
1. Introduction
Iron has a crucial role in a wide variety of phytoplankton metabolisms (Crichton, 2001; Sunda, 2012), and its 
availability can be a key factor for marine ecosystem. Martin and Fitzwater (1988) first revealed that iron defi-
ciency is responsible for limiting phytoplankton growth despite the abundance of other nutrients in the north-east 
Pacific Oceans. Ensuing studies have also demonstrated that phytoplankton productivity in surface waters of 
high-nutrient low-chlorophyll (HNLC) regions is limited due to the extremely low concentration of dissolved 
iron (dFe) (Bruland & Lohan, 2003; Martin et al., 1989, 1990, 1994; Price et al., 1994; Takeda & Obata, 1995). 
In the past, dFe in sea-surface was believed to be supplied through the atmospheric iron dust deposition (Martin 
& Fitzwater, 1988). However, recent studies have indicated that dFe transport from rivers to coastal areas and the 
ocean is also important for phytoplankton primary production there (Laglera & Vandenberg, 2009; Matsunaga 
et al., 1998; Moore & Braucher, 2008; Nishioka et al., 2014), which suggested the need for understanding the 
source of dFe and the dFe transport processes to the oceans.

Abstract Dissolved iron (dFe) transported by the Amur River greatly contributes to phytoplankton growth 
in the Sea of Okhotsk. Nevertheless, there has been little research on the source of dFe to rivers, especially 
in the Amur-Mid Basin, which is situated in a sporadic permafrost area. In the Amur-Mid Basin, permafrost 
generally exists in wetlands in flat valleys, and these permafrost wetlands could be a source of dFe to rivers. 
To assess the importance of permafrost wetlands for dFe export, we conducted a local survey on land and soil 
characteristics of wetlands, and moreover analyzed the chemical composition (dFe, dissolved organic carbon 
[DOC], pH, and electrical conductivity [EC]) of 24 rivers with different watershed sizes in summer. As a result 
of local survey, the thickly accumulated peat soils in the permafrost wetland were almost saturated and rich in 
organic matter from the surface to a greater depth near the permafrost table. In addition, the coverage of such 
permafrost wetlands in watersheds showed significant positive correlations with dFe (r 2 = 0.67, p = 1.7e−6) 
and DOC (r 2 = 0.48, p = 1.8e−4) and a negative correlation with EC (r 2 = 0.52, p = 7.7e−5). The dFe 
concentration was also correlated well with DOC concentration (r 2 = 0.68, p = 7.3e−7) but not correlated with 
pH and watershed area. These findings are the first to indicate that permafrost wetlands in the Amur-Mid Basin 
considerably contribute to dFe and DOC export to rivers, and their coverage primarily determines riverine dFe 
and DOC concentrations in summer.

Plain Language Summary Dissolved iron (dFe) is a key factor that limits phytoplankton growth 
in the ocean. In the Amur-Okhotsk ecosystems, dFe transported by the Amur River greatly contributes to 
phytoplankton growth in the Sea of Okhotsk; however, there has been little research on the dFe source to rivers, 
especially in the Amur-Mid Basin, which is situated in a sporadic permafrost area. In this study, we focused 
on permafrost wetlands in the Amur-Mid Basin and investigated the soil characteristics and the relationship 
between wetland coverage and dFe concentrations in 24 watersheds. Permafrost wetlands contain waterlogged 
and organic-rich peat soils, and more importantly, their coverage clearly shows strong positive relationships 
with riverine dFe and dissolved organic carbon (DOC) concentrations. This is the first study to show that 
permafrost wetlands impact water chemistry in the Amur-Mid Basin, primarily as sources of dFe and DOC.
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•  Permafrost was confirmed underneath 
wetlands, and thickly accumulated 
peat soils were rich in organic matter
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To understand the biogeochemical cycle of Fe in terrestrial environments and land-river dFe transport, many 
studies have been conducted on the chemical species of dFe (Bergquist & Boyle, 2006; Ilina et al., 2013; Ingri 
et al., 2006, 2018; Pokrovsky et al., 2005), seasonal variation in riverine dFe concentrations (Barker et al., 2014; 
Björkvald et al., 2008; Tashiro et al., 2020), and the source of dFe to rivers (Andersson & Nyberg, 2009; Björkvald 
et al., 2008; Matsunaga et al., 1998; Palviainen et al., 2015; Sarkkola et al., 2013). Most of the dFe in rivers are 
generally transported downstream in the form of iron complexes with organic matter, especially humic substances 
(Krachler & Krachler,  2021; Laglera & Vandenberg,  2009). Therefore, forests and wetlands with abundant 
organic matter play important roles in supplying rivers with dFe (Björkvald et al., 2008; Matsunaga et al., 1998; 
Palviainen et al., 2015). In boreal regions, wetlands (peatlands) often show a higher capacity to supply dFe to rivers 
than forests because a high groundwater level leads to the accumulation of humic substances due to suppressed 
decomposition of organic matter, which provides Fe-organic complexes under reducing conditions in the soil, as 
highlighted by previous studies focusing on land cover types of river catchments (Andersson & Nyberg, 2009; 
Björkvald et al., 2008; Palviainen et al., 2015; Sarkkola et al., 2013). For instance, Palviainen et al. (2015) studied 
dFe export from 27 catchments with different land cover types in Finland and found that the area of peatlands 
in the catchments was strongly related to high dFe export and that dFe export in peatland-dominated catchments 
was correlated with total organic carbon (TOC) export. This is in agreement with the study in permafrost terrains 
(Hirst et al., 2017) that investigated dFe and dissolved organic carbon (DOC) concentrations in the Lena River 
and tributaries, which drain a catchment almost entirely underlain by permafrost, and showed that riverine dFe 
and DOC concentrations were higher in the Central Plateau, where the peat bog soils are prevalent than those in 
other regions dominated by larch and salix forest. Olefeldt et al. (2014) also showed that riverine DOC concen-
tration increased with increase in the coverage of lowlands, where peatlands are predominantly formed, in both 
permafrost and non-permafrost areas of western Canada. These findings highlight the importance of focusing on 
wetlands among various land cover types to identify the sources of dFe and DOC to rivers in permafrost areas.

The Sea of Okhotsk is a marginal sea of the northwest Pacific Ocean and is among the most biologically produc-
tive oceans worldwide (e.g., Sorokin & Sorokin, 1999). High biological productivity in the Sea of Okhotsk is 
considerably supported by the abundant dFe input through the Amur River (Nishioka et al., 2014; Shiraiwa, 2012; 
Suzuki et al., 2014). The Amur River Basin covers a huge area (approximately 2.1 million km 2) in eastern Eurasia, 
including the eastern Mongolian Plateau, and forms the border between the Russian Far East and northeastern 
China. Although there are various types of natural environments in the Amur River Basin, previous studies have 
indicated some important dFe sources to rivers (Nagao et al., 2007; Wang et al., 2012). For example, the Sanjiang 
Plain, a large wetland in northeastern China, supplies abundant dFe to the Songhua and Ussuri rivers, which are 
large tributaries of the Amur River (Wang et al., 2012). It should be noted that intensive wetland reclamation to 
paddy field has been conducted in the Sanjiang Plain since the 1950s, and steady decline in riverine dFe concen-
tration was observed from 1964 to 2008 (Pan et al., 2011). Wetlands in the Amur-Lower Basin from Khabarovsk 
to Nikolaevsk-na-Amure also greatly contribute to supplying dFe to the Amur River through tributaries (Nagao 
et al., 2007). Therefore, wide areas of the Amur-Lower Basin, including the Sanjiang Plain, are believed to be a 
particularly important dFe source for the Amur River. Some studies reported, however, that relatively high dFe 
concentrations were also observed in the Bureya River and the Zeya River, which drain the taiga zone in the 
Amur-Mid Basin (Nagao et al., 2007; Shamov et al., 2014) (Figure 1). More importantly, previous studies have 
shown that the Bureya and Zeya Rivers are rich in dFe and DOC, with a predominance of humic substances, espe-
cially the Bureya River; approximately 80% of dFe is complexed with DOC (Levshina, 2012). Nevertheless, the 
source of dFe to rivers in the Amur-Mid Basin remains poorly understood because of a lack of intensive research 
on land cover types and river water chemistry. A recent field research in the southern region of the Bureya River 
Basin found that wetlands are distributed in flat valleys, and more importantly permafrost is present underneath 
the wetlands (Tashiro et al., 2020). Furthermore, this study revealed that the dFe concentration in soil pore waters 
of the wetlands was more than 10 times higher than that in rivers throughout the season, indicating that permafrost 
wetlands in this region can be an important dFe source to rivers. To support this, we need to reveal the geograph-
ical and geological characteristics of wetlands in the Amur-Mid Basin and the relationship between permafrost 
wetland coverage and dFe concentration in watersheds. Given the ecological connectivity between the Amur 
River Basin and the Sea of Okhotsk through the land-river dFe transport, clarifying the source of dFe to rivers 
in the Amur-Mid Basin will lead to a better understanding and conservation of the Amur-Okhotsk ecosystem.

In this study, we conducted a local survey on the land and soil characteristics of wetlands, and moreover analyzed 
the chemical compositions (dFe, DOC, pH, and electrical conductivity (EC)) of 24 rivers in the southern region 
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of the Bureya River Basin. The main objective of this study was to develop knowledge on permafrost wetlands 
in the Amur-Mid Basin and determine their importance for dFe export by investigating the relationship between 
permafrost wetland coverage and riverine dFe concentration. To understand the land cover distribution of the 
study region we used remote sensing technique to create a reliable land cover map based on the local ground 
truth data. With this map we were able to calculate wetland coverage in river watersheds. This study is the first to 
provide detailed information on the land and soil characteristics of permafrost wetlands and land cover distribu-
tion on a regional scale in the Amur-Mid Basin, which are most likely the main drivers of river water chemistry 
in this region.

2. Materials and Methods
2.1. Site Description

The research was conducted in the Tyrma region, Verkhnebureinsky district of Khabarovsk territory (Figure 1). 
The mean annual air temperature is −1.96°C and annual precipitation is 654.6 mm. The Tyrma region is located 

Figure 1. Location and elevation map of the Tyrma region. Permafrost area filled in light red was drawn in reference to 
Shamov et al. (2014). Areas enclosed by colored lines and numbers 1–24 show the catchment areas and the sampling sites 
of river waters. The elevation map was produced using Quantum Geographic Information System based on the ALOS World 
3D-30 m data set provided by Japan Aerospace Exploration Agency.
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just north of the permafrost boundary and in a sporadic permafrost area (Obu et al., 2019; Shamov et al., 2014). 
The Tyrma River is one of the main tributaries of the Bureya River, and the Tyrma region includes five large river 
watersheds, namely the Yaurin, Tyrma, Gujik, Gujal, and Sutyri Rivers (Figure 1).

Two types of vegetation are generally seen in different terrains in watersheds. Wetland is the main land cover type 
in the flat valleys, dominated by Sphagnum spp., ledum (Ledum decumbens), cowberry (Vaccinium vitis-idaea L.), 
bog blueberry (Vaccinium uliginosum), and scattered larches (Larix gmelinii var. gmelinii) (Figure 2a and Figure 
S1 in Supporting Information S1). White birches (Betula platyphylla) and Spruces (Picea ajanensis) forest covers 
widely the hillslopes (Figure 2b). Peat soils are generally formed at the topsoil layers in wetlands and forests, 
especially thick in wetlands owing to the accumulation of sphagnum mosses. Even more important is the fact that 
permafrost is found underneath a thick peat soil layer in wetlands (Tashiro et al., 2020). The wetland with these 
characteristics is called “Mari.” In this paper, the word “wetland” or “permafrost wetland” indicates Mari. In addi-
tion to forests and wetlands, grasslands are often found along large rivers (Figure 2c). Grasslands cover flat areas of 
land (floodplains) near large rivers and are characterized by herbaceous plants spreading over sediment deposits.

2.2. Transect Survey on Land and Soil Characteristics Across Wetland (Mari)

To investigate the land and soil characteristics of the wetland (Mari), we conducted a transect survey in the Sofron 
River watershed (River 1 in Figure 1) in September 2018. Because the Active Layer Thickness (ALT) reaches 
a maximum in September in this region, it is possible to determine whether permafrost exists below the ground 
surface. We established a 350 m transect of 17 points across the wetland in the valley to the forest on the upper 
hillslope to measure geographical features and confirm vegetation. At six of the 17 transect points (from N1 at 
the wetland edge on the riverside to N6 at the hillslope forest), we dug a pit and checked the vertical profile of 
soil temperature. Permafrost existence was determined by confirming the soil temperature of the permafrost table 
was 0°C using digital thermometer (FUSO, FUSO-372), and the depth from the ground surface to the permafrost 
table was defined as an ALT. The groundwater level was checked at these six points based on the depth at which 
water seeped out from the soil profile. In addition, soils at three different depths (surface, middle, and deep) of the 
soil profile were collected in polyethylene freezer bags to investigate the vertical profile of organic carbon content 
and moisture content. Soil samples were stored in a freezer until analysis.

2.3. Calculation of Normalized Difference Indices

A flowchart of the land cover classification process is shown in Figure 3. Landsat-8 data (Level2, Collection2, 
Tier1) with a spatial resolution of 30 m were used for land cover classification. Importing and processing of these 
data were conducted using the Google Earth Engine, which is a platform for scientific analysis and visualization 
of geospatial data sets (Gorelick et al., 2017). First, the Landsat-8 data from 2013 to 2021 were extracted. Then, 
data from the summer months (June, July, and August: JJA) were extracted. Finally, the medians of these JJA data 
were extracted to calculate the normalized difference indices, as described in the next paragraph.

To classify land cover using satellite image analysis, it is important to presume several surface conditions, such 
as vegetation, soil, and water. Thus, we calculated three indices using the JJA-median Landsat-8 data: normalized 
difference vegetation index (NDVI), normalized difference soil index (NDSI), and normalized difference water 
index (NDWI). The formulas used to calculate these three indices are as follows:

NDVI = (Band5NIR − Band4Red)∕(Band5NIR + Band4Red) (1)

Figure 2. Typical vegetation type in the Tyrma region. (a) Wetland (Mari), (b) forest, (c) grassland. Detailed photos of the 
vegetation of the wetland (Mari) are shown in Figure S1 in Supporting Information S1.
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NDSI = (Band6SWIR1 − Band5NIR)∕(Band6SWIR1 + Band5NIR) (2)

NDWI = (Band5NIR − Band6SWIR1)∕(Band5NIR + Band6SWIR1). (3)

Each band of data is the JJA-median value. The band names and wavelengths of Landsat-8 are shown on the 
following website: https://www.usgs.gov/faqs/what-are-band-designations-landsat-satellites. NDVI, NDSI, 
and NDWI show different ranges depending on the vegetation activity, soil type, and water content of leaves 
(Gao, 1996; Takeuchi & Yasuoka, 2004; Tucker et al., 1985). In this study, the NDVI, NDSI, and NDWI were 
collectively described as NDXI. The code for extracting the JJA-median Landsat-8 data and calculating NDXI in 
Google Earth Engine is available in Figure S2 in Supporting Information S1.

2.4. Investigation of NDXI and Slope Across Different Vegetation Types

The investigation of NDXI in different vegetation types was conducted using the Geographic Information 
System (GIS) software Quantum GIS (QGIS version 3.20.0). In this study, we classified the land cover in the 
Tyrma region into three vegetation types: wetlands, forests, and grasslands (Figure 2). First, 30 random point 
clouds were generated in three areas that was dominated by these vegetations. Most importantly, the areas 
where random point clouds were generated were locations where we confirmed the actual vegetation type 
(ground truth) at the study site, including the wetland where the transect survey was conducted. A random point 
cloud is a tool to sample a certain amount of data in a given area, and we can specify the minimum distance 
between points (Figure S3 in Supporting Information S1). Here, we specified 30 m as the minimum distance 
to avoid generating points on the same grid of Landsat-8 data with a 30 m resolution. Random point clouds 
were generated in three ground truth areas for each vegetation type, that is, a total of 270 points (three vegeta-
tion types × three ground truth areas × 30 point clouds). Then, the NDXI values calculated using JJA-median 
Landsat-8 data were investigated for all 270 points. In addition to NDXI, the degree of slope at all 270 points 
was investigated. The slope data were created using ALOS World 3D-30 m data available free from the Japan 
Aerospace Exploration Agency (https://www.eorc.jaxa.jp/ALOS/jp/dataset/aw3d30/aw3d30_j.htm). The 
coordinates, NDXI values, and degree of slope for all 270 points are summarized in Table S1 in Supporting 
Information S1.

Figure 3. Schematic flowchart of several processes for landcover classification. The detailed explanations of the processes 
in Google Earth Engine, Quantum Geographic Information System, and Python are described in Sections 2.3, 2.4, and 2.5, 
respectively.
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2.5. Determination of Classification Criteria by Decision Tree Algorithm

To classify land covers based on NDXI and slope, the criteria were determined by supervised machine learning. 
In this study, we utilized decision tree analysis in Python (version 3.8.5). A decision tree is an algorithm that clas-
sifies data gradually based on generated rules and outputs a tree-like graph. Of the data from all 270 points, 30% 
were used as test data, and the other 70% were used as learning data. Data classification was performed in three 
stages. The criteria obtained from the decision tree analysis were extrapolated to the entire Tyrma region, and 
land cover was classified into wetland (Mari), forest, and grassland. Then we checked whether the nine ground 
truth sites of wetlands (Mari) and permafrost existence, which were not included in the ground truth sites for 
NDXI calculation, were correctly classified as wetland (Mari) in the produced land cover map. The code for the 
decision tree analysis in Python is shown in Figure S4 in Supporting Information S1.

2.6. Sampling of River Waters

Water samples were collected from 24 rivers of different watershed sizes (4.7–3,253 km 2) in July 2019 (Figure 1). 
Sampled waters were filtered using 0.45 μm cellulose acetate filters (ADVANTEC, DISMIC 25CS045AS) in 
the field and were stored in acid-washed propylene bottles for dFe analysis and other propylene bottles for DOC 
analysis. All water samples were refrigerated until analysis. In addition, pH and EC were measured using a port-
able pH meter (HORIBA, D-71S) and portable EC meter (HORIBA, ES-71), respectively, at the time of water 
sampling.

2.7. Chemical Analyses

The dFe concentration was determined using the 1,10-phenanthroline method (Russian International Technical 
Standards, 2006). First, 1 mL of 10% hydroxylammonium chloride was added to 50 mL of sample. Second, the 
mixture was boiled for 15–20 min until the volume reached 25 mL to separate the organic iron complexes into 
organic compounds and Fe (II). Third, after cooling, ammonium hydroxide was added until ∼pH 4. Finally, 3 mL 
of ammonium acetate buffer and 1 mL of 1,10-phenanthroline were added, and ultrapure water was added until 
the volume reached 50 mL. Finally, 20 min after color development, the absorbance at 510 nm was measured 
using an ultraviolet–visible spectrophotometer (SHIMADZU UV mini-1240). In this study, we defined dFe as 
Fe, which was determined by this process. The detection limit for dFe by the 1,10-phenanthroline method was 
0.02 mg L −1. The DOC concentration was determined using a TOC analyzer (SHIMADZU TOC-LCSH) with 
detection limit of 0.1 mg L −1. Potassium Hydrogen Phthalate (C6H4(COOK)(COOH)) (Nacalai Tesque) was 
used to prepare standard solutions for DOC measurement.

For the collected soil samples from wetland and forest, soil organic carbon content was determined using Tyurin's 
method (wet combustion) (Bel'chikova, 1975). The moisture content was calculated from the difference in mass 
before and after drying the soil at 103–105°C for at least 4 hr until the mass was constant.

2.8. Correlation Analysis Between the Coverage of Wetland and River Water Chemistry

Based on the produced land cover map (Sections 2.3–2.5), the coverage of wetlands (Mari) was investigated for 
each catchment area of the 24 sampled rivers. The correlation of water chemistry (dFe, DOC, and EC) and the 
coverage of wetlands (Mari) was assessed using linear regression analysis and non-linear regression analysis. In 
addition, the correlation between dFe and DOC concentrations and watershed area was investigated. For nonlin-
ear regression analysis, three common functions (power, exponential, and logarithmic) were investigated to create 
an approximation curve. Both linear and nonlinear regression calculations were performed using the least-squares 
method with Microsoft Excel Solver (version 2021). The approximation line or curve with the highest coefficient 
of determination (r 2) was selected as the most suitable regression equation to represent the relationship between 
water chemistry and wetland coverage.

3. Results
3.1. Land and Soil Characteristics of Wetland (Mari) in Valley and Their Change Toward Forest on 
Hillslope

The results of the transect survey of wetlands (Mari), including geographical features, active-layer thickness, 
groundwater level, and predominant vegetation, are shown in Figure 4. The wetland entirely covers the valley 
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area from point N1 on the riverside to N4 at the foot of the hillslope, and the slope in the wetland zone was very 
flat (0.45°). Permafrost was generally confirmed at these four points in the wetland, as indicated by a decrease 
in soil temperature to 0°C at the depth of the permafrost table (Figure S5 in Supporting Information S1). The 
active-layer thickness was in the range of 40–60 cm. Peat soils thickly accumulated from the ground surface to the 
permafrost  table, and the water seeped out from the peat profile near the surface (Figure S6a in Supporting Infor-
mation S1). The organic carbon content in peat soils of the wetland ranged from 57 to 306 g C kg −1 (Table 1). 
In particular, the peat soils in the central part of the wetland (points N2 and N3) showed relatively high organic 
carbon content from the surface to the permafrost table. Groundwater was observed near the surface of the 
wetland and its level was in the range of 10–25 cm. In addition, the soil water content in peat soils of the wetland 
was almost 100% across the soil profile, except for the deeper soils at point N1, which was closest to the river.

An obvious vegetation change was confirmed toward the forest on the hillslope from the wetland. Ledum and 
sphagnum declined toward the forest; instead, herbaceous plants dominated the ground surface with larches and 
white birches. At points N5 and N6 on the hillslope, no decrease in soil temperature to 0°C was observed (Figure 
S5 in Supporting Information S1), indicating that permafrost no longer exists underneath the hillslope forests. 
Moreover, the soil profile in the forest showed a clear change in the soil characteristics with depth. At point N6 in 
the hillslope forest, there was the 10–20 cm accumulation of peat soil near the surface and a dry yellowish-brown 
soil layer was observed below the peat layer (Figure S6b in Supporting Information S1). The organic carbon 
content and soil water content at 0–10 cm depth were respectively 211 gC kg −1 and 90.2%, but both values greatly 
decreased with depth; the former was 6 gC kg −1 and the latter was 9.5% at 60–70 cm depth (Table 1). In summary, 
valley wetlands have waterlogged peat soils with high organic carbon content from the surface to permafrost, 
while hillslope forests have thin peat soils and underlying dry mineral soil layer with low organic carbon content.

3.2. Landcover Classification and Calculated Coverages of Wetland, Forest, and Grassland in 
Watersheds

The ranges of NDXI and slope of the point clouds in wetlands (Mari), forests, and grasslands are shown in 
Figure 5. Here, we focus on the differences in NDXI and slope in wetlands compared to those in forests and 
grasslands. In the wetland, the NDVI was in the range of 0.50–0.75, NDSI was −0.32 to −0.14, and NDWI was 
−0.65 to −0.47. The NDVI and NDWI in the wetland largely overlapped with those of the forest, indicating that 
NDVI and NDWI were not useful in distinguishing between wetlands and forests. In contrast, the NDSI in the 

Figure 4. Vegetation, geographical features, groundwater level, and permafrost table across wetland (Mari) to the forest (September 2018). Point N1–N6 denotes the 
site where we dug a soil profile, checked a vertical profile of soil temperature (Figure S5 in Supporting Information S1), and examined organic carbon content and 
moisture weight content of soils at different depths (Table 1).
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wetland was clearly higher than that in forests and grasslands. The range of slope in the wetland was quite low at 
0.43–4.31°. Compared with this, the forest clearly showed a higher range, but the grassland showed almost the 
same range as the wetland; accordingly, wetlands cannot be distinguished from grasslands by the slope alone. 
From these findings, the NDSI can be the most effective index for identifying the distribution of wetlands (Mari).

A graph of the decision-tree analysis is shown in Figure 6. The accuracy of this model for the test data was 
92.6% (Figure S4 in Supporting Information S1). The accuracy rate is generally used to evaluate the prediction 
precision for unknown data and is calculated by dividing the number of correct classifications for the test data 
by the total number of test data (30% of 270 samples: 81). As shown in Figure 6, the NDSI was selected as a 
criterion in the first stage of the decision tree analysis. Based on NDSI ≤ −0.31, most samples of the forest and 
grassland were classified in the true direction, whereas almost all samples of the wetland (Mari) were classified 
as false. This result indicates that wetlands can be distinguished from forests and grasslands, but only by NDSI. 
On the other hand, many forest and grassland samples remained in the box of true direction after the first stage. 
NDWI ≤ −0.674 was used as a criterion to distinguish forest and grassland; most samples of grassland were 
classified in the true direction, while most samples of forest were classified as false. Finally, in the third stage, a 
small number of samples were classified according to slope, NDSI, and NDVI. From these results, it follows that 
the three-stage classification by the decision tree analysis based on NDXI and slope was sufficient to distinguish 
land cover as wetland (Mari), forest, and grassland.

The decision tree classification model was extrapolated for the Tyrma region, and the resulting land cover map 
is shown in Figure 7. Comparing this map with the elevation map (Figure 1), we can see that the wetland (Mari) 
widely covers valley areas. Grasslands also cover some of the valley areas, while forests mostly cover hillslopes 
from the valley edge to the ridge. More importantly, the nine ground truth sites of wetlands (Mari) and permafrost 
existence were all identified as wetland (Mari) in the land cover map (Figure S8 in Supporting Information S1). 
Note that these ground truth sites were not included in the process of producing the land cover map.  Using 
this land cover map, the coverage percentages of wetlands (Mari), forests, and grasslands in the sampled river 
watersheds were calculated (Table 2). The calculated coverage of the wetland was 2.2%–59.4%, with the highest 

Site Coordinates Landscape ALT (cm) Depth (cm)
Organic carbon content 

(gC kg⁻ 1)
Weight moisture 

content (%)

N1 N 50.09770 Wetland 55 0–10 228 90.1

E 132.36354 20–30 63 64.6

50–60 57 65.0

N2 N 50.09778 Wetland 60 0–10 306 100

E 132.36217 20–30 267 100

50–60 297 99.2

N3 N 50.09790 Wetland 50 0–10 291 103

E 132.36176 20–30 255 102

40–50 252 100

N4 N 50.09802 Wetland 40 0–10 251 102

E 132.36050 20–30 234 99.0

30–40 177 99.3

N5 N 50.09798 Wetland– Not Detected 0–10 243 99.3

E 132.35977 Forest 30–40 14 33.7

60–70 38 33.6

N6 N 50.09793 Forest Not Detected 0–10 210 90.2

E 132.35875 30–40 11 18.6

50–60 6 9.5

Table 1 
Landscape, Active Layer Thickness (ALT), Organic Carbon Content and Weight Moisture Content at Different Depths at 
Each Transect Point
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in the Kuvitikan River (number 15 in Table 2) and the lowest in the Kevity-Makit River (number 6). Looking 
at the location of watersheds, wetland coverage is especially higher in rivers 11–24 of the Tyrma River system 
(range 6.9–59.4, average 24.3) than in rivers 1–8 of the Gujal River system (range 2.2–17.3, average 8.0). In all 
watersheds except the Kuvitikan River (number 15), the forest was the most dominant landcover (20.6%–96.7%). 
The range of grassland coverage was 1.1%–31.9%, which was relatively smaller than that of the wetland.

3.3. River Water Chemistry and Their Relationship With the Coverage Percentage of Wetlands (Mari) in 
the Watersheds

Twenty-four sampled rivers with different watershed sizes in the Tyrma region showed a variety of water chemis-
tries (Table 2) with wide concentration ranges for dFe (0.02–0.54 mg L −1) and DOC (7.4–29.5 mg L −1). The EC 
was also in a wide range of 2.89–14.00 mS m −1. The pH varied in the near-neutral range of 6.61–8.01. We found 
that the coverage percentage of wetlands (Mari) was significantly correlated with dFe, DOC, and EC (Figure 8). 
The riverine dFe concentration showed a significant increase with increasing wetland coverage (r 2  =  0.67, 

Figure 5. Box plot showing the comparison of (a) NDVI, (b) normalized difference soil index, (c) normalized difference water index, and (d) slope between wetland 
(Mari), forest, and grassland. The lower end of the box denotes the 25th percentile, the center line denotes the 50th percentile (exclusive median), and the upper end 
denotes the 75th percentile. The cross mark in the box denotes the average. Bar denotes the largest and smallest values within 1.5 times the interquartile range. Small 
dots outside boxes denote >1.5 times the interquartile range. n = 90 for each box plot. The underlying data for this figure are available in Table S1 in Supporting 
Information S1.
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p = 1.7e−6). The DOC concentration also correlated well with wetland coverage (r 2 = 0.48, p = 1.8e−4). In 
contrast, riverine EC significantly decreased with increasing wetland coverage (r 2 = 0.52, p = 7.7e−5). We also 
found that riverine dFe concentration had a significant positive correlation with DOC concentration (r 2 = 0.68, 
p = 7.3e−7) and a significant negative correlation with EC (r 2 = 0.65, p = 2.1e−6), but no correlation with pH 
(r 2 = 1.3e−4, p = 0.96). There was no correlation between the watershed area and dFe and DOC concentrations 
(dFe r 2 = 0.008, p = 0.67; DOC r 2 = 0.002, p = 0.84) (Figure S7 in Supporting Information S1).

4. Discussion
4.1. Permafrost Regime in the Tyrma Region and Comparison of dFe 
and DOC Concentrations in Other Similar Permafrost-Regime Regions

Our transect survey displayed the continuous distribution of permafrost in the 
wetland and its disappearance toward the forest on hillslopes with changes in 
vegetation and soil characteristics. General existence of permafrost under-
neath the wetland (Mari) is likely due to the reduction in heat transfer between 
atmosphere and soil by sphagnum mosses. According to Fisher et al. (2016) 
that investigated the influence of vegetation and land characteristics (slope, 
elevation, leaf area index of trees and shrubs, organic soil layer thickness, 
and moss layer thickness) on ALT, the tree leaf area index and moss layer 
thickness predominantly limit the ALT by reducing the downward heat flux. 
Given that larches are scattered in the wetland (Mari) in the Tyrma region, 
sphagnum mosses are expected to suppress the soil temperature rise rather 
than larch leaves. Lower soil temperatures were observed in wetland soils 
than in forest soils throughout the warm season in the Tyrma region (Tashiro 
et al., 2020).

Considering the land cover map produced in this study (Figure 7) was based 
on NDXI and slope in the ground truth areas, the areas determined to be 
wetlands likely have similar vegetation and soil characteristics as wetlands 
(Mari) seen in the transect survey. On the basis of permafrost existence 

Figure 6. Output graph of the decision tree analysis. The contents in each box are: the top part is the classification criterion; gini denotes the Gini coefficient; samples 
denote the total number of samples for classification—189 in the box at the first stage means 70% of the total samples (270), which is used as learning data; value 
denotes the number of samples, from left to right, Grassland, Forest, and Wetland (Mari); class denotes the greatest share of classified samples. The box colors: orange, 
green, and purple represent the class: wetland, forest, and grassland, respectively.

Figure 7. Landcover map in the Tyrma region as a result of extrapolating the 
decision-tree's classification model. Orange areas denote the places classified 
into wetland (Mari). Similarly, green areas denote forest, and purple areas 
denote grassland. Areas enclosed by color and black lines show the catchment 
areas of the sampled rivers.
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underneath the wetland (Mari) in this study and the previous study (Tashiro et  al.,  2020), wetlands can be a 
proxy for permafrost distribution in the Tyrma region. This is supported by agreement between landcover map 
and our ground truth in several sites (Figure S8 in Supporting Information S1), although more ground truth is 
needed to ensure the distribution agreement between wetlands (Mari) and permafrost. Given this perspective, the 
permafrost coverage percentage in the Tyrma region can be estimated at around 15%–35% from the calculated 
wetland coverage in the large river watersheds (the Yaurin, Gujik, Gujal, Sutyri, and Tyrma Rivers) (Table 2). 
This coverage corresponds to the permafrost regime (sporadic permafrost distribution: 10%–50%) estimated by 
Obu et al. (2019) using a hemispheric-scale model.

There have been some studies on river water chemistry in sporadic permafrost areas, for example, in the Ob 
River flowing north and west across the western Siberian lowlands. Pokrovsky et  al.  (2016) showed that 
riverine dFe concentrations in sporadic permafrost regions (around N60°–N62°) in summer were in the range of 
0.5–3.5 mg L −1, and Vorobyev et al. (2017) showed that they were 0.2–1.8 mg L −1, respectively (filter size was 
0.45 µm as in this study). Compared with these data in the Ob River Basin, riverine dFe concentrations in the 
Tyrma regions were relatively low (<0.02–0.540 mg L −1). However, riverine DOC concentrations in the Tyrma 
region and those in sporadic permafrost regions in the Ob River Basin are almost in the same range in summer: 
7.4–29.5 mg L −1 in the Tyrma region and 6–33 mg L −1 in the Ob region (Pokrovsky et  al., 2015; Vorobyev 
et al., 2017) (filter size was 0.45 µm). One of the reasons for the difference in dFe concentration between the 
Tyrma and Ob regions, despite the same permafrost regime, might be the soil profile in the active layer. Because 
soil thawing in summer allows water to interact with the mineral soil horizon under the peat soil layer, this can 
increase dFe discharge into rivers, as is known in Siberian watersheds with sporadic or less permafrost distribu-
tion (Bagard et al., 2011; Pokrovsky et al., 2016; Vorobyev et al., 2017). In the Tyrma region, thick peat soil layers 

Number Date River Watershed (km 2) Wetland (%) Forest (%) Grassland (%) pH dFe (mg L −1) DOC (mg L −1) EC (mS m −1)

1 24 July Sofron 23.3 5.6 89.1 5.8 7.33 0.160 17.3 3.82

2 24 July Yakagulin 34.0 5.8 82.8 11.6 7.18 0.183 16.3 4.29

3 24 July No Name 43.9 17.3 64.6 18.8 7.23 0.139 16.0 4.17

4 24 July Kevity 323.0 7.2 79.2 14.0 6.74 0.081 11.2 7.14

5 24 July Jangsovo 69.8 6.5 90.5 3.1 6.88 0.071 12.5 9.82

6 24 July Kevity-makit 4.7 2.2 96.7 1.1 7.33 <0.02 9.1 14.00

7 25 July Sula 140.9 11.7 84.7 4.0 7.50 0.068 12.2 5.18

8 25 July Kevity (upstream) 56.1 7.8 88.9 4.0 7.36 0.120 12.6 7.91

9 26 July Yaurin 3,253 16.5 71.7 9.9 7.13 0.380 19.0 3.90

10 26 July Sutyri 2,129 14.7 76.3 9.3 6.96 0.185 13.4 4.17

11 27 July No Name 42.1 40.2 28.7 31.9 7.51 0.330 24.4 3.90

12 27 July Gujal 2,689 15.8 76.2 8.3 7.37 0.123 15.2 5.30

13 27 July Allan 55.7 31.8 40.1 28.7 6.69 0.500 29.5 2.89

14 27 July Gujik 1,383 34.8 54.0 11.4 6.84 0.360 18.4 3.42

15 27 July Kuvitikan 32.4 59.4 20.6 20.5 7.46 0.540 21.0 3.09

16 27 July Kuvitikan Verkhny 34.8 25.4 56.0 18.8 7.11 0.280 18.7 4.32

17 26 July Tyrma 2,072 16.5 76.9 6.9 7.47 0.145 14.9 5.63

18 27 July Kovun 279.6 10.3 82.5 7.7 7.23 0.072 12.0 5.97

19 27 July Right Talanja 79.4 41.8 44.0 14.6 7.83 0.360 19.7 4.13

20 27 July Talanja 38.4 7.0 78.0 15.2 7.55 0.280 13.9 6.78

21 28 July Tokchka-birakan 65.4 6.9 86.6 6.6 7.55 0.053 7.4 6.60

22 28 July Small Nigba 98.5 29.8 63.2 7.4 7.59 0.360 16.9 6.21

23 28 July Big Nigba 140.4 22.2 76.0 2.1 8.01 0.093 10.0 9.02

24 29 July Talkanji 42.1 7.2 64.1 29.3 6.61 0.046 12.9 8.82

Table 2 
List of Sampled Rivers, Watershed Area, Coverage of Landcovers, and Water Chemistry
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from the surface to near the permafrost table are formed in the wetland (Tashiro et al., 2020); therefore, water 
interaction with mineral soils may be restricted in the flow path from the wetlands (Mari) to the rivers in summer.

4.2. Role of Permafrost Wetland (Mari) in Supplying dFe and DOC to Rivers

The transect survey revealed that soil characteristics of the wetland (Mari) in valley and the forest on hillslope 
were quite different; the peat soils of the wetland were waterlogged and rich in organic carbon, whereas 
mineral soils of the forest were dry and poor in organic carbon (Figure 4 and Table 1). Such soil characteris-
tics in the wetland (Mari) in the Tyrma region, similar to other boreal sphagnum peatlands, are favorable for 
dFe (Fe-organic complex) production under reducing conditions (Björkvald et al., 2008; Krachler et al., 2016; 
Krachler & Krachler, 2021). In fact, considerably higher dFe concentration was observed in the soil pore waters 
of the wetlands (Mari) compared to rivers in summer (Tashiro et al., 2020). Moreover, our fine-scale land cover 
map enabled us to calculate the percentages of land cover and detect a relationship between wetland coverage and 
water chemistry. Most of the sampled river watersheds were mainly covered with forest, and the wetland coverage 
was relatively smaller than that of the forest; nevertheless, wetland coverage had a large influence on dFe and 
DOC concentrations and EC in rivers in the Tyrma region (Figure 8). Since EC is an index showing the amount 
of dissolved ions present in the water, these results suggest that dFe- and DOC-rich and mineral-poor water are 

Figure 8. Variations in (a) dFe concentration, (b) dissolved organic carbon (DOC) concentration, and (c) electrical conductivity (EC) with an increase in the coverage 
of wetland (Mari). Figure panels on the right-hand side show variations in dFe concentration with increases in (d) DOC concentration, (e) EC, and (f) pH.
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supplied from peat soils of wetlands (Mari) in valley, and wetland coverage in watersheds primarily determines 
dFe and DOC concentrations in summer. The fact that wetlands (Mari) widely cover flat valleys with strong 
hydrological connectivity to rivers may be another reason for the strong correlation between wetland coverage 
and water chemistry. Our findings agree well with those of previous studies that have focused on the water 
chemistry of forest- and wetland (peatland)-dominated watersheds in other boreal regions (Björkvald et al., 2008; 
Palviainen et al., 2015; Sarkkola et al., 2013). Similar findings were also reported in northwestern Canada, where 
peat bogs are generally underlain by permafrost (Olefeldt et al., 2013, 2014).

We also found a significant positive correlation between riverine dFe and DOC concentrations (Figure 8d), indi-
cating that wetland(Mari)-derived dFe mainly comprises Fe-organic complexes that are stable in river waters 
with neutral pH and can be transported to the ocean (Krachler & Krachler, 2021; Tipping, 2002). This is consist-
ent with Levshina (2012), who found the high ratio of Fe-organic complexes to total dFe in the Zeya and Bureya 
Rivers in summer. The importance of Fe-organic complexes in the Tyrma region is also supported by the range of 
pH values (6.61–8.01) in the sampled rivers (Figure 8f and Table 2). Compiled plots of Fe loading and pH from 
boreal freshwater samples showed that Fe loading for pH < 6 increased with decreasing pH, but Fe loading for 
neutral pH from 6 to 8 exhibited a wide variation due to the presence of Fe-organic complexes in boreal fresh-
water, which are sufficiently stable to suppress the precipitation of iron (oxy)hydroxides (Neubauer et al., 2013).

There was no effect of watershed area on riverine dFe and DOC concentrations in the summer (Figure S7 in 
Supporting Information S1). A previous study that observed seasonal variations in dFe and DOC concentrations 
in rivers in the Tyrma region also showed that dFe/DOC molar ratio was similar between a small river and large 
rivers from May to August (Tashiro et al., 2020). However, they also found that dFe/DOC molar ratio in the 
large rivers maintained higher values than that in the small river in autumn (September and October). Our results 
and these findings suggest that wetlands (Mari) act as source of dFe (mainly Fe-organic complexes) to rivers 
in summer, whereas another source of dFe apart from DOC mobilization exists in large watersheds in autumn. 
Given that large rivers are expected to be more influenced by groundwater feeding (Bagard et al., 2011), increased 
Fe(II)-rich groundwater input through taliks may be another source of dFe in autumn. In the Tyrma region, the 
ALT reaches its maximum in September, and the river discharge decreases because of less rainfall in this month 
(Tashiro et al., 2020). Therefore, the effect of watershed area on riverine dFe concentration is expected to be 
greater in autumn and winter, when river water is predominantly fed by deep groundwater. Previous studies have 
provided a context on this process; Fe(II) input through groundwater produces organically bound Fe(III) colloids 
when mixed with organic matter-rich river water in the hyporheic zone (Ilina et al., 2013; Pokrovsky et al., 2016). 
In the western Siberian watersheds, no correlation between watershed area and dFe and DOC concentrations in 
summer was also reported (Pokrovsky et al., 2015, 2016), which is in agreement with our results. In contrast, 
a clear decrease in DOC export with watershed area was found in Scandinavian rivers (Ågren et  al.,  2007). 
Although many factors may cause this contrast between permafrost regions and Scandinavia, one of the reasons 
for this could be the low biodegradability of DOC in permafrost-affected rivers. Pokrovsky et al. (2015) found 
that the stable carbon isotope composition of dissolved inorganic carbon (δ 13C-DIC), a proxy for the break-
down of organic matter by microorganisms, was independent of the watershed area and water residence time in 
Western Siberia. The low biodegradability of DOC in permafrost-affected rivers is often represented as abun-
dant lignin-derived phenol, as highlighted for studies in the Yenisey River Basin and the Yukon River Basin 
(Kawahigashi et  al.,  2004; Spencer et  al.,  2008). Moreover, aromatic DOC including phenolic compounds is 
more leached from wetlands soils compared to forest soils (Ågren et al., 2008; Kalbitz et al., 2003). These drivers 
related to dFe and DOC dynamics behind the importance of permafrost wetlands (Mari) are outside the focus of 
this study but deserve further research to better understand the role of permafrost wetlands as sources of dFe and 
DOC to rivers.

4.3. Importance of Permafrost Wetland (Mari) in the Amur-Mid Basin as Source of dFe to the Amur 
River

Overall, the results of this study indicate that permafrost wetlands (Mari) in the Amur-Mid Basin are impor-
tant sources of dFe and DOC to rivers in summer. According to monitoring of dFe concentration at several 
stations along the main stem of the Amur River, dFe flux from the Amur-Mid Basin to Lower Basin in summer 
was estimated to be 2.86 × 10 8 g day −1, which dominates approximately 33% of dFe flux at the station clos-
est to the river mouth (Nagao et al., 2007). Additionally, Levshina (2012) found that the share of Fe-organic 
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complexes to total dFe concentration in the Bureya River, which is a major tributary in the Amur-Mid Basin, 
was higher than those in tributaries in the Amur-Lower Basin. This indicates that dFe, transported from the 
Amur-Mid Basin, is highly stable during the river transport. In recent years, it is generally believed that 
non-permafrost wetlands in the Amur-Lower Basin are source of dFe to the Amur River (Nagao et al., 2007; 
Pan et al., 2011; Wang et al., 2012). To this understanding, this study proposes for the first time that perma-
frost wetlands (Mari) in the Amur-Mid Basin are also important source of dFe to the Amur River and perhaps 
to the Sea of Okhotsk.

The strong relationship between the coverage of permafrost wetlands (Mari) and water chemistry (Figure  8) 
supports the possibility that permafrost degradation influences riverine dFe concentration due to the alternation 
of hydrological processes and iron dynamics (Shamov et al., 2014). This is beyond the scope of this study, but 
it may be worth mentioning the future change in dFe discharge from permafrost wetlands to rivers. In general, 
permafrost prevents the downword infiltration of water and consequently constrains the path of water to the 
surface of the active layer (Olefeldt et al., 2014; Petrone et al., 2006; Pokrovsky et al., 2015, 2016). Considering 
this fact, a possible scenario is that deeper flow paths due to permafrost degradation result in enhanced interac-
tions of water with a deep mineral soil layer, which contains higher amounts of dFe and aquatic Fe(II) than the 
peat soil layer (Herndon et al., 2015; Jessen et al., 2014), and increased dFe discharge to rivers. Although the 
mineral soil layer was not universally confirmed in the wetland (Mari) in this study, permafrost thawing likely 
accelerates the mobilization of deeply frozen iron minerals. This is contrast scenario to non-permafrost wetlands; 
lower water table and less reducing conditions in wetland soils under a warming climate are expected to decrease 
dFe discharge to rivers (Dillon & Molot, 2005; Landre et al., 2009) At present, it is difficult to accurately predict 
the future change in riverine dFe concentration in the Amur-Mid Basin because of a lack of knowledge of iron 
dynamics and permafrost geochemistry. Nevertheless, this study emphasizes the need for further research about 
the influence of permafrost degradation on dFe concentration in the Amur-Mid rivers because wetland-derived 
dFe greatly contributes to the marine ecosystem in the Sea of Okhotsk (Nishioka et al., 2014; Shiraiwa, 2012; 
Suzuki et al., 2014).

5. Conclusions
To assess the importance of permafrost wetlands, called Mari, as a dFe source to rivers in the Tyrma region, we 
conducted a local transect survey on the land and soil characteristics from wetland to forest. Permafrost exist-
ence was generally confirmed under the surveyed wetland, and the thickly accumulated peat soils of the wetland 
are almost saturated and rich in organic carbon. Moreover, our combined approach of field surveys and remote 
sensing technique allowed us to detect the relationship between coverage of permafrost wetland (Mari) and river 
water chemistry: dFe and DOC concentrations significantly increased, but EC decreased with an increase in 
wetland coverage in the watershed. The dFe concentration was also significantly correlated with DOC concen-
tration, but not with pH and watershed area. Based on these findings, we conclude that permafrost wetlands 
(Mari) in valley areas play an important role in supplying Fe-organic complexes to rivers, and their coverage 
primarily determines the dFe and DOC concentrations in summer. To the best of our knowledge, this study is 
the first to provide the land and soil characteristics of wetland and forest in the Amur-Mid Basin and show the 
relationship between the coverage of permafrost wetlands (Mari) and river water chemistry in this region. Given 
that permafrost degradation is predicted to occur due to ongoing climate change, further research is required to 
assess the influence of permafrost degradation on the watershed hydrological cycle, iron dynamics, and riverine 
dFe concentration in the Amur-Mid Basin, which may have the potential to change the amount of dFe discharged 
to the Sea of Okhotsk.

Data Availability Statement
All numeric data about land and soil characteristics in wetland and forest (Figure 4 and Table 1), water chemistry 
(Table 2), vertical profiles of soil temperature (Figure S5 in Supporting Information S1), and NDXI and slope 
data (Figure S7 in Supporting Information S1) are available at Figshare repository via (Tashiro et  al.,  2023) 
https://doi.org/10.6084/m9.figshare.23735487.v1 with CC-BY 4.0.
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