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A B S T R A C T

Functional connectivity refers to the system dynamics and sediment transfer in a geomorphological system. It is
usually quantified through digital elevation models of difference at two time-steps but measuring and quanti-
fying sediment connectivity variation between the time-steps remains a challenge. In this study we utilised a
combined approach of morphodynamic model and field observation for assessing seasonal spatio-temporal
variation of longitudinal functional connectivity over a 6-kilometre sub-arctic river reach. Comprehensive
field datasets including sediment sampling, monitoring of morphological change and continuous discharge and
water level measurements, were collected multiple times during the year to calibrate and validate the model for
one year. The results revealed that connectivity inside the reach is episodical and not all the morphological
adjustment was tied to discharge. Connectivity varied spatio-temporally inside the reach and sediment source
and sink areas could be detected. Outside of the hydrological controlled episodes, meander evolutional stage and
grain size had notable role in sediment connectivity in the short-term, and therefore underlaying morphological
adjustment in the long-term. This approach can contribute to enhancing already existing connectivity indices
towards a functional model considering the seasonality and periodicity of connectivity in more detail and would
therefore enhance river management and prediction of geomorphic systems functioning.

1. Introduction

The longitudinal transfer of material inside a river reach is usually
explained through connectivity – more specifically, functional connec-
tivity, which refers to the flow of water and sediment in a geomorphic
system at a certain spatio-temporal scale (Fryirs, 2013; Bracken et al.,
2015). It contains understanding the mechanisms, sources and condi-
tions of sediment transport. Dynamic and process-based functional
connectivity has received less attention in recent literature compared to
structural connectivity, which concentrates on static characteristics of
the landscape (Najafi et al., 2021). Those few studies focusing on
functional connectivity have quantified it through digital elevation
models of difference (DoD) utilizing various connectivity indices (Eltner
et al., 2018; Heckmann and Vericat, 2018; James et al., 2019; Calle
et al., 2020; Martini et al., 2022). This approach estimates sediment
connectivity between two time-steps but lacks the temporal variation
between them, as a channel can be connected throughout the year,
shorter periods, or during specific hydrological events (Cossart et al.,
2018; Keesstra et al., 2018; Poeppl et al., 2020).

In addition to hydrological control, previous studies have shown that
physical characteristics of river forms such as meandering or particle
size can influence connectivity (Fryirs, 2013; Heckmann et al., 2018;
Najafi et al., 2021; Hooke, 2023c). Yet, there are conflicting opinions on
whether connectivity should be considered as the cause of the river
forms or as the consequence (Fryirs, 2013; Bracken et al., 2015; Wohl,
2017). Nevertheless, connectivity is a crucial component of river
morphology and an important driver of system dynamics (Peters and
Havstad, 2006). Therefore, it is necessary to understand how it varies
between seasons and over time because heterogeneities of connectivity
can have drastic impacts on system functioning i.e. sediment transport
and morphodynamics. In addition, the need to be able to predict
geomorphic systems functioning for future or for decision making re-
quires more detailed understanding of the temporal variation of
connectivity.

One solution for assessing the temporal variation of connectivity and
its interplay with river forms is computational fluid dynamics (CFD),
which is a quantitative modelling tool for complex fluid-flow phenom-
ena based on conservation laws of mass, momentum and energy. Rather
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than a more conventional empirical analysis of before/after event
changes, CFD enables modelling at high temporal resolution in addition
to high spatial one. In order to replicate the processes of a natural river, a
comprehensive set of field measurements is needed preferably from
different seasons, discharge events and varying conditions to cover all
possible situations as it improves the model calibration and validation
(Lammers and Bledsoe, 2018; Tangi et al., 2019). However, CFD-models
comprising long time periods of sediment connectivity in high spatio-
temporal resolution, combined with field measurements are still
scarce in the literature, especially at high latitudes (Heckmann et al.,
2018; Najafi et al., 2021).

Thus, in this study, we assessed the temporal variation of longitu-
dinal sediment connectivity and its interplay with river forms from a
functional perspective in a sub-arctic river by combining morphody-
namic CFD-model and field measurements. The aim was to (i) identify
possible patterns and seasonal variation of connectivity, (ii) define
certain threshold discharges for certain levels of connectivity, and (iii)
identify those physical characteristics controlling connectivity at the
bend-to-bend scale. CFD was used for modelling the temporal variation
of connectivity over one hydrological year, consolidated with compre-
hensive field measurements for calibrating and validating the model and

for quantifying the bend characteristics. This combined approach
enabled us to determine the timescale and number of events causing
morphological adjustment, and to evaluate whether the physical char-
acteristics of river bends control connectivity or vice versa. This insight
provides crucial information of high latitude river's sediment cascade,
evolution and morphological functioning.

2. Study area

The sub-arctic Pulmankijoki River, a tributary of the Tana River, is
divided into two parts by Lake Pulmankijärvi: the upper course (ca. 50
km) located in Finland and the lower course (ca. 10 km) in Norway—-
where it discharges into the Tana River and finally to the Arctic Ocean
(Fig. 1A). The river valley is infilled with assorted materials, deposited
and reworked over time by glaciofluvial processes, sea phases, and
fluvial activity (Mansikkaniemi, 1967; Marthinussen, 1960, 1962). The
stratum of these deposits now lies at an altitude of 45–50m in the valley,
and the river has eroded its channel to a depth of 30 m in these bottom
deposits. The river has ice-cover from October to May, and the seasonal
discharge ranges from 1 to 80 m3/s/s. There are no other flood peaks
comparable to the spring flood (Fig. 1C).

Fig. 1. Map of area of interest (AOI). A) Pulmankijoki River location in Northern Finland. B) The studied reach of Pulmankijoki River and location of discharge and
water level monitoring sites. Bends are numbered from upstream (1) to downstream (13). C) Hydrograph of the modelled time period, field work timing is high-
lighted in red.
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The area of interest is a 6-kilometre long reach discharging into the
Lake Pulmankijärvi. This reach consists of 13 meander bends with a
reach sinuosity of 2.4 (Fig. 1B). The meander bends are of different
planform types varying from compound asymmetric bends to simple
asymmetric bends. The migration of these bends (6–13) is relatively
slow (~0.1 myr) and most of the morphological changes occur in vertical
and longitudinal directions (Kasvi et al., 2013; Lotsari et al., 2014a,b).
The mean slope of the study reach is 0.21 m/km, and a sandy bed load
dominates the sediment transport. Water of the river is clear (total
suspended solids 0 mg/L), except during spring flood, when the amount
of suspended material rises to 180–280 mg/L, lasting up to a week.

3. Data, methods, and data processing

Three series of field measurements were carried out during one hy-
drological year (two in Autumn, A1 and A2, and one in Spring, S1) to
collect calibration and validation data for the model. These field cam-
paigns included monitoring of discharge, water level, and sediment, and
mapping of the dry and wet geometry. More details in Appendix 1.

3.1. Monitoring of discharge and water level

A total of nine pressure sensors (Solinst, Levelogger 5) were placed in
the river channel across the AOI from May to October with approxi-
mately 600-meter longitudinal intervals (Fig. 1B monitoring sites).
Thus, the sensors spatially cover the whole reach for discharge and
water level rating during the open water season with a measurement
interval of 15 min. An Acoustic Doppler Current Profiler (ADCP; Son-
Tek/YSI RiverSurveyor M9) was used to measure discharge (Q) from the
Levelogger locations (Fig. 1B) daily during the three field campaigns.
Similarly, water level (WL) was measured daily from the Levelogger
locations (Fig. 1B) with a VRS-GNSS (Virtual Reference Station – Global
Navigation Satellite System). Water pressure data was later compen-
sated with an air pressure sensor (Solinst, Barologger) from the same
time period and then converted into a continuous hydrograph using the
Q andWL measurements and polynomial function. This hydrograph was
used as the model input discharge at the upstream boundary. The cor-
relation of water pressure and Q was 0.93 and corresponding value for
water pressure and WL was 0.99.

3.2. Mapping geometry and bend characteristics

To create Digital Elevation Models (DEM) and orthomosaics of the
study area, two sets of aerial photographs were collected (A1, A2) with a
drone DJI Phantom 4. The Phantom 4 has a 12-megapixel camera with a
94-degree field of view aspherical lens which has focal length of 20 mm.
For georeferencing the photographs, ground control points (GCP) were
installed evenly around the survey area (40 and 41 GCPs in campaigns 1
and 2 respectively). The precise centre point of each GCP was measured
with VRS–GNSS. The flight heights above the ground were 50 m, 70 m,
and 90 m, as multiple flight altitudes diminish the probability of doming
and other systematic errors (Carbonneau and Dietrich, 2017). The
camera-viewing angle from 50 m was 30 degrees off-nadir and at nadir
from 70 m and 90 m. Photographs were taken with a time-lapse of 2 s.
Two flight lines, back and forth, were flown from each altitude along the
riverbanks covering the entire channel area with enough picture overlap
(Table 1).

Orthomosaics and DEMs were generated from the photographs using
commercially available Pix4D-software specifically designed for
Structure-from-Motion (SfM) photogrammetry. The image processing
methodology is detailed in Micheletti et al. (2015). For further technical
details and quality information regarding mosaics, DEMs, image cali-
bration, bundle adjustment, and georeferencing see Table 1.

Later, the DEMs underwent multicamera refraction correction for
wet pixels based on Dietrich's work (2017) to diminish the elevation bias
caused by the refraction of light through water. Additionally, any

elevation errors caused by strong shadows were removed and possible
blank areas were interpolated in ArcGIS Pro (v3.0.3). The accuracy of
the DEMs was validated against ADCP and VRS-GNSS measurements
from the corresponding field campaigns (Table 2). The DEM observed in
A1 (DEM-A1) was used as the initial modelling geometry, whereas DEM
observed in A2 (DEM-A2) was used for model validation. Meander bend
characteristics such as planform type, slope, radius, sinuosity, point bar
area and bank height were mapped from the mosaic of A1 based on
Hooke (1984), and Frothingham and Rhoads (2003) classification
approach.

3.3. Sediment and bedload sampling

To monitor changes in grain size, 119 sediment samples (ca. 500 g)
were collected from point bar and bank surfaces in A1 and A2. On
average 6 samples per meander bend were collected. The samples were
dry-sieved using a half-phi interval, and the amount of sediment in each
sieve was weighed. D10, D50, and D90 values were calculated for each
sample using the method of moments in the GRADISTAT- programme
developed by Blott and Pye (2001); it calculates sample statistics loga-
rithmically based on the distribution of phi size values. GRADISTAT
classifies samples into textural groups based on sample grain size dis-
tribution. It applies its own size scale which differs from other
commonly used size scales [e.g. Udden, 1914; Wentworth, 1922;
Friedman and Sanders, 1978] by having only four classes (silt,
0.002–0.063 mm; sand, 0.063–2 mm; gravel, 2–64 mm; and boulders,
64–2048 mm). In addition to grain size, a physical description of the
sample texture is provided according to Folk (1954).

Furthermore, 12 Helley–Smith bedload transport samples were
collected in each campaign from bend 11. Bend 11 was chosen for
bedload sampling because a time-series of bedload samples during
different seasons has been collected from this bend since 2016 (Lotsari
et al., 2019, 2022). Sampling time per sample was 6min and the sampler
was held perpendicular to the flow from a boat. Discharge conditions
during sample collection were 7.5 m3/s, 56m3/s, and 4.2 m3/s in A1, S1,
and A2 respectively. These samples were processed and analysed as
described above and used for calibrating and validating the modelled
bedload.

Table 1
Summary of the observed DEM and orthomosaic quality. A = Autumn.

Feature DEM-
A1

DEM-
A2

Average GSD (m) 0.0349 0.0298
Median key points per image 38,248 37,811
Total n. of images 3253 4758
n. of overlapping images 5+ 5+
Images calibrated (%) 99 98
Number of GCPs 40 41
RMSE (pixels) 0.174 0.212
Relative difference between initial and optimized camera
parameters (%)

2.42 2.36

RMSE GCPs (m) 0.039 0.009

Table 2
The DEMs were validated against ADCP (wet pixels) and VRS-GNSS (dry pixels)
measurements. Correlation (r), R-squared (R2), mean error (ME), mean absolute
error (MAE), and standard deviation of error (SDE) were calculated for each
dataset.

DEM validation r R2 ME MAE SDE n

DEM-A1 wet/ADCP A1 0.947 0.905 − 0.041 0.13 0.164 384
DEM-A1 dry/VRS-GNSS
A1

0.967 0.936 − 0.06 0.085 0.106 101

DEM-A2 wet/ADCP A2 0.953 0.91 − 0.061 0.08 0.118 259
DEM-A2 dry/VRS-GNSS
A2

0.955 0.942 − 0.009 0.09 0.104 92
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3.4. Physics-based morphodynamic modelling

Morphodynamic modelling (Delft-3D, based on Navier–Stokes'
shallow water equations) was used to model the annual water and
sediment discharge cycle from September (A1) to September (A2) to
determine the temporal variation of the sediment cascade over one
hydrological year. Modelling was conducted using a two-dimensional
hydrodynamic flow module including morphology. To determine the
most suitable simulation parameters, we utilised the sensitivity analysis
results similar to those described in Kasvi et al. (2014), Williams et al.
(2013) and Williams et al. (2016). The van Rijn (1993) approach was
used to solve the sediment input, transport and morphodynamics. A
default scheme for dry cell erosion of banks was used which assigns
erosion evenly to the adjacent wet and dry cell. No further adjustment of
the bank erosion equation was made since the focus was on longitudinal
sediment transport. Steady water level and steady discharge (0.63 m3/s/
) were used for the entire ice-covered season based on Lotsari et al.
(2020) under ice measurements since Delft-3D cannot implement ice-
covered flow. The hydro- and morphodynamic equations in detail can
be found, for example, in Kasvi et al. (2014).

The model had a curvilinear grid with an average cell size of 2 × 2 m
and hourly varying flow conditions. A spin-up interval of 2880 min was
used to reduce noise created by the model. Spatially varying Manning's
roughness value based on the sediment sample D50 values was used.
Initial conditions were set to match the geometry, water level, and
discharge measured in A1. Several calibration simulations with a
duration of one month were run over the whole 6-kilometre reach to

refine the parametrization using A1 and S1 field data. Once the cali-
bration was successful for both flow scenarios (Fig. 2), the simulation of
one year was run. Other modelling parameters are shown in Table 3.

Fig. 2. Model calibration with field data. A) A1 modelled vs. ADCP measured flow velocity. B) A1 modelled vs. VRS-GNSS measured water level. C) A1 modelled vs.
measured bedload. D) S1 modelled vs. ADCP measured flow velocity. E) S1 modelled vs. VRS-GNSS measured water level. F) S1 modelled vs. measured bedload.

Table 3
Parameters used in the morphodynamic model.

Feature Parameter

Simulation time 395 days
Output interval (min) 10,080
Number of layers 1
Time step (min) 0.05
Initial geometry DEM-A1
Spatial buffer up & downstream (m) 200
Upstream boundary Discharge
Downstream boundary Water level
Discharge (m3/s) Hourly varying
Water level (m) Hourly varying
Manning's roughness Spatially varying
Sediment transport formula van Rijn (1993)
Sediment grain size Spatially varying (D50 of A1)
Van Rijn reference height 1
Transverse bed slope effect 1.5 (medium)
Min. depth for sed. calculation (m) 0.10
Spin-up interval (min) 2880
Sediment density (kg/m3) 2650
Water density (kg/m3) 1000
Gravity (m/s2) 9.81
Horizontal eddy viscosity (m2/s) 1
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3.5. Sediment connectivity analysis

Longitudinal functional connectivity was derived from the morpho-
dynamic model results in three extents; 1) Monthly outputs of the model
geometry were analysed to obtain the temporal variation of connectivity
during the year at reach scale. 2) Sediment budgeting of the morpho-
logically most active period was calculated for quantifying source and
sink areas, and sediment transfer from bend-to-bend. 3) Total annual
connectivity and net volumetric change were analysed at bend-to-bend
scale and their relation to bend characteristics was evaluated.

First, to determine functional Connectivity value (Cv) for each cell of
the monthly model outputs, the ratio between total deposited and total
eroded sediments per cell was calculated as follows (see Calle et al.,
2020):

Cv =
Erosion

Deposition
(1)

The outcome of this equation indicates strong connectivity in cells
dominated by erosion i.e., cells from which sediment is transported
forward (Cv > 1) and weak connectivity in cells in which deposition
increases in relation to erosion i.e., cells which storages sediment instead
of transporting it forward (Cv < 1). A Cv of 1 indicates balance between
the input and output volumes of the cell i.e., net volumetric change is
close to 0. These metrics quantify the functional connectivity towards
downstream by indicating high connectivity when sediment is trans-
ported forward. However, a cell which is receiving sediment as depo-
sition can be highly connected to upstream. Simultaneously, high
connectivity doesn't mean that there's no deposition and vice versa, low
connectivity doesn't mean that there's no erosion or sediment transport.
Instead, it indicates which of the geomorphic processes is dominant.
Likewise, in a balanced situation, there can be sediment transport or
even a flush through effect, but the input and output volumes of the cell
are closely matched and no significant volumetric surface change
occurs.

Secondly, for quantifying sediment transfer between the bends,
sediment budgeting from bend-to-bend was calculated as follows:

Fi = Fi− 1 +
Erosioni

Depositioni
(2)

where F0 is the initial sediment flux entering the first bend, Erosioni is the
total erosion volume at bend i, Depositioni is the total deposition volume
at bend i, Fi-1 is the total sediment flux entering bend i, and Fi is the total
sediment flux exiting bend i.

The outcome of this equation indicates sediment flux volume
entering and exiting each bend based on functional Cv. This way, the
relative change of sediment flux between bends could be estimated i.e.
percentual increase or decrease of flux per bend. The relative change
was then combined with total Cv of each bend in order to estimate
sediment source and sink areas and the sediment flux behaviour in
detail. Lastly, the annual total Cv of the whole reach was calculated
based on the net morphological change between the model's first and
last time step using Eq. (1).

4. Results

4.1. Model performance

Model calibration and validation indicated that the model performed
generally well. Analysis of modelled flow characteristics showed that the
water level and velocity were relatively accurate during the entire
simulation time, nevertheless showing an increase in error as the model
progressed (Table 4). The mean error (ME) of water level increased from
0.03 m in A1 to 0.07 m in S1 and to 0.05 m at the end in A2, representing
a 2 %, 7% and 4% error respectively. Modelled velocity produced ME of
− 0.04 m/s in A1, +0.10 m/s in S1 m, and − 0.05 in A2, representing

errors of − 5 %, +14 % and − 7 % respectively, indicating that flow ve-
locity for particle motion throughout the model was appropriate.

While the model produced relatively accurate water level and ve-
locity results, the quantity of predicted bed load varied during the
simulation time (Table 4). In A1, the modelled and measured bed load
had a correlation of 0.98, but during the spring flood the correlation
decreased to 0.83, representing ME of − 6 kg/day * m (2,8 %) and − 31
kg/day * m (8 %) respectively. At the end of the simulation in A2, the
correlation of bedload was 0.90, representing ME of − 7,2 kg/day * m
(3,3 %). The morphological outcome of the model was validated using
ADCP, VRS-GNSS and DEM-A2. The model predicted the morphological
changes on wet pixels with a correlation of 0.91, and in dry pixels with
0.93 (Table 4). Comparison of random points, both wet and dry, be-
tween the DEM-A2 and the modelled DEM (DEMmod) indicated corre-
lation of 0.85 (Table 4).

4.2. Temporal variation of sediment connectivity

Connectivity varied between months based on the model output
morphologies (Fig. 3). The whole channel was highly connected (Cv> 1)
between May and mid-July i.e. during spring flood of >10 m3/s and
moderate flow of >6 m3/s, indicating sediment being eroded and
transported forward or even flushed out of the reach. Spatio-temporal
variation of Cv was observed in July, August and September when
deposition increased in relation to erosion and all three types of con-
nectivity i.e. high, balanced and low, were observed simultaneously.
During this period, the discharge still occasionally exceeded the
threshold of 6 m3/s, but it was not controlling the morphological
adjustment anymore. During winter (October to April) there was less
variation of monthly Cv. The upstream section was clearly disconnected
(Cv < 1), whereas rest of the channel was close to balance (Cv = 1),
indicating that there was sediment transport present but no significant
erosion or deposition. It is worth of noting that Fig. 3 does not point out
the spatial distribution nor the volume of morphological change (erosion
or deposition), but whether the cell is connected to downstream direc-
tion or not.

The model indicated that ~70 % of the annual sediment flux took
place during spring flood when mean Q was >10 m3/s, matching the
time period of highest Cv (Fig. 4A). In addition, most of the morpho-
logical changes (~93 %) took place during this and the following period
of moderate flow of Q ~ 6 m3/s (Fig. 4A–B). The accumulative erosion
curve indicated a rapid increase of erosion during the spring flood;
likewise the deposition curve showed a rapid increase of deposition

Table 4
Model validation using field observations. ADCP was used for flow velocity and
wet geometry validation, VRS-GNSS for water level and dry geometry valida-
tion, Helley-Smith bed load samples for model bed load validation, and refrac-
tion corrected DEM-A2 for validating random geometry pixels.

Parameter r r2 ME MAE SDE n

Water level (m)
A1 0.960 0.973 0.031 0.082 0.06 9
S1 0.871 0.915 0.073 0.154 0.147 9
A2 0.917 0.897 0.052 0.103 0.084 9

Flow velocity (m)
A1 0.914 0.941 − 0.042 0.093 0.045 9
S1 0.703 0.731 0.103 0.238 0.231 9
A2 0.849 0.803 − 0.054 0.073 0.121 9

Bed load (kg/day * m)
A1 0.98 0.96 − 6 6,7 − 3.2 12
S1 0.83 0.80 − 31 33 − 25 12
A2 0.90 0.88 − 7,2 8,5 − 4,8 12

Geometry (m)
ADCP-A2 wet pixel/
DEMmod

0.910 0.855 − 0.070 0.262 0.104 259

VRS-GNSS-A2 dry pixel/
DEMmod

0.931 0.897 − 0.069 0.085 0.106 91

DEM-A2/DEMmod 0.858 0.777 − 0.077 0.239 0.310 422

L. Blåfield et al.
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Fig. 3. Monthly variation of functional connectivity (Cv) over the modelled reach. Cv < 1 indicates decrease of sediment load being transported downstream. Cv = 1
indicates equilibrium; the ratio between sediment entrainment and sediment accumulation is in balance. Cv > 1 indicates increase of sediment load being transported
downstream. The threshold discharge magnitude (6 m3/s) for morphological adjustment was exceeded in reach scale during May–July. Spatio-temporal variation of
Cv was observed in August and September indicating other controlling factors than discharge.

Fig. 4. Modelled total transport volume and its timing during the year plotted with accumulative erosion and deposition curves, annual hydrograph and monthly
mean Cv of the reach. A) Highlights the period of high Cv when ~70 % the annual sediment flux and most of the morphological changes occurred. B) Highlights the
moderate flow period when Cv and morphological changes started to show spatio-temporal variation and the threshold discharge of 6 m3/s was still occasionally
exceeded. C) No notable changes occurred from September to April, there was very limited amount of sediment transport and channel was either disconnected
or balanced.

L. Blåfield et al.
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during the descendent spring flood (Fig. 4). During the moderate flow
period (Fig. 4B) the curves were nearly parallel and the Cv decreased.
The channel was still mostly mobile, but spatio-temporal variation of
connectivity inside the reach was present (Fig. 3). During low flow
period (Q < 3 m3/s) the curves are nearly horizontal (Fig. 4C) which
supports the observed balanced/disconnected Cv over the same time
period, indicating very limited amount of morphological changes (<7 %
of total) and sediment transport.

4.3. Bend-to-bend analysis

The model mobilized total amount of 85,011 m3 of sediment of
which 44,227 m3 (52%) was erosion and 40,784 m3 (48%) deposition,
indicating that 7 % (3443 m3) of the total mobilized material was
transported out of the reach into the Lake Pulmankijärvi. Bend-to-bend
budgeting of the modelled sediment flux during the morphologically
most active period (A and B episodes as defined in Fig. 4) combined with
Cv gives a detailed insight of the sediment cascade and morphological
adjustment through the whole river reach. The sediment flux reached its
first maximum volume at bend 5, and later 30 % of the flux was
deposited on bends 6–8 (1 %, 16 %, and 13 % relative decrease
respectively) (Fig. 5). The flux was then reloaded from bends 9–10 (29%
and 17 % relative increase respectively (Fig. 5). At the downstream, 70
% of the remaining sediment flux was deposited on bends 11–13 (1 %,
39% and 30% relative decrease respectively) (Fig. 5). After bend 13, the
remaining relative 30 % (3443 m3) of the flux was transported out of the
reach, which corresponds to 7 % of the total eroded material.

Generally, the upstream section (bends 1–5) experienced the most
erosion, whereas the downstream section gained the most deposition
(bends 11–13) (Fig. 6A). Compared to those, the middle reach bends
6–10 experienced more moderate volumetric changes. The annual Cv
indicated that the upstream bends 1–5 were highly connected towards
the downstream (Cv > 1) (Fig. 6B). The middle reach bends (6–10)
showed irregular behaviour as all Cv types were present. The down-
stream bends (11− 13) had low connectivity due to heavy deposition.
Attention should be paid to what happens in bends 3, 6 and 11, as the
relative sediment budgeting and flux curve reveal no or very little
change in volume, while the Cv curve indicate balance (Fig. 5). This can
be a sign of a flush through effect during the episodes controlled by
discharge, or a total change of flux material. These bends experienced
similar volumetric changes (nearly 50/50 erosion and deposition), and
similar pattern in sediment grain size change (Fig. 6), i.e., coarsening on
the upstream and fining on the downstream of the bends. In bends 3 and
6, erosion and deposition areas were divided evenly inside the bend, but
in bend 11 the upstream was erosional and downstream depositional
based on the surface elevation change (Fig. 6A). This could point to local
controlling factors in bend 11.

Sediment samples support the model results. The D50 of all samples
increased on average 0.28 mm indicating that also coarse sediment was
transported along the reach. However, the magnitude of D50 change
was not evenly distributed inside the reach. The largest change up to 1
mm took place at the upstream bends 1 and 2 (Fig. 6C) which also
experienced the most erosion. The material eroded from upstream bends
was likely transported all the way to bends 6–8 where both, coarse and
fine material was deposited (Fig. 6C). The D50 change of middle reach
bends was, however, relatively low (0.23 mm increase) which supports
the moderate volumetric changes and variation of Cv. Coarse material
was likely flushed from bends 9 and 10 when the flux was reloaded
causing the D50 to decrease. This slightly coarser material was then
deposited at the bends 11 and 12 (Fig. 6C). The finest material was
transported all the way to bend 13 or out of the reach. More details of the
D50 change in Appendix 1.

The total Cv, total erosion and deposition volumes were compared to
the physical meander characteristics observed from the field data
(Fig. 7). Cv had highest correlation (− 0.47) to planform type indicating
high Cv in simple asymmetric (SA) bends and low connectivity in com-
pound asymmetric (CA) bends. A correlation of − 0.43 was observed
between Cv and bar area, which indicates that large point bars tend to
storage sediment leading to low Cv. This is supported by the positive
correlation of 0.76 between high deposition proportion (leading to low
Cv) and large bar area. In addition, bank height had moderate correla-
tion of 0.42 to Cv, which implies that high banks have the potential to
increase downstream connectivity by supplying sediment to the flow.
The meander planform type correlation with Cv suggest that young,
simple asymmetric bends have higher downstream connectivity than
more mature compound bends. This is further supported by the corre-
lation of deposition volume and bar area as compound bends have larger
bar area and most of them were located at the downstream section of the
reach.

The erosion proportion had the highest correlation to particle D50
change (0.87), indicating that bends which experienced heavy erosion
experienced bed coarsening (Fig. 7). Grain size change to finer did not
show clear connection to any morphological process, which could
indicate that particle settling is more dependent on flow dynamics and
transport capacity than local river forms. Bend shape, size and channel
length, i.e., sinuosity and radius, indicate correlations of 0.51 and 0.66
to erosion proportion respectively, addressing more erosion in high
sinuosity bends with high curvature. For example, bends 1, 2, 4 and 5
experienced heavy erosion (Fig. 6A) and have either high sinuosity,
radius or both. Channel slope indicated a correlation of − 0.45 and 0.45
to erosion and deposition respectively. This matches with the surface
elevation changes in Fig. 6A, since the upstream bends which experi-
enced the most erosion had generally higher slope than the downstream
bends. Based on the analysis deposition was more unpredictable and less

Fig. 5. Budgeting of sediment flux during the morphologically most active period (A + B episodes in Fig. 4) bend-to-bend (1–13) showing the modelled total volume
of the flux, Connectivity value (Cv) and relative change of the flux at each bend based on the difference between flux volume when entering and exiting the bend.
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dependent on river forms than erosion and Cv.

5. Discussion

5.1. Modelling temporal variation of sediment connectivity

The model was able to predict the spatio-temporal variation of
functional sediment connectivity during the year with enough reli-
ability. The uncertainty of the model after calibration remained within
acceptable limits (excluding peak discharge) according to Pinto et al.
(2006) who stated that error of velocity should not exceed 10 % to avoid

errors in the predicted sediment flux. Many previous studies using field
data as model validation have faced a similar issue of increasing un-
certainty during high discharge peaks (Nicholas, 2013; Kasvi et al.,
2014; Pajunen et al., 2024). Since the duration of peak discharge was
only couple of days, it can be considered that the model worked satis-
factorily for the study purpose. The error of bed load during spring flood
can be model driven to some extent, but more likely it is related to the
field measurement method, as Helley-Smith bed load sampler is known
for exaggerative bias (Ryan and Porth, 1999; Vericat et al., 2006).
However, the modelled final geometry correlated satisfactorily with the
ADCP and VRS-GNSS validation points. The correlations to DEM-A2

Fig. 6. Bend-to-bend analysis of total change during the modelled year. A) Net volumetric change bend by bend, and surface elevation change of each model cell. B)
Bend specific connectivity values based on the net volumetric change over the modelled year. C) Change of particle size D50 value based on the field samples.

Fig. 7. Meander characteristics measured and mapped from the orthomosaic of A1 plotted with Cv, erosion volume and deposition volume per bend. SA = Simple
asymmetric, CA = Compound asymmetric, SS = Simple symmetric.
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were clearly worse, which can be due to field conditions, processing, and
corrections needed for creating the DEM itself (Lane et al., 2010; Kasvi
et al., 2019).

The model results highlight the temporality of functional connec-
tivity and align with existing knowledge that it is predominantly influ-
enced by discharge (Heckmann et al., 2018; Calle et al., 2020; Zhang
et al., 2023). The model indicated high connectivity during the spring
flood and moderate flow, while low flow seasons exhibited lower con-
nectivity. Similarly, the most active time period of morphological
adjustment was controlled by discharge. Therefore, threshold discharge
magnitudes crucial for each connectivity level were determined based
on the discharge hydrograph, and the volume of morphological adjust-
ment. This led to categorizing the channel into three distinct temporal
episodes utilizing the sediment connectivity framework by Bracken et al.
(2015) and coarse sediment transport and (dis)connectivity concepts by
Hooke (2003a,b) and Fryirs (2013): 1) Spring flood season (Q > 10 m3/
s) which characterized the high Cv period (Cv > 1) lasting for 1,5
months. During this phase, the channel was morphologically most active
and experienced erosion, transport, and deposition. 2) Moderate flow
period (Q ~ 6m3/s) of approximately 2,5 months, when all three classes
of Cv were present and both, temporal and spatial variation were
observed within the reach. During this episode, erosion decreased
relative to deposition and transport. 3) Dormant stage of 7–8 months
with Cv around 1 and Q < 3 m3/s. During this phase minor sediment
transport was present without significant erosion or deposition, and the
channel was either balanced (Cv= 1) or disconnected (Cv< 1). Episodes
1 and 2 were responsible of ~90 % of the total sediment flux and
morphological change. Worth of noting was that the phenomena behind
balanced connectivity in episode 1 and episodes 2–3, can be very
different. This indicates that more focus should be paid on the sediment
flux properties itself, not solely to surface volume change when evalu-
ating functional connectivity.

The above mentioned episodical behaviour is typical in nival and
thermally controlled river systems characterized by a single significant
spring flood resulting from snowmelt (Cockburn and Lamoureux, 2008;
Shrestha et al., 2021; Buter et al., 2022). Similar conclusions were made
by Meybeck et al. (2003) and Syvitski et al. (2022), whom stated that
seasonal variation of sediment flux is present in all rivers as most rivers
carry their annual load during one season or one flood event. However,
changes in sediment flux timing and magnitude are expected globally,
and even more in polar and cold regions where hydrological regime is
heavily affected by global warming (Syvitski et al., 2022; Zhang et al.,
2021). Previous studies have reported increased transport (Syvitski
et al., 2005; Zhang et al., 2021; Chalov et al., 2023) and erosion rates
(Turcotte et al., 2011; Zhang et al., 2021; Blåfield et al., 2024) due to
global warming in cold regions across the world. In addition, reported
alteration in high latitude hydrological regime (Arp et al., 2020; Gohari
et al., 2022; Blåfield et al., 2024) has the potential alter sediment
transport patterns and therefore adjust connectivity. This could lead to
several individual episodes of high Cv, mobilizing considerable amounts
of sediment, and to increased disconnectivity between them. Hence, we
anticipate that more diverse temporal variation of connectivity will
occur in the future due to changing hydroclimatic conditions, signifi-
cantly impacting local morphological adjustment, river system stability,
meander evolution and the landscape. Further modelling is needed to
evaluate these possible scenarios of future connectivity.

The results of this study highlight the benefits of studying temporal
variation of functional connectivity and focusing on the sediment
transport process itself, rather than concentrating on static character-
istics using only two time-steps over extended period of time. Hetero-
geneities in sediment transport processes' spatio-temporal dimensions
can have drastic impacts on system behaviour i.e. connectivity and
morphodynamics. Similar outcomes have been observed by Wainwright
(2006) and Turnbull et al. (2008) whom found that heterogeneities can
lead to system instability. The approach of combining field measure-
ment and morphodynamic modelling for assessing seasonal variation of

connectivity and the interplay with river forms is still rare, but this study
demonstrates that it is much needed. This approach can be utilised for
enhancing already existing connectivity indices towards a functional
model which would consider the seasonality and periodicity of con-
nectivity in more detail, as suggested by Heckmann et al. (2018). That
said, longer time-series of functional connectivity modelling is needed
for understanding its spatio-temporal scales of sediment transport pro-
cesses, and to minimize the effect of anomalies and external forcing on
functional connectivity. This would enhance the prediction of geomor-
phic systems functioning in future and assist in decision making, water
engineering and river management.

5.2. Sediment connectivity and meander characteristics

Meander characteristics significantly influence sediment connectiv-
ity during moderate and low discharge episodes (Cv = 1 or Cv < 1).
During these episodes, the meander bend characteristics drive
morphological adjustment, not discharge. Analysis of bend-to-bend
morphodynamics revealed in detail the temporal and heterogeneous
nature of sediment flux volume, morphological adjustment and sedi-
ment connectivity. This is something that traditional sediment budget-
ing methods are lacking in addition to comprehensive field data
(Walling and Collins, 2008; Schwarz et al., 2024). The feedback of
sediment flux and process variation was recognised in themorphological
adjustment as it resulted in different levels of adjustment between the
bends: Upstream bends experienced high erosion rates, downstream
bends received more sediment as deposition, and middle reach bends
exhibited irregularity with less morphological changes observed. This
type of zoning phenomenon influenced by meander characteristics has
been previously described by Schumm (1979), Lane (1996), and Hooke
(2023c), highlighting the localized feedback and chaotic nature of
sediment cascades through the channel.

This perception is supported by the correlation analyses between
meander characteristics, Cv, erosion, and deposition volume, as it
revealed no significant relationships which highlights the system
complexity. The only exception was particle D50 change, which strongly
correlated with erosion volume, emphasizing the significant role of
particle size in morphological adjustment, also noted by previous studies
(Hooke, 2003a,b; Kasvi et al., 2013; Heckmann et al., 2018). Change to
coarser material was associated with high erosion rates, while change to
finer material was linked with deposition. However, since sand particles
are hardly traceable, we cannot validate single particle transport dis-
tances. Furthermore, a moderate correlation between Cv and meander
planform type suggested that simple asymmetric bends had high
downstream connectivity as they experienced significant erosion, while
compound bends exhibited lower connectivity to downstream and
received sediment as deposition. The moderate correlation between
erosion volume and radius, sinuosity, and slope further supports this
understanding as they align with the meander bend evolution theories,
where young, simple symmetric bends experience more erosion and
develop greater radius and sinuosity over time, eventually forming
compound bends and cut-offs (Hickin and Nanson, 1984; Hooke, 1984;
Frothingham and Rhoads, 2003).

Thus, particle size and the stage of meander development influence
connectivity in the short term and their effect is emphasized outside the
spring flood season. This conclusion aligns with Peakall et al. (2007),
Hooke and Yorke (2010) and Kasvi et al. (2015), whom stated that
morphological adjustment dependents on the stage of meander bend
development rather than discharge events alone. However, analysis of
longer time-series with a boarder set of parameters could yield different
conclusions due to complex interactions of erosion, deposition, and
meander characteristics. For instance, Lotsari et al. (2014a,b) and Sal-
mela et al. (2020) found significant year-to-year variability between
bends inside the same reach despite the consistency in seasonal patterns
of morphological adjustment. They found especially deposition areas
inconsistent between years, whereas the location of erosion was more
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consistent. Likewise, Hooke and Yorke (2010) stated that deposition is
more unpredictable than erosion and thus, plays a key role in the
morphological feedback of meanders.

Only geomorphological characteristics were analysed in this study,
leaving out set of variables which might affect sediment connectivity e.
g. flood plain, catchment area and hydrological characteristics. For
example, riparian vegetation controls bank erosion and significantly
increases deposition on point bars and flood plains (Gorrick and
Rodríguez, 2012; Västilä and Järvelä, 2018), which can be one reason
for the unpredictability of deposition. Nonetheless, the focus of this
study was in functional connectivity i.e. the sediment transport process
rather than reach or catchment connectivity, and therefore we only
focused on geomorphological parameters of the meanders. We recom-
mend future studies to utilize the combined approach implemented in
this study for addressing long-term Cv and morphological adjustment
with diverse parametrization.

6. Conclusions

This study examined the seasonal variation of longitudinal sediment
connectivity and its interplay with river forms from a functional
perspective. Comprehensive field measurements were combined with
morphodynamic model spanning over one hydrological year. This
approach allowed detailed analysis of functionality of sediment trans-
port, its temporal variation, and assessment of causal connections be-
tween river forms and sediment connectivity.

Three different connectivity episodes typical for the river system
were detected from the model results. Threshold discharge magnitudes
for each episode were defined based on discharge and sediment flux
volume. Morphological adjustment during these episodes varied in both
temporal and spatial dimensions. Hence, morphological adjustment was
not spatio-temporally linear from bend-to-bend during the year. The
first two episodes correspond 90 % of the changes recorded indicating
that morphological adjustment was controlled by hydrology whenever
the threshold discharge magnitude was exceeded. However, during
moderate and low flow episodes the role of meander characteristics in
sediment connectivity was highlighted. Meander planform type and
particle size were found to impact connectivity in short-term which lead
to spatial variation of Cv between bends. Thus, bends with similar
characteristics tended to behave similarly, reflecting the evolutionary
stage of the meander.

These findings support the previous statements about localized and
chaotic nature of morphological adjustment, but more importantly, they
highlight the importance of studying morphological forms feedback in

sediment transport processes and in the development of individual
bends. The results underscore the benefits of frequent temporal analysis
of sediment connectivity on a somewhat detailed scale, rather than
relying on two time-steps over extended periods and a top-down
approach.

The approach presented here can be adjusted further for enhancing
existing connectivity indices towards functional model which would
consider the seasonality and periodicity of connectivity and sediment
processes in more detail. Nonetheless, longer time-series of connectivity
modelling is needed for understanding the complex relation of river
forms and hierarchy of sediment processes, and to minimize the effect of
anomalies and external hydrological forcing. Especially focusing on the
connectivity episodes where the sediment transport processes were
highlighted as a independed function without hydrological control
would be beneficial.
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Appendix 1. The change of D10, D50, D90 and proportion of textural groups between A1 and A2. Textural group classification is based
on GRADISTAT's own classification method after Folk, 1954

Location & timing Sample D10–90 (mm) Textural group distribution of samples

Upstream (bends 1–5) D10 D50 D90 Sand (%) Slightly gravelly sand (%) Gravelly sand (%) Sandy gravel (%) Gravel (%)
A1 0.12 0.25 0.50 80.0 12.0 4.0 4.0 0.0
A2 0.21 1.33 6.04 25.0 20.0 15.0 35.0 5.0

Middle reach (bends 6–9)
A1 0.16 0.83 2.02 62.5 12.5 8.3 16.7 0.0
A2 0.19 1.06 4.34 22.7 18.2 31.8 27.3 0.0

Downstream (bends 10–13)
A1 0.14 0.29 0.57 75.0 15.6 6.3 3.1 0.0
A2 0.24 0.82 2.87 34.6 34.6 11.5 19.3 0.0

Whole reach
A1 0.14 0.17 1.10 30.9 54.3 6.2 8.6 0.0
A2 0.21 0.45 4.52 11.8 39.7 17.0 30.0 1.5
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