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Abstract

The tree-ring signal for flooding along the Ob River, a large Arctic River in western Siberia, is investigated using a combination of floodplain tree-ring
sites from riparian and non-riparian settings. A conceptual model is presented contrasting tree-growth responses of riparian and non-riparian trees to
unusually severe flooding. A set of five riparian (Salix and Populus) tree-ring chronologies is developed and used in combination with existing floodplain
non-riparian Larix and Pinus chronologies in a binary classification tree (CT) model to classify high-flood years, defined as a Salekhard water-level gage
reading in the seasonal window from May | to August 3| of above 470 cm for 82 or more consecutive days. Correlation and regression identifies a
nonlinear relationship of riparian ring widths to discharge and flooding: higher annual discharge generally leads to higher growth, but the relationship
reverses in extreme-flood years. Micrographs highlight the suppression of width and occasional distortion of cell anatomy in selected trees. CT modeling
guided by cross-validation yields a CT model with a primary split on the riparian ring width and secondary split on the non-riparian ring width. The model
successfully identifies four of the eight most severe high-flow years, 1934-2014. The model further identifies two years (1885 and 1914) before the start
of the gaged record in 1934 as high-flow years. No appreciable difference is found in frequency of high-flow years before and after 1956, when the first
major reservoirs began filling upstream of the Lower Ob. The CT modeling approach is proposed as a novel approach to dealing with nonlinearity in

reconstructing flood history of Arctic rivers from tree rings.
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Introduction

Riparian tree rings can provide information on river discharge
and flood history before the start of gaged discharge records.
Although dendrohydrologists have generally favored non-
riparian trees for streamflow reconstruction (Meko and Wood-
house, 2011), studies have identified a variety of hydrologic
signals in riparian tree-ring width and cell anatomy (Boucher
et al., 2011; Copini et al., 2016; Kames et al., 2016; St George
and Nielsen, 2002; Yanosky, 1983), and have exploited these
signals for reconstruction of time series of flood-related vari-
ables (e.g. Kames et al., 2016; Therrell and Bialecki, 2015).
Methods of extracting flood records from tree rings are
reviewed by Ballesteros-Canovas et al. (2015). The timing of
flooding relative to tree phenology is important, as flooding
may leave no trace on ring width if the flood recedes before the
start of spring growth (e.g. Denneler et al., 2010).

The Ob River, in western Siberia, is one of the three large
Eurasian Arctic rivers that contribute a combined 45% of the
freshwater inflow to Arctic Ocean (Shiklomanov et al., 2000).
The Ob is attractive as a test site for riparian dendrohydrology
because of the presence of undisturbed (by man) stands of ripar-
ian trees, previous work in tree-ring chronology development
(Agafonov, 1998; Agafonov et al., 2016), and the importance of
discharge and flooding to ecology and climatology. The Ob’s
inflow of heat and freshwater to the Arctic Ocean is critical to the
deep circulation of the ocean and global climate system (Aagaard
and Carmack, 1989).

In a previous study, the authors investigated the discharge
signal in non-riparian tree species Larix sibirica and Pinus
sibirica growing on slightly elevated locations in the floodplain
within a few hundred meters of the Ob channel, and developed
a reconstruction of December—July average discharge at Sale-
khard, 17052012, from a network of 11 tree-ring chronologies
(Agafonov et al., 2016). The conceptual model for that recon-
struction was that tree growth in those setting is reduced by
cool air temperature at the start of the cambial growth season,
and that high discharge and associated broad flooding keep air
temperature low in the vicinity of the tree sites through chan-
neling of solar energy into evaporation of water from the broad
floodplain rather than into heating of the land surface and air
(Agafonov, 1998; Agafonov and Mazepa, 2001).

In this paper, we explore how ring widths of riparian trees
along the Lower Ob can be used in combination with the non-
riparian tree-ring signal just mentioned to identify extreme
Ob River flooding. A few studies have looked specifically at
the response of riparian trees along the Ob River to flooding
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Figure 1. Ob River basin and sampling points. Symbols mark six locations of riparian tree-ring sites (diamonds) and eleven non-riparian sites
(squares) from Agafonov et al. (2016). Riparian trees were sampled near map points A, B, C, and D (see list in Table | for details). Stream gage

location is at Salekhard.

(e.g. Agafonov, 1995, 1996; Bokk, 1985), but as yet have not
used the signal for flood reconstruction. We apply new col-
lections of tree-ring sites to develop five standard chronolo-
gies of riparian sites, investigate the statistical signal for
discharge and flood duration in the chronologies, and explore
the use of a binary classification tree (CT) model to identify
high-flood years. The model is then used to infer occurrence
of high-flood years prior to the 1934 start of the gaged
streamflow record at Salekhard.

Study area

The Ob River Basin, with a drainage area of 2,972,497 km?,
stretches across the West Siberia Plains of Russia and includes
parts of Kazakhstan and China (Figure 1). The Ob flows into the
Arctic Ocean through the Gulf of the Ob and Kara Sea. Headwa-
ters are in the Altai-Sayan Mountains of Inner Asia. These moun-
tains contribute some runoft from glacier melt and much more
from melting of deep mountain snowpack (Revenga et al., 1998).
Additional major components of runoff are snowmelt from the
vast area of the West Siberian Plains, and rainfall in the warm
season. The basin has a continental climate with a warm-season
rainfall peak. Flow of the Ob is largely snowmelt driven, as shown
by the mean monthly hydrograph for the gage at Salekhard, near
the mouth of the Ob (Agafonov et al., 2016). Monthly discharge
typically peaks in June, with seasonal flooding dependent on the
various runoff sources and modulated by timing of the spring ice
break (Agafonov et al., 2016). Permafrost is not common in the
Ob River Basin; less than 2% of the basin is underlain by continu-
ous (90% or more of exposed land) permafrost (Zhang et al.,
2005).

All tree-ring chronologies used in this study are located along
the Lower Ob, the reach below the confluence of the Irtysh River

with main stem of the Ob (Figure 1). The collections, made in
boat expeditions led by L. Agafonov between 1997 and 2017, are
described in the next section. Any flood and discharge signal in
these tree-ring data will include effects of upstream reservoirs in
modifying the flow. Total reservoir storage capacity of the Ob is
about 15% of the mean discharge (Yang et al., 2004). Three large
(>1 km?® storage) reservoirs are located upstream of the conflu-
ence of the Irtysh and the main stem of the Ob (Adam et al.,
2007). The exact impact of these reservoirs, two of which began
filling in 1956, on floods along the Lower Ob is not known, but
studies using hydrologic models (Adam et al., 2007) as well as
gaged streamflow (McClelland et al., 2004) suggest appreciable
modification of seasonal flows.

Materials and methods

Monthly discharge data for the Ob River at Salekhard (Figure 1)
for 1936-2009 were downloaded from the ArcticRIMS database
(http://rims.unh.edu/) for the purpose of summarizing correla-
tions of riparian and non-riparian tree rings with seasonally aver-
aged discharge. Time series of discharge averaged over 12 months
and over the four warm-season months from May to August
underscore the higher flows associated with spring flooding, as
well as the high interannual variability of flows (Figure 2).

Daily water levels at Salekhard for 1934-2014 were obtained
from the State Hydrological Institute in St Petersburg, Russia, for
the purpose of deriving time series related to duration of inunda-
tion of riparian trees. Ob River discharge at Salekhard closely
tracks Ob water levels throughout the Lower Ob River Basin
(Agafonov and Mazepa, 2001). We defined ‘high flow’ time
series as the maximum number of consecutive days each year
with water level at Salekhard above some specified gaged level,
and developed a graphic to display the high-flow history.
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Figure 2. Ob River discharge at Salekhard for two hydrological seasons, 1937—2009. Long-term means (horizontal black lines) are 12,770 m®/s
for September—August, and 24,944 104 m>/s for May—August. Series are significantly correlated (r = 0.88, N = 73, p < 0.01). Seasonally averaged
discharge is slightly positively autocorrelated (Supplemental Table S1, available online).

Table |. Statistics of riparian tree-ring width chronologies.

Map point? Site ID® Sample size N/Nf Span? R,.° N; EPS year?
EPS > .85f

A SPS 16/8 1936-2017 (1936) 0.41 9 -

B POP - - - - -

C OLA 30/24 1901-2014 (1836) 0.57 5 1919

C SBA 57/35 18802014 (1880) 0.51 6 1884

D OBE 14/11 1834-1997 (1834) 0.35 1 1952

D SBG 19/10 1939-1997 (1939) 0.65 4 1942

2Map points in Figure | are A = Tokhotgort (65.747796 N, 64.982858E), B = Kazym (63.557119 N; 65.826463E), C = Oktyabrskoye (OLA—-62.316644
N, 66.019693E and SBA-62.280589 N, 66.422280E), and D = Belogorye (61.057127 N, 68.574762E). No chronology was developed at site POP; rings

from those trees were used only for micrographs to illustrate ring-width suppression in 1979.

bSite ID: SPS is Salix dasyclados; SBA and SBG are Salix alba; OLA, OBE, and POP are Populus tremula.

‘Number of cores (N.) and number of trees (N;) in the developed site chronology.

9First and last year of standard chronology, with approximate first year of oldest tree collected at site in parentheses (chronology truncated to exclude

data with questionable dating).

¢Average between-series correlation of detrended ring-width series over uniform common period 1948-1997.
fRequired number of trees for critical expressed population signal (EPS; Wigley et al., 1984) of 0.85 or higher.
8Earliest year sample size large enough for EPS of 0.85; sample for SPS never reaches that threshold.

Principal components (PCs) of 11 standard chronologies of
Larix sibirica and Pinus Sibirica that summarize non-riparian
tree-ring variations along the Lower Ob were downloaded from
Supplemental Material of Agafonov et al. (2016), who had used
PC1 and PC4 to reconstruct the average December—July dis-
charge at Salekhard, 1705-2012.

For this study, we developed five new site chronologies to
characterize the riparian tree growth along the Lower Ob. Core
samples were collected from riparian trees of willow (Salix) and
poplar (Populus) species at four distinct locations along the
Lower Ob River between 1997 and 2014 (A-D in Figure 1). Sam-
ples were dated by visually matching patterns of wide and narrow
rings, and rings were then measured to an accuracy of 0.01 mm
using a sliding stage and microscope (Stokes and Smiley, 1996).
Dating and measurements were revised as needed with guidance
from the quality-control program COFECHA (Holmes, 1983).

Site tree-ring chronologies were developed at sample points A,
C, and D (Figure 1). Cores from a few Salix at an additional point
(B; Figure 1) were used only to develop micrographs to illustrate
ring-width suppression and cell anomalies in extreme-flood years.
Micrographs were also produced from selected cores of Salix and
Populus at the other sites. Cores from only one or two trees at each
sites were selected for this purpose from wood samples stored at
the Institute of Plant and Animal Ecology in Ekaterinburg. Ring-
width chronologies were standardized to dimensionless indices
with program ARSTAN (Cook et al., 2007). To remove trend

possibly associated with tree size or age, each measured ring width
series was fit with a cubic smoothing spline (Cook and Peters,
1981) whose frequency response is 0.5 at a wavelength equal to
the length of the series. ‘Core indices’ were then computed as the
ratio of ring width to the value of the fitted curve. The standard site
chronology in any year was computed as the robust mean of the
available core indices at the site. During chronology development
with ARSTAN, variance-stabilization was implemented in two
stages to reduce the likelihood of spurious trends in variance of the
site chronologies: the first was adjustment of the site chronology to
remove trend because of temporal changes in the number of cores
averaged to produce the site chronology (Osborn et al., 1997) and
the second was removal of any residual trend in the chronology
variance by detrending of the absolute departures of the site chro-
nology from its long-term mean with a cubic smoothing spline of
the same flexibility as used to detrend the ring-width series (Meko
et al., 1993). The adequacy of sample replication was summarized
by the expressed population signal (EPS; Wigley et al., 1984).
Computed EPS values indicate that only the Salix chronology SBA
and the Populus chronology OLA have sufficient replication for
reliable characterization of the population tree-ring signal in years
before the start of the daily water-level measurements at Salekhard
(Table 1). Replication is strongest for SBA, which begins in 1880
and reaches its critical EPS of 0.85 in 1884.

For subsequent analysis, riparian tree-ring growth was sum-
marized by the average of the two longest standard chronologies,
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Figure 3. Sketch contrasting exposure of riparian and non-riparian
trees to seasonal flooding. The riparian sites (Salix and Populus) are
typically inundated each year, sometimes to a meter or more up the
trunk. The non-riparian sites (Larix and Pinus) are above inundation
even in high-flood years.

SBA and OLA, 1884-2014, and by the first principal component
(PC1) of all five riparian chronologies, 1939—1997. The principal
components analysis (PCA) for that series was run on the corre-
lation matrix of the standard chronologies (Mardia et al., 1979).

Selected samples of rings of Salix and Populus were examined
with thin sections to illustrate cell anatomy in flood years. We cut
the samples to a thickness of ~20 um, stained them with safranin,
and then took digital images at 40X magnification.

We evaluated the relationship of riparian ring widths to river
discharge and water level in three ways. First was with scatter-
plots and the Pearson correlation coefficient (Wilks, 1995).
Significance of correlation was tested using a Monte Carlo
method: for a tree-ring series x and hydrologic series y, the
sample correlation, 7, of x with y was compared with the distri-
bution of sample correlations of y with 10,000 simulations of x
generated by exact simulation (Percival and Constantine,
2006). Exact simulations retain the spectral properties, and so
the autocorrelation, of the observed series. A sample » larger
than 97.5% of the correlations for the simulations was taken to
indicate significance of correlation at oo = 0.05. The Monte
Carlo approach circumvents assumptions (normality and lack
of autocorrelation) necessary for theoretical confidence inter-
vals for the Pearson correlation.

Second, stepwise regression (Weisberg, 1985) was used to
check whether riparian ring widths explain significant addi-
tional variance of average discharge (seasonal) beyond that
already explained by the PCs of the 11 non-riparian chronolo-
gies used by Agafonov et al. (2016) to reconstruct December—
July Ob River discharge. The predictor pool contained the same
PCs of non-riparian chronologies used by Agafonov et al.
(2016), augmented by the average of the two well-replicated
riparian chronologies. Predictors were entered or removed in
stepwise regression using a p-to-enter of 0.05 and p-to-remove
of 0.10.

Finally, nonlinear aspects of the relationship of the flood-
plain ring-width indices to water level were tested using a
binary CT model (Clark and Pregibon, 1992; Hastie et al.,
2013). This type of model has previously been applied in den-
droclimatology to classify years of a very wet summer mon-
soon in the American Southwest (Meko and Baisan, 2001). In
our application, the predictand is a binary variable indicating a
year of persistent high daily water level, and the predictors are
tree-ring variables of non-riparian and riparian ring width. The
different exposure of the riparian and non-riparian sites to inun-
dation (Figure 3) is critical to the reasoning for the CT model.
The riparian trees are inundated to different levels and dura-
tions each year; growth is hypothesized to be favored by flood-
ing, up to some level above which the flooding is detrimental to
growth. The non-riparian trees, on the contrary, following
Agafonov et al. (2016), are hypothesized to generally grow
slower with increased discharge and broader coverage of the

floodplain by water. Those non-riparian tree-ring sites are not
inundated by flooding (Agafonov, 1998).

CT modeling was done following Hastie et al. (2013) and was
programmed in MATLAB for a binary predictand (high flood or
not) and two numeric predictors, representing width of riparian
and non-riparian trees. The algorithm for such a setup searches
each of the predictors to identify the predictor and the threshold
giving the best possible classification of the predictand. ‘Best’
was judged by minimum deviance (Hastie et al., 2013) over the
two resulting nodes. Those nodes are further split to classify their
subsets of observation. The process is repeated until no further
splits are possible: all nodes are pure or another split would result
in too few observations in a terminal node. We did not specify a
minimum node size, so that a terminal node could conceivably
contain just one observation. The end result is a full ‘classification
tree’, with many splits and terminal nodes. Accuracy of classifica-
tion by the tree was judged by the weighted classification error
averaged over the terminal nodes.

The process just described will typically yield an overly com-
plex CT that overfits the data. To avoid this problem, we applied
K-fold cross-validation (Hastie et al., 2013) in an initial run of
tree-fitting to identify a reasonable cutoff number of splits, m,
beyond which further splitting is likely to result in a decrease of
skill when the model is applied to data outside the calibration set.
We then re-fit the m-split model using all available observations
to arrive at our final CT. This CT was then applied to classify
flood years before the start of the gaged daily water-level mea-
surements, back to the start of the available riparian tree-ring
predictor.

Results and discussion

High-flood years

The flood history of the Ob River as measured at Salekhard is
characterized by occasional years with weeks to months of persis-
tent high water level (Figure 4). Each year the Ob River floods to
a different maximum elevation along the floodplain and the water
remains high for differing durations. May 1 to August 31 was
selected as the window for the color mapping because water-level
data are sparse before May, and water-level variations after
August are probably unimportant to the growth of the current
year’s ring in the riparian trees. The highest annual daily gage
reading has a range of about 2 m, from 454 cm on May 24, 1954,
to 654 cm on May 30, 1987.

The color map in Figure 4 emphasizes the variety of flood
elevation and duration in high-flow years. Year 1979 is excep-
tional for flooding of long duration to a high gage reading; the
high yellow bar for 1979 indicates ~100 consecutive days above
550 cm. Year 1941 is characterized by unusually long inundation
above 550 cm, but has much shorter inundation than 1979 at
lower gage readings. Year 2007 is characterized by long inunda-
tion above 500 cm, but no inundation above 550 cm. These varied
signatures of floods are likely driven by differences in spatial dis-
tribution and timing of precipitation and melt over the basin,
modulated by timing of ice break and, likely to some extent, after
1956, by reservoir operation. An extremely long period of inunda-
tion is most probable with sequencing of pulsing of melt from the
high mountains (Altai Mountains) and the West Siberian Plains,
followed by runoff from precipitation in an unusually wet spring
and early summer.

For any gage reading, or y-axis level in the color map, a single
time series can be extracted of maximum number of consecutive
days of inundation. Such a time series for gage reading of 580 cm
emphasizes the flood severity in 1979 (Figure 4a). Using a thresh-
old of N > 20 consecutive days of water level above 580 cm, the
four years 1941, 1971, 1979, and 1999 are defined as ‘high-flood’
years at 580 cm. The daily progress of water level change usually
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Figure 4. Flood history of Ob River as summarized by duration of high water level: (a) Color map of maximum number of consecutive days
each year with water level at Salekhard above a specified gage reading during interval from May | to August 31. For example, water level in
1979 persisted above gage reading of 580 cm (white horizontal line) for more than 40 consecutive days, and above 550 cm for 100 consecutive
days. (b) Time series representing one slice of color map, specifically for gage reading of 580 cm. Red line gives corresponding count of total

days, which usually is the same as number of consecutive days.

leads to one peak, so that the number of consecutive days above x
equals the total number of days above x. An exception is 1979,
when a secondary pulse of runoff pushed the water back above
580 cm after it had receded from an earlier persistent interval
above 580 cm.

Covariation of riparian and non-riparian tree rings

The five standard riparian chronologies listed in Table 1 are
weakly intercorrelated over their 1939-1997 common period. All
elements of the correlation matrix except two are above » = 0.18.
Correlation ranges from » = —0.10 between OBE and SBG and to
r = 0.54 between SBA and SBG. That lowest correlation is for a
pair of chronologies of different species, including one chronol-
ogy (OBE) with weak replication. The highest correlation is
between two Salix chronologies, each with a strong common sig-
nal as measured by the mean between-tree correlation (Table 1).
PC1 of the PCA on the five chronologies has positive weights on
all sites and explains 44% of the tree-ring variance (Supplemental
Table S2, available online). PC2 is a contrast of growth in Salix
and Populus.

The time series variations in riparian PC1, 1939-1997, are
tracked closely by the two-site mean of chronologies SBA and
OLA, here used to represent riparian tree-ring variation over the
much longer period 1884-2014, and referred to from now on as

Rip2 (Figure 5a). The four previously identified high-flow years
correspond to lows in Rip2, consistent with long inundation being
detrimental to growth.

Non-riparian tree growth is insignificantly correlated (» =
0.03, N = 129 years) with riparian tree growth over the 1884-2012
common period of Rip2 with PC1 of the non-riparian chronolo-
gies. Two of the high-flood years (1971 and 1979), however, cor-
respond to low growth in both series (Figure 5).

Tree-ring signal for river discharge and floods

The riparian and non-riparian trees have distinctly different statis-
tical relationships to annual discharge over a 1937-2009 common
period (Figure 6). For the non-riparian trees, both the cloud of
points and the correlation highlight a significant negative rela-
tionship, consistent with the conceptual model proposed by Aga-
fonov et al. (2016) of tree-ring response to cool air temperature
driven by broad flooding. In contrast, the correlation for the ripar-
ian tree-ring series is near zero and insignificant. If the four high-
flood years 1941, 1971, 1979, and 1999 are omitted, this
correlation rises from » = 0.03 to » = 0.21, which still is not sig-
nificant at oo = 0.05 for the given sample size. The main part of
the cloud of points in the riparian scatterplot suggests, however, a
positive relationship of growth with annual discharge (Figure 6a).
This scatterplot therefore suggests a nonlinear relationship, with a
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Figure 5. Time series of tree-ring width variation in riparian and non-riparian trees. All series plotted as z scores computed using common-
period (1939—1997) means and standard deviations. (a) PC1 of the five riparian chronologies listed in Table | (pink), and the two-site average
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reconstructing annual flows of Ob River at Salekhard. Vertical dashed lines mark the four years with the longest duration (consecutive days) of

water level at Salekhard above gage reading of 580 cm (Figure 4).
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correlation is flagged (***p < 0.001).

generally positive growth response to discharge breaking down in
high-flow years, defined here as an unusually long period of inun-
dation to high elevations on the floodplain. The background posi-
tive relationship can be explained by the strong dependence of
riparian trees on abundant moisture. Moderate drying out of the
root zone, combined with increased evaporative demand, in hot
dry years could induce water stress in the trees in the critical
period of cambial growth. Positive growth response to moisture
has been used in reconstruction of discharge in northern latitudes
of the USA Great Plains (e.g. Meko et al., 2015).

Micrographs illustrate the severe suppression in ring width for
the two different species at four widely separate locations along
the Ob in 1979 (Figure 7) and for the different species at one par-
ticular location in 1999 (Figure 8). Three of the four samples
show a micro-ring in 1979. This is likely an effect of long inunda-
tion on reducing the access of roots to sufficient oxygen and
delaying leaf development (Kozlowski, 2002; Rood et al., 2010).
Sample D-OBE9 is different in showing no suppression of
growth, but a disruption in the normal shape and density of ves-
sels near the transition of earlywood to latewood. Such impacts of
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Figure 7. Micrographs illustrating tree-ring anomalies in 1979 in riparian Salix and Populus at different locations along the Ob River. Label at
lower left indicates sampling point (Figure 1) as well as site (Table |) and tree number. For example, upper right photo is Salix from SPS site,

tree 4, map point A in the northern part of our sampling transect.

Populus

Figure 8. Micrographs illustrating tree-ring anomalies of 1999 in riparian Salix and Populus at same sampling point (C) along the Ob River.

floods on vessels have been reported elsewhere (e.g. Copini et al.,
2016; Kames et al., 2016; Schweingruber, 1996). Studies have
also documented mechanisms of some species to cope with inun-
dation and mitigate its effects on growth (Frye and Grosse, 1992;
Glenz et al., 2006). The micrographs for 1999 similarly highlight

ring-width suppression and, in one sample, anomalous cell anat-
omy. In sample C-OPBI, the typical vessel diameter in 1999
appears much smaller than in the adjacent rings. Tree-ring studies
elsewhere have noted that inundation tends to produce vessels
with reduced diameter (e.g. Kames et al., 2016). The development
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of annual time series of average vessel size for correlation with
discharge or water level was beyond the scope of our study, but
should be a goal in future work.

Tree-to-tree differences in cell anatomy and width suppression
in specific flood years, as illustrated in the micrographs, might be
expected from sampling variability, as a multitude of climatic and
non-climatic factors influence growth. Attention to sample repli-
cation can help deal with that problem in developing riparian
chronologies for flood reconstruction. Our data set clearly
includes some sites requiring greater sample size, as suggested by
the EPS statistic (Table 1). A more systematic factor in tree-to-
tree differences is likely to be the differing elevations of the sam-
pling locations of individual trees. If possible, future collections
should include accurate data on tree elevation, as a meter or so
difference in elevation could make an important difference in
length and height of inundation. Such resolution is not possible
with the handheld GPS (global positioning system) units typically
used in tree-ring fieldwork.

Some studies have reported multiyear tree-ring suppression
following flood episodes (Yanosky, 1983). Micrographs as well
as measured tree-ring widths showed no evidence for a multiyear
flood signal in our samples. The riparian tree-ring index plotted in
Figure 6a was above normal (1.0) in the years immediately fol-
lowing the four annotated marked flood years. A stepwise linear
regression of non-riparian tree-ring PC1 (see Figure 6b) on the
annual September—August discharge lagged 0 and —1 year rela-
tive to PC1 allowed only lag-0 discharge to enter as a significant
predictor.

Could riparian chronologies improve on the accuracy of
reconstruction of seasonal or annual average Ob River discharge
obtainable in linear regression models based on the much longer
non-riparian chronologies? Agafonov et al. (2016) were able to
reconstruct 31% of the variance of December—July average dis-
charge at Salekhard from a model calibrated on 1937-2009 and a
pool of potential predictors consisting of PCs 1-4 of the 11 non-
riparian chronologies; PCs 1 and 4 entered into that stepwise
model. We used the identical pool of potential predictors aug-
mented by riparian series Rip2, the same calibration period, and
the same stepwise regression settings as Agafonov et al. (2016),
and found that Rip2 failed to enter the equation. This result is not
surprising considering the breakdown of the weak positive bivari-
ate linear relationship between riparian chronologies and dis-
charge in extreme-flood years (Figure 6a).

Classifying high-flow years from tree rings

The objective of the CT modeling was not reconstruction of annual
or seasonal discharge, but classification of extreme events repre-
sented as high-flood years — years with likely extended periods of
inundation to unusually high elevations in the floodplain. Using
the color map in Figure 4 as a guide, we selected the gage reading
0f'470 cm as the threshold gage height for a high flood and defined
the 10% of years, 1934-2014, with the highest number of consecu-
tive days of water level above 470 cm between May 1 and August
31 as ‘high-flood” years. This criterion marks eight high-flood
years, which were then used as a binary predictand (1 for high-
flood, 0 for not high-flood) in the CT modeling. These eight years
are 1947, 1969, 1971, 1979, 1985, 1986, 2002, and 2007. Only
1947 precedes the building of the first major dam upstream.

The two predictands for the CT model are the riparian series
Rip2 defined previously and the non-riparian series PC1 from the
PCA by Agafonov et al. (2016) on the 11 non-riparian chronologies.
Accordingly, the CT model attempts to classify high-flow years
from summary time series of riparian and non-riparian tree growth.
We note that because the non-riparian chronologies end in 2012, we
needed to estimate their PC1 time series score for 2013 and 2014 to
be able to calibrate the CT model on the full overlap, 1934-2014, of

Long inundation (Yes) or not (No) at 470 cm gage reading

NR=non-riparian
R=riparian

81 total years

R <0.709 R>0.709

NR<-1.857
No
(2/685)
[

© ° #Yes #No

Yes No

(4/0) (2/8)

Figure 9. Model classifying high-flood years during 1934-2014 (81
years) from ring widths of riparian and non-riparian trees. ‘High-
flood’ events defined as the 10% of years with the most consecutive
days above gage reading of 470 cm at Salekhard in the time window
May |-August 31. The 10% threshold is 82 or more consecutive
days. Riparian predictor is the mean standard chronology of sites
SBA and OLA. Non-riparian predictor is PC| of || tree-ring
chronologies used by Agafonov et al. (2016) to reconstruct annual
Ob River flows. Triangles mark decision nodes and circles mark
terminal nodes. Labels ‘Yes’ and ‘No’ refer to classification as a
high-flood year. Terminal node numbers (m/n) in parentheses are
number of high-flood years and non-high-flood years. For example,
the lower left node, corresponding to very low growth in the
riparian trees and low growth in the non-riparian trees, has four
observations, and all of those were high-flood years.

Rip2 and the water-level data. For this exercise, we padded PC1 by
substituting its long-term mean as values for 2013 and 2014.

We chose three-fold cross-validation to evaluate model perfor-
mance in selecting an appropriate number of splits in the CTs.
With three-fold cross-validation, in this case, the 81 observations
are first randomly partitioned into three separate subsets of 27
observations, each subset is successively dropped out, a model is
fit to the remaining 54 observations, and performance is evaluated
by accuracy of prediction for the 27 omitted observations. Prelimi-
nary tree-growing with three-fold cross-validation indicated that
beyond two or three splits, the model would be overfit. We there-
fore ran the final model out to only two splits. The first split in the
CT model is on the riparian series, Rip2, and the second split is on
the non-riparian series, PC1 (Figure 9). The three terminal nodes
classify a year as high-flow or not depending on values of Rip2
and PC1 in a particular year. For example, the combination of a
very narrow riparian ring (Rip2 < 0.709) and a very narrow non-
riparian ring (PC1 < —1.857) classifies a year as high-flow (left-
most node). Note that PC1 is not a tree-ring index, but a PC score;
the threshold PC1 = —1.857 is about the 20th percentile (very nar-
row) of non-riparian growth. Four observations fall into the left-
most node, and all are correctly classified (misclassification error
0/4 = 0). The other two nodes classify a year as not-high-flood,
with different misclassification errors. The rightmost terminal
node is chosen if the riparian ring is not very narrow (Rip =
0.709), includes 67 of the total 81 calibration years, and, because
two of the observations at the node were actually high-flood years,
has a misclassification probability of 2/67, or 0.0299. The middle
terminal node also classifies a year as non-high-flood, but with a
greater misclassification probability (2/10 = 0.20).

CT modeling allowed to proceed beyond two splits can result
in models with high classification accuracy on the full calibration
data. Our conceptual model leaves open the possibility that a
moderately severe high-flood year could occur with a combina-
tion of high riparian growth and low non-riparian growth — fur-
ther splits down the right side of the two-split model in Figure 9.
An example of the model run to four splits is shown in
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Table 2. High-flow classification of years in precalibration-period
interval 1884—1933 from CT model for terminal nodes plotted in
Figure 9.

CT node  High-flood?” p_° N Years!

Left Yes 0 2 1885, 1914

Middle No 0.20 8 1906, 1907, 1911, 1913,
1915, 1917, 1924, 1928

Right No 0.03 40 All other years, 1884—1933

CT: classification tree.

3Whether or not a year at this node is classified as high-flow.
®Misclassification probability (calibration).

‘Number of years at node.

dListing of years at node.

the Supplemental Figure S1, available online. We repeated the
cross-validation many times to ensure that rejection of a more
complicated model was not just a quirk of the randomization pro-
cedure used to assign members of the calibration and validation
subsets.

The CT model in Figure 9 was applied to classify high-flow
years before the start of the gaged water levels in 1934. Such
extended classification is ‘reconstruction’ of the probability of
high-flow events, and was possible back to 1884, the start of the
two-site-mean riparian series Rip2. Classification consists of
dropping observations down the tree, such that the values of Rip2
and PC1 will determine the path taken and the terminal node.
Results show that for the 50 years (1884—1933) before the start of
gaged flows, only two years (1885 and 1914) are classified as
high-flow (Table 2). The other 48 years fall into the middle or
rightmost terminal nodes and are classified as not high-flow;
eight of those years have a 20% chance of being high-flow, and
the remaining years have only a 3% of being high-flow.

The choice of 470 cm as a gauge-elevation threshold defining
‘high flood’ for the CT analysis is arbitrary, and other thresholds
will generally identify somewhat different sets of years as those
with longest duration of high flooding. For example, 1999 is
among the four years with longest duration above a threshold of
580 cm (see Figure 4), but is not among the eight years with lon-
gest duration above 470 cm used in the CT modeling. Such differ-
ences can occur depending on the variable rates of flood recession
in different years. Detecting the importance of this factor on tree
growth would require accurate elevations for individual trees.

Seven of the eight observed high-flow years in the 1934-2014
gaged record occurred after construction of the first large dam
upstream in 1956. The frequency of years classified as high-flow
by tree rings is about the same before 1956 as afterward: three
years (1885, 1914, 1947), or 4.2% of the 72 years 1884—1955; and
three years (1971, 1979, 2007), or 5% of the 59 years 1956-2014.
We expected that reservoir operations would tend to increase win-
ter flows but decrease flows in the warm season, including June,
the usual month of peak flooding. Yang et al. (2004) noted oppos-
ing trends, 1936—-1990, in annual discharge in the Low Ob (posi-
tive trend) and upstream reaches (negative trend), and concluded
that impact of reservoirs in reducing June discharge upstream
may have been offset by increasing trend in runoff from snowmelt
and rainfall in the Lower Ob Basin.

Conclusion

Ring-width records from riparian and non-riparian trees in the
floodplain of the Lower Ob River have complementary signals for
discharge and flooding. Previous studies have shown that low
growth in non-riparian species Larix sibirica and Pinus sibirica is
related to high discharge and large flooded area through cooling of
the air in the critical period of tree-ring development. Here, we

show that growth of riparian species Salix dasyclados, Salix alba,
and Populus tremula responds positively or not at all to increased
discharge, but is severely reduced in high-flood years, defined by
long duration of high water level over May—August. The latter
effect is probably because of persistent inundation of roots and
lower trunks and consequent oxygen deprivation. The combined
information of tree-ring width data from riparian and non-riparian
trees has been exploited here with modeling by binary CTs to iden-
tify high-flood years. A model developed with three-fold cross-
validation effectively identified four of the eight high-flood years
over a 1934-2014 calibration period. Applied to earlier tree-ring
data, two years, 1885 and 1914, in the 1884—1933 period of earlier
riparian tree-ring record are also classified as high-flood years.

The modeling approach used here needs to be tested on other
watersheds. Our analysis emphasizes the importance of high replica-
tion for capturing the common tree-growth signal at riparian sites,
and the importance of cross-validation in development of the CT sta-
tistical model. Improvement in flood-year classification accuracy is
also needed. The CT model used here successfully classified half of
the high-flood years as defined by our particular metric. While some
information is better than none, the practical value of a 50% success-
ful classification would depend on the intended use of the results.
Future application along the Ob should focus on finding more old
living trees, and searching for wood sources (e.g. preserved stumps
buried in sediment) to allow extension beyond the relatively short life
span of the riparian species. Sampling of living trees should also
include accurate elevation estimation at individual trees, as this is
critical to the height and duration of inundation. Micrographs of
some rings formed during high-flood years also suggest that develop-
ment of cell-anatomy time series (e.g. number of vessels, average
vessel area, size of earlywood vessels) might yield additional flood
information from riparian trees in the study basin.
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