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Abstract 

Primary production in the Sea of Okhotsk is largely supported by dissolved iron (dFe) transported by the Amur river, 
indicating the importance of dFe discharge from terrestrial environments. However, little is known about the mecha-
nisms of dFe discharge into the Amur river, especially in terms of long-term change in dFe concentration. In the Amur 
river, extreme increase in dFe concentration was observed between 1995 and 1997, the cause of which remains 
unclear. As a cause of this iron anomaly, we considered the impact of permafrost degradation. To link the perma-
frost degradation to long-term variation in dFe concentration, we examined the changes in annual air tempera-
ture (Ta), accumulated temperature (AT), and net precipitation for three regions (northeast, south, and northwest) 
of the basin between 1960 and 2006. Ta and AT were relatively high in one out of every few years, and were espe-
cially high during 1988–1990 continuously. Net precipitation in late summer (July to September) has increased 
since 1977 and has stayed positive until 2006 throughout the basin. Most importantly, we found significant correla-
tions between Ta and late summer dFe concentration with a 7-year lag (r = 0.54–0.69, p < 0.01), which indicate a close 
relationship between high Ta in year Y and increased late summer dFe concentration in year Y + 7. This correlation 
was the strongest in northeastern Amur basin where permafrost coverage is the highest. Similar 7-year lag correla-
tion was also found between AT in the northeastern basin and late summer dFe concentration (r = 0.51, p < 0.01). 
Based on our findings, we propose the following hypothesis as a cause of iron anomaly. (1) Increased net precipitation 
since 1977 has increased soil moisture, which created suitable conditions for microbial dFe generation; (2) permafrost 
degradation during the warm years of 1988–1990 promoted iron bioavailability and led to the intensive dFe genera-
tion in the deeper part of the active layer; and (3) dFe took approximately 7 years to reach the rivers and extremely 
increased dFe concentration during 1995–1997. This is the first study to suggest the time-lagged impact of perma-
frost degradation on iron biogeochemistry in the Amur river basin.
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1  Introduction
Iron is an important trace element for living organisms. 
It is involved in numerous in  vivo metabolic processes, 
including photosynthetic electron transport, respiration, 
and N2-fixation (Sunda 2012). The bioavailability of dis-
solved iron (dFe) often limits biological productivity in 
world oceans, especially in high-nutrient low-chlorophyll 
regions (Bruland and Lohan 2003; Martin and Fitzwater 
1988; Martin et  al. 1989, 1990, 1994; Price et  al. 1994; 
Takeda and Obata 1995). Aeolian dust input was previ-
ously considered to be the critical source of iron for the 
ocean (Martin and Fitzwater 1988). However, many stud-
ies have indicated that land-derived dFe input by rivers 
is also important for primary production in coastal areas 
and open sea areas (Krachler et  al., 2010, 2016, 2021; 
Laglera and Van Den Berg 2009; Matsunaga et al. 1998; 
Moore and Braucher 2008; Nishioka et  al. 2013, 2014). 
Against this background, a considerable number of stud-
ies have recently been made on the sources and overlook 
of dFe in terrestrial environments (Ilina et al. 2013; Ingri 
et al. 2018; Kritzberg and Ekström, 2012; Palviainen et al. 
2015; Sarkkola et al. 2013).

The Sea of Okhotsk has abundant marine resources, 
and its abundance is among the highest in the world 
(Sorokin and Sorokin 1999). Its high biological produc-
tivity is partly a result of the abundant dFe derived from 
the forests and wetlands in the Amur river basin (Nish-
ioka et al. 2013, 2014; Shiraiwa 2012; Suzuki et al. 2014). 
According to the previous studies, the extensive wetlands 
in the lower Amur basin and the permafrost wetlands 
in the middle Amur basin are important sources of dFe 
for the Amur river (Nagao et al. 2007; Wang et al. 2012; 
Tashiro et al. 2020, 2023). However, little is known about 
the mechanisms of dFe discharge into the Amur river, 
especially in terms of long-term changes in dFe con-
centration. The largest increase in dFe concentration in 
the Amur river was recorded between 1995 and 1997; 
this phenomenon was also observed in the tributaries 
and is referred to as the iron anomaly by Shamov et  al. 
(2014). Because air temperature in the Amur river basin 
has increased since the mid-1980s to the early 1990s 
and remained high during 1990s (0.75℃ higher than the 
mean of 1960–1990) (Novorotskii 2007), Shamov et  al. 
(2014) indicated the possibility that permafrost degrada-
tion promoted iron bioavailability in the deeper part of 
the active layer, which is the soil layer that is subjected 
to seasonal freeze–thaw dynamics, leading to microbial 
iron reduction under anaerobic conditions and subse-
quent increase in dFe discharge from soil to river. This 
hypothesis is partially supported by recent studies, which 
have reported relatively high dFe or aqueous Fe(II) con-
centrations in the deep part of the active layer in summer 
(Herndon et  al. 2015; Jessen et  al. 2014). Tashiro et  al. 

(2020) also observed that seasonal soil thawing changes 
the source of dFe to rivers from the surface to deep soil 
layer in permafrost watersheds in the Amur river basin. 
If permafrost degradation is the main cause of iron 
anomaly during 1995–1997, increased dFe concentra-
tion should have been observed after summer when deep 
groundwater (suprapermafrost water) more contributes 
to river water. However, Shamov et al. (2014) have over-
looked the seasonal variation in dFe concentration in the 
Amur river, and moreover, there has been no evidence 
supporting the relationship between warming-induced 
permafrost degradation and extremely increased dFe 
concentration in the Amur river between 1995 and 1997. 
Therefore, the mechanisms underlying the iron anomaly 
still remain unclear. If permafrost degradation has a large 
impact on iron biogeochemistry in the Amur river Basin, 
dFe concentration in the Amur river might change con-
siderably under a warmer climate in the future and influ-
ence the marine ecosystem of the Sea of Okhotsk.

Over the past few decades, impacts of permafrost deg-
radation on Arctic river biogeochemistry have been the 
subject of intense controversy (Colombo et  al. 2018; 
Frey et  al. 2009). Many studies have been conducted to 
reveal the temporal patterns of different aspects of water 
chemistry, including carbon, nutrients, and metals in 
the Siberian regions (Kawahigashi et al. 2004; Pokrovsky 
et  al. 2015, 2016; Vorobyev et  al. 2017, 2019) and the 
North American Arctic regions (Aiken et  al. 2014; Frey 
et  al. 2007; Kokeji and Burn 2005; Olefeldt et  al. 2014; 
Petrone et  al. 2006). Following these studies, it is now 
widely accepted that permafrost degradation shifts water 
flow paths to greater depths and changes biogeochemical 
cycles in watersheds. For example, the decrease in dis-
solved organic carbon (DOC) flux in the Yukon river in 
the past few decades has been attributed to the shifting 
of water flow paths from the upper organic-rich layer to 
the deeper mineral horizon where DOC can be adsorbed 
on soil particles (Striegl et al. 2005). Similarly, some stud-
ies have analysed multi-decadal water chemistry moni-
toring data and reported long-term changes in Arctic 
biogeochemistry; these include a decrease in DOC and 
increases in Ca, Mg, Na, P, and SO4 in the Yukon river 
(Striegl et al. 2005; Toohey et al. 2016), increases in Ca, 
Mg, SO4, and HCO3 in Central Siberian rivers (Kolosov 
et al. 2016), increases in alkalinity in the Ob and Yenisei 
rivers (Drake et al. 2018), increase in NO3 and decrease 
in DOC in the Kuparuk river in Alaska (McClelland et al. 
2007), and increases in DOC and alkalinity in the Mac-
kenzie river (Tank et al. 2016). These studies demonstrate 
the value of long-term river water chemistry monitor-
ing in contributing to our understanding of the multi-
decadal changes in Arctic biogeochemistry. However, 
it should be noted that monitoring data are generally 
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collected near the river mouth and include information 
on the total biogeochemical changes of the entire basin. 
Therefore, it is difficult to link permafrost degradation 
in specific regions of the basin to long-term changes in 
water chemistry by examining only monitoring data. To 
better understand the impact of climate change on bio-
geochemical cycles using long-term water chemistry 
monitoring data, changes in regional (basin) scale cli-
mate variables, such as air temperature and precipitation, 
need to be identified, and the relationship between these 
changes and observed changes in river water chemistry 
should also be analysed.

In this study, we analysed long-term monitoring data 
of dFe concentration and atmospheric reanalysis data 
from the Amur River basin from 1960 to 2006 to evalu-
ate that warming-induced permafrost degradation was 
responsible for the extreme increase in dFe concen-
tration between 1995 and 1997. We (1) examined the 
correlation between the long-term changes in dFe con-
centration and climate variables (specifically, air temper-
ature and net precipitation); and (2) proposed a detailed 
hypothesis about the causes and mechanisms underly-
ing the iron anomaly. The main study focus is the influ-
ence of climate change and permafrost degradation on 
the biogeochemical iron cycle in the Amur River basin. 
Our discussion also includes hydroclimatology and the 
importance of integrating climate data analyses into stud-
ies of the long-term changes in Arctic and sub-Arctic 
river biogeochemistry.

2 � Methods
2.1 � Study site
The Amur River basin covers a large area (approximately 
1.86 million km2) in eastern Eurasia; it includes eastern 
Mongolia and forms the border between the Russian Far 
East and northeastern China. The Amur River transports 
large quantities of freshwater to the Sea of Okhotsk and 
is responsible for more than half of the total river inflow 
to the Sea of Okhotsk.

Climate variability in the Amur River basin largely var-
ies by regions. Annual precipitation ranges from 300 mm 
in eastern Mongolia to more than 700 mm in the Russian 
Far East and northeastern China. The annual mean of air 
temperature also ranges from around 6  °C in the south 
to − 7 °C in the north. Therefore, we analysed the climate 
data for three regions of the Amur River basin: north-
western Amur (NW-Amur), southern Amur (S-Amur), 
and northeastern (NE-Amur) (Fig.  1). The NE-Amur 
lies mainly to the north of the Amur River and is domi-
nated by taiga forests and lowland wetlands. Most of the 
NE-Amur is in isolated (< 10% coverage) and sporadic 
(10–50%) permafrost zones. In contrast, the S-Amur 
has almost no permafrost, and a considerable fraction 

of the region is occupied by agricultural land. The NW-
Amur includes the uppermost part of the Amur River, 
and is also the driest of the three regions. The northern 
and eastern parts of the NW-Amur are in a sporadic 
permafrost zone dominated by taiga forests, while the 
southwestern part of the NW-Amur, which forms part of 
the Mongolian Plateau, is in a dry steppe zone without 
permafrost.

2.2 � Data from the monitoring of dFe in the Amur River
Concentration of dFe in the Amur River was monitored 
at Khabarovsk station of the Federal Service for Hydro-
meteorology and Environmental Monitoring of Russia 
(Roshydromet) from 1960 to 2006 (Fig.  1). Water was 
sampled once a month between April and October and 
on a few occasions between November and March. River 
discharge on the sampling day was also measured at the 
same station. Dissolved iron was measured by the col-
orimetric method with 1,10-phenantroline, which was 
applied to water filtered through Whatman GF/F filters 
(0.7 µm) and acidified to pH < 2 with HCl (Hydrochemi-
cal Institute 2006).

As described in the introduction, seasonal soil thaw-
ing has a great influence on water path and riverine dFe 
concentration in permafrost watersheds in the Amur 
River basin. To improve our understanding of the mecha-
nisms underlying the iron anomaly, seasonal changes in 
iron dynamics should be considered; therefore we ana-
lysed not only the interannual variations of dFe concen-
trations, but also the seasonal mean dFe concentrations. 

Fig. 1  Topographic map of the Amur River basin. The northeastern 
(NE-Amur), northwestern (NW-Amur), and southern (S-Amur) study 
regions are enclosed by the red, green, and blue lines, respectively. 
Long-term monitoring of dissolved iron (dFe) concentration 
and discharge was conducted at Khabarovsk station (yellow dot). 
Area enclosed white line shows Sanjiang Plain where large-scale 
agricultural developments were conducted in twentieth century (see 
discussion 3.3). Shading areas denote different types of permafrost 
distribution, which was created by authors with reference to Shamov 
et al. (2014)
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We defined April, May, and June (AMJ) as late spring and 
July, August, and September (JAS) as late summer. River 
characteristics are dominated by snowmelt in late spring, 
especially from late April to June, and by rain in late sum-
mer, especially in July and August; active layer thickness 
peaks in September (Tashiro et al. 2020).

2.3 � Climate data analyses
For the three regions, we investigated the interannual 
variations in annual air temperature (Ta) for 1960–2006 
using the data from the Climatic Research Unit gridded 
Time Series v4.05 (CRU) on a 0.5° latitude/longitude 
grid (Harris et al. 2020). In addition, we investigated the 
interannual variations in accumulated temperature (AT) 
using 2-m surface air temperature data from the Japa-
nese 55-year Reanalysis Project (JRA-55), which is on a 
1.25° latitude/longitude grid (Kobayashi et al. 2015). We 
calculated annual AT, which is the cumulative sum of the 
regional mean daily average temperature above 0  °C in 
a year; AT is commonly used as an index of maximum 
active layer thickness (Hinkel et  al. 2001). Additionally, 
we investigated the interannual variations in mean air 
temperature in late summer (JAS) using the data from 
JRA-55 to evaluate the contribution of air temperature in 
late summer to AT. Note that we confirmed good agree-
ment between interannual variations in Ta calculated 
from CRU and those calculated from JRA-55 (Addi-
tional file 1: Fig. S1), therefore we decided to use Ta from 
CRU for the following analyses because CRU reflects 
the observation data from meteorological stations more 
directly than JRA-55.

We also calculated the interannual variations in net 
precipitation (precipitation minus evapotranspiration: 
P − E) in late summer (JAS) for 1960–2006. Late summer 
P − E indicates the net recharge of water in the soil layer. 
It is a useful indicator of the long-term trends in soil 
moisture and groundwater discharge to rivers, which can 
be related to iron redox reactions in soils and subsequent 
dFe discharge. For calculating P − E, we used the atmos-
pheric water budget equation (Peixoto and Oort 1983, 
1992):

where P is precipitation, E is evapotranspiration, C is the 
vertically integrated (from the ground to the 100-hPa) 
moisture flux convergence, and ∂W/∂t is the temporal 
change in the precipitable water. Because ∂W/∂t over 
long periods of more than one month is small compared 
with P − E and C, ∂W/∂t is considered as negligible for 
calculating mean P − E in late summer. We calculated the 
C from specific humidity, zonal and horizontal winds of 
the JRA55 dataset.

(1)P − E = C − ∂W/∂t,

Wet or dry period in land can change over dec-
adal scale due to the natural variability of the atmos-
phere (Liu et  al. 2022). The atmospheric circulation 
pattern in the Amur River basin is closely associated 
with the Pacific Decadal Oscillation (PDO) (Mokhov 
and Semenov 2016). To understand the background of 
periodic change in late summer P − E (wet or dry ten-
dency) in the Amur River basin, which can be impor-
tant for iron dynamics, we investigated the relationship 
between late summer P − E and those in the mean late 
summer PDO index. The PDO is a long-term oscillation 
of the Pacific Ocean on time scales of approximately 
20–30 years (Mantua et al. 1997). The PDO index is an 
indicator of the PDO and is defined as the projections 
of monthly mean sea surface temperature (SST) anom-
alies onto their first empirical orthogonal functions 
(EOF) vectors in the North Pacific (north of 20° N). 
When the PDO index is positive (negative), SSTs in the 
central part of the North Pacific are likely to be lower 
(higher) than normal. During our study period (1960–
2006), the PDO was in a positive phase between 1977 
and 1997. We obtained monthly PDO index data from 
Japan Meteorological Agency (https://​www.​data.​jma.​
go.​jp/​gmd/​kaiyou/​data/​shind​an/b_​1/​pdo/​pdo.​html) 
and conducted two-tailed tests of significance for the 
Pearson’s correlation coefficients between the 9-year 
moving averages of late summer P − E and those of the 
PDO index for 1960–2006. In general, moving average 
within 10  years is applied to the interannual variation 
in the PDO index (e.g. Zhang et al. 2020), and we con-
firmed that 9-year moving average maximized the cor-
relation between late summer P − E and the PDO index 
compared to 3-, 5-, and 7-year moving averages.

To better understand the periodic changes in late 
summer P − E in the Amur River basin associated with 
PDO phase change, we focused on the characteris-
tics of the atmospheric conditions during the positive 
phase of the PDO between 1977 and 1997. We used 
JRA55 data to calculate the anomaly of the mean geo-
potential height at the 500-hPa level in late summer 
in 1977–1997 from 1960 to 2006 means (Z500) and the 
anomaly of mean vertically integrated water vapour 
flux in 1977–1997 from 1960 to 2006 means. Because 
positive (negative) P − E means convergence (diver-
gence) of water vapor, the anomaly of Z500 will exhibit 
the appearance of cyclonic (anticyclonic) circulation 
patterns which enhances (suppresses) the water vapor 
convergence and divergence. In addition, the anomaly 
of vertically integrated water vapor flux will allow us to 
understand the change in transport of water vapor flux 
associated with cyclonic and anticyclonic circulation 
patterns.

https://www.data.jma.go.jp/gmd/kaiyou/data/shindan/b_1/pdo/pdo.html
https://www.data.jma.go.jp/gmd/kaiyou/data/shindan/b_1/pdo/pdo.html
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2.4 � Statistical analyses
We conducted cross correlation analyses of the interan-
nual variations in annual, late spring, and late summer 
dFe concentration in the Amur River and climate vari-
ables (Ta and P − E) in the NE-Amur, the NW-Amur, and 
the S-Amur. We used time lags of 0–9 years because soil 
permeability is low and it would take several years for 
changes in Ta and P − E to affect dFe discharge through 
permafrost degradation in the deeper part of the active 
layer (Quinton et al. 2008, 2009; Shamov et al. 2014). We 
calculated Pearson’s correlation coefficients as indicators 
of the strength of the association between the variables 
and conducted two-tailed tests of significance (n = 46, 45, 
44, 43, 42, 41, 40, 39, 38, 37 for time lags of 0, 1, 2, 3, 4, 5, 
6, 7, 8 and 9 years, respectively).

3 � Results and discussion
3.1 � Changes in climate variables in the Amur River basin 

between 1960 and 2006
Interannual variations in Ta in the NE-Amur, the NW-
Amur, and the S-Amur between 1960 and 2006 exhib-
ited similarities (Fig.  2a). Average Ta between 1960 and 
2006 was − 3.1  °C in the NE-Amur, − 2.8  °C in the NW-
Amur, and 1.6  °C in the S-Amur. The iron anomaly 
occurred between 1995 and 1997; for this period, Ta was 
not particularly high in the three regions. Between 1960 
and 2006, Ta was relatively high in one out of every few 
years, for example in 1963, 1968, and 1975. In particu-
lar, high Ta was maintained for three years between 1988 
and 1990 throughout the entire Amur River basin, with 
1990 being the warmest year between 1960 and 2006 in 
the NE-Amur (Ta was − 1.5 °C in 1990) and S-Amur (Ta 
was 2.8 °C in 1990). The interannual variations in AT in 
the three regions were similar to those of Ta; AT was 
relatively high in the years with high Ta in 1963, 1968, 
1975, and 1988–1990 (Fig.  2b). During the continuous 
warm years of 1988–1990, the highest AT in the NE-
Amur between 1960 and 2006 was shown in 1988 (AT 
in 1990 in this region was also relatively high). In addi-
tion, the interannual variations in AT were significantly 
correlated with those in late summer air temperature 
(Additional file 1: Figs. S2 and S3), indicating that high air 
temperature in late summer largely contributes to high 
AT. For example, in 1988 with the highest AT between 
1960 and 2006, late summer air temperature in the NE-
Amur was 15.5 °C, which was 1.4°C higher than the mean 
of 1960–2006 (Additional file 1: Fig. S2). Given that AT 
can be an index of maximum active layer thickness (Hin-
kel et  al. 2001), continuous high AT between 1988 and 
1990 indicates considerable acceleration of permafrost 
degradation in the NE-Amur. These results are in agree-
ment with long-term soil temperature monitoring data 

from weather stations in sporadic permafrost zones in 
the NE-Amur (Shamov et al. 2014); the data showed large 
increases in soil temperature between 1988 and 1990.

Interannual variations of late summer P − E in 
the NE-Amur, the NW-Amur, and the S-Amur also 
exhibited similar patterns (Fig.  2c). In particular, late 
summer P − E in the Amur River basin had clear inter-
decadal variations. In the three regions, P − E decreased 
after 1960; after around 1977, P − E increased and 
remained positive and high until around 1990, and then 
decreased to 2006. Increased P − E suggests that net 
water infiltration into the soil in the Amur River basin 
increased after 1977 (after 1980 for the S-Amur) and 
these conditions of increased soil moisture remained 
until 2006 throughout the basin. In particular, P − E in 
the NE-Amur and the NW-Amur has been higher than 
that in the S-Amur since 1977; this result suggests that 
soil moisture increases in the northern parts of the 
Amur River basin have been larger than those in the 
southern regions. It should be noted that negative late 
summer P − E with large magnitudes was found in the 
NE-Amur in 1998. In the NE-Amur, 1998 is known as 
an anomalous drought year and is associated with his-
toric catastrophic forest fires in the Khabarovsk Krai 
(Sokolova et al. 2019).

Fig. 2  Interannual variations of climate variables in the Amur River 
basin. Regional mean a annual air temperature (Ta), b accumulated 
temperature (AT), and c late summer (July, August, September; JAS) 
mean net precipitation (P − E) in the NE-Amur (red), the NW-Amur 
(green), and the S-Amur (blue). In c, P − E values above the black 
dotted line indicate net water gain as a result of infiltration and values 
below the line indicate net water loss as a result of evapotranspiration
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We also found that 9-year moving averages of late 
summer P − E in the NE-Amur and NW-Amur were sig-
nificantly correlated with those of the late summer PDO 
index for 1960–2006 (NE-Amur: r2 = 0.38, p = 2,31 × 10−5; 
NW-Amur: r2 = 0.92, p = 1.53 × 10−22) (Fig.  3a). In 1977, 
the PDO switched from negative to positive phase and 
remained positive until 1997. These results suggest that 
the increase in P − E after 1977 was related to the PDO 
phase change. Examination of Z500 during the positive 
phase of the PDO (1977–1997) reveals an anticyclonic 
anomaly around the Sea of Okhotsk, and a cyclonic 
anomaly around the NW-Amur (Fig.  3b). These results 
are in close agreement with those from Zhang et  al. 
(2020), which showed the presence of anticyclonic and 
cyclonic wave-like teleconnection pattern in the midlati-
tudes of the Northern Hemisphere during the positive 
PDO phase. In addition, the anomaly of the vertically 
integrated water vapour flux during 1977 − 1997 showed 
increases in eastward water vapour flux into NE-Amur 
and NW-Amur and northward water vapour flux into 
the coastal area of NE-Amur and S-Amur. On the basis 
of these results, we infer that the increase in late sum-
mer P − E in the Amur River basin after 1977 (Fig.  2b), 
especially in the NE-Amur and NW-Amur, was likely a 
result of the changes in the atmospheric circulation pat-
tern associated with the positive phase of the PDO of 
1977–1997.

3.2 � Lag relationship between the interannual variations 
in climate variables and dFe concentration in the Amur 
River basin

Figure  4 shows the interannual variations in annual/
seasonal dFe concentrations in the Amur River. The 
range of annual concentration variations remained small 

between 1960 and 1994. Between 1995 and 1997, there 
was an extremely large increase in annual concentration 
(Fig. 4a). The peak of annual concentration in 1997 was 
1.85 mg L−1, which was approximately 500% of the mean 
concentration (0.38  mg L−1) of 1960–1994. There were 
similar variations in late summer concentration (Fig. 4c). 
There was an extremely large increase in late summer 

Fig. 3  Changes in late summer net precipitation (P − E), Pacific Decadal Oscillation (PDO) index, and atmospheric circulation. a Interannual 
variations in the 9-year moving averages of late summer (July, August, and September; JAS) P − E in the NE-Amur (red), the NW-Amur (green), 
the S-Amur (blue), and late summer PDO index (black); b the anomaly of mean geopotential height at the 500-hPa level in late summer 
during the positive PDO phase of 1977–1997 relative to 1960–2006. In a, the black dotted two lines indicate the years 1977 and 1997, 
when the phase of the PDO changed from negative (positive) to positive (negative). In b, the red area indicates the high-pressure anomaly, 
while the blue area indicates the low-pressure anomaly. Arrows denote the anomaly of mean vertically integrated water vapour flux during 1977–
1997 relative to 1960–2006. Yellow arrows denote that the anomaly was statistically significant at the 95% confidence level in t-tests

Fig. 4  Interannual variations in annual/seasonal dissolved iron (dFe) 
concentrations in the Amur River. a Annual, b late spring (April, May, 
June; AMJ), and c late summer (July, August, September; JAS) mean 
dFe concentrations. Error bars show the standard error of the data. 
Data from 2005 are missing
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concentration between 1995 and 1997; the peak in 1997 
was 1.88 mg L−1, which was approximately 600% of the 
mean concentration (0.33  mg L−1) of 1960–1994. There 
was an extremely large increase in late spring concentra-
tion between 1997 and 1998 (Fig. 4b), which was 1 year 
after the extreme increase in annual and late summer 
concentrations. The peak of late spring concentration in 
1998 was 1.06 mg L−1, which was lower than the peak of 
late summer concentration (1.88 mg L−1) in 1997.

Cross correlation coefficients between annual/seasonal 
dFe concentrations and climate variables (Ta, AT, and late 
summer P − E) are shown in Fig. 5. No significant correla-
tion was found between annual/seasonal concentrations 
and late summer P − E at lags of 0–9  years (Fig.  5g–i). 
For Ta, the strongest significant positive correlation was 
found between annual dFe concentration and Ta at a lag 
of 7  years (NE-Amur: r = 0.55, p = 0.0003; NW-Amur: 
r = 0.43, p = 0.0059; S-Amur: r = 0.49, p = 0.0016), and 
the second strongest correlation was found at a lag of 
8 years (NE-Amur: r = 0.48, p = 0.0021; S-Amur: r = 0.44, 
p = 0.0052) (Fig.  5a). Similarly, there was a significant 
positive correlation between late summer dFe concen-
tration and Ta at a lag of 7  years (NE-Amur: r = 0.69, 
p = 1.4 × 10−6; NW-Amur: r = 0.54, p = 0.0004; S-Amur: 
r = 0.60, p = 5.7 × 10−5) (Fig.  5c). Correlation coeffi-
cients between late summer dFe concentrations and Ta 

exceeded those between annual concentrations and Ta. 
It is noteworthy that correlation coefficients between 
annual/late summer dFe concentration and Ta with a lag 
of 7  years were the largest in the NE-Amur, where per-
mafrost is sporadically distributed. These results indicate 
a close relationship between high Ta in NE-Amur in year 
Y and increased annual/late summer dFe concentrations 
in the Amur River in year Y + 7. Figure 6a shows the scat-
ter plot of late summer dFe concentration and Ta in NE-
Amur with a lag of 7  years. The lag of 7  years can also 
be found by comparing the interannual variations in Ta 
and late summer dFe concentration; in NE-Amur, Ta was 
relatively high in 1963, 1968, 1975, 1988–1990, and 1995 
(Fig. 2a), and late summer dFe concentration increased in 
1970, 1975, 1982, 1995–1997, and 2002 (Fig.  4c). There 
is a similar lag relationship between annual/seasonal dFe 
concentrations and AT in the NE-Amur (Fig. 5d–f) and 
the largest correlation coefficient was found between 
late summer concentrations and AT with a lag of 7 years 
(r = 0.51, p = 0.0010) (Fig. 5f ). This implies that late sum-
mer dFe concentration in the Amur River increased 
7  years after the acceleration of permafrost degradation 
because of warm summer in the NE-Amur.

For late spring dFe concentration, the strongest signifi-
cant positive correlation was found between late spring 
concentration and Ta at a lag of 9  years (NE-Amur: 

Fig. 5  Cross correlation coefficients between dissolved iron (dFe) concentrations and climate variables in the Amur River basin. a Annual dFe 
concentrations and mean air temperature (Ta); b late spring (April, May, June; AMJ) dFe concentrations and Ta; c late summer (July, August, 
September; JAS) dFe concentrations and Ta; d Annual dFe concentrations and accumulated temperature (AT); e late spring dFe concentrations 
and AT; f late summer dFe concentrations and AT; g annual dFe concentrations and late summer net precipitation (P − E); h late spring dFe 
concentrations and late summer P − E; i late summer dFe concentrations and late summer P − E. In a–c, ** indicates p < 0.01
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r = 0.57, p = 0.0002; NW-Amur: r = 0.47, p = 0.0033; 
S-Amur: r = 0.52, p = 0.0009) and the second strong-
est correlation was found at a lag of 8 years (NE-Amur: 
r = 0.47, p = 0.0027; NW-Amur: r = 0.44, p = 0.0061; 
S-Amur: r = 0.47, p = 0.0030) (Fig. 5b). Similar to annual/
late summer dFe concentrations, correlation coefficients 
between late spring concentration and Ta with a lag of 
9 years in the NE-Amur were larger than those for NW-
Amur and S-Amur. Figure 6b shows the significant posi-
tive correlation between late spring dFe concentration 
and Ta in NE-Amur with a lag of 9 years.

During a warm year, accelerated permafrost degrada-
tion produces thawed soil; Fe(III) minerals in the newly 
thawed soil can be exposed to microbial reduction, which 
could lead to the intensive generation of soluble Fe(II) 
in the soils that are deep in the active layer. Studies have 
confirmed the accumulation of dFe and dissolved Fe(II) 
in the deeper part of the active layer by investigating the 
vertical distributions of dFe and dissolved Fe(II) in per-
mafrost areas in summer (Herndon et  al. 2015; Jessen 
et  al. 2014). The intensive generation of Fe(II) in deep 
soils can potentially increase riverine dFe concentration 
by forming complexes with humic substances, which are 
soluble in river waters with neutral pH (Laglera and Van 
Den Berg 2009). However, because soil permeability is 
low, the Fe(II) in deep soils will take several years to travel 
through the deeper part of the active layer to the rivers 

(Jessen et al. 2014; Quinton et al. 2008, 2009). Our results 
suggest that permafrost degradation in NE-Amur caused 
an intensive generation of Fe(II), which took approxi-
mately 7 years to reach rivers through the deeper soils in 
the active layer and subsequently increased dFe concen-
tration in the Amur River. This is a plausible mechanism 
in terms of water path; deep groundwater (supraperma-
frost water) considerably influences river water chemis-
try in late summer when active layer thickness reaches its 
maximum (Bagard et  al. 2011; Evans et  al. 2020). Given 
that the correlation coefficients between late summer dFe 
concentration and Ta were large for lags of 7 and 8 years, 
we infer that increased dFe discharge likely lasted for 
at least 1–2  years. Unexpectedly, we found a significant 
correlation between late spring dFe concentration and 
Ta at lags of 8 and 9 years (Fig. 5b and 6b), even though 
the influence of groundwater is minimum during spring 
floods. It is currently difficult to understand the differ-
ence between the 7- and 8-year lag in late summer and 
the 8- and 9-year lag in late spring, but these higher dFe 
concentrations in late spring may be related to increased 
dFe discharge in late summer. One possible mechanism 
could be that deep groundwater-derived dFe partially 
precipitated as iron-oxyhydroxides after flowing into the 
river in late summer, and dissolved again the following 
spring when it came into contact with the large amounts 
of DOC that were released from the organic-rich topsoil 

Fig. 6  Relationship between dissolved iron (dFe) concentrations, time lagged annual air temperature (Ta), and discharge. a Late summer (July, 
August, and September; JAS) dFe concentrations in the Amur River and Ta with a 7-year lag in the NE-Amur; b late spring (April, May, and June; AMJ) 
dFe concentrations and Ta with a 9-year lag in the NE-Amur; c late summer dFe concentrations and discharge; d late spring dFe concentrations 
and discharge. Only Ta in the NE-Amur is shown because the Pearson’s coefficient between Ta and dFe in the NE-Amur is higher than that in 
NW-Amur and that in S-Amur (Fig. 5a–c). In a and b, seasonal mean dFe concentrations are shown. In c and d, individual measurements of dFe 
concentration and discharge are shown. In c, the black circle denotes the data in 1997, which is the peak year of iron anomaly
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by snowmelt. Another possible mechanism is that deep 
groundwater is not fully frozen and continues to interact 
with river waters even in spring.

In addition to inflow of dFe-rich groundwater, seasonal 
hydrological events are well known to greatly influence 
on riverine dFe concentration in the Amur River basin 
(Tashiro et al. 2020; Yan et al. 2016). Tashiro et al. (2020) 
observed seasonal variation in dFe concentration in the 
Amur-Mid region (central part of the NE-Amur) and 
found that spring snowmelt and summer rainfall greatly 
contributes to dFe runoff into rivers from organic soil 
layer. Increased dFe concentration during spring floods 
was also observed in the Amur River and tributary in 
the S-Amur (Yan et al. 2016). In general, increases in dFe 
concentration in response to hydrological events such 
as summer rainfall and spring snowmelt are observed 
simultaneously with increased water level and discharge 
in the Arctic and sub-Arctic regions (Abesser et al. 2006; 
Anderson et  al. 2006; Tashiro et  al. 2020; Rember and 
Trefry 2004).  However, we found no significant correla-
tion between the individual measurements of Amur River 
discharge and late spring/late summer dFe concentration 
(Fig.  6c–d). Therefore, interannual variations in annual/
seasonal dFe concentrations in the Amur River between 
1960 and 2006, including the iron anomaly (1995–1997), 
were not fully explained by the impacts of snowmelt and 
rainfall.

3.3 � Mechanisms underlying the iron anomaly 
between 1995 and 1997

It should be emphasized that the iron anomaly between 
1995 and 1997 was a widespread phenomenon, which 
was observed in many of the tributaries in the NE-Amur 
(Shamov et  al. 2014). Based on this fact and the 7-year 
lag between Ta, AT and late summer dFe concentration 
(Fig.  3b,e), we hypothesize that the extreme increase in 
dFe concentration in the Amur River between 1995 and 
1997 was resulted from accelerated permafrost degrada-
tion caused by continuous warming between 1988 and 
1990 in the NE-Amur (Fig.  2a). In particular, 1988 was 
the warmest spring–summer between 1960 and 2006 in 
the NE-Amur, as shown in interannual variation in AT 
(Fig. 2b). Actually, late summer air temperature in 1988 
in the NE-Amur was 15.5℃, which was 1.4  °C higher 
than the mean of 1960–2006 (Additional file 1: Fig. S2). 
Although the peaks of AT and late summer air temper-
ature were shown in 1988, the steady increases in soil 
temperature by approximately 1.0℃ were recorded at 
several weather stations in the NE-Amur from 1988 to 
1990 (Shamov et al. 2014). As discussed in the previous 
section, accelerated permafrost degradation followed by 
the increased soil temperature in these years may have 
caused the iron anomaly in the Amur River between 

1995 and 1997 by the inflow of dFe-rich groundwater 
through the deeper part in active layer. In terms of per-
mafrost hydrology, this mechanism is in good agreement 
with the fact that the highest dFe concentration (2.75 mg 
L−1) in 1997, the peak year of iron anomaly, was observed 
in October when the contribution of deep groundwater 
to rivers increases as the active layer thickness reaches 
its maximum. Moreover, previous study on long-term 
record of iron content in the Amur River during the win-
ter low water level showed that the highest dFe discharge 
(269 t day−1) was observed in 1995–1996 winter, which 
was considerably higher than the mean of 1950–2012 
(47.7 t day−1) (Shesterkin et al. 2013). There was unfortu-
nately no available data of dFe concentration, and winter 
observation for 1996–1997 and 1997–1998 were missing 
in the previous study. Nevertheless, their results sup-
port our hypothesized mechanism that the iron anomaly 
between 1995 and 1997 was caused by the inflow of dFe-
rich groundwater because winter baseflow is generally 
dominated by deep groundwater rich in minerals (Bagard 
et al. 2011; Holmes et al. 2012).

Increased late summer P − E after 1977 in the Amur 
River basin (Fig.  2c), which is likely resulted from 
increased water vapour flux convergence during the 
positive PDO phase (1977–1997) (Fig. 3), could have also 
promoted dFe discharge into the Amur River. Although 
we found no significant relationship between annual/sea-
sonal dFe concentrations and late summer P − E (Fig. 5g–
i), we hypothesize that persistently positive P − E after 
1977 throughout the Amur River basin may have had the 
following effects on the biogeochemical and hydrologi-
cal cycles: (1) intensification of permafrost degradation 
because of increased water infiltration and increased 
heat transport to deeper soil (Douglas et  al. 2020); (2) 
promotion of microbial iron reduction under anaerobic 
conditions because of increased soil water content (Lip-
son et al. 2012); and (3) increased groundwater discharge 
into rivers (Connon et al. 2014). These effects were likely 
more intense in the NE-Amur and the NW-Amur, where 
late summer P − E were larger than those in the S-Amur 
after 1977 (Fig. 2c).

The relative importance of dFe transport from the 
NE-Amur to the Amur River is also supported by the 
differences in the water chemistry of the tributaries in 
the three regions. According to previous studies on the 
distribution of riverine dFe concentration in the middle 
and lower Amur River basin, the amount of dFe, humic 
acids, and organically-bound Fe is much higher in rivers 
in the NE-Amur than in the S-Amur because of the large 
amounts of organic matter and humic substances in the 
taiga forests and lowland wetlands in the NE-Amur (Lev-
shina et al. 2012, 2016). Unfortunately, there is no report 
on riverine dFe concentration in the NW-Amur, but it is 
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supposed to be low because of the low concentrations of 
DOC and humic substances in the rivers in this region 
(Levshina et al. 2016). Taking into account these regional 
characteristics of the river water chemistry in the Amur 
River basin, we infer that the NE-Amur has the highest 
dFe supply capacity in the basin. In addition, Tashiro 
et al. (2020) examined the seasonal variations in dFe con-
centrations in peat soils and rivers and concluded that 
wetlands (peat bogs) with underlying permafrost in the 
NE-Amur can be important sources of dFe to the Amur 
River. Combining the findings from previous studies and 
those from the present study, we infer that increased dFe 
discharge from permafrost-distributed landscapes such 
as wetlands (Tashiro et  al. 2020, 2023) in the NE-Amur 
were the primary causes of the extreme increase in dFe 
concentration between 1995 and 1997.

In addition to permafrost degradation, land use change 
may have a considerable influence on dFe concentration. 
According to Ganzey et al. (2010), the areas of forests and 
wetlands in the NE-Amur remained almost unchanged 
between 1930 and 2000, except for the northern part of 
Sikhote-Alin (Fig.  1) where intensive deforestation was 
carried out in the 1980s. In contrast, large-scale agricul-
tural developments have taken place in the Sanjiang Plain 
in the S-Amur in the twentieth century (Fig. 1). Between 
1949 and 1994, 72.2% of the wetland area (approximately 
4 Mha) was reclaimed and converted to paddy fields 
(Pan et  al. 2011). This had considerable impacts on riv-
erine dFe concentration in the Sanjiang Plain. For exam-
ple, the Naoli River in the Sanjiang Plain showed a steady 
decrease in the concentration of free iron because of 
an 87% decrease in wetlands in the watershed between 
1949 and 2000 (Pan et al. 2011). On the contrary, using 
Fe(II)-rich groundwater to irrigate paddy fields may 
increase dFe discharge into rivers through agricultural 
canals. However, the impact of irrigation on dFe dis-
charge is likely to be small. Previous study showed that 
more than half of the dFe precipitates during irrigation 
because of the low concentration of organic ligands such 
as humic acids in the paddy fields of Sanjiang Plain (Pan 
et  al. 2011). According to numerical modelling studies, 
groundwater pumping is estimated to increase the dFe 
flux from Sanjiang Plain by 2000 t year−1 (Onishi et  al. 
2009), which is only 3.4% of the extreme increase in dFe 
flux (58,400 t year−1) in the Amur River in 1997 (Shamov 
et  al. 2014). Therefore, we infer that land use change in 
the Amur River basin in twentieth century is clearly not 
the major cause of the iron anomaly.

Overall, we hypothesis that the extreme iron anomaly 
in the Amur River between 1995 and 1997 was resulted 
from continuous warming and permafrost degrada-
tion between 1988 and 1990 in the NE-Amur. Unfortu-
nately, there is no multi-decadal monitoring data of dFe 

concentration from the tributaries of the Amur River. In 
addition, lack of knowledge of the detailed permafrost 
distribution and the mechanism of dFe discharge through 
the deeper part of the active layer precludes the verifi-
cation of our 7-year lag hypothesis. Nevertheless, our 
results highlight the importance of studying the influence 
of permafrost degradation from a macroscopic perspec-
tive; long-term changes in Ta and late summer P − E, and 
these effects over time should be taken into consideration 
in the study of iron biogeochemistry in the Amur River 
basin. To improve our understanding of the iron anom-
aly, further research should be focused on permafrost 
distribution, soil profiles (peat and mineral horizons), 
soil permeability, and dFe dynamics in the deeper part 
of the active layer in the NE-Amur. Moreover, numeri-
cal modelling studies are also needed to validate the time 
lag relationships between Ta and the annual/seasonal dFe 
concentrations that were reported in this study.

4 � Conclusions
In this study, we took the hydroclimatological approach 
to assess whether permafrost degradation is respon-
sible for the extreme increase in dFe concentration in 
the Amur River during 1995–1997. After 1977, late 
summer P − E increased and remained positive and 
high throughout the basin, especially in the NE-Amur 
and NW-Amur. We inferred that increased soil mois-
ture after 1977 was caused by increased water vapour 
flux convergence associated with the positive phase of 
the PDO (1977–1997). In the NE-Amur, spring-sum-
mers were considerably warm continuously between 
1988 and 1990, and the highest AT was shown in 1988 
between 1960 and 2006. More importantly, interannual 
variations in late summer dFe concentrations in the 
Amur River were significantly correlated with interan-
nual variations in Ta and AT in the NE-Amur with a lag 
of 7 years. On the basis of these results, we propose the 
following hypothesis as a reasonable cause for the iron 
anomaly: continuous warming between 1988 and 1990 
in the background of persistently higher levels of soil 
moisture since 1977 accelerated permafrost degrada-
tion in the NE-Amur and promoted iron bioavailabil-
ity and dFe generation in the deeper part of the active 
layer; consequently, large amounts of dFe were dis-
charged into rivers 7 years later, leading to an extreme 
increase in dFe concentration in the Amur River 
between 1995 and 1997. Further research is needed 
to verify our hypothesis. However, by taking a macro-
scopic perspective in this study, we discovered the sig-
nificant time lag relationship between Ta, AT and dFe 
concentration. To our knowledge, this is the first study 
to suggest the time-lagged impact of permafrost deg-
radation on iron biogeochemistry in the Amur River 
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basin, and to highlight the importance of the integra-
tion of climate data analyses into studies of Arctic and 
sub-Arctic river biogeochemistry with a focus on the 
influence of permafrost degradation.
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