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ABSTRACT
Identifying, mapping and protecting suitable habitats are essential for species conservation. Most studies have focused on short 
river reaches or limited discharge scenarios. Such restricted coverage hampers effective decision-making because small-scale, 
short-term analyses cannot capture full habitat dynamics. This study examined mesohabitat types along a 53-km river section 
at 1-m xy resolution, quantified seasonal variation in mesohabitat occurrence, extent and spatial distribution across nine repre-
sentative discharge scenarios derived from a 66-year daily flow record, and characterized mesohabitat class transitions between 
spring–summer and summer–autumn, to answer: How do typical seasonal flow dynamics during the ice-free period reorganize 
instream mesohabitats important for Atlantic salmon (Salmo salar)? Using multispectral airborne laser scanning (ALS), 2D hy-
draulic modelling, the Norwegian Mesohabitat Classification Method (NMCM) and spatial raster analyses, we developed an ap-
proach enabling examination of ecological phenomena that previously could not be studied on the Tana River due to limitations 
in high-resolution data availability with large area coverage, and/or due to discharge variability. Deep glides, pools, walks and 
deep rapids were the dominant mesohabitats across all discharge scenarios, but mesohabitats were also dynamic and seasonally 
variable. After the spring flood, the river's wetted area contracted, drying many spring mesohabitats by summer. From summer 
to autumn, mesohabitats were more stable, although the proportion of walk mesohabitats increased. Such seasonal dynamics 
have the potential to support Atlantic salmon life stages, especially spawning and juvenile rearing. The approach is broadly ap-
plicable to rivers where water clarity, turbulence and bank structure allow green-laser penetration and where reliable discharge 
data exist.

1   |   Introduction

Because organisms tend to be more abundant where habitats 
support population success, identifying, mapping and pro-
tecting suitable habitats are essential for species conservation 
(Rosenfeld  2003; Hitchman et  al.  2024). Often, effective con-
servation requires understanding not only where suitable in-
stream habitats occur but also how these habitats reorganize 
under seasonally varying discharge regimes. In fluvial envi-
ronments, physical habitats emerge from hydromorphological 

variables including water depth, flow velocity, bed geomor-
phology and substrate type. Depending on the classification 
method, water surface slope, surface pattern, shelter availabil-
ity, embeddedness, bottom shear stress, Froude number and/or 
flow velocity standard deviation may also be important param-
eters (Borsányi et al. 2004; Eisner et al. 2005; Parasiewicz 2007; 
Hauer et al. 2009; Hauer et al. 2011; Vezza et al. 2014). These 
parameters enable classification of a river into hydromorpho-
logical units (HMUs), such as pools, riffles and runs, com-
monly referred to as instream mesohabitats (Parasiewicz 2007; 
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Alcaraz-Hernández et al. 2011). No universal minimum or max-
imum coverage area has been defined for a mesohabitat, but a 
mesohabitat is generally understood to be an area that is distinct 
from its surroundings and characterized by relatively homoge-
neous hydromorphological conditions. Positioned between mi-
crohabitats and macrohabitats, the meso-scale links fine-scale 
hydraulic features (e.g., flow velocity) with broader geomorpho-
logical forms (Farò et  al.  2025), typically spanning one to 10 
channel widths (Wyrick and Pasternack 2012).

Already, early habitat studies, such as Bisson et al.  (1982), de-
veloped a classification system for salmonid habitats in small 
streams. While most habitat studies still focus on fish ecology 
(Bovee  1986; Parasiewicz  2008; O'Sullivan et  al.  2020; Farò 
et al. 2022), applications also extend to benthic invertebrates and 
aquatic vegetation (Vezza, Ghia, and Fea 2016; Ochs et al. 2018; 
Burgazzi et  al.  2021). For migratory fish that travel long dis-
tances, the meso-scale provides a more logical habitat unit than 
the micro-scale (Wegscheider et al. 2020). However, the dynamic 
behavior of mesohabitats across seasonally varying flows has 
remained underdocumented at long, contiguous river sections, 
largely due to limitations of traditional mapping approaches.

Traditionally, habitats have been mapped using field-based 
methods (e.g., Bisson et al. 1982; Frissell et al. 1986; Borsányi 
et  al.  2004), capturing depth and velocity measurements 
across numerous river locations (Eisner et al. 2005). Although 
straightforward, field methods are logistically demanding, time-
consuming (Eisner et  al.  2005; Parasiewicz  2007), sometimes 
even dangerous and typically infeasible in large, nonwadable riv-
ers (Farò et al. 2022). Challenges are encountered particularly in 
remote, large rivers (width > 100 m, mean discharge > 100 m3/s). 
Moreover, field-based surveys capture only the habitats present 
at the measurement time, yet habitat occurrence varies with dis-
charge (Borsányi et al. 2004; Hauer et al. 2009). Mapping meso-
habitats across multiple discharges requires year-round surveys, 
making the process extremely time-consuming. In dynamic riv-
ers, channel morphology can also change drastically after flood 
events (Tamminga and Eaton  2018; van Rooijen et  al.  2024), 
necessitating frequent resurveys. Consequently, most studies 
have focused on short river reaches (Fausch et al. 2002; Wyrick 
et  al.  2014) or limited discharge scenarios. For migratory fish 
with large spatial requirements, such restricted coverage is 
problematic, as small-scale studies over short time frames fail to 
support conservation decision-making (Fausch et al. 2002). To 
better understand mesohabitat distribution, mapping should en-
compass long river reaches under multiple flow conditions, but 
the necessary field data remain time-intensive to collect.

To overcome these limitations, two-dimensional (2D) hydrau-
lic modelling has become increasingly common in habitat 
studies (Hauer et  al.  2009; Wyrick et  al.  2014; Mandlburger 
et al. 2015; Farò et al. 2022; Yu et al. 2025). These models cap-
ture detailed spatial flow patterns across discharges (Nelson 
et al. 2003; Lamouroux et al. 2017). Depth-averaged 2D models 
offer a balance of computational efficiency and spatial accuracy 
(Hauer et al. 2013), improving habitat quantification over one-
dimensional (1D) models while being more computationally 
feasible than three-dimensional (3D) models (Sinha et al. 1998). 
Building a 2D hydraulic model still requires topographic data 
and comprehensive calibration data, including digital terrain 

models (DTMs) and water-level or velocity measurements. 
Acquisition of such data remains a major challenge, and the 
availability of high-resolution DTMs often limits hydraulic mod-
elling applications (Hauer et al. 2009; Jowett and Duncan 2012; 
Wyrick et al. 2014). However, recent advances in remote sensing 
offer a promising solution.

Remote sensing techniques are increasingly used to gener-
ate comprehensive DTMs (Kuiper et  al.  2023) covering en-
tire river sections. Unmanned aerial vehicles (UAVs), such as 
drones, have become popular tools for habitat mapping (Vezza 
et  al.  2016; Woodget et  al.  2017). However, optical techniques 
require reference topo- and bathymetric measurements along-
side aerial imagery (Hugue et  al.  2016). In contrast, airborne 
laser scanning (ALS) directly produces accurate 3D point clouds 
for capturing terrain and surface characteristics (Bakuła 2015). 
ALS is unaffected by shading or relief distortions, unlike optical 
techniques (Kasvi et al. 2019). ALS can rapidly cover extensive 
areas without contacting the water, enabling data collection 
even in fast-flowing or shallow reaches. Nevertheless, conven-
tional topographic ALS uses near-infrared (NIR) wavelengths 
(typically 1064 or 1550 nm), which cannot penetrate water due 
to refraction and absorption (Farò et al. 2025). Thus, NIR-based 
ALS provides only topographic data, excluding river bathyme-
try. Supplementing ALS with boat-based depth surveys is pos-
sible (e.g., Wyrick and Pasternack  2012), but this negates the 
advantages of ALS and complicates the creation of continuous 
DTMs for long river sections. Bathymetric capability is therefore 
essential.

Bathymetric mapping is feasible with green-wavelength lasers 
(typically 532 nm), which penetrate water and can capture ba-
thymetry at high resolution and broad spatial scales (McKean 
et al. 2009; Tonina et al. 2019). Multispectral ALS combines NIR 
and green lasers, enabling simultaneous mapping of floodplain 
topography, water surface and submerged terrain. Initially de-
veloped for terrestrial applications (Takhtkeshha et  al.  2024), 
multispectral ALS has proven valuable in aquatic environ-
ments. It enhances depth mapping (Fernandez-Diaz et al. 2016), 
facilitates water-land separation (Morsy et  al.  2018), and sup-
ports water-surface detection (Yan et  al.  2018). Furthermore, 
improved canopy discrimination assists vegetation filtering 
(Glennie et  al.  2013), further enhancing DTM quality. These 
advances allow established habitat classification methods to be 
applied at unprecedented spatial and temporal scales. However, 
multispectral ALS remains a relatively new technology in river 
studies.

Despite technological progress, most habitat studies still focus 
on short reaches (less than a few kilometres), moderately small 
and wadable rivers (mean discharge < 100 m3/s) and limited 
flow scenarios. Many focus on either low-flow or flood condi-
tions (Tamminga and Eaton  2018; van Rooijen et  al.  2024) or 
consider only a single discharge (O'Sullivan et al. 2020), often 
in regulated rivers (Wyrick and Pasternack 2012; Mandlburger 
et al. 2015). Even when multiple discharges (Hauer et al. 2009) 
or long reaches (Yu et al. 2025) are analysed, natural seasonal 
patterns are seldom addressed.

In northern regions, strong hydrological seasonality can sub-
stantially alter habitat use by fluvial and anadromous fish 
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species. The large subarctic Tana River in the northernmost part 
of Europe supports several fish species, but the river is especially 
renowned for its large, diverse Atlantic salmon (Salmo salar) 
population complex (Erkinaro et  al.  2019). Seasonal habitat 
use of Atlantic salmon varies across life stages—from autumn 
spawning (Louhi et  al.  2008) to egg development and alevin 
hatching in summer to habitat segregation among juvenile age 
classes (Linnansaari et  al.  2010; Metsäniemi et  al.  2025). The 
previous Tana River mesohabitat study (Metsäniemi et al. 2025) 
used the field-based Norwegian Mesohabitat Classification 
Method (NMCM) (Borsányi et al. 2004), in which the classifi-
cation relies on hydraulic thresholds. Although widely applied 
in Norway for salmon rivers, NMCM—like other field-based 
approaches—faces challenges related to subjective threshold 
identification, limited temporal resolution and inconsistent hab-
itat boundaries (Wyrick et al. 2014). Modelling can reduce such 
subjectivity (Wegscheider et al. 2020). Moreover, multispectral 
ALS and 2D hydraulic modelling offer a solution to the issues 
listed above while remaining compatible with NMCM, allowing 
comparison with earlier NMCM-based results.

Metsäniemi et al. (2025) emphasized the need for dynamic, spa-
tiotemporally explicit habitat assessments. In summary, we still 
lack mesohabitat studies that simultaneously cover long, contin-
uous river sections, rely on high-resolution, spatially continuous 
topographic and bathymetric data, encompass multiple, natu-
rally occurring discharge levels rather than only one or a few 
flows and capture typical patterns of seasonal habitat reorgani-
zation. This knowledge gap is particularly pronounced in large, 
nonwadable and near-pristine subarctic rivers. Integrating 
NMCM with spatially continuous, multidischarge hydraulic 

modelling enables evaluation of mesohabitat expansion, contrac-
tion and transitions under seasonally varying flows across entire 
river reaches. This shifts classification from a static depiction to 
a dynamic analytical framework, supporting ecological infer-
ence. Motivated by this perspective, this study aims to examine 
seasonal dynamics of mesohabitats along the near-pristine, sub-
arctic Tana River using multispectral ALS, 2D hydraulic model-
ling and NMCM. Specifically, we (1) identify mesohabitat types 
along a 53-km river section at 1-m xy resolution, (2) quantify 
seasonal variation in mesohabitat occurrence, extent and spa-
tial distribution across nine representative discharge scenarios 
derived from a 66-year daily discharge record and (3) character-
ize mesohabitat class transitions between spring–summer and 
summer–autumn. To clarify the value of mesohabitat mapping, 
our final research question becomes: How do typical seasonal 
flow dynamics during the ice-free period reorganize the occur-
rence and extent of instream mesohabitats important for wild 
Atlantic salmon when mapped continuously across space and 
across multiple discharges?

2   |   Data and Methods

2.1   |   Study Area

The study was conducted on the subarctic Tana River (Teno in 
Finnish and Deatnu in Sámi), which forms the border between 
Finland and Norway (68–70°N, 25–27°E) (Figure 1, Figure 2). 
The Tana River main stem spans 201 km, originating from the 
confluence of Karasjohka (~167 km) and Inarijoki (~154 km) and 
flowing into the Barents Sea. The catchment area is 16,110 km2, 

FIGURE 1    |    The location of the Tana River catchment and area of interest (AOI). The map coordinates are in ETRS-TM35FIN.
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of which 31.8% lies in Finland and 68.2% in Norway. Land cover 
includes forests and treeless highlands (72%), wetlands and 
lakes (16%), agricultural land (0.2%), urban areas (0.1%) and 
other land uses (12%). The river is unregulated, with minimal 
human impact, high water quality and low turbidity.

The Tana River catchment belongs to the Köppen-Geiger cli-
mate class Dfc: ‘Snow climate, fully humid (no dry season), with 
cool summer and cold winter’ (Kottek et al. 2006). The annual 
hydrological cycle of the Tana River basin follows the typical 
pattern of subarctic regions, where snow accumulation, spring 

flood peaks and summer and autumn rainfall dictate the flow 
rates (Figure 3). The Tana River typically freezes in November, 
and the freezing period lasts approximately 6 months until May. 
During this period, precipitation typically occurs in the form of 
snow. Peak discharge occurs shortly after ice breakup, generally 
from mid-May to early June, and is caused by spring snowmelt. 
More detailed hydrological data on the Tana River's discharge 
are presented in Section 2.2.2.

Geomorphologically and hydraulically, the river can be divided 
into the following three sections: upper, middle and lower course 

FIGURE 2    |    The Tana River in September 2022. The locations where the photos were taken are marked in Figure 1.

FIGURE 3    |    Tana River discharge at the Onnelansuvanto gauge station from 1959 to 2024: (a) all daily discharge measurements for 66 years, (b) 
daily discharge measurements for the springs (May–June), (c) daily discharge measurements for the summers (July–August) and (d) daily discharge 
measurements for the autumns (September–October). Older results are shown in lighter green and newer results in darker blue. Yellow lines are daily 
averages, and red lines are mean (MQ), mean-high (MHQ) and mean-low (MNQ) discharges for the seasons. In the image, dates are in day-month 
format.
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(Mansikkaniemi  1970). The upper and lower sections feature 
sandbars with shallow, slow-flowing waters, while the middle 
section is characterized by a gravel bed, rocky riverbanks and 
rapids of varying intensity. The middle section exhibits natural 
armoring, where coarse material protects the riverbed and re-
duces erosion, whereas the lower reaches include erodible sand, 
silt and clay (Collinson 1970).

The area of interest (AOI) was a 53-km reach from Utsjoki to 
Polmak (Figure  1), encompassing both the middle and lower 
sections. The AOI included major tributaries such as Utsjoki, 
Vetsijoki and Laksjohka, and featured the Alaköngäs rapid. 
During average autumn discharge, the river width ranged from 
~60 to ~650 m, with an average depth of ~1.3 m. At the down-
stream boundary of the AOI, the catchment area was 14,340 km2. 
The AOI was delineated due to the availability of high-resolution 
multispectral ALS data and long-term hydrologic records from 
the Onnelansuvanto and Polmak nye gauge stations.

The Tana River is among the world's most biologically diverse 
salmon rivers (Erkinaro et  al.  2019) and is culturally signifi-
cant for the indigenous Sámi people (Hiedanpää et  al.  2020). 
According to the Tana/Teno Monitoring and Research Group 
(MRG) 2026 report, the river is unaffected by the highest-
priority threats to salmon stocks in Norway: There is no hydro-
power regulation, water diversion, acidification, pollution or 
mining and physical alterations are minimal; agricultural and 
community runoff is limited, and no harmful parasites are pres-
ent (Anon 2026). Despite the near-pristine catchment, Atlantic 
salmon populations have declined over the past decade, likely 
due to drastically decreased marine survival rates (Anon 2026), 
affecting local communities dependent on salmon fishing 
(Hiedanpää et al. 2020).

2.2   |   Data

2.2.1   |   Multispectral Airborne Laser Scanning Data

The primary dataset comprised multispectral airborne laser 
scanning (ALS) data collected on 7th, 8th and 10th September 
2022 by the Finnish Geospatial Research Institute (FGI) using 
the helicopter-based HeliALS-TW system. The system included 
three laser scanners—Riegl VUX-1HA, miniVUX-3UAV and 
VQ-840-G (Riegl GmbH, Austria)—operating at wavelengths 
of 1550, 905 and 532 nm, respectively. The ranging accuracy 
of the scanners was 5, 15 and 20 mm, respectively. These were 
complemented by a GNSS-IMU navigation system consisting 
of a NovAtel (LITEF) ISA-100C inertial measurement unit, a 
NovAtel PwrPak7 GNSS receiver and a NovAtel (Vexxis) GNSS-
850 antenna. This configuration has not previously been used 
in fluvial research. The survey covered the river channel and 
adjacent floodplains (~50–150 m wide) during low autumn 
water levels to maximize point cloud quality. In this case, qual-
ity maximization meant maximizing the number of reflections 
collected from dry land, as the number of ground hits decreases 
when the laser hits water, as only the green wavelength of VQ-
840-G has the potential to penetrate below the water surface. 
Flight altitude was 100–150 m above ground at 20–25 m/s. 
Data acquisition exploited the preview of VQ-840-G's elliptical 
scan geometry for flight line optimization: The helicopter first 

followed one shore and then flew additional lines along the river 
to achieve full channel coverage. The VUX and mini-VUX scan-
ners were tilted 15° to maximize hits on the vertical structures 
in flight direction.

Despite the multispectral approach, ALS has limitations: Green-
laser penetration requires low turbidity, low suspended sedi-
ment, minimal turbulence and vegetation and no ice cover (Kasvi 
et al. 2019; Legleiter and Harrison 2019; Tonina et al. 2019). A 
green laser can penetrate to approximately one to three Secchi 
depths (Mandlburger 2025). Two deeper areas (0.33 km2 in total, 
covering ~2% of the wetted area of Spring mean high discharge 
scenario) produced errors in our survey, but they were identifi-
able and corrected manually during DTM creation. In addition, 
ALS cannot resolve undercut banks, and ALS data also age when 
sediment transport alters the riverbed.

Trajectory processing used Waypoint Inertial Explorer 
(NovAtel Inc.  2020). Basic point-cloud processing was done 
with RiProcess, followed by flight-line tuning with RiPrecision 
and bathymetric processing with RiHydro. The resulting point 
clouds were further processed in Terrascan: Low and isolated 
points were filtered out, and ground points were classified with 
Terrascan's ground classification tool using only points with 
echo parameter ‘last-of-many’ and ‘only.’ Within the AOI (chan-
nel, banks and floodplains), the average density of points clas-
sified as ground was 3.96 points/m2 (average spacing of 0.5 m). 
Taking the prementioned scanner ranging accuracies and the 
trajectory postprocessing result into account, individual laser 
scanning point elevation accuracy was estimated to be about 
5 cm for bare ground and about 10–15 cm for underwater sur-
faces. A 1-m xy resolution DTM was generated from ground re-
turns using blast2dem tool in the LAStools software (Rapidlasso 
GmbH), which triangulates the point cloud, and rasters it into a 
DTM. The DTM was used as the terrain geometry for hydrau-
lic modelling, while water surface returns supported hydraulic 
model calibration.

2.2.2   |   Hydrological Data

Hydrological data were obtained from the Finnish Environment 
Institute (Syke) and the Norwegian Water Resources and Energy 
Directorate (NVE). Syke has monitored discharge and water 
level at Onnelansuvanto since 1959; NVE has operated Polmak 
nye since 1991 (Figure 1). Syke has also measured discharge at 
Patoniva (69° 47,022′ N, 26° 59,973′ E) on the Utsjoki River since 
1962. Stations provide daily measurements with open access 
(see Data Availability Statement).

From 1 January 1959 to 31 December 2024, the average dis-
charge at Onnelansuvanto was 139 m3/s (Figure 3), with an av-
erage water level of 64.27 m (N2000).

2.2.3   |   Aerial Photographs

In September 2022, low-altitude (1 and 2 m) aerial photographs 
(Figure 4) were captured by a DJI Mavic Mini2 drone at 10 lo-
cations within the AOI. The camera was 12MP, model FC7303. 
The drone had a GPS device, but not a real-time kinematic 
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(RTK) GPS system. Images revealed substrate types including 
sand (< 2 mm), gravel (< 16 mm), pebbles (< 64 mm), cobbles 
(< 300 mm) and boulders (> 300 mm). Visual interpretation of 
the aerial photographs informed the initial estimation of riv-
erbed roughness (Manning's n) values applied in the hydrau-
lic model.

2.3   |   Hydraulic 2D Modelling

2.3.1   |   Model Setup

A 2D hydraulic model for the AOI was developed using HEC-
RAS 6.6 software (US Army Corps of Engineers Hydrologic 
Engineering Center). The model employs an implicit finite 
volume method based on Shallow Water Equations. Such 2D 
models simulate spatial patterns of depth-averaged flow and 
are widely used in mesohabitat studies (e.g., Hauer et al. 2009; 
Gibson and Pasternack  2015). Model terrain geometry was 
derived from the 1-m DTM built from multispectral ALS 
data. The AOI was divided into ~735,700 cells, with mesh el-
ement sizes of ~25 m2 in the channel and active floodplains, 
and ~10,000 m2 in inactive floodplains. This configuration 
balanced computational accuracy with runtime constraints, 
given the limitations of the available hardware. HEC-RAS 
employs a subgrid bathymetry approach that preserves high-
resolution DTM information within each computational cell 
(Casulli 2008; Elbashir 2019), enabling mesohabitat mapping 
at the native resolution (1 m). Consequently, the results of the 
2D hydraulic model represented spatially averaged values 
over 1-m2 areas.

Upstream boundary conditions used discharge from the 
Onnelansuvanto and Patoniva gauge stations. The Normal 
Depth method with a slope of 0.001 defined the downstream 
boundary condition. In most scenarios, the combined discharge 
of Onnelansuvanto and Utsjoki exceeded discharge at Polmak 
nye, indicating minimal influence from other tributaries.

2.3.2   |   Calibration

During the calibration phase, the riverbed roughness—
Manning's n values—was adjusted to match simulated water 

levels to measured water surface elevations (WSEs) derived 
from multispectral ALS data, collected on 8th September 2022. 
At that time, discharge was 133 m3/s at Onnelansuvanto and 23 
m3/s at the Utsjoki mouth. Twenty-seven WSEs along the thal-
weg, spaced 2 km apart, were selected (Figure 5). Elevations were 
averaged from ALS points within 60-m-wide and 0.1-m-long 
transects. The transects were deliberately short in the direction 
of flow due to rapid longitudinal water-level change, and wide to 
maximize the number of laser points considered. All ALS cali-
bration points were manually verified in CloudCompare by com-
paring their elevations with ground-point elevations. Observed 
water level at Polmak nye was also used, yielding 28 WSEs in 
total, 27 of which were based on 4461 individual laser points.

Initially, using only a single Manning's n value for the entire 
channel area was tested, but it did not produce good calibration 
results. Spatially distributed n values improve model perfor-
mance (Baumgartner  2020), although they increase computa-
tion time. To avoid overcomplicating the calibration, we used the 
smallest possible number of n values: 0.035–0.13 for the channel 
(Figure 5) and 0.1 for vegetation (riparian trees and shrubland). 
The same Manning n value was used across the entire width 
of the channel cross-section, but depending on the calibration 
results, consecutive segments could have the same or different n 
values. At the Alaköngäs rapid, it was necessary to use n values 
that were exceptionally high for a natural river (0.11 and 0.13) to 
ensure that the simulated water level corresponded to the mea-
sured water level at an acceptable level. The Alaköngäs rapid 
has a steep gradient (slope of 0.00357; Mansikkaniemi 1970) and 
highly turbulent water; therefore, there is uncertainty regard-
ing both the measured and simulated water levels in the rapid 
area. Simulated water levels differed from measured WSEs 
by 1.0–22 cm, with a mean squared error (MSE) of 0.007 cm2, 
root mean square error (RMSE) of 8.4 cm, mean absolute error 
(MAE) of 6.9 cm, correlation r = 0.999 and coefficient of deter-
mination R2 = 0.999.

2.3.3   |   Discharge Scenarios

The calibrated 2D hydraulic model was used to simulate nine 
steady-state discharge scenarios (Table 1) representing the ice-
free period and key phases of the Atlantic salmon life cycle—
spring (May–June), summer (July–August) and autumn 

FIGURE 4    |    Examples of aerial photographs from the Tana River in September 2022. The length of one side of the scale bar in the photographs is 
60 cm. In the left photograph, the substrate mainly consists of cobbles (< 300 mm) and boulders (> 300 mm), while in the right photograph it consists 
of sand (< 2 mm).
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7 of 22Ecohydrology, 2026

(September–October). The selected scenarios are based on 
24,090 individual measurements and derived statistical sum-
maries. For each season, mean (MQ), mean-high (MHQ) and 
mean-low (MNQ) discharge conditions were derived from the 
66-year time series of Onnelansuvanto (Figure  3; Table  1). 
MHQ was the mean of the highest daily discharge values in 
the single years during defined season, and MNQ the mean 

of the corresponding minima. As an exception to the above, 
the spring MNQ of 56 m3/s reached the limit of model capac-
ity. Very low early-May flows likely occurred while the river 
was still partially frozen; therefore, spring MNQ was recalcu-
lated excluding discharge values before the spring-flood peak, 
yielding 207 m3/s. Winter conditions (November–April) were 
excluded.

FIGURE 5    |    Final Manning's n values used in the channel area in different segments, and calibration points within the AOI.

TABLE 1    |    Calibration parameters, scenario values and catchment areas used for boundary conditions. Discharge values shown in parentheses 
are derived from the Onnelansuvanto gauge station time series.

Description Reference day
Discharge in the 

Onnelansuvanto (m3/s)
Discharge in the mouth 

of Utsjoki (m3/s)

Model calibration 8-Sep-22 133 23

Spring MHQ (1191 m3/s) 25-May-22 1188 220

Spring MQ (407 m3/s) 9-Jun-22 417 47

Spring MNQ (207 m3/s) 21-Jun-22 213 27

Summer MHQ (349 m3/s) 22-Jul-22 353 37

Summer MQ (167 m3/s) 4-Jul-22 168 21

Summer MNQ (97 m3/s) 7-Jul-23 97 13

Autumn MHQ (230 m3/s) 18-Sep-22 230 38

Autumn MQ (130 m3/s) 9-Sep-22 129 23

Autumn MNQ (69 m3/s) 14-Sep-24 69 8

Description Onnelansuvanto (km2) Utsjoki mouth (km2)

Catchment area 10701.641 1657.626
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8 of 22 Ecohydrology, 2026

Scenarios were constructed using reference days: After com-
puting seasonal mean discharges, we identified dates in the dis-
charge record with comparable values. This ensured that each 
scenario represented typical seasonal conditions while remaining 
grounded in realistic, observed flow states. The approach also 
preserved the empirical linkage between Tana River and Utsjoki 
River discharges, improving model consistency and reliability. To 
account for spring-flood effects on channel morphology, reference 
dates were primarily drawn from the period between the 2022 and 
2023 spring floods. Exceptions (Spring MHQ, Summer MNQ and 
Autumn MNQ) were made when seasonal flows in that interval 
did not reflect long-term averages, in which case dates from other 
recent years with comparable discharges were selected.

Model outputs—WSE, flow velocity, water depth and Froude 
number—were exported as 1-m rasters covering the AOI and 
imported into QGIS 3.34.8 for spatial raster analyses.

2.4   |   Mesohabitat Classification and Spatial Raster 
Analyses

In order to map the mesohabitats, the results of the hydraulic 
model had to be classified. The following four main methods 
exist for instream mesohabitat classification: the Mesohabitat 
Evaluation Model (MEM) (Hauer et  al.  2009; Hauer 
et  al.  2011), NMCM (Borsányi et  al.  2004), MesoCASiMiR 
(Eisner et al. 2005; Wegscheider et al. 2024) and MesoHABSIM 
(Parasiewicz  2007; Vezza et  al.  2014). In this study, the me-
sohabitat patches were delineated from 1-m2 hydromorpho-
logical cells using the NMCM. We applied NMCM to ensure 
comparability with a previous field-based study in the Tana 
River (Metsäniemi et al. 2025) and to avoid introducing new 
typologies that hinder cross-study comparison (Wheaton 
et  al.  2015). NMCM uses a threshold-based decision tree to 
classify habitats into ten categories (Table 2).

Field-based mesohabitat studies are often based on determining 
averages for large areas. Our approach differed from this, as we 
defined mesohabitats such that all 1-m2 cells met the same cri-
teria (Table 2). Thus, the mesohabitats we mapped are hydrauli-
cally homogeneous.

The NMCM is designed for in situ classification based on vi-
sual observation, with its initial steps optimized for human 
interpretation. However, surface-pattern identification is 
challenging to reproduce from broad-scale 2D hydraulic mod-
els. To address this, we used the Froude number (Fr) raster 
exported from HEC-RAS, where Fr for each cell is computed 
from depth and flow velocity:

 where v is flow velocity (m/s), g is the gravitational constant 
(9.81 m/s2), and d is water depth (m). The Froude number is a 
dimensionless indicator that has been empirically shown to dis-
tinguish pools (smooth surface) from rapids (broken surface) 
(Jowett  1993), which aligns with NMCM's surface-pattern cri-
terion. Hauer et al. (2009) have also noted that the Froude num-
ber indicates a strong correlation between the development of 
low-energy habitats and high-energy habitats, and is potentially 
a useful variable for characterizing aquatic habitats. We classified 
the Froude raster into Fr ≤ 0.25 (smooth) and Fr > 0.25 (broken) 
(Figure 6), informed by Finnish topographic maps (National Land 
Survey of Finland 2024) and aerial imagery (National Land Survey 
of Finland  2015), and supported by literature (e.g., Jowett  1993; 
Newson et al. 1998; Hauer et al. 2009; Entwistle et al. 2019). Water-
surface gradient was derived from the surface-elevation raster and 
classified into moderate and steep (≤ 1.5% and > 1.5%) (Figure 6). 
Regarding the threshold value for the surface gradient criterion, 
we deviated slightly from the value proposed by NMCM. Borsányi 
et al. (2004) noted that threshold values should be viewed critically 

(1)
Fr =

v
√

gd

TABLE 2    |    The Norwegian Mesohabitat Classification Method (NMCM) used in the study (Borsányi et al. 2004) as an exception; in our study, 
we used a Froude number (Fr) of 0.25 as the threshold value for the surface pattern and 1.5% as the threshold value for the surface gradient. The 
threshold values refer to the average for the area being classified. Mesohabitat names are from Metsäniemi et al. (2025).

Criteria Surface pattern
Surface 
gradient

Surface 
velocity Water depth

Mesohabitat 
class

Mesohabitat 
name

Decision Smooth/rippled 
(Fr < 0.25)

Steep > 1.5% Fast 
> 0.5 m/s

Deep > 0.7 m A Run

Moderate 
< 1.5%

Fast 
> 0.5 m/s

Deep > 0.7 m B1 Deep glide

Shallow < 0.7 m B2 Shallow glide

Slow 
< 0.5 m/s

Deep > 0.7 m C Pool

Shallow < 0.7 m D Walk

Broken/unbroken 
standing waves 

(Fr > 0.25)

Steep > 1.5% Fast 
> 0.5 m/s

Deep > 0.7 m E White water

Shallow < 0.7 m F Cascade

Moderate 
< 1.5%

Fast 
> 0.5 m/s

Deep > 0.7 m G1 Deep rapid

Shallow < 0.7 m G2 Shallow rapid

Slow 
< 0.5 m/s

Shallow < 0.7 m H Rill
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9 of 22Ecohydrology, 2026

and that larger rivers, in particular, may require adjustments to 
these values. Surface gradient strongly influences the occurrence 
of run, white water and cascade mesohabitats, with white water 
and cascade habitats moderately identifiable from aerial imagery. 
We therefore tested several surface gradient thresholds between 
1% and 4% and compared the resulting habitat classifications with 
aerial imagery (National Land Survey of Finland 2015; Geovekst 
2019; Google Earth, n.d.). Although no imagery contemporane-
ous with the point cloud data was available, white water areas in 
the Tana River were observed to occur largely in the same loca-
tions across seasons and years; consequently, the aerial images 
worked well for adjusting the surface gradient criterion. Water 
depth and flow velocity rasters were similarly classified into shal-
low/deep (≤/> 0.7 m) and slow/fast (≤/> 0.5 m/s) classes, respec-
tively (Figure 6). The threshold values for water depth and flow 

velocity were chosen to be the same as those used by Metsäniemi 
et  al.  (2025), as we wanted to ensure the comparability of our 
studies. It should be noted that NMCM uses the surface velocity, 
whereas the HEC-RAS model produces the depth-averaged mean 
velocity. The typical flow velocity profile in an open channel indi-
cates that the flow velocity at the surface is always higher than the 
mean velocity. Conversion of the depth-averaged mean velocity to 
surface velocity was obtained using a constant velocity coefficient 
(α) 0.85. Although the α value is site-specific, Welber et al. (2016) 
demonstrated that the default value 0.85 works well in a variety of 
rivers. Ultimately, pixels in each raster were assigned new values 
based on classification.

The four classified rasters (Figure 6) were combined by multi-
plying the per-pixel codes:

FIGURE 6    |    Example of four original and classified rasters from the Autumn MQ scenario. The classified rasters were subsequently combined 
for mesohabitat classification. The figure illustrates a short reach spanning a few kilometres of the AOI. The minimum and maximum values of the 
parameters in the entire AOI are shown in the original rasters (left). All maps share the same scale and orientation.
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10 of 22 Ecohydrology, 2026

where aFr, bS, cv and dd denote the dimensionless, per-pixel 
codes for Froude number, surface gradient, flow velocity and 
water depth rasters, respectively. The resulting mesohabitat 
code (M) uniquely identifies each NMCM mesohabitat category 
(Table 2). The initial classification yielded 11 mesohabitat cat-
egories; two of these are rare or absent in nature according to 
Borsányi et al. (2004) and were merged with the closest NMCM 
categories, resulting in nine final mesohabitat types. Merging 
was based primarily on how the two classes appeared in the 
Tana River in autumn 2025 and secondarily on their most com-
mon proximity in the simulation results. Unlike the field-based 
NMCM protocol, we did not limit the maximum number of me-
sohabitat categories across a cross-section; all categories present 
in the hydraulic outputs were retained. However, the meso-
habitat raster was sieved to remove individual habitat patches 
smaller than 100 m2. Minimum patch size thresholds (10, 50, 
100, 500 and 1000 m2) were tested to evaluate scale dependency. 
Sensitivity analysis showed that habitat proportions stabilized 
at a minimum patch size of approximately 100 m2. Increasing 
the threshold beyond 100 m2 led to loss of tens of thousands of 
square meters of specific habitat types, whereas smaller thresh-
olds (10 and 50 m2) retained small, fragmented patches likely 
representing microhabitat variability rather than ecologically 
relevant mesohabitat units. Practically, these < 100 m2 habitat 
patches were converted to represent the surrounding habitats. 
Thus, the area of a single mesohabitat unit was at least 100 m2, 
but most of the mesohabitat units along the Tana River were 
much larger than this. Again, a comparison with aerial imagery 
(National Land Survey of Finland 2015; Geovekst, 2019; Google 
Earth, n.d.) showed that the 100-m2 threshold corresponded 
well with the river's hydromorphological structure, and at the 
same time, we found it ecologically meaningful habitat unit for 
Atlantic salmons.

A mesohabitat raster was produced for the entire AOI and re-
peated for all nine discharge scenarios (Table  1), addressing 
RQ1 by delivering spatially continuous (1-m resolution) meso-
habitat maps for the full 53-km reach. The scenarios underpin 
RQ2 by enabling quantification of seasonal differences in (i) oc-
currence, (ii) extent and (iii) longitudinal distribution along the 
river corridor.

Transitions between seasons were encoded at the pixel level as:

where M₁ and M2 denote the mesohabitat codes of the earlier 
and later seasons, respectively. This encoding yielded a six-digit 
value whose first three digits denote the initial season and last 
three digits the subsequent season. All spatial analyses, includ-
ing raster classifications, were conducted in QGIS 3.34.8 using 
the Raster Calculator.

To complement area-based metrics, mesohabitat diversity was 
quantified using the Shannon–Weaver index, H′ (Shannon and 
Weaver 1949):

where S is the number of mesohabitats and pi is the relative 
proportion of each mesohabitat in the wetted area of the AOI. 
High H′ indicates high mesohabitat diversity, whereas low H′ 
indicates low diversity. The Shannon–Weaver index is widely 
used in various scientific fields (e.g., ecology and genetics) to 
examine the diversity and evenness of a selected group. The 
Shannon–Weaver index has been previously applied to NMCM-
based mesohabitat analyses (Casas-Mulet et al. 2014).

2.5   |   Habitat Information for Atlantic Salmon

Atlantic salmon were addressed via interpretation of NMCM 
mesohabitat types based on established ecological knowledge 
rather than explicit habitat-suitability modelling. No empirical 
mapping of salmon was performed in this study. Several salmon 
observation studies have been conducted on the Tana River and 
its tributaries, and these studies have been carried out on both 
micro- and meso-scales. We recognized that combining findings 
from different scales can lead to biases; but in our study the spa-
tial resolution of 1 m xy used in the hydraulic modelling enabled 
direct linkage to salmon habitat preferences quantified at the mi-
crohabitat scale, while the delineation of mesohabitats (minimum 
area 100 m2) allowed interpretation at a broader, hydromorpho-
logically meaningful scale. This dual-scale framework supported 
the use of both micro- and meso-scale observations of salmon 
habitat use. Previous microhabitat studies provided understand-
ing of depth and velocity preferences, and at the same time, ob-
servations at the mesohabitat level showed how fish respond to 
habitat units that represent broader functional environments 
rather than isolated point conditions. Because mesohabitats in 
this study were defined using consistent thresholds (Table 2) ap-
plied at the 1-m2 cell level, the resulting habitat units retain the 
physical characteristics relevant to microhabitat selection while 
simultaneously representing spatially coherent patches compara-
ble to mesohabitat classifications used in field-based ecological 
studies. This hierarchical structure reduces the scale mismatch 
typically associated with habitat analyses and allows results to 
be interpreted across both levels.

Typical spawning grounds in autumn are shallow (< 0.5 m) with 
moderately slow velocity (0.35–0.65 m/s) (Louhi et al. 2008). In 
the NMCM classification, these corresponded to walks (D), rills 
(H), shallow glides (B2), shallow rapids (G2) and cascades (F) in 
terms of depth and flow velocity (Table 2). Cascades (F) have a 
steep surface gradient and thus are considered less suitable for 
spawning than the other listed classes.

In the Tana River, juvenile salmon hatch in the spring, emerge 
from gravel in July and then spend the first years of their lives in 
the river, most typically 3–5 years (Erkinaro et al. 2019). Previous 
studies indicated that juveniles preferred slow velocity (< 0.5 m/s) 
and moderately shallow habitats (0.33–0.74 m) (Mäki-Petäys 
et al. 2002). In the NMCM classification, these corresponded to 
pools (C), walks (D) and rills (H) in terms of depth and flow ve-
locity (Table 2). Although the study by Mäki-Petäys et al. (2002) 
found juveniles in areas deeper than 0.7 m, the study indicated 
that the juveniles generally preferred shallower areas. For this 
reason, pools (C) were considered less suitable for salmon juve-
niles than the other listed classes. Although, based on Metsäniemi 
et  al.  (2025) results, juveniles also use deeper areas; salmon fry 

(2)M = aFr × bS × cv × dd

(3)x =M1 × 1000 +M2

(4)H �
= −

∑S

i=1
pi ln

(

pi
)
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11 of 22Ecohydrology, 2026

(age 0+) particularly preferred deep and shallow rapids (G1 and 
G2), and salmon parr (age > 0+) deep and shallow glides (B1 and 
B2) as well as deep and shallow rapids in the Tana River.

Based on the above, in the results and discussion sections, we 
have referred to walks, rills, shallow glides and shallow rapids 
when discussing mesohabitats suitable for spawning, and to 
walks, rills, deep and shallow rapids, and deep and shallow glides 
when discussing mesohabitats suitable for juvenile rearing.

3   |   Results

3.1   |   Mesohabitat Types

NMCM-based classification (1-m xy resolution) identified nine 
out of 10 mesohabitat classes along the AOI during the open-
channel season. Run mesohabitats were not identified at all in 
the AOI. Across the nine scenarios, the wetted area and pro-
portional coverage of mesohabitats varied systematically with 
discharge (Table 3). Deep glides and pools were most common, 
whereas walks and deep rapids were less frequent (Table 3). High 
flows expanded deep glides and deep rapids; low flows favoured 
pools and walks. White water mesohabitats were identified only 

in the Alaköngäs rapid area, and their proportion was the same 
in all scenarios. Figure 7 illustrates mesohabitats for the Autumn 
MQ scenario; maps for all scenarios are available at: https://​doi.​
org/​10.​5281/​zenodo.​21804136. Broken-surface areas (Figure 8a) 
became more uniform and less diverse at higher flows, while 
smoother-surface areas (Figure  8b) changed little across dis-
charges. Longitudinally, mesohabitats formed alternating se-
quences of broken- and smooth-surface types upstream, with 
smoother mesohabitats dominating downstream.

2D hydraulic simulations showed that the wetted area within the 
53-km AOI averaged 14.3 km2 in spring (range 12.9–16.6 km2), 
12.1 km2 in summer (10.9–14.0 km2) and 11.6 km2 in autumn 
(10.2–13.2 km2), with a 6.4-km2 difference between Spring MHQ 
and Autumn MNQ. Mean depth was 2.2 m in spring, 1.4 m in 
summer and 1.3 m in autumn, ranging from 3.8 m (Spring 
MHQ) to 1.0 m (Autumn MNQ).

3.2   |   Lateral and Longitudinal Distribution 
of Mesohabitats

Shallow mesohabitats (walks and shallow rapids) were con-
centrated along riverbanks across seasons. An exception 

TABLE 3    |    Wetted area, percentage proportion of instream mesohabitats relative to the wetted area, and Shannon–Weaver index (H′) in nine 
different scenarios. The highest mesohabitat proportion is marked with the darkest blue colour. The first column provides key discharge values 
calculated from the Onnelansuvanto gauge station time series. Q = discharge; MHQ = mean-high discharge; MQ = mean discharge; MNQ = mean-low 
discharge. Mesohabitats: A = run; B1 = deep glide; B2 = shallow glide; C = pool; D = walk; E = white water; F = cascade; G1 = deep rapid; G2 = shallow 
rapid; H = rill.

Simulated Q m3/s Wetted area km2

Mesohabitats, %

H′A B1 B2 C D E F G1 G2 H

Spring MHQ 1188 16.6 0 66 < 1 8 2 < 1 < 1 24 < 1 < 1 0.93

1191 m3/s

Spring MQ 417 14.3 0 59 < 1 19 5 < 1 < 1 15 1 < 1 1.15

407 m3/s

Spring MNQ 213 12.9 0 51 1 24 11 < 1 < 1 10 3 < 1 1.34

207 m3/s

Summer MHQ 353 14.0 0 57 1 20 7 < 1 < 1 13 2 < 1 1.22

349 m3/s

Summer MQ 168 12.1 0 47 1 28 12 < 1 < 1 9 3 < 1 1.36

167 m3/s

Summer MNQ 97 10.9 0 33 2 35 20 < 1 < 1 6 4 < 1 1.46

97 m3/s

Autumn MHQ 230 13.2 0 52 1 22 11 < 1 < 1 10 3 < 1 1.32

230 m3/s

Autumn MQ 129 11.6 0 42 2 31 14 < 1 < 1 7 4 < 1 1.41

130 m3/s

Autumn MNQ 69 10.2 0 23 2 39 27 < 1 < 1 4 5 < 1 1.44

69 m3/s
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12 of 22 Ecohydrology, 2026

occurred upstream of Alaköngäs, where the midchannel sand-
bar Geavgŋoaisáttu (Figure 9b) supported walk habitats under 
high flows. At higher discharges (roughly > 200 m3/s), shal-
low bank zones (depth < 0.7 m) were typically less than 10 m 
wide; under lower flows (roughly < 100 m3/s), they often ex-
tended tens of meters. Even at the lowest discharge (Autumn 
MNQ, 69 m3/s), the thalweg remained > 0.7 m deep through-
out the AOI, thus being dominated by deep mesohabitats (deep 

glides, pools, deep rapids and white waters) in all scenarios. 
Longitudinally, the upper ~36 km alternated between broken-
surface (deep/shallow rapids, cascades, rills and white water) 
and smoother-surface (deep glides, pools and walks) areas 
(Figure  9a). The subsequent ~2-km Alaköngäs rapid reach 
was dominated by deep rapids and white waters. Immediately 
downstream, a ~2-km gravel–sandbar complex (Bajitjalvi–
Boratbovccis–Geavgŋávuolle, Figure  9c) exhibited high 

FIGURE 7    |    Mesohabitats at Autumn MQ scenario.

FIGURE 8    |    Changes in one area consisting of mesohabitats with (a) broken surface patterns and (b) smoother surface patterns in nine different 
scenarios. MHQ = mean-high discharge, MQ = mean discharge, MNQ = mean-low discharge.
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13 of 22Ecohydrology, 2026

mesohabitat diversity, while the final ~13 km was dominated 
by smoother-surface mesohabitats.

3.3   |   Area Distributions of NMCM Classes at 
Different Flow Rates

Comparisons across five scenarios (Spring MHQ 1188 m3/s, 
Spring MQ 417 m3/s, Summer MQ 168 m3/s, Autumn MQ 129 
m3/s and Autumn MNQ 69 m3/s) showed that among NMCM 
criteria, flow velocity and water depth varied most with dis-
charge (Figure 10). Broken surface patterns declined moder-
ately (≤ 14%) with lower discharge; surface gradient remained 
practically unchanged. Rapidly flowing areas decreased sub-
stantially (up to 60%), and deep areas declined moderately (up 
to 32%).

3.4   |   Variation in Mesohabitats Between 
and Within Seasons

Between-season contrasts were greater for spring versus sum-
mer and spring versus autumn than for summer versus autumn 
in both proportions (Table 3) and locations (Figure 8) of meso-
habitats. Across all seasons, deep glides, pools, walks and deep 
rapids dominated, with shifting proportions. Spring was char-
acterized by extensive deep glides (51%–66%), whereas summer 
and autumn alternated between deep glides (23%–57%) and 
pools (20%–39%). Deep rapids were most frequent in spring 
(10%–24%) and least in autumn (4%–10%); walks were most 
common in autumn (11%–27%) and least in spring (2%–11%). 
Shallow glides, cascades and rills were absent in spring. In the 
upper AOI, broken-surface areas separated between spring and 
summer, with smoother mesohabitats forming between them; in 

the lower AOI, seasonal change was milder, with pools replac-
ing deep glides from spring to summer/autumn. The Shannon–
Weaver index (H′) peaked in autumn (1.32–1.44), was slightly 
lower in summer (1.22–1.46) and lowest in spring (0.93–1.34). 
Although, Summer MNQ had the highest H′ (1.46), followed by 
Autumn MNQ (1.44) and Autumn MQ (1.41); Spring MQ (1.15) 
and Spring MHQ (0.93) were markedly lower.

Within-season variation showed clear high- versus low-flow 
differences (Table 3). However, the same four key mesohabitats 
(deep glides, pools, walks and deep rapids) dominated across 
all seasons and discharges, with only their relative proportions 
varying. Spring scenarios were most similar in terms of their me-
sohabitats; autumn scenarios varied most. In spring, deep glides 
dominated (51%–66%) but declined with decreasing discharge, 
while pools increased but did not surpass deep glides; deep rap-
ids peaked at Spring MHQ (24%), and walks were scarce (2%) 
but rose at Spring MNQ (11%). Shallow glides, cascades and rills 
were absent at Spring MHQ. Deep glides (47%) and pools (28%) 
also dominated the Summer MQ. Walks accounted for 12%, and 
deep rapids for 9%. Summer MHQ expanded deep glides (57%) 
and reduced pools (20%), with walks nearly vanishing except at 
Geavgŋoaisáttu (Figure 9b). Summer MNQ favoured pools (35%), 
followed by deep glides (33%) and walks (20%). In autumn, MHQ 
and MQ favoured deep glides (42%–52%); MNQ favoured pools 
(39%) with diverse broken-surface zones at MQ and narrower 
channels with sandbars and extensive walks (27%) at MNQ, as 
deep glides dropped to 23%.

3.5   |   Mesohabitat Transition Between Seasons

Figure  11 shows the transition between mesohabitat classes 
between average spring (Spring MQ) and average summer 

FIGURE 9    |    (a) Distribution of mesohabitats in flow direction within the AOI (Spring MNQ situation shown in the figure). (b) Geavgŋoaisáttu in 
September 2025. At higher flows, the area is completely covered by water. (c) Geavgŋávuolle in September 2025.
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14 of 22 Ecohydrology, 2026

(Summer MQ) and between average summer (Summer MQ) and 
average autumn (Autumn MQ).

From Spring MQ to Summer MQ, shallow spring habitats (shallow 
glides, walks, cascades, shallow rapids and rills) were largely dry 
by summer (≥ 80% of their spring area became dry) (Figure 11a). 
Among deep habitats, pools dried most (23%), followed by white 
waters (17%). Only three mesohabitats retained at least half of 
their spring area as the same type: deep glides (60%), pools (58%) 
and white waters (76%). Walks and rills disappeared totally from 
their original locations. This did not mean these habitats vanished 
in summer; they still existed but shifted to different locations than 
in spring. Spring deep rapids fragmented notably in summer. A 
small portion of nearly all spring mesohabitats—except walks, 
white waters and rills—converted to walks in summer. Overall, 
the transition from spring to summer was characterized by ex-
tensive drying and fragmentation of shallow mesohabitats, and 
substantial reorganization of deep habitats, indicating a major 
structural shift in mesohabitat configuration.

From Summer MQ to Autumn MQ, changes were minor 
(Figure  11b). Most habitats remained largely unchanged (57%–
89%), except shallow glides and rills. Only 33% of summer shallow 
glides remained as shallow glides; 58% became walks. Of rills, 17% 
persisted and 62% dried. A significant proportion (30%–62%) of 
shallow mesohabitats (walks, cascades and rills) turned into dry 
land in autumn, while shallow rapids were relatively stable (72% 
remained shallow rapids). Deep habitats rarely dried (with the ex-
ception of 8% of white waters). Most habitats—except white water 

and deep rapids—partly converted to walks. Only a few mesohabi-
tats converted into shallow glides in autumn (5% of shallow rapids 
and 2% of deep glides). Similarly, only white waters and deep rap-
ids changed into deep glides in autumn (Figure 11b).

3.6   |   Seasonal Variation in Atlantic 
Salmon-Relevant Mesohabitats

Without explicit habitat-suitability modelling, we report sea-
sonal changes in mesohabitats previously linked to Atlantic 
salmon spawning and juvenile rearing (see Section 2.5). Three 
of the four key mesohabitats of AOI—deep glides, walks and 
deep rapids—can be considered important for Atlantic salmon. 
Potential spawning habitats (shallow glides, walks, shallow rap-
ids and rills) increased by 124%–770% as discharge decreased 
(Table  4), peaking in autumn. Deep and fast habitats used by 
juveniles (deep glides and deep rapids) were most abundant in 
spring and then declined (28%–81%), remaining slightly more 
common in summer than autumn. Shallow and slow habitats 
(walks and rills) and shallow and fast habitats (shallow glides 
and shallow rapids) preferred by juveniles peaked in autumn 
and were least common in spring (Table 4).

An important factor regarding salmon habitat use relates to the 
relative locations of mesohabitats and the combinations of specific 
types of mesohabitats. For example, it is generally understood that 
salmon use fast-flowing areas for feeding and slow-flowing areas 
for resting. In practice, this means that, for example, fast-flowing 

FIGURE 10    |    Distribution of wetted area based on NMCM criteria (surface pattern, surface gradient, flow velocity and water depth) in five differ-
ent discharge scenarios (mentioned under x-axes 1188…69 m3/s).
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15 of 22Ecohydrology, 2026

glides and rapids combined with slow-flowing walks provide 
salmon a meaningful environment consisting of two different 
mesohabitats. Based on our mesohabitat results, the thalweg of 
the Tana River within the AOI is dominated by deep glides and 
deep rapids, while the banks are dominated by pools and walks 
(Figure 8). This pattern became particularly pronounced in the 
autumn and during lower discharges.

However, even more important factors in terms of salmon meso-
habitat use are the availability of food and the presence of pred-
ators; unfortunately, the data we had did not allow us to take 
these biological factors into account.

4   |   Discussion

4.1   |   Seasonal Dynamics and Diversity 
of Mesohabitats in the Tana River

Our findings showed that in the near-pristine Tana River, in-
stream mesohabitats shifted markedly across the ice-free pe-
riod because of strong discharge variability. The mesohabitats 
were dynamic and seasonally shifting entities rather than 
static patches, as Maddock  (1999) also noted. Based on our 
results (Table  3), deep glides and pools dominate most of the 
open-water season (23%–66% and 8%–39% of AOIs wetted area, 

FIGURE 11    |    Change in mesohabitat as % of area (a) from the Spring MQ scenario to Summer MQ scenario and (b) from the Summer MQ scenario 
to Autumn MQ scenario. The percentages on the x-axis indicate how much of the habitat has remained unchanged between the two scenarios. For 
example, of the habitats classified as type B1 in the Spring MQ scenario, 60% remained type B1 in summer, while 1% shifted to B2, 21% to C, 10% to D, 
2% to G1, 1% to G2 and 6% transition to dry land. The information presented in this figure is shown as numerical values in Tables S1 and S2.
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respectively). Metsäniemi et al. (2025) likewise reported a high 
proportion of deep glides (19.7%) along a 200-km reach of the 
Tana River in August–September 2014, exceeded only by sandy 
runs (66.6%). It should be noted that we studied a 53-km long 
section of the Tana River, which is clearly more rapids-prone 
than the rest of the river. Our analyses revealed that spring 
floods favour deep glides, deep rapids and pools while shallow 
habitats nearly vanish; by contrast, summer–autumn low flows 
expand shallow margins and increase walks (Table 3, Figure 8). 
Similar dynamic patterns have been observed also in other riv-
ers (O'Sullivan et al. 2020).

Moreover, our class transition analysis indicates that the sharp-
est mesohabitat reorganization occurs from spring to summer 
(Figure  11); summer and autumn were more alike, indicating 
that the spring flood described by Dankers (2002) has a radical 
impact on mesohabitats. The Tana River is typically ice-covered 
from early November to early May without freezing to the bed; 
ice breakup is followed by a spring flood. Between 1959 and 
2024, mean spring discharge at Onnelansuvanto was 407 m3/s, 
~3 times the annual mean (139 m3/s), after which flow declines 
toward autumn and drops to ~20–50 m3/s in winter (Figure 3). 
Our results also align with gravel-bed and cold-region river 
studies showing that snowmelt floods are the dominant drivers 
of hydraulic and geomorphic restructuring; subsequent lower-
flow periods tend to modify rather than fundamentally reor-
ganize habitat mosaics (Driscoll and Hauer  2019; Irannezhad 
et al. 2022). During flood recession, wetted area contracts and 
spring–summer transitions were characterized by widespread 
drying and relocation of shallow mesohabitats; shallow classes 
are therefore among the most discharge-sensitive types, which 
have been documented also in other river systems (Driscoll 
and Hauer 2019; Mortensen et al. 2024). Conversely, once deep 

glides, pools and other main-channel habitats are established 
after spring recession, their extent and configuration remain 
relatively stable under moderate summer–autumn variability 
(Figure  11); a similar phenomenon has also been reported by 
Driscoll and Hauer (2019). Together, these patterns underscore 
the dominant role of spring floods in restructuring mesohabitat 
configuration along the study site, supporting the broader con-
ceptual understanding that morphology provides the template 
for potential habitat diversity, whereas seasonally predictable 
high-magnitude floods determine which mesohabitats are ex-
pressed at a given time (Wallis et al. 2012).

It is important to note that in the subarctic region, interseasonal 
precipitation correlations are low (a rainy spring does not imply 
a rainy summer/autumn), yet river discharge correlates with 
precipitation, particularly in summer and autumn (Rawlins 
et  al.  2009). Consequently, within a single ice-free period, se-
quences such as Spring MHQ → Summer MNQ → Autumn MHQ 
are plausible, producing substantial mesohabitat variability in 
discharge-sensitive systems.

Inspection of the NMCM criteria showed discharge chiefly al-
ters velocity and depth, with limited change in surface pattern 
and surface gradient (Figure  10). The water surface gradient 
is primarily set by riverbed slope, although discharge—espe-
cially flood peaks—can have a minor effect (Bauer-Gottwein 
et  al.  2024). Because our DTM (and thus riverbed slope) was 
held constant across scenarios, we did not observe any gradient 
differences among discharges. Surface pattern arises from dis-
charge interacting with channel morphology, including velocity, 
bed roughness and turbulence (Muraro et al. 2021), so discharge 
changes alone should exert a modest influence on surface pat-
tern—as was the case in our results (Figure 10). Wind-generated 

TABLE 4    |    Areas (km2) of mesohabitats that have been assessed as important for Atlantic salmon spawning and rearing, in different scenarios. 
The upper part of the table shows which mesohabitats are assessed as important for spawning (o) and juvenile salmon (x). The highest value in each 
column is marked with the darkest blue colour.

Deep glide B1
Shallow 
glide B2 Walk D Deep rapid G1

Shallow 
rapid G2 Rill H

Spawning (Louhi et al. 2008) o o o o

Fry, 0+ (Metsäniemi et al. 2025) x x

Parr, > 0+ (Metsäniemi et al. 2025) x x x x

Juveniles (all ages) (Mäki-Petäys 
et al. 2002)

x x

Spring MHQ 10.9 0.01 0.4 3.9 0.0 0.00

Spring MQ 8.4 0.08 0.6 2.2 0.2 0.01

Spring MNQ 6.6 0.13 1.4 1.2 0.4 0.04

Summer MHQ 7.9 0.13 0.9 1.9 0.3 0.01

Summer MQ 5.7 0.14 1.4 1.0 0.4 0.03

Summer MNQ 3.6 0.23 2.2 0.6 0.4 0.04

Autumn MHQ 6.9 0.13 1.4 1.3 0.4 0.03

Autumn MQ 4.8 0.20 1.6 0.9 0.4 0.03

Autumn MNQ 2.3 0.23 2.8 0.4 0.5 0.04
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capillary-gravity waves can also affect surface pattern (Muraro 
et  al.  2021), but wind was not included in our 2D hydraulic 
simulations.

In our results, the Shannon–Weaver index was highest under 
Summer MNQ and lowest under Spring MHQ (Table 3), align-
ing with findings that lower flows increase habitat diversity 
(Casas-Mulet et al. 2014). In our study, high flows homogenized 
especially the broken-surface pattern zones, reducing meso-
habitat diversity. Alcaraz-Hernández et al. (2011) similarly ob-
served greater pool heterogeneity in streams with lower mean 
discharge than in higher-discharge systems.

4.2   |   Implication of Seasonal Mesohabitat 
Dynamics for Atlantic Salmon

The seasonal mesohabitat variation in the Tana River is likely 
important for certain life stages of Atlantic salmon. Autumn 
offers shallow, moderately slow habitats (walks, rills, shallow 
glides and shallow rapids; Tables  3 and 4) that are character-
ized by shallow depths and moderate velocities, which corre-
spond to microhabitat conditions preferred by spawning salmon 
(Louhi et al. 2008) and juveniles (Mäki-Petäys et al. 2002). In 
spring and summer, when fry emerge, many of these habitats 
transform into deeper, faster mesohabitats (deep glides, deep 
rapids; Tables 3 and 4) that Metsäniemi et al. (2025) identified 
as important for juvenile salmon in the Tana River. Our results 
indicated that deep glides are prominent in spring and summer, 
aiding newly emerged fry, while the increased availability of 
walks in autumn corresponds to hydraulic conditions suitable 
for spawning reported at the microhabitat scale. This dynamic 
may also partly explain the Tana River's high ecological value 
for Atlantic salmon.

Although we did not model future discharge scenarios explic-
itly, the observed sensitivity of mesohabitat structure to sea-
sonal flow variation provided insight into potential impacts of 
projected hydrological change. Climate change is projected to 
intensify autumn rainfall in the Tana River basin (Moradian 
et  al.  2023), potentially making autumn hydrology more 
summer-like. Two concerns arise for salmon. First, our results 
indicated that shallow mesohabitats decrease significantly as 
discharge increases (Table  3). Autumn high flows can yield 
mesohabitat distributions resembling spring low-flow states, 
with the share of walks declining by up to 12% compared 
with average autumn, and other shallow mesohabitats scarce 
(Table  3). Second, reduced seasonal variability itself may be 
detrimental. If a naturally dynamic environment becomes less 
dynamic, organisms must adapt. If shallow spawning habitats 
become unavailable or rare, the river's potential for salmon 
reproduction may decrease. This is concerning, given the al-
ready weak Tana River salmon stock (Anon 2026). Follow-up 
studies should examine how climate change affects mesohab-
itat dynamics.

We also note that substrate type, a key salmon habitat attribute at 
multiple life stages (Mäki-Petäys et al. 2002; Louhi et al. 2008), 
was not mapped in this study. Substrate is part of NMCM, adding 
another level to classification (Borsányi et al. 2004). However, 
the longitudinal gradient and flow velocity of a river indicate the 

substrate type, particularly the grain size, because, according to 
Lane's equilibrium (Lane  1954), the erosion and transport ca-
pacity of a river increase as the discharge and longitudinal gra-
dient increase; in other words, a fast and steep current can move 
coarser material than a slow and moderate one. In our study, 
this means that in mesohabitats with moderate gradient and 
slow flow velocity (pools, walks and rills), we can assume that 
the substrate median grain size (D50) is finer than in mesohabi-
tats with steep gradient and fast flow velocity. However, it would 
be beneficial to investigate substrate identification as part of our 
approach in the future.

4.3   |   Methodological Considerations, 
Uncertainties and Applicability

We combined multispectral ALS, 2D hydraulic modelling and 
NMCM to create a methodological approach that enabled us 
to examine ecological phenomena that previously could not be 
studied on the Tana River due to limitations in high-resolution 
data availability with large area coverage, and/or due to dis-
charge variation. The novelty lies less in method development 
than in what the integrated method makes observable. ALS and 
2D modelling together provided broad coverage and fine reso-
lution for simulating NMCM hydraulic criteria. Based on previ-
ous studies in other rivers (e.g., Marchamalo et al. 2007; Tonina 
et al. 2020), conducting 1-m resolution mapping over 53 km and 
nine discharge scenarios by field-based methods would have 
been prohibitively time-consuming. Moreover, a single ALS 
dataset supported both geometry construction and hydraulic 
model calibration, addressing two major challenges for long and 
non-wadable rivers. In the Tana River, the thalweg is too deep 
to wade even at low flows, and strong currents at the Alaköngäs 
rapids preclude field-based delineation.

Optical bathymetric methods could also produce DTMs, but 
ALS has a key advantage: direct elevation measurement with-
out separate reference data. Optical approaches require in-water 
depth calibration and are sensitive to factors such as surface 
roughness, bottom reflectance variability, illumination and 
deep areas (Kasvi et  al.  2019). Challenges intensify on wide 
rivers, where multiple flight lines are needed to ensure resolu-
tion and coverage; Central portions can lack reference points 
because images capture only water, complicating accurate geo-
referencing (Román et  al.  2024). ALS has constraints too (see 
2.2.1 Multispectral Airborne Laser Scanning). Neither ALS nor 
optical methods resolve undercut banks; while absent in our 
AOI, they occur in subarctic rivers. ALS data also age: Strong 
spring floods (Dankers 2002) and dynamic ice breakup (Beltaos 
and Burrell  2021) can reshape the bed, so maintaining up-to-
date DTMs would require periodic, ideally postflood, ALS 
acquisitions.

2D modelling also has limitations, particularly its dependence 
on defined boundary conditions for discharge. Models can be 
built with estimated discharges, but with larger uncertainty. 
Obviously, expanding the scenario set requires more measure-
ments or reliable estimates. The Tana River is advantageous 
because daily discharge is recorded at multiple gauges over 
decades. However, tributaries posed difficulties; 18 larger and 
many smaller tributaries enter the Tana River, most ungauged. 
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Inflow boundary specification strongly affects 2D results 
(Brunner  2025). We addressed this by limiting the study be-
tween Utsjoki and Polmak, with three larger tributaries, with the 
Utsjoki River gauged daily. With gauges at the AOI's upstream 
and downstream boundaries, we computed the combined un-
gauged inflow as the intergauge difference and found it small 
enough to conclude that, aside from the Utsjoki River, tributary 
inflows did not essentially affect results.

Classifying surface pattern using only the Froude number sim-
plified and accelerated processing but introduces uncertainty 
because distinct velocity–depth combinations can yield simi-
lar Froude values (Clifford et  al.  2006). Interpretation of deep 
glide versus deep rapid, shallow glide versus shallow rapid, run 
versus white water and walk versus rill should therefore con-
sider that these pairs differ only by surface pattern. A richer 
predictor set—for example, velocity + depth + Froude + stream 
power + discharge as in Casas-Mulet et al.  (2014)—could im-
prove surface-pattern rasters and mesohabitat maps, albeit 
at the cost of workflow complexity. In our results, however, 
discharge-driven changes were largest for velocity and depth, 
while surface-pattern changes were modest (Figure 10). From 
an Atlantic salmon perspective, whether a mesohabitat is a deep 
glide or a deep rapid may be less consequential than whether it 
is a deep glide versus a walk, supporting the pragmatic use of 
Froude number here.

A minor challenge arose because parameterization via the hy-
draulic model yielded 11 mesohabitat classes, whereas the ini-
tial NMCM lists 10 (Borsányi et  al.  2004). Although Borsányi 
et  al.  (2004) recognized 16 theoretical classes, six were re-
moved as extremely rare or absent in nature. We found small 
amounts (0.005% of wetted area on average) of classes omitted 
from the NMCM and merged them into walk (D) and cascade 
(F) categories based on the most frequent adjacency in our re-
sults and September 2025 field appearance in the Tana River. 
When interpreting results, it is also worth noting that simu-
lated scenarios were tied to real dates representative of average 
seasonal conditions to increase hydraulic model reliability and 
enable validation of each scenario against observed stages; as 
a result, scenarios did not match statistical discharge metrics 
(MQ, MHQ and MNQ) in every respect (Table  3). However, 
this approach offered robust, scenario-specific validation using 
available water-level observations. Our approach has limitations 
also at Alaköngäs, where turbulence hinders laser penetration; 
we therefore assumed larger bed-elevation errors there. Because 
DTMs are a major uncertainty source in 2D hydraulic modeling 
(Hauer et al. 2009; Wyrick et al. 2014), mesohabitat results in the 
Alaköngäs warrant caution. Nonetheless, Alaköngäs is relatively 
short (~2 km), and our maps indicate that it is dominated by deep 
rapids and white water, a combination that is not among the 
most significant habitats for Atlantic salmon in the study area.

Overall, the approach is transferable to rivers of various sizes, 
provided water turbidity, turbulence and bank structure permit 
green-laser penetration and discharge can be measured or esti-
mated reliably. It is well-suited for modeling prospective flows to 
support climate impact assessments. Nevertheless, mesohabitat 
maps alone do not directly indicate organism occurrence be-
cause ecological processes and biological behavior are not rep-
resented (Armstrong et al. 2003; Sillero 2011).

5   |   Conclusions

This study demonstrates the potential of integrating multispec-
tral ALS data, 2D hydraulic modelling, NMCM and long-term 
discharge series to analyse the dynamics of instream mesohab-
itats at high spatial and temporal resolution, providing a new 
observational level for ecohydrological research.

The following observed patterns may also apply to other large, 
near-pristine rivers of the Northern Hemisphere with similar 
hydrological regimes:

•	 Seasonal discharge variation alters mainly water depth and 
velocity, resulting in substantial changes in mesohabitat ex-
tent, diversity and spatial distribution.

•	 The strongest habitat reorganization occurs between spring 
and summer, when recession of the spring snowmelt flood 
transformed extensive deep-water habitats into a more di-
verse mosaic of mesohabitats. Summer-to-autumn changes 
are considerably smaller.

•	 Spring high discharges favor deep glides and deep rap-
ids, whereas declining summer and autumn discharges 
increase the extent of pools, walks and other shallow 
habitats.

•	 Lower discharges appear to support higher mesohabitat 
diversity.

•	 Mesohabitat change involves both shifts in habitat propor-
tions and relocation of habitats in space, demonstrating 
that mesohabitats are dynamic entities rather than static 
patches. Changes can occur both between seasons and 
within seasons.

•	 The ecological significance of the seasonal reorganization 
of mesohabitats is that it aligns with the needs of Atlantic 
salmon. Shallow mesohabitats, which are especially im-
portant for Atlantic salmon spawning, were most abundant 
in the autumn, whereas the variation between deeper and 
shallower mesohabitat types between spring and summer 
may benefit juvenile salmon, which have been found to use 
not only shallow habitats but also deeper ones. Mesohabitat 
seasonal variation may help maintain suitable habitat con-
ditions for salmon at different life stages during their fresh-
water residence.

The continuous mapping of mesohabitats across space and mul-
tiple discharges provides quantitative information on the dy-
namic environment in which Atlantic salmon spawn and spend 
their early years. The approach is applicable across a wide range 
of river conditions, including deep and nonwadable channels, 
although its performance depends on water clarity, laser pene-
tration possibilities and discharge data availability. The lack of 
substrate information represents a key limitation and should be 
addressed in future developments of the framework. Moreover, 
future research should integrate climate change–driven hydro-
logical scenarios into the hydraulic modelling framework to en-
able more robust conclusions.

Overall, the results highlight the dynamic and seasonally 
variable nature of instream mesohabitats and emphasize the 
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importance of incorporating temporal variability into ecohydro-
logical analyses. Expanding the use of integrated remote sensing 
and hydraulic modelling approaches offers significant potential 
for improving process understanding and supporting river man-
agement under changing environmental conditions.
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Supporting Information section. Table S1: Change in mesohabitat as 
% of area from the Spring MQ scenario to Summer MQ scenario. The 
rows show the initial mesohabitats in Spring MQ, while the columns 
show the mesohabitats in Summer MQ. The cell values indicate the per-
centage of the spring mesohabitat area that has transitioned to the me-
sohabitat in question in the summer. Table S2: Change in mesohabitat 
as % of area from the Summer MQ scenario to Autumn MQ scenario. 
The rows show the initial mesohabitats in Summer MQ, while the col-
umns show the mesohabitats in Autumn MQ. The cell values indicate 
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