t(Qin): start time for the
inundation of internal boundary of recruitment zone; t(j): Start time for the inundation of point
J (t()>t(Qiny)); T: Overall time during the seed dispersal period; ls.: Effect of bed scouring
caused by spring flood; Q. Critical discharge for recruitment of vegetation; Q;: Daily
discharge; a: adjusting parameter, which is calibrated by the field survey results; n: number of
days when discharge is bigger than Q.

Qcr was determined by considering the adverse condition for the seedling growth. It was
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reported that the movement of mean diameter of sediment (D) is adverse for vegetation
growth (Sezaki et al., 2000), therefore, the discharge for evoking the movement of sediment
of Dn diameter is set as the critical discharge for the initial recruitment. The critical
non-dimensional shear stress (z.c) for the movement of mean diameter of sediment D, was set
as 0.06. The non-dimensional shear stress () at the bare bar was calculated under different
discharges by hydrology simulation. The discharge was set to Q- when z. is around 7. at the
bare bar. The Qg for initial recruitment between Nov., 2016~April, 2017 and Nov.,
2017~April, 2018 is marked in Figure 5.3.

The parameter “a” in Equation 5.3 was determined by the comparison of field survey and

simulation results.
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Figure 5.3 Critical daily discharge for initial recruitment of vegetation

5.3 Results and discussion

5.3.1 Relation between seed density and sediment size along shoreline

As discussed in chapter 2, the relationship between the averaged seed density and rate of

fine sediment (diameter less than 0.25 mm) cannot be judged at the shoreline zone since its

95



obvious spatial difference from the flat area and dune of bare bar. The relationship between
seed and sediment distribution at the around shoreline was analyzed from the temporal
viewpoint, as shown in Figure 5.4. The average seed density is almost in positive proportion
to the rate of fine sediment (R=0.879).

The seeds germination number, i.e. seedling number, was pointed out to have a significant
positive relationship with the percentage of fine sediment. In this chapter, the assumption of

the seedling settlement is in positive to the seed density is sound at largely extent.

m Rate of fine sediment ™ Seed density

400

R=0.879
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Nov., 2017 Dec., 2017 Jan., 2018

Figure 5.4 Average seed density (bars: SE) and sediment distribution

5.3.2 Calibration of the established model

Here, the field survey result of May, 2018 was used for the initial recruitment model
calibration. Figure 4.9 shows that the internal boundary of the recruitment zone is located
between the boundary of inundation zone with the inundation frequency of 40% and 30%.
Here, Qint Was set as the discharge with 40% inundation frequency during seed dispersal
period to simply the simulation. Therefore, the internal boundary and external boundary of the
initial recruitment zone was determined by the inundation boundary of Quu and Qr,

respectively, as shown in Figure 5.5.
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Figure 5.5 Calculation of internal and external boundary
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Figure 5.6 Discharge used for simulation

The inundation condition of bare bar was simulated under hydrograph of Figure 5.6 (b),
which is the order of discharge during seed dispersal period (Figure 5.6 (a)) from smallest to
largest.

The statistical analysis of the inundation time of each grid point, which was created in iRIC,
was conducted. The relative inundation frequency of the grid point at the initial recruitment
zone to the internal boundary was then calculated by referring Equation (5.2).

The adjusting parameter “a” in Equation (5.3) was set to different values, e.g., 0.55, 0.60,

0.65. The simulation result of coverage rate is shown as Figure 5.7 (a). “a” was set as 0.6
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because its simulation result is most consistent with the field survey results. Figure 5.7 (a)
shows that the simulated riparian vegetation coverage rate at REo-q is similar with the survey
result. However, the simulated vegetation coverage rate between the REq 204 is smaller than
the field survey result. One possible reason may be the difference of the scouring of spring
flood (smaller at higher elevation area) at different relative elevations, but it is assumed to be
the same for all the elevation in the simulation.

Figure 5.7 (b) shows that the simulated recruitment zone locates along the shoreline with
line shape, which is consistent with the field survey results. The coverage rate of vegetation
presents the decreasing trend from the internal boundary to external boundary at the initial

recruitment zone.
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Figure 5.7 Calibration of initial recruitment model
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5.3.3 Validation of the established model

The current recruitment model was applied to two sections (Section 1 and Section 4) of the
target river, where the initial riparian vegetation recruitment along shoreline was identified at
May, 2017. Section 1 is the same location as the study site at May, 2018 (Figure 5.1). Section
4 is the downstream of the first headworker (Segment 2-1) (Figure 3.5), which is located at
around 14.9 km upstream from the river mouth. Figure 5.8 (a) and (b) show the potential
recruitment zone simulated by the current recruitment model was almost consistent with the
field survey result, especially at Section 1. Figure 5.8 (c) shows that the coverage rate of
riparian vegetation of the simulation results at Sections 1 and 4 is almost the same with the
field survey results at REq-2. From the validation results, it can be found that the current
recruitment model can well predict the potential recruitment zone and approximately reflect
the coverage rate of the riparian vegetation.

The vegetation coverage rate at the REg-0.3 was smaller than that at the REg 1-0.2, and this
means the coverage rate of vegetation presents the decreasing trend from the internal
boundary to the external boundary of the initial recruitment zone. This indicated that our
assumption of the coverage rate of vegetation at the recruitment zone was in positive
proportion to the inundation frequency is reasonable at some extent.

Since the predominant vegetation (Phragmites japonica) was the same at the initial
recruitment zone at both May, 2017 and May, 2018, the difference of environment
adaptability for different vegetation species was not be considered in the study. Figure 5.7
and Figure 5.8 show that the proposed recruitment model with the considerations of
inundation frequency and scoring force of spring flood can predict the initial recruitment zone
well and it can also represent the coverage rate of vegetation approximately, especially at
REo-0.2. This means that the inundation frequency and spring flood are two significant factors

on the initial recruitment of riparian vegetation onto bare bar.
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Yoshikawa et al. (2013) reported that the establishment of vegetation has tight correlation
with the seed accumulations in the sediment, which was significantly determined by the
inundation frequency. This is consistent with our assumption that the settlement of vegetation
is in positive proportion with the inundation frequency.

Figure 5.7 (b) and Figure5.8 (b) show that there was no initial recruitment of vegetation at
the zones marked with “purple ellipse” in the field survey results although the hydrology
condition (inundation frequency) there was the same with the other zones. Figure 5.8 (c)
shows the coverage rate of vegetation at Section 1 and Section 4 at REq-o is almost same,
however, it is quite different at REq2-04. The above phenomenon may be caused by the
physical environment, such as the roughness of the river bed surface, of the bare bar. In
chapter 4, the substrate of the initial recruitment zone along the shoreline at May, 2018
(Figure 5.7 (b)), was covered by the gravel. However, the zone marked with “purple ellipse”
was not be covered by the gravel on surface. The existence of gravel on the surface was
thought to improve the seed accumulation and impede the seedlings destruction, and then

facilitate the initial recruitment of vegetation.

5.4 Conclusions

The simulation of vegetation recruitment from the viewpoint of hydro-morphology is an
effective way since the potential recruitment zone and the coverage rate, especially the bare
bar between the relative elevation of 0~0.2 m, was well simulated by the current recruitment
model. The following two conclusions can be outlined in the study.

1) Seed density in the upper soil is positive proportion with the rate of fine sediment.
2) The hydrological variables, such as inundation frequency and spring flood, are dominant
factors for the potential recruitment zone and the coverage rate of riparian vegetation onto

bare bar.
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Chapter 6

Conclusions and future work

6.1 Conclusions

The flood passage capacity and the native vegetation species growth are affected by the
expansion of vegetation, which may be promoted by the initial recruitment of vegetation.
Thus, the research on the initial recruitment of vegetation is of significant value for
establishing the multi-nature rivers. The motivations of this dissertation are composed of two
parts, 1) to clarify the mechanisms of the initial recruitment of riparian vegetation in
accordance of the stages of initial recruitment development, i.e. seed dispersal, seed
germination and seedling settlement. 2) to propose method for predicting the initial
recruitment zone and coverage rate of vegetation along the shoreline.

The mechanisms of the initial recruitment of riparian vegetation were primarily evaluated
from the viewpoints of hydrology and river morphology in this research. That is to say that
the relationship between the distribution characteristics of seed and initial recruitment
vegetation and hydro-morphological variables were mainly analyzed and discussed. To
achieve the above two main motivations, the field survey of UAV monitoring, soil sampling
and 2-D hydro-morphology numerical simulation were conducted.

In chapter 2, the seed distribution characteristics and the seed dispersal method were
explored with the reference of soil sampling results. In chapter 3, the initial recruitment zone
was first identified, and the distribution of the initial recruitment of vegetation was then
analyzed. In chapter 4, the possible influencing items on the distribution of the initial

recruitment of vegetation, which was introduced in Chapter 3, were analyzed and assessed by
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using the field survey and simulation results. The initial recruitment model was proposed with
the considerations of seeds and sediment distribution, the relationship between the initial
recruitment of vegetation and inundation frequency and spring in Chapter 5. The major

findings in each chapter can be drawn and summarized as followings.

(1) Relationship between the initial recruitment of riparian vegetation and river

morphology

a) Distribution of seeds in upper soil

In chapter 2, it was found that the seed density at the shoreline is higher than at the upland
area of bare bar, because the shoreline is easily to be inundated by flood, and the accumulated
flood debris was thought to be one dominant source of seeds. The seed density and rate of fine
sediment is much higher at the downstream side of dune than that at the upstream side of dune,
because the downstream side of dune works like a pocket, which may promote the seed
deposition and accumulation either the seed dispersed from the direction of upstream side of
dune or from downstream side of dune. In the study, it was found that the seed density at bare
bar was in positive proportion to the rate of fine sediment, however, it was in inverse
proportion to the D50.
b) Distribution of the initial recruitment of vegetation

As stated in chapter 3, the initial recruitment zone was identified to locate along the
shoreline and the dune of bare bar. The initial recruitment zone was almost parallel with the
shoreline when there was only main river channel existed in the river bank; in contrast, it
presented scattered distribution when there were both main channel and second channel
existed at the low-water channel. The area of the initial recruitment zone has very close
relationship with the relative elevation rather than the distance to shoreline. The average value
of the relative elevation of the internal and external boundary of the initial recruitment zone is

0.07 m and 0.34 m, respectively. The initial recruitment zone along the dune located
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dominantly at the downstream side of dune, where has higher seed density and rate of fine
sediment. And the higher seed density and rate of fine sediment at the downstream side dune
were thought as one vital reason for the settlement of vegetation here.

The coverage rate of vegetation along shoreline was analyzed in chapter 3, and it was found
that the coverage rate of vegetation at the direction of relative elevation showed the
decreasing trend from the internal boundary to the external boundary of the initial recruitment

Zone.

(2) Relationship between the initial recruitment of riparian vegetation and hydrology

a) Distribution of seed in upper soil

In chapter 2, it was found that compared with the large flood and ordinary flow, the
moderate flood was the most favorable condition for the seed dispersal and accumulation in
the upper soil along the shoreline. The seed may be flushed away with the erosion of river bed
with the influence of the large flood.
b) Distribution of the initial recruitment of vegetation

From chapter 4, we can find that the location of the initial recruitment zone was mainly
determined by the annual maximum flood at the previous year because the erosion zone and
dune were shaped during the annual maximum flood. The erosion zone along shoreline and
formation of dune at upland area of bare bar was the necessary elements for the initial
recruitment of vegetation along the shoreline and the downstream side of dune at upland area,
respectively. The initial recruitment zone along the shoreline locates at the wetting and drying
rotational area of bare bar. The moderate inundation frequency (30%~40%) during the seed
dispersal period was regarded as the most beneficial condition for the internal boundary of
initial recruitment zone. The settlement rate of vegetation along the shoreline may be affected
by the spring flood, which eroded the river bed with the depth of around 0~0.1 m along the

shoreline.
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The initial recruitment model proposed in chapter 5 with the considerations of inundation
frequency and spring flood can well predict the initial recruitment zone and approximately
represent the coverage rate of vegetation. This revealed that the hydrological variables are
extreme significant factor on the initial recruitment of vegetation.

From the above analysis, we can find that the moderate flow magnitude and inundation
frequency were the most advantageous condition for the initial recruitment of vegetation onto
bare bar. And spring flood was adverse for seedling settlement. Therefore, the magnitude and
frequency of flood were extremely central factor on the finial initial recruitment of vegetation

onto bare bar.

(3) Other influencing factors on the initial recruitment of riparian vegetation

Except the effect of hydrological variables, e.g. inundation frequency and spring flood, the
other influencing factors on the initial recruitment of riparian vegetation was also analyzed
and discussed in chapter 4. The seed density at the zone of both shoreline and downstream
side of dunes was increased with the existence of above-ground vegetation, which increases
the surface roughness of bare bar. The water content, seed density and rate of fine sediment
were also improved with the presence of vegetation litter, which enhances the surface
roughness of bare bar, at the downstream side of dune. The initial recruitment of vegetation at
the downstream side of dune was promoted by the increasing of seed density, water content
and nutrient. The non-dimensional shear stress was lowered effectively with the existence of
gravel on the surface, which can also raise the surface roughness of river bed. The seeds in
upper soil and seedlings were protected by decreasing the non-dimensional shear stress during
the period of flood. From the above analysis, the initial recruitment of vegetation onto bare
bar may be facilitated under the condition of higher surface roughness.

Seed density at the overall bare bar, including shoreline zone, upland area and dune area,

cannot be regarded as the only indicator of the initial recruitment of riparian vegetation.
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Although the seed density at downstream side of dune, which locates far from the shoreline, is
highest, the initial recruitment of vegetation was not occurred there, because the water content

of soil was inadequate there.

(4) Seed dispersal method onto bare bar

In chapter 2, we deduced that the strong dependency of seed density at the shoreline on the
fluctuation of river flow indicated that the seed dispersal method to the shoreline was
hydrochory (water dispersal). The fluctuation of seed density during ordinary flow period and
the large difference of seed density between the downstream side of dune and upstream side
dune were identified. The fluctuation of seed density was deduced was caused by river flow,
because the upland area of bare bar cannot be submerged by ordinary flow. The difference of
seed density between downstream and upstream side cannot be caused by animal. Based on
the above two consideration, wind was thought to be the dominant seed dispersal method to
upland area of bare bar.

\Vegetation expansion may imperial the establishment of Multi-nature River from the
viewpoint of river management. Some countermeasures for the controlling of vegetation
recruitment onto bare bar can be suggested from the conclusions of this study. First, the
attention of vegetation recruitment can not only be paid to the shoreline area, but the upland
area of bare bar, especially some zones with dune, should also be followed. Second, although
the dynamics of riparian vegetation is the integrated effect of river-morphological variables
and ecological attributes, the river morphology and hydrology were demonstrated to be
determined factor on the initial recruitment of riparian vegetation onto bare bar at large extent
in this dissertation. This means the controlling of the initial recruitment of vegetation can be
achieved from the viewpoints of the alteration of hydro-morphological variables. However the
alteration of magnitude and frequency of flow are difficult to be conducted, the alteration of

relative elevation may be one effective measure on controlling the initial recruitment of
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riparian vegetation along the shoreline. Third, the physical environment of bare bar, such as
higher surface roughness, should also be considered, the movement of gravel and the
vegetation litter at the bare bar may lessen the initial recruitment of vegetation onto the
upland area of bare bar. Finally, the UAV monitoring with its high accuracy is one convenient
and precise method for conducting the field survey. Therefore, the application of UAV
monitoring field survey method for conducting the investigation of river morphology and land

cover condition was suggested here.

6.2 Future work

In chapter 2, the potential seed dispersal method to shoreline and bare bar was deduced. The
seed to the upland area of bare bar was deduced to be wind. However, the analysis of the
relationship between the seed distribution at the upland area of bare bar and wind parameter,
such as wind speed and direction, was not conducted. The study regarding settling velocity and
species of seeds was not carried out too. This kind of quantitative analysis should be further
studied in the future.

In chapter 4, the quantitative analysis of the effect of gravel on the accumulation of seed in
upper soil was not conducted. The formation of gravel along the shoreline may be formed
from the serious erosion of river bed along shoreline during the large flood, which flashed
away the fine sediment. However, the supply of fine sediment was blocked with the
construction of hydraulic structures in the upstream. Therefore, the further study for the effect
of gravel on the initial recruitment of riparian vegetation can also provide us some
enlightenment on the treatment of hydraulic structures.

Also in chapter 4, the relationship between seed distribution and the final settlement of
riparian vegetation was discussed just based on the seed density, the corresponding
relationship between the seed species and vegetation species should be further discussed in

the future. The higher seed density and rate of fine sediment at the area with vegetation litter
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was resulted from their simultaneous deposition with vegetation litter or was resulted from the
higher surface roughness with the existence of vegetation litter is not clear. The further
analysis regarding the effect of vegetation litter on initial recruitment of riparian vegetation
should be further conducted.

In chapter 5, the distribution of seed density was assumed to be decreased linearly from the
internal boundary to the external boundary of the initial recruitment zone. However, the
difference of the coverage rate of vegetation was occurred between the field survey and
simulation results at the around external boundary zone. Therefore, much more quantitative
analysis regarding the seed density distribution from the shoreline to the upland area of bare

bar further conducted in the future.
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Appendix

I. Fundamental equations in 2-D hydro-morphology simulation

(1) Fundamental equations of flow
The depth-averaged two-dimensional flow equation, which is composed of continuity and
momentum equations, was used in the study. The specific expressions of the continuity and

momentum equations were shown as followings (from Nays2D Flood Solver Manual).

oh o(uh) 8(vh)
a T Ty ()

auh  oluth) ofwh)__  oH 7, F, (Vtha_u auJ

=—gh———2*+—>+ +Vvh—
o ox vy Vx5, Y (1-2)
2 F
8V_h+a(UVh)+M:_gh@_T_y+_y+ Vth@'?VthQ (|_3)
oa o oy ¥ p P ox oy

where u and v are the depth average flow velocity in x and y direction, respectively; h and
H is the water depth; g is the acceleration of gravity force; p is the water density; v; is the
turbulent viscosity coefficient; Fy, Fy is a resistance of vegetation in x and y direction,
respectively; my and 7,y are bed shear stress in x and y directions respectively, that can be
written as follows:

_gnauvu® +v? (1-4)

Thx h 1/3

_gnavyu® +v? (I-5)

Ty = h1/3

Where, np, is the Manning’s roughness coefficient.
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ve is related to the friction velocity and the flow depth which can be written as follows:
v, =au,h (1-6)
where « is a constant coefficient (=0.7); u,, is the friction velocity written by:
u, =+J7,/p (1-7)
The resistance of vegetation to flow is modeled by a drag force formula:

o pCoach uvu? +v? (1-8)

" 2
Coahvyu® +v2
F, = > (1-9)
n,D
aS: SSZS (|-10)
S

where Cp is the drag coefficient; y is the vegetation density; | is the level of vegetation in flow.
These values were referred of Cp as 1.0 to Toda et al. (2005). y is given by y=dnv where d is
the diameter of vegetation, and n, is the number of stems by unit area.

A flow depth h, depth average velocity u and v are calculated by using these equations.

(2) Fundamental equations of bed evolution

Bed evolution is written by sediment continuity of bed load transport:

a
9z, 1 | My |_, (I-11)
a 1-1| x oy

where z, is the bed elevation; gsyx and gg, are the bed load transport per unit width in x and y

directions respectively; 4 is the porosity of bed material. gsx and ggy are equal to:

Oex = Qg COS /3 (1-12)

121



Ugy =0 Sin B (I-13)

B is the angle of deviation of vector of bed load in x axis direction.

gex and ggy are the bed load transport in x- and y-direction, respectively. gs: was calculated

with MPM (Meyer-Peter, Muller) equation, shown as follows:

Qg =8.0(z, — 7., )°\/R,d® (1-14)

where 7, is the non-dimensional bed shear stress; z,.is the non-dimensional critical bed

shear stress; Rs is the underwater specific density of bed material; d is the medium grain size

of bed material; N~ is the coefficient of strength of secondary flow (=7.0); us is the static
friction coefficient; uq is the dynamic friction coefficient. =, is expressed by the following

equation.

n(u? +v?
T, :mR(Tl/g) (|-15)
S
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