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Abstract In this paper we investigate the spatial heterogeneity of chemical parameters within flood plain
lakes with different ground and river water recharge intensities. We assumed that the direct influence of
groundwater recharge is ultimately related to the vertical stratification of temperature and aeration of the
whole water column. Accordingly, we seasonally monitored physical and chemical properties of 22 oxbow
lakes in the postglacial river valleys of the Stupia, Drweca and Lyna rivers of Poland. The results were
compared with groundwater from transects of piezometers located near the oxbow lakes. The flood plain
water bodies showed variability (both in vertical and spatial dimension) in temperature, aeration and specific
conductivity, affected mainly by lateral connectivity to the river. The temperatures and oxygen contents
declined with the increasing depth of water and distance to the river channel. The detected differences in
vertical gradients of physico-chemical parameters within one reservoir, or a group of those, confirmed the
evidence of groundwater recharge.
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INTRODUCTION

Water flow in alluvial flood plains is characterized by highly complex, multidimensional exchange
pathways under the term “hydrological connectivity”. It operates on the four dimensions of fluvial
hydrosystems: longitudinal, lateral, vertical, and temporal (Ward, 1989; Kondolf et al., 2006). The
diversity of flood plain lakes is related to the regular and repeated rejuvenation of the aquatic
environments (Petts, 1990) and is commonly attributed to the disturbance regime of floodings
(Galat et al., 1998). Nevertheless, four sources of water are recognized as contributing to flood
plain water dynamics: lateral overflow, groundwater, upland sources and direct precipitation
(Tockner & Stanford, 2002).

The role of groundwater supply depends on the differences in morphology of the river valley
as well as hydrogeomorphic processes of fluvial origin. Within high gradient systems, hillslope
erosion processes determine the rate of supply of sediment to the channel, and hence, the temporal
evolution of riparian habitats (e.g. Swanson et al., 1982). However, alluvial low-gradient river
systems with extensive flood plains are located further downstream in the longitudinal river
continuum; and they are the most strongly influenced by hydrogeomorphic processes of fluvial
origin. They may contain riparian zones primarily reflecting species-specific responses to soil
moisture/oxygenation, sediment deposition, the frequency and duration of inundation, and the
erosive action of flooding along a lateral gradient (Tockner et al., 1999).

Differences in the intensity of groundwater recharge contribute to the spatial heterogeneity of
water quality in flood plain water bodies (Amoros & Bornette, 2002). Gradients between surface
and groundwater result from the mixing of water with different physicochemical characteristics
and biogeochemical processes, in conjunction with the local residence time of water. The direct
influence of groundwater recharge is ultimately related to the vertical stratification of temperature,
light and aeration of the whole water column. Biogeochemical processes in lotic and lentic flood
plain lakes, such as diffusive exchange at the sediment—water interface, decomposition of organic
matter and algal photosynthesis, are influenced by physical and chemical gradients in the water
column. In addition to lateral connectivity that links the main course of a river with flood plain
water bodies, the key factor influencing ecohydrology of flood plain lakes is vertical connectivity
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that assures the exchange between the surface and groundwater via infiltration into the alluvial
aquifer and exfiltration of phreatic water from the hillslope aquifer.

The aim of the paper is to investigate the relative contribution of river and groundwater, and
their influence on the chemical composition of flood plain lakes in the temperate zone of northern
Poland. Depending on the spatial heterogeneity of water between and within flood plain lakes, we
tried to detect physical and chemical parameters of water that are the most sensitive to any
hillslope and alluvial aquifers recharge.

MATERIAL AND METHODS
Study site

The study was conducted in the meandering sections of three rivers of northern Poland: the f.yna
River (Fig. 1) located 25 km north of Olsztyn — the largest city in the Warmia and Mazury region
between the villages of Smolajny and Laniewo; the Drweca River upstream to the village of
Bratian; and the Stupia River above the city of Stupsk. The distances between external oxbows
within each flood plain are less than approx. 12 km.

Fig. 1 Location of the study area.
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The studied river corridors in northern Poland are of high ecological quality, with flow
volumes depending on the mixed type of hydrological regime. Runoff per unit area in lowland
areas in Poland is generally low (5-7 L’ km? s), due to moderate rainfall totals (620 mm on
average) and high evapotranspiration rates. The presented river sections are characterized by
discharges of the same order of magnitude (from 11 m® s™ for the Drweca to 15 m® s for the
Stupia River), draining the areas of 1450-2725 km? (Table 1).

Table 1 Chosen characteristics of the three investigated rivers along meandering stretches: the Lyna River
(at Smolajny), the Drweca River (at Rodzone) and the Stupia River (at Stupsk).

Parameter Unit River — cross-section

Lyna- Drweca- Stupia-

Smolajny Rodzone Stupsk
River length from the outlet L, km 172.0 126.7 31.6
Watershed area A, km? 2290 2725 1450
Mean annual discharge Qavrs mis?t 14.7 11.2 15.0
Decennial flood discharge WQyg0, m* st 50.5 46.1 49.0
Discharge variability coefficient ~ Cv, — 0.439 0.442 0.450
Range of water stages H, cm 207 191 171
Channel slope I, mkm™ or %o 0.32 0.30 0.18
Average valley width W,, m 372 618 315
Channel sinuosity S, after channelization 1.36 1.66 1.21

S, before channelization 1.82 2.40 2.13

Average number of oxbow lakes  No1 km™ 3 10 4

per/1 km of the valley length

In catchments of north Poland, usually two distinct periods of accelerated water exchange are
observed during a year: spring snow melting and summer intensive rainfalls. The bottoms of the
river valleys are usually flooded in the spring months due to the snowmelt. In contrast to the
mountainous rivers of southern Poland (i.e. the upper Oder River tributaries) summer floodings do
not occur due to the intensive evapotranspiration and high retention capacity of the catchments.
The latter derives from the gentle slopes, and numerous lakes together with thick podzolics soils,
which result in attenuation of flood waves, predominance of groundwater outflow and prevailing
vertical movement of soil water through the upper soil horizons. However, there is evidence that
groundwater contributions to the runoff regimes of postglacial watercourses are significant due to
inputs from subsurface postglacial aquifers.

The research investigated oxbow lakes within the alluvium, which are relatively young river
valleys from a geological point of view (the Baltic glaciation, Pomeranian Phase). In the river
valleys, prevail proper alluvial soils, humous alluvial soils derived from sands and silts, as well as
peat-mud soils. On the areas adjacent to the bottom of the valley one may find brown and deluvial
soils derived from loams, silts and clays. The slope of the valleys is also covered by rusty soils,
arenosols and deluvial soils derived from sands. In bi-connected water bodies, the substratum
usually ranges from medium to coarse-grain mineral sediment (i.e. sand, gravel or pebbles),
depending on the frequency of connection and scouring flow velocity. Water bodies only
connected downstream are characterized by a fine mineral sediment (clay, silt), with moderate
organic content, resulting mainly from backflow inputs and deposits combined with in situ
production and deposition of organic matter. The sediment of disconnected water bodies consists
of deposits of autogenic organic matter (Glinska-Lewczuk, 2005).

The river landscape has changed over the last century. In the first half of the 20th century, the
studied sections of the rivers were reclaimed (straightened) to improve the outflow of water. The
consequence of the regulation was that numerous oxbow lakes appeared in the valleys. These
artificially created water bodies are characterized by a permanent water table, in contrast to those
naturally formed as a consequence of the fluvial processes.
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The measurements were done in situ in 22 flood plain lakes located in 3 valleys of the Stupia
(6), Drweca (6), and Lyna rivers (10) (Fig. 1). For the purpose of this study, oxbow lakes were
divided into three groups with respect to the degree of hydrological connectivity: of lotic (open),
semi-lotic (semi-open) and lentic (closed) character based on the assumptions described in
(Glinska-Lewczuk, 2009).

Measurements and data analysis

Using Multi-Parameter Water Quality YSI 6600 equipment with the following physicochemical
sensors: temperature T, dissolved oxygen (DO), pH, redox potential (ORP), specific electrical
conductivity (SEC), total dissolved solids (TDS), NH4N, NOs-N, CI, salinity, turbidity,
chlorophyll, designed for in situ monitoring and profiling, we monitored the vertical distribution of
the parameters. At least three or four points along the aquatic zone of each oxbow lake, and in the
adjacent main channel at each reservoir, were measured. Regular seasonal measurements taken
over a period of 3 years were necessary to determine if the water chemistry of oxbow lakes was
consistent.

Differences in the parameters between the main and former channels provided information on
possible groundwater influences. By comparing results of the measurements conducted in each
oxbow lake and the adjacent main channel, we evaluated the potential groundwater influences in
the oxbows. At locations where the measurements in the former channel varied significantly from
the measurement in the river channel, we inferred that groundwater contributed to the oxbow lake
water composition at a relatively high rate. At these sites, we also monitored groundwater samples
from transects of piezometers set-up perpendicular to a valley axis. In the paper we present results
obtained from one transect located in the Lyna River valley, chosen as the representative for the
illustration of the processes observed.

Clustering was performed using Ward’s hierarchical method that is designed to optimize the
minimum variance within groups. The similarities among samples were measured by the squared
Euclidean distance method. The relative importance of groundwater and hydrological connectivity
for explaining the variation in water quality parameters was evaluated by using multivariate
techniques. These multivariate analyses allowed for the comparison of different environmental
variables (i.e. lateral connection with the river channel, distance from the river, depth, physical and
chemical parameters). The ordination was carried out using Canoco 4.5 (ter Braak, 1995).
Ingradient analysis of PCA (Principal Component Analysis) was performed using default
(standard) options. A log-transformed hydrochemical data-set was used (ter Braak & Smilauer,
2002). The comparisons of hydrochemical parameters between the groups of ecosystems as
groundwater, three groups of oxbow lakes and river water were performed using one-way analysis
of variance (ANOVA) followed by Duncan test as a post hoc procedure (Statistica 7.1.PL).

RESULTS AND DISCUSSION

The influence of diversity of water sources that supply the oxbow lakes and temporal changes in
the intensity of the supply are reflected by changes in water quality parameters of the studied
ecosystems.

Water temperature

Temperatures of oxbow lake water showed a typical, seasonal pattern for the temperate climatic
zone, with minimum values of >0.3°C in January and February and maximum values in July of
>20°C.

The most distinct feature of the studied oxbow lakes is their variability in water temperature,
even within the same flood plain at any given time (Fig. 2). This thermal diversity results from
both the different origins of the water and the distance from the river channel. The gradients of
surface water—groundwater are the sharpest in lentic and semi-lotic environments due to the
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reduced current velocity. The most extreme were met in summer: the differences between surface
and the bottom achieved 6.61°C. As shown in the example of the lentic water body in the Stupia
River (Fig. 3), downstream arms exhibited bottom temperatures 3—-4°C lower in summer, whereas
in winter they were 1-2°C higher than the most remote site from the river. Summer temperatures
just below the water surface (0-20 cm) of the oxbow lake were of similar values.

Fig. 2 Variability in selected physical parameters of groundwater and water of oxbow lakes and rivers
within the studied meandering sections of the Stupia, Drweca and Lyna river valleys. C-denotes closed
(lentic) oxbow lakes, S-O — semi-open (semi-lotic) and O-open (lotic) oxbow lakes. The same letters
denote groups of homogeneous means (ANOVA), not different in the Duncan’s test at P<0.05.
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Fig. 3 An example of summer and winter vertical profiles of selected water quality parameters (T, DO
and SEC) in the lentic oxbow lake SS2 in the Stupia River valley characterized by the highest gradients,
since measured.
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In the flood plain of the Stupia River, during one summer series of records in 2005, we
noticed differences up to 8.42°C at the surficial water of oxbow lakes (from 13.93 to 22.35°C)
whereas in the Lyna River we noticed thermal differences as high as 8.3°C (from 16.38 to
24.70°C). The significantly lower temperatures characterized water of lake basins deeply incised
into the bottom edge of the valley hillside. Those ecosystems supplied by colder groundwater, may
serve according to Tockner et al. (1999) as “cold-water” refugia for biota.

Water aeration

Two seasons of oxygen decrease (5.0-7.0 mg L™) and, in the case of disconnected oxbow lakes,
deficiency may be distinguished: the first one during snow and ice cover (December—March) and
the second one during the warm, dry summer months (June—September). The concentration of
dissolved oxygen increased rapidly just after ice cover melting in early spring (April). This “deep
breath” caused a short-term over-saturation achieving 13.0 mg O, L™. During autumn, the second
period of the oxygen increase was noted, but was significantly lower in comparison to the spring
period (9.0 mg O, L™).

Due to the intensive changes in oxygen content in oxbow lakes, all determinants connected to
biochemical processes exhibited distinct fluctuations over time and demonstrated a wide range of
values (Fig. 3). Dissolved oxygen vertical profiles throughout the study sites were not stratified,
although there were substantial differences in DO concentrations among habitat types. The oxygen
content declined with increasing depth of water and lateral distance from the river channel. In lotic
environments, the river water permanent movement assured constant aeration and no deficits were
recorded. The effect of backward input of river water via a downstream arm to semi-lotic oxbow
lakes significantly increased aeration. The group of lentic oxbow lakes suffered from long-term
oxygen deficits embracing the entire water column, particularly in summer and in winter when ice
cover was prolonged. Any available oxygen particles immediately take part in numerous biogeo-
chemical reactions and respiration of the organisms. As the alluvial aquifers tended to be sub-oxic,
as shown in Fig. 2, by relatively low dissolved oxygen and ORP, groundwater does not recharge
the ecosystem in this gas. In lentic and semi-lotic water bodies it is difficult to indicate precisely
the influence of low-saturated groundwater, especially when the groundwater and oxbow lake
water show similar values (no statistical differences at P<0.05). However, in summer at the most
remote vegetation-free sites, DO contents were lower, even by 1-2 mg O, L™ (Fig. 3), when
compared to downstream/upstream arms.

In lentic reservoirs, chlorophyll and turbidity may be co-indicators of groundwater recharge.
They mainly depend on phytoplankton development, which is controlled by the oxygen and light
conditions as well as nutrient content in the water. Within semi-lotic lakes, still connected at their
downstream ends, longitudinal gradients of turbidity decreased with the distance to the main river,
as a result of river backflow.

pH, electrical conductivity and suspended solids

Although all types of water bodies were circumneutral (pH = 6.1-8.2) and showed an average
degree of mineralization, the oxbow lakes had the lowest values when expressed in both electrical
conductivity (average SEC = 442 puS cm™) and concentrations of total dissolved solids (TDS =
0.303 g L™). A range of hydrochemical environments can be noticed across the studied flood
plains. Some general trends emerged between hillslope and alluvial aquifers, represented by the
transect of four piezometers near to a semi-closed oxbow in the Lyna River valley near Smolajny.
In Fig. 4, significantly higher SEC values can be seen along the hillslope (p.12—p.14) which
amounted on average to 600 uS cm™ when compared to alluvial water (p.15) which directly
influences the oxbow lake and the river (about 380 puS cm™).

Among the three types of oxbow lakes, the widest range in mineralization showed the lentic
type. Similarly to other types of oxbow lakes, vertical profiles of specific conductivity had the
highest values at the bottom. The near-bottom SEC values were very sensitive to the groundwater
recharge. Based on the example of a lentic flood plain lake presented in Fig. 3, at its
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Fig. 4 Changes in water level across the Lyna River valley monitored in the transect of piezometers and
semi-lotic oxbow lake S2 and the Lyna River at Smolajny. Lower chart illustrates distribution of
changes in electrical conductivity in studied waters. Dots indicate median value, boxes 25 and 75
percentiles and whiskers minimal and maximal values. The same letters denote groups of homogeneous
means (ANOVA), not different in Duncan’s test at P<0.05.

most remote site from the river, where groundwater showed significantly elevated SEC values, we
noted the increase in this parameter to 400 pS cm™ when compared to 240 pS cm™ at the
downstream and 280 pS cm™ at upstream arms. In light of the above, higher specific conductivity
and lower pH values in closed oxbow lakes when compared to the river water could be good
indicators of groundwater supply.

The amount of suspended solids and the consequent turbidity depend mainly on the origin of
the water. Groundwater is characterized by a very low suspended load while rivers transport a lot
of suspended matter. A progressively higher load of suspended solids, together with a decreasing
organic content vs the increasing connectivity to the main channel, can be seen. Water bodies
where the groundwater supply prevails (lentic) showed a very low suspended load while the
channels bi-connected with the river showed markedly higher concentrations of suspended matter.

In the example of the Lyna River valley, every studied surface and groundwater environment
shows its individual hydrochemical character (Fig. 5). The data set, which consisted of pH, DO,
TDS and SEC values, allowed for clustering the aquatic environments. The river-dependant
habitats were semi-open (S-O) and open (O) lakes. Closed (C) lakes and ditches dewatering the
valley floor were closely related to alluvial waters while hillslope aquifers created a cluster of
water in piezometers located along the valley slope (p.12—p.14).

Nutrient content

In the water of the studied oxbow lakes, the nutrient content of groundwater origin is
superimposed by other factors dependant on the retention time of the water and nutrient uptake by
primary producers. During relatively infrequent and short-term overflows we also noticed
disrupted gradients in nutrient contents in oxbow lake water.
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Fig. 5 Clustering tree diagram based on pH, TDS and SEC data set for the Lyna River valley (Ward’s
method, Euclidean distance).

Dissolved nutrient contents, here referred to as NOz-N and NH,-N in flood plain water bodies,
generally increased with connectivity to the river. Within semi-open lakes we found distinct
longitudinal gradients in nitrate- and ammonium-N resulted from the upstream groundwater
supply mixing with the river backflow at the downstream end.

In terms of NO3z-N concentrations, oxbow lake water is not significantly different from the
river or alluvial groundwater (Duncan test, P<0.05). Ammonium concentrations were statistically
higher in closed oxbow lakes and also tended to increase with depth below the water surface.
Advanced processes of eutrophication at reducing conditions are responsible for the statistically
higher ammonium concentrations in this group of oxbow lakes.

The forms of mineral-N present in the alluvial and hillslope aquifers were related to indicators
of the redox status of the aquifer (Fig. 4). These differences in reducing conditions were reflected in
the distribution of the mineral-N species. Ammonium had the opposite pattern to NOs-N, with
concentrations generally increasing from the top to the foot of the slope (Fig. 2). The groundwater in
hillslope aquifers in agriculturally used areas is nitrate-rich: it is three times higher at top- and mid-
slope (1.23 and 1.32 mg N L™, respectively) than at foot-slope, alluvial aquifers or river water.
Although alluvial aquifers provide relatively nutrient-poor water, low levels of NO;-N in lentic water
bodies also result from the biogeochemical processes and the nutrient uptake by plants.

PCA performed on physico-chemical parameters in the flood plain water bodies and
environmental variables explained 59.08% of the variance in time (Fig. 6). All parameters
involved in biochemical processes such as nitrates, pH, dissolved oxygen (ORP) were strongly
negatively correlated to the distance from the river and depth of the water body. SEC, salinity and
NH4-N were grouped on the first axis, which corresponds to the distance from the river, but they
are negatively correlated to redox potential (ORP). Suspended solids were positively correlated to
the second axis, which was linked to the environmental variables, including hydrological
connectivity of a given water body, a distance of a sampling point from the river, as well as the
oxbow’s depth. PCA also showed an opposite trend between nitrates, turbidity and chlorophyll in
the oxbow lake water and TDS. The multivariate method (PCA) confirmed the significance of
vertical hydrological connectivity as the main factor responsible for the dynamics of
physicochemical parameters of water in each flood plain lake.
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Fig. 6 Results of the principal component analysis (PCA) between environmental (nominal) variables
and physico-chemical parameters of oxbow lake water.

CONCLUDING REMARKS

Considering the processes related to the lateral or vertical hydrological connectivity of flood plain
lakes, we observed seasonal changes in physical and chemical properties of some ecosystems that
function in postglacial river valleys in temperate climate zone in northern Poland. The amount of
water the oxbow lake receives from each of these depends on the position of the wetland in respect
to the surface topography and the groundwater table (Trémolieres et al., 1993; Tockner et al.,
1999) which are very often imposed by effluents from intensively agriculturally-managed
reclaimed areas (Glinska-Lewczuk, 2005). For this reason, in spite of the close spatial arrangement
along one flood plain, they may undergo different rates of dynamic changes, succession and
evolution. The degree of connectivity with the parent channel is responsible for heterogeneity of
the ecosystem productivity (Amoros, 2001; Amoros & Bornette, 2002) Lotic oxbow lakes are
particularly open to exchange of matter with the river, which leads to higher concentrations of
macroelements. Ecosystems isolated from the nearby river for most of the year acquire a lentic
character that promotes autogenic, mainly organic, matter cycling. This results in changed
macrophytes species composition, especially those adapted to anoxic conditions at the bottom, as
well as decreased productivity of such ecosystems due to e.g. denitrification.

Nevertheless, high gradients of temperature, dissolved oxygen contents in some vertical
profiles oxbow lakes indicate active exchange of ground and surface water. It is evidence that
those water bodies must exist with a sufficient discharge potential of alluvial or hillslope aquifers.
Therefore, such high gradients as presented in the paper meet the conditions listed by Amoros
(2001): (i) a hillslope alluvial aquifer must exist with a sufficient discharge potential; (ii) the slope
within the water body must be steep enough to drain groundwater out from the aquifer and release
it downstream; (iii) the impact of the expected groundwater drainage on the surrounding water
tables must be assessed and found to be acceptable.

Those ecosystems, which do not show such gradients in the water column, could be deprived
of groundwater supply as the result of blocking by fine sediment accumulation. In such reservoirs
the eutrophication and subsequent terrestialization occurs at a faster rate (Bornette et al., 1994).
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The assessment of the direct influence of hillslope and alluvial aquifers on functioning of the
oxbow lakes is obscured by numerous biogeochemical processes in aquatic environment. Dense
plant cover also has a profound effect on water temperature and pH. In winter, under long-term ice
cover, where no external aeration is possible, oxygen reserves are quickly utilized for respiration
and decomposition and the oxygen deficits may only be increased by sub-oxidized groundwater.
The close relation between hydrological conditions and the three oxbow lakes groups suggests that
the clustering approach based on water chemistry data could be used for the assessment of
groundwater recharge susceptibilities.

The share of riverine and groundwater water sources in supplying oxbow lakes is highly
variable due to periodical flood pulses. In periods of high hydrological intensity, the water cycling
within the valley is accelerated and oxbow lakes are fed primarily by river water. Soon after the
flood, they slowly release the water back to the river (Galat et al., 1998). Afterwards, groundwater
discharge to an oxbow lake dominates over the riverine and transforms properties of water in the
lake. Our data on longitudinal gradients in physical parameters within the single loop of a flood
plain lake confirm the results of Juget et al. (1979) on cut-off channels in the Rhone flood plain
and of Klein et al. (1995) on the Rhine, who showed decreasing turbidity and suspended solids
contents and explained it as a result of the mixing effect of upstream groundwater with river
backflow at the downstream arm.

Our research confirmed the significance of groundwater for the ecological succession of
oxbow lakes. The data demonstrated, that nutrient-poor alluvial groundwater may have a diluting
effect on nutrient concentrations in flood plain ecosystems and could initiate regression from a
highly eutrophic state to a mesotrophic state. When the oxbow lake is intensively supplied by
nutrient-poor groundwater, its water tends to be more meso- or oligotrophic, like that also
described by Piégay et al. (2001). Lower nutrient concentrations discharged to the flood plain
lakes with alluvial groundwater may constrain the rate of eutrophication of a lake, and limit the
contribution of organic matter to the in-filling of its basin. Oxbow lakes with a regular
groundwater supply tend to fill in at relatively slower rates than those without the supply (Piégay
et al., 2001).
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