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We quantified floodplain large wood load (m® wood/ha) and spatial distribution on the Upper Merced River in
Yosemite National Park, California, USA. The upstream portion of the study area includes a recently burned sec-
tion of the Merced River corridor and the downstream portion contains floodplain with undisturbed forest, facil-
itating investigation of the effects of wildfire on floodplain large wood. We used measurements of wood load and
spatial distribution to test hypotheses regarding floodplain wood dynamics in the channel versus the floodplain
and in burned versus unburned portions of the study area. The median wood load on the Merced River floodplain,

Keywords:

Flgg/‘d/lplain as measured along numerous transects, is 259 m>/ha overall, with non-significant differences between burned
Large wood (median 196 m>/ha) and unburned (median 277 m>/ha) portions of the floodplain. We found that jams can
Wildfire occur across the entire width of the floodplain. Burned wood pieces are present throughout the study area in

Spatial distribution the channel but are largely absent from unburned portions of the floodplain, despite the occurrence of overbank
flows since the wildfire. A greater proportion of large wood is within logjams in burned portions of the floodplain.
We infer that wood recruited to the channel via bank erosion moves readily downstream within the channel,
whereas wood moving from the channel onto the floodplain concentrates near the margin of the main channel

or within secondary channels and depressions on the floodplain, leading to the formation of long, narrow

logjams.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

An extensive literature documents the physical and ecological ef-
fects of large wood in active river channels (e.g., Gurnell, 2013; Ruiz-
Villanueva et al., 2016b; Wohl, 2017). Large wood (LW) here refers to
downed, dead wood pieces 210 cm in diameter and 1 m in length
(Wohl et al., 2010). Physical effects of LW in channels include altered
hydraulics (Gippel, 1995; Bocchiola, 2011), increased flow resistance
(Shields and Smith, 1992; Comiti et al., 2008; Wilcox et al., 2011), reten-
tion of mineral and organic particulate material (Mao et al., 2008;
Beckman and Wohl, 2014), increased hyporheic exchange (Lautz et al.,
2006; Fanelli and Lautz, 2008; Sawyer et al., 2012), increased morpho-
logical spatial heterogeneity within the channel (Keller and Swanson,
1979; Livers and Wohl, 2016; Wohl, 2016), altered bedforms
(MacFarlane and Wohl, 2003), and increased hydrologic connectivity
between the channel and floodplain (Jeffries et al., 2003; Brummer
et al., 2006; Sear et al., 2010). Ecological effects of instream LW include
greater abundance and diversity of habitats and stream biota
(Richmond and Fausch, 1995; Herdrich et al., 2018; Nakano et al.,
2018), including plants on bars and islands (e.g., Fetherston et al.,
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1995; Gurnell et al,, 2019), and increased nutrient uptake (Battin
et al.,, 2008; Fanelli and Lautz, 2008; Entrekin et al., 2020).

Geomorphic investigation of LW on floodplains lags studies of
instream LW, although several recent studies have focused on aspects
of floodplain LW. These studies indicate that LW on or within the flood-
plain can create analogous effects to LW in channels (Wohl, 2013,
2020), including reduced velocity and increased ponding of overbank
flow and enhanced sediment deposition on floodplains (Jeffries et al.,
2003); enhanced interactions between the channel and floodplain,
leading to greater floodplain heterogeneity (Jeffries et al., 2003; Sear
etal, 2010; Wohl, 2011b; Collins et al., 2012); increased habitat for ter-
restrial and aquatic plants and animals (Benke, 2001; Braccia and
Batzer, 2001; Dolloff and Warren, 2003; Zalewski et al., 2003; Pettit
and Naiman, 2006); and increased organic carbon stock (Lininger
et al,, 2017; Scott and Wohl, 2018).

Large wood regimes characterize wood recruitment, transport, and
storage in river corridors (Wohl et al., 2019); river corridor here refers
to the active channel and floodplain. Wood recruitment on floodplains
can come from adjacent uplands, from the floodplain forest
(e.g., Lassettre et al., 2008), and from fluvial transport onto the flood-
plain (Wohl, 2020). Floodplain wood can be transported out of the
floodplain or redistributed on the floodplain by overbank flows
(Piégay, 1993; Wohl, 2013). Redistribution on the floodplain tends to
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occur at the entrance and exit of secondary channels (Piégay, 1993;
Piégay and Marston, 1998; Wohl et al., 2018b), along the channel mar-
gins in densely forested floodplains (Piégay and Gurnell, 1997; Piégay,
2003), and around standing trees across the floodplain on sparsely for-
ested floodplains (Wohl et al., 2018a).

Wildfire can also influence the wood regime on floodplains, al-
though the effects are highly dependent on the combined influences
of the floodplain vegetation seral stage, the temporal sequence of fires,
the time since the most recent stand-killing fire, and the intensity of
the fire (Dwire and Kauffman, 2003). Seral stage influences the size dis-
tribution of trees killed by the fire and available for recruitment as LW,
as well as the susceptibility of burned trees to falling (e.g., Bendix and
Cowell, 2010). Temporal sequence of fires also influences the abun-
dance of dead wood. Donato et al. (2016), for example, found that in co-
nifer forests of Oregon, USA two fires within 15 years of each other
resulted in 45% less dead wood mass (standing plus down) than a single
fire. Time since the most recent stand-killing fire influences rate of top-
ple of snags (standing dead trees), although details vary with fire inten-
sity and type of forest. Fire intensity governs mortality of living trees
and whether downed wood is partially or completely burned. In gen-
eral, multiple studies indicate that wood recruitment through toppling
of fire-killed trees increases wood loads (e.g., Chen et al., 2005;
Marcus et al.,, 2011; Short et al., 2015; Lininger et al., 2017; Picco et al.,
2021) although individual wood piece size may decrease (e.g., Berg
et al.,, 2002). The time to maximum increase in wood load after fire
varies among studies. Wood recruitment to the river corridor can also
increase following wildfire because of hillslope mass movements that
include wood, increased bank erosion, and altered rainfall-runoff-
sediment yield relations and channel aggradation that increase the
magnitude and frequency of overbank flows, as well as toppling of
fire-killed trees (e.g., Young, 1994; Benda et al., 2003; Wohl et al., 2020).

Wildfire is a substantial disturbance in the California Sierra Nevada
(Skinner and Chang, 1996; Berg et al., 2002). Previous studies of wildfire
effects in the region, however, have not examined how wildfire influ-
ences the movement of large wood between the channel and floodplain
and the resulting differences in floodplain wood load and spatial distri-
bution of wood. We used a study area in the Upper Merced River of
California's Sierra Nevada to quantify the wood load and spatial distri-
bution of floodplain large wood (LW) and to investigate whether LW
characteristics differ between upstream portions of the study area that
burned in 2014 and downstream unburned portions of the study area.
We hypothesized that:

H1. There is a greater LW load on the floodplain in unburned areas than
in burned areas. This reflects the assumption that wildfire kills living
trees and consumes existing LW. This hypothesis is worth testing be-
cause previous studies indicate mixed results and suggest that fire
could increase the floodplain LW load by increasing tree mortality but
not causing complete combustion of downed wood.

H2. There are more floodplain logjams close to the active channel in
both burned and unburned portions of the floodplain. A concentration
of floodplain jams close to the channel margins could reflect one or
more scenarios. First, bank erosion creates channel-marginal jams that
subsequently accrete to the floodplain. Second, transport capacity de-
clines with distance from the channel during overbank flow because
of the combined effects of (i) lateral transfer of momentum from
deeper, faster flow in the channel to shallower, slower flow on the
floodplain (Knight and Shiono, 1996), (ii) shallower flows farther
from the channel if distal parts of the floodplain are at slightly higher el-
evation, and (iii) greater surface roughness and obstructions associated
with floodplain vegetation, including standing live and dead trees
(e.g., Ruiz-Villanueva et al., 2016a). This hypothesis is worth testing be-
cause previous studies indicate highly competent wood transport across
the entire floodplain in sparsely forested sites (Wohl et al., 2018a) ver-
sus limited and localized wood transport across the floodplain in more
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densely forested sites (Piégay and Gurnell, 1997; Wohl et al., 2018b).
However, the threshold separating extensive and localized wood trans-
port and deposition across forested floodplains has not yet been defined
and additional field data are needed to constrain this threshold.

H3. There are burned pieces of LW throughout the length of the active
channel in the study area. This hypothesis reflects the inference that the
active channel has a high transport capacity for LW, allowing wood to be
distributed from the upstream burned area to downstream unburned
areas. In addition, previous studies indicate that burned wood pieces
can be highly mobile because of the combined effects of smaller piece
size, greater runoff from burned areas, and channel instability following
wildfire (e.g., Young, 1994; Zelt and Wohl, 2004).

H4. Burned LW on the floodplain is present only within burned por-
tions of the floodplain. This contrasts with hypothesized patterns of
burned LW distribution in the active channel (H3) and reflects the infer-
ence that the floodplain has a lower transport capacity for LW than the
channel, which limits downstream transport of burned wood on the
floodplain and transfer of burned wood from the channel to the flood-
plain. Ability to test this hypothesis depends on the occurrence of
overbank flows since the wildfire. Such flows have occurred, as de-
scribed under Study area.

H5. There is a greater proportion of floodplain LW in jams in burned
areas than in unburned areas. This reflects the inference that, if wildfire
consumes floodplain LW and ground cover, the associated reduced
floodplain roughness facilitates LW transport onto the floodplain and
the formation of jams.

Testing these hypotheses provides insight into LW dynamics in
burned and unburned portions of a floodplain. Specifically, we can eval-
uate the net effect of wildfire on floodplain wood load and spatial distri-
bution relative to unburned portions of the study area five years after
the fire, and we can examine the relative importance of floodplain
tree mortality versus fluvial transport of LW onto the floodplain. Time
since the fire and since the last high flow that significantly inundated
the floodplain influence what we observed and measured. The study
area is not a perfect natural laboratory because the floodplain is wider
in the burned area than in the unburned area. Although both burned
and unburned portions of the floodplain include depressions and sec-
ondary channels that are inundated during annual snowmelt peak
flows, and both portions have been subject to the same flow magnitudes
since the fire, we do not have high-resolution topographic data for the
whole study area and cannot demonstrate that hydrologic connectivity
is consistent along the length of the study area. However, we can gain
useful insights by comparing patterns of wood load and deposition be-
tween the burned and unburned portions of the floodplain. The final
part of the paper compares the floodplain wood loads in the study
area to published values for other field sites and presents a conceptual
model of variations in floodplain wood load with time since a stand-
killing wildfire.

2. Study area

The study area extends along ~5 km of the Merced River upstream of
Nevada Falls in Yosemite National Park, California, USA (Fig. 1). The
Merced River here drains 300 km? and is a medium-large river with re-
spect to LW dynamics (Gurnell et al., 2002), in that only a few pieces of
LW are sufficiently long to span the active channel. The study area is un-
derlain primarily by Holocene alluvium, with Holocene talus including
moraines and rock glaciers and Half Dome Granodiorite in the Late
Cretaceous Tuolumne Intrusive Suite underlying parts of the area
(Peck, 1964, 2002).

The study area is within the upper montane zone. Deciduous trees
and shrubs, including such species as black cottonwood (Populus
trichocarpa), quaking aspen (Populus tremuloides), and western azalea
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Fig. 1. Study area and inset map showing the location within the contiguous United States. Latitude (N) and longitude (W) coordinates indicated at lower left margin. Blue arrow indicates
flow direction. The burned portion of the floodplain appears as pale brown in the lower image.

(Rhododendron occidentale), grow next to the river, on the floodplain,
and in wetland areas (Hall, 1921). Conifer species including Jeffrey
pine (Pinus jeffreyi), incense cedar (Libocedrus decurrens), and
Douglas-fir (Pseudotsuga menziesii) are present in all parts of the river
corridor (Hall, 1921). The conifers, which supply LW to the river corri-
dor, attain a maximum height of 50-60 m. The systematic record of
wildfires in Yosemite National Park dates to 1930 (National Park
Service, 2019). The only large and/or long-duration fire in the study
area since 1980 was the Meadow Fire in 2014. The portion of the flood-
plain burned in this fire now generally has less dense foliage than the un-
burned areas of the floodplain and valley bottom (Supplemental Figs. 1
and 2). The valley walls in the study area are largely bedrock (Supplemen-
tal Fig. 1), which limited mass movements following the fire. We did not
see evidence of substantial LW introduction to the floodplain via hillslope
instability; floodplain LW recruitment appears to result primarily from
tree topple and fluvial transport onto the floodplain.

Mean annual precipitation is 120 cm. California has a Mediterranean
climate with hot, dry summers and cool, wet winters. In the Sierra
Nevada, afternoon thundershowers can bring summer precipitation to
the mountains, but the Merced River flow regime is dominated by a sin-
gle annual flood caused by snowmelt runoff that peaks during May or
June. The US Geological Survey StreamStats program estimates the
two-year peak flood at the study area as 42.5 m>/s. The nearest stream
gage is downstream of the study area by ~4 km (USGS stream gage
11264500, drainage area 470 km?), and although there are tributaries
between the downstream end of the study area and the gage and it
does not provide precise data, this gage does provide information on
the timing and relative magnitude of peak flows. Using USGS data
from 1915 to 2019 at this gage (U.S. Geological Survey, 2020), we calcu-
lated the mean water year (October 1-September 30) discharge recur-
rence interval during the 2019 field work to be 8 years. This was
completed by ordering the annual data from most discharge to least
and assigning ranks starting with 1, and calculating the recurrence in-

I numb ith . -
terval as RI = T ”“"‘Rm?(‘:)ffyti‘;fy":gr data+1 Tyyring the period 2014-2019

(i.e., between the wildfire and field work), the years 2017, 2018, and
2019 had peak flows exceeding the long-term median peak flow value
of 76 m*'s (Supplemental Fig. 3).

The 5-km-long study reach was chosen specifically because of the
(1) limited access, except by foot, which has helped to preserve the rel-
atively natural conditions during the period of resource exploitation
prior to establishment of the national park and subsequent develop-
ment of infrastructure for motorized travel in the park, (2) the existence
of natural boundaries (waterfalls) at both ends of the reach and rela-
tively consistent valley-bottom geometry within the reach, and
(3) the presence of distinctly different floodplain forest stand character-
istics as a result of the 2014 Meadow Fire. We focus on the right side of
the floodplain because an established foot trail made this portion of the
study area readily accessible, whereas steep terrain on the left bank and
a river too deep to cross on foot rendered the left bank largely
inaccessible.

The Merced River within the study area has an average reach-scale
gradient of 0.021 m/m. Median bankfull channel width is 31 m, with in-
dividual subreach medians ranging from 23 to 37 m (Supplemental
Table 1). The 5 km of river corridor was partitioned into 8 subreaches
(Fig. 2) based on Google Earth aerial photos and field-delineated discon-
tinuities in geomorphic parameters including channel gradient, sinuos-
ity, floodplain width, and floodplain vegetation. Subreaches 1 through 5
(numbered sequentially starting at the upstream end) burned in the
2014 Meadow Fire. Median floodplain width varies significantly be-
tween the burned area (107 m; range 3-267 m) and the unburned
area (8 m; range 0-44 m).

3. Methods

We conducted field work on the Merced River during summer 2019.
We used measurements on the ground and from aerial photos (from
2014 in Google Earth) to derive several variables used in statistical anal-
yses to test the hypotheses. These variables describe the geomorphology
and forest characteristics of the river corridor and the characteristics of
LW (Table 1). Locations of river corridor and subreach boundaries, tran-
sects, and logjams were measured using a Garmin eTrex 10, with vary-
ing horizontal accuracy (maximum 43 m).

We measured the diameter of every piece of LW and the dimensions
of all logjams intersected by floodplain transects that extended from the


Image of Fig. 1

E.P. Iskin and E. Wohl

Geomorphology 389 (2021) 107805

ﬁm Right Bank Floodplain (5 m buffer)
.‘! Rgach Delineations
- ¥ Right Bank Jams
‘__4 i~ ! Meadow Fire Boundary -
—— Transect: \!allejr jment

MORAINE]

0.47 km

Mono County, Esri, HERE, Garmin, SafeGraph, INCREMENT P, METI{NASA, USGS, Bureau of Land
Management, EPA, NP5, US Census Bureau, UISDA, Esn, NASA, NGA, USGS, Esn, NASA, NGA, USGS,
FEMA, Esri Community Maps Contributars, Mano County, Esr, HERE, Garmin, SafeGraph,
INCREMENT P, METI/NASA, USGS, Bureau of Land Management, EPA, NPS, US Census Bureau,

Fig. 2. Study area map including the right bank floodplain, subreach boundaries (SR 1, etc.), instream logjam locations, 2014 Meadow Fire boundary, and location of floodplain/valley

bottom transects.

right bankfull channel edge to the back boundary of the valley bottom,
following methods in Wohl et al. (2018b). We define the active channel
as bounded by the bankfull indicators of presence of terrestrial vegeta-
tion, high water marks (e.g., fine organic debris), and change in bank
angle. We defined the floodplain as the fluvially created, low-relief sur-
face on either side of the active channel which is inundated by floods
that recur at least every few years. The floodplain has erosional and de-
positional features indicating recent overbank flow and riparian and
wetland vegetation communities. At each floodplain transect, we delin-
eated the inner edge of the valley bottom as the boundary of the 2019
inundated floodplain based on high water marks and fluvial erosional
and depositional features. The outer edge or back boundary of the valley
bottom was the point at which the elevation started to increase signifi-
cantly from that of the floodplain (e.g., at a bedrock or sediment-
mantled hillslope or an alluvial terrace).

All statistics were run in either RStudio (R Core Team, 2019) or
Microsoft Excel (simple averages, maxima, minima). NAs were removed
for all summary statistics and tests were run in R (Table 2). Although the
transects were nested within the subreaches, this was not considered
for the statistical analyses. An o = 0.05 was used for all tests of
significance.

4. Results

The dataset included 1345 pieces of LW across the active channel,
floodplain, and valley bottom and 28 logjams measured along flood-
plain transects (burn class was only noted for pieces of LW in logjams,
and therefore the following analyses regarding burn class do not include

individual pieces of LW not in jams). Supplemental Table 1 summarizes
salient features of the study area. Among the notable features is a rela-
tively abrupt decrease in floodplain width that corresponds to the
boundary between the burned and unburned portions of the study
area (between subreaches 5 and 6). There is no obvious geologic struc-
ture that explains this decrease in floodplain width, but the presence of
this change complicates our ability to understand the effects of wildfire
on floodplain wood dynamics in the study area because the widths of
the floodplain (Wilcoxon test p-value <0.001) and valley bottom
(Wilcoxon test p-value <0.001) are statistically different between
burned and unburned areas. Median floodplain width is 107 m in the
burned area and 8 m in the unburned area. (The bankfull channel
width (Wilcoxon test p-value >0.05) and channel gradient, however,
do not differ significantly between burned and unburned areas.)

Despite the impression that the density of standing trees is lower in the
burned area (Supplemental Figs. 1 and 2), the basal area did not differ
significantly between burned and unburned portions of the floodplain
(p-value = 0.15). The distribution of LW diameters differs among channel,
floodplain, and valley bottom locations, both in median diameter compar-
isons and in the distributions of LW diameters. The median diameter of LW
in the channel (n = 388) is significantly larger than that of both the flood-
plain (n = 779) and valley bottom (n = 178) based on statistical compar-
isons using Kruskal-Wallace (p-value <0.001) and post hoc Dunn's tests
(p-value (gp_ppy = 0, p-value (gr.ygy = 0, p-value (pp.ygy = 0.33). The
piece size distributions of LW diameters in each location are also slightly
different (sdgr = 0.13, sdgp = 0.10, sdyg = 0.12) with variances that differ
significantly (Brown-Forsythe, p-value <0.001, vargg = 0.018, vargp =
0.010, varyg = 0.014).


Image of Fig. 2

E.P. Iskin and E. Wohl

Table 1
River corridor and large wood variables used in statistical analyses.
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Category  Variable (units) Description & sample size

Method

Sinuosity, S (m/m)
Bankfull width, BFW (m)
Floodplain width, FPW (m)

Valley bottom width, VBW (m) €€y 50 m downstream

Measured perpendicular to the general trend of the river at

Calculated using Google Earth imagery
Laser rangefinder, metric tapes, Google Earth imagery

Designated on Google Earth based on visible longitudinal
changes, especially changes in floodplain forest cover, short
reaches with islands or bars, and notably large logjams.
Designations were confirmed or re-established using
ground-based observations.

Counted using Panama angle gage, standard forestry tool for
measuring forest stand density

Metric hand tape and visual estimation

Metric tape and visual estimation

Laser Technology TruPulse 360° laser rangefinder (accuracy of 0.03 m)

Visual/physical estimate, adapted from Wohl et al. (2010)

Laser rangefinder, hand tapes

Visual estimation (Livers and Wohl, 2016)

. Subreach, SR n=238
River

corridor
Transect, T 4 in each subreach, n = 32
Basal area standing trees, BA Measured on floodplain & valley bottom, n = 32
Diameter, D (m) Diameter at breast height
Length, L (m)
Distance from bankfull edge of
active channel, DR (m)
Burn class, BC 0-2 0 no visible burn; 1 some visible burn; 2 burned to the core

1 needles/leaves, branches, bark present; 2 finer branches, no
Decay class, DC 1-5 needles present; 3 no branches or bark, firm; 4 some decay,
Large not soft; 5 soft, can pull apart with hands

wood In jam Jam? Y/N
Jam Size: Parallel to channel, n = 281
Jam length, JL (m) . X

. Perpendicular to channel

Jam width, JW (m) Perpendicular to ground
Jam height, JH (m)
Jam porosity, p (%)
Wood load, WL (m?/ha) Calculated for each transect across the floodplain & valley

bottom, & for each subreach of the bankfull channel

Line intersect method (Van Wagner, 1968) & piece-based
calculations

Fig. 3 illustrates the distribution of LW by subreach and transect by
showing distance from the bankfull edge for every piece of LW on the
floodplain. The single dots are dispersed pieces and the dots that form
a horizontal line indicate the location of a floodplain logjam (all pieces
of LW in the jam were marked as being in the same location). This dis-
tribution shows that subreaches 3 through 5 had LW farther away from
the channel and had the widest floodplains. Many of the floodplain jams
line up horizontally between adjacent subreaches, indicating that there
are areas of the floodplain with more competent flow and/or shallow,
secondary channels on the floodplain. This aligns with field observa-
tions of subtle complexities in topography and development of

Table 2
Summary of statistical tests.
Statistical test Description Hypothesis
tested

Wilcoxon rank sum test
(without ties)*

Non-parametric approximate test of ~ H1
equality of two medians; useful for

Exact non-normal data® H1
Wilcoxon-Mann-Whitney
test (with ties)*¢

Brown-Forsythe test® Test for equality of variances using H1

the median as the measure of center;
useful for non-normal data®

Test for skewness, null hypothesisis ~ H2
that the data are normally distributed
with skew = 0

D'Agostino test of skewness®

Pearson's chi square test for  Test of association between variables, H3, H5
contingency tables also gives expected values®
0dd ratio with Wald Describes the strength of association ~ H3, H5

between variables”

Test of association between variables H4
for contingency tables with small

values®, also gives odds ratio and
confidence intervals

method"
Fisher's Exact test

2 Mostly referred to as Wilcoxon test in text.

b Adapted from Hess (2019).

¢ From the coin package (Hothorn et al., 2006).

4 From the car package (Fox and Weisberg, 2019).

€ From the moments package (Komsta and Novomestky, 2015).
From the epitools package (Aragon, 2017).

secondary channels on the floodplain, especially on the wider flood-
plains of the burned area (Supplemental Fig. 2).

4.1. Hypothesis tests

We hypothesized that there is a greater wood load on the floodplain
in unburned than in burned areas (H1). Median values for floodplain
wood load were calculated from the total wood loads for each flood-
plain transect. We compared the wood load (Fig. 4a) and LW diameters
(Fig. 4b) on the burned and unburned areas using the data from the 32
floodplain transects.

Wilcoxon test results show that there is no significant difference be-
tween the median total transect LW loads in burned vs unburned areas
(p-value >0.05), and the variance in LW loads was not statistically dif-
ferent (Brown-Forsythe test, p-value >0.05). Consequently, the results
do not support H1. We also found that the median diameter of flood-
plain LW does not differ between burned and unburned areas
(Wilcoxon test, p-value >0.05) and that the variances are homogeneous
for the two populations (Brown-Forsythe test, p-value >0.05).

We hypothesized that there are more floodplain logjams close to the
active channel in both burned and unburned portions of the floodplain
(H2). To test this hypothesis, we plotted the floodplain logjam data
against distance from the bankfull edge of the channel expressed as per-
centage of total floodplain width f (Fig. 5). The boxplot shows a non-
skewed distribution and the two-sided D'Agostino test confirms this
(skew = 0.102, p-value >0.05). This means that there are not more
floodplain jams positioned to either side of the mean than in a normal
distribution (skewpomar = 0), indicating no tendency for floodplain
jams to be closer to the river when the individual width of each flood-
plain transect is taken into account. In summary, the results do not sup-
port H2.

We hypothesized that there are burned pieces of LW throughout the
length of the active channel in the study area (H3). To test this, we com-
piled the number of LW pieces in logjams within the active channel by
burn status of the subreaches (Fig. 6), and by subreach and burn class
of the LW itself (Supplemental Fig. 4). The burn class column plot
(Fig. 6) shows that all three burn classes of LW (Table 1) are present
in portions of the river flowing through burned and unburned areas,
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although there is more burned LW (burn classes 1 and 2) by count in the
burned area. This indicates that burned wood from the burned portions
of floodplain is being transported downstream to the unburned
subreaches of the channel. Chi square p-value <0.05 indicate that
there is an association, and the odds ratio confidence intervals that do
not include 1 show that the odds ratio, \, is statistically significant. In
other words, the odds that a burned piece of river LW being in the
burned area is 15.6 times as likely as the odds of a burned piece of
river LW being in the unburned area (Table 3). The point plot
(Supplemental Fig. 4) indicates LW of burn class >0 occurs within
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each subreach of the river. Thus, the results support H3 and the infer-
ence that LW in the river is transported both laterally from the flood-
plain to the river and longitudinally downstream. The presence of
burned pieces of wood in the Merced River downstream of the study
area suggests that longitudinal connectivity of wood transport extends
farther downstream.

We also hypothesized that burned LW is present only within burned
portions of the floodplain (H4). To test this hypothesis, we compiled the
number of LW pieces in floodplain logjams by burn status of the
subreaches (Fig. 7) and by subreach and burn class of the LW itself.
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Fig. 4. Comparison of (a) transect large wood load and (b) individual piece diameters on the floodplain by burn status (H1).
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Fig. 5. Distance from the bankfull edge of floodplain jams (H2). Median distance from the river showed by the dashed black line (46.7 m).

The column plot (Fig. 7) indicates that there is only one piece of burned
LW in a logjam within the unburned portion of the floodplain. Fisher's
Exact p-value <0.05 indicates that there is an association, and the
odds ratio confidence intervals that do not include 1 show that the
odds ratio is statistically significant. Specifically, the odds that a burned
piece of floodplain LW being in the burned area is 518 times as likely as
the odds of a burned piece of floodplain LW being in the unburned area
(Table 3). These results support H4 and the inference that the great ma-
jority of movement of LW on the floodplain since the fire has been

B 50%-

£ Burn status of subreach

(/]

5 B unburned

© 40%1 B Burned

2

(1]

2

= 30%-

£

o

(o]

o

= 20%-

2 16%

% 13%

£ 10%-

)

L

e 2%
0% 1

lateral with respect to the trend of the active channel rather than longi-
tudinally down the floodplain. Lateral movement of LW also appears to
reflect relatively limited movement from the channel to the floodplain
and limited movement across the floodplain into the unburned zone.
Finally, we hypothesized that there is a greater proportion of flood-
plain LW in jams in burned areas than in unburned areas (H5). Because
the variation in floodplain width between burned (median width 107
m) and unburned (median width 8 m) portions of the study area
could bias results of statistical tests, we conducted three distinct
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Fig. 6. Burn class of large wood in logjams in active channel by subreach burn status (H3).
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Table 3 Table 4
Results of the hypothesis testing for H3 & H4. Results of the hypothesis testing for H5.
Comparison Test p-Value Odds  95% confidence Significant? Comparison Ve Odds ratio, 95% confidence  Significant?
ratio, N interval p-value N\ interval
Bankfull Channel y? <3x107'® 156 8.1,30.1 Yes Full floodplain width 0.0013 211 1.33,3.34 Yes
Floodplain Fisher's Exact <3 x 107'® 5023 79.2, 16384 Yes First 50 m of floodplain  0.00013  2.63 1.59,4.34 Yes
First 50% of floodplain ~ 0.42 1.26 0.72,2.20 No

statistical tests for H5: (1) Comparison of the proportions of floodplain
LW that were/were not in jams and in burned/unburned areas for the
entire floodplain; (2) comparison of the proportions of floodplain LW
that were/were not in jams and in burned/unburned areas for only
the proximal 50 m of the floodplain; and (3) comparison of the propor-
tions of floodplain LW that were/were not in jams and in burned/un-
burned areas considering only jams that formed within the proximal
half of the floodplain width.

The results from these tests show that there is an association be-
tween being in a logjam and in the burned area for comparisons 1 and
2, but not for comparison 3 (Table 4). Chi square p-values <0.05 indicate
that there is an association, and the odds ratio confidence intervals that
do not include 1 show that the odds ratio is statistically significant. The
odds ratio, \, is the odds that a piece of LW being in a jam in the burned
area is “N-times” as likely as the odds of a piece of LW being in a jam in
the unburned area. For comparison 1 (entire floodplain) and compari-
son 2 (proximal half of the floodplain), the odds of a piece of LW
being in a jam in the burned area is more than two times as likely as
in an unburned area. However, comparison 3 (proximal half of the
floodplain), fails to reject the null hypothesis that the odds of a piece
of LW being in a jam is any different than in the unburned area. These
results provide partial, mixed support for H5.

It is difficult to conclude whether H5 appropriately describes the
field area. The greater odds of 2.63 for the first 50 m of the floodplain
compared to 2.11 for the entire floodplain strengthens the interpreta-
tion that the data support H5 because this analysis does not include
the jams on the widest part of the floodplain (widest floodplain width
is 267 m for subreach 5 transect 4). The results from comparison 3

In

30%
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10%1

Percent of total wood on the floodpla

0% 1

Burn status of subreach

B unburned
B Burned

0%

may or may not be useful because including jams that have traveled
<50% of the floodplain width (calculated individually for each of the
32 transects) excludes only three pieces of wood from the unburned/
in jam group but excludes 19 pieces of wood from the unburned/not
in jam group. Because of this and the fact that some of the floodplain
transects were very narrow for the floodplain delineated in summer
2019, we put greater interpretive weight on the results from compari-
sons 1 and 2. Overall, the results support H5.

In summary, the results do not support H1 or H2 because floodplain
wood load does not differ significantly between burned and unburned
areas of the study reach and floodplain jams are not located closer to
the channel. The results support H3 and H4 in that burned wood pieces
are present in the channel throughout the study area but are only pres-
ent in burned portions of the floodplain. The results partly support H5,
indicating that a greater proportion of floodplain large wood may be
in jams in the burned reaches.

5. Discussion
5.1. Interpretation of hypothesis tests

Overall, the results partly support our hypotheses regarding the
movement and storage of LW on floodplain along the Upper Merced
River. With respect to differences in wood load between burned and un-
burned portions of the floodplain (H1), the low number of observations

(Ngransece = 32) might have made it difficult to discern a statistical differ-
ence. The boxplots in Fig. 4a indicate that with more data points this

34%

20%

0%

o4

‘T

(WNE

Burn class of large wood

Fig. 7. Burn class of large wood on the floodplain by subreach burn status (H4).
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difference in LW loads on the floodplain may prove significant
(although it is difficult to tell which area would have the higher wood
load). Alternatively, the 2014 fire could have both simultaneously de-
creased LW load via combustion of downed wood and increased LW
load via greater tree mortality and fall, resulting in no statistical differ-
ence. More studies on more symmetrical floodplains (in terms of flood-
plain widths) with differing fire histories would provide insight into the
specifics of wood load dynamics.

We respect to the other hypotheses, we infer that different processes
drive the dynamics of LW on the floodplain versus in the channel be-
cause burned wood was transported through all the subreaches by the
flows in the channel (H3) but not on the floodplain (H4) and there is
some evidence that LW in burned areas is more likely to become part
of a jam than is LW in unburned areas (H5).

We observed patterns in the field that relate these results to the pro-
cesses of LW dynamics and provide insight into the mechanisms
influencing jam distribution that were discussed in the Introduction.
First, with respect to bank erosion and logjams, we observed that
logjams marginal to the right bank of the Merced River form in predict-
able places, specifically at the outside of meander bends in sinuous sec-
tions of the channel where the channel gradient is lower, such as in
subreaches 4 and 5. We also noticed significant bank cutting on the
right side of the channel near where these jams accumulate. Key pieces
in logjams in the study area are commonly connected to the bank by a
root wad. This suggests that the greater flow velocity on the outside of
meander bends causes increased tree mortality and topple into the
channel via bank erosion, creating wood accumulation in these loca-
tions (e.g., Keller and Swanson, 1979; Lassettre et al., 2008). Wood
pieces in transport down the channel appear to be trapped by these
marginal jams, or sink to the channel bed, based on the observed con-
centrations of instream wood in marginal jams or as individual pieces
on the bed. Where the channel gradient is steeper, such as in subreaches
7 and 8, jams are smaller and there is less bank erosion, suggesting that
LW is more effectively transported through these subreaches. Additionally,
these steeper subreaches also correspond to greater bedrock exposure
along the banks, which limits bank erosion and associated tree topple.

We observed many pieces of LW that were buried along the chan-
nel's right bank. We infer that deposition of the LW in jams decreases
flow velocities and facilitates sediment deposition on the channel mar-
gins and adjacent floodplain, eventually leading to the burial of jams
and widening and stabilizing of the riverbank, analogous to the pro-
cesses described in the floodplain-large wood cycle (Collins et al.,
2012). This inference is supported by the tests of H4 and H5 that use
burned wood as an indicator for LW transport. Channel jams likely be-
come part of the bank as wood is transported downstream in the chan-
nel and laterally onto the floodplain margins, but not longitudinally
down the floodplain.

Second, with respect to limited LW transport onto the floodplain be-
cause of shallower, slower flows, we found that many of the logjams on
the floodplain were concentrated in or near side channels, secondary
channels, and abandoned meanders. Similar to the channel, higher
flow velocities on the floodplain in these distinct water features likely
lead to competent transport of LW across the floodplain, as inferred
for floodplain LW depositional sites in other regions (Wohl et al.,
2018b). We infer that large wood transport capacity on the floodplain
has been more longitudinally and laterally variable than in the channel
during the five years since the wildfire because of the intermittency of
floodplain inundation and because of the presence of shallow,
discontinuous channels in parts of the floodplain. Complex, three-
dimensional interactions among floodplain topography, transport ca-
pacity, and supply of LW create different wood depositional patterns
than those present in the channel. Parts of the floodplain contain nu-
merous jams that are long, narrow, and aligned perpendicular to the
river corridor. These jams were commonly held in place by one or
more standing trees on the floodplain. We infer that overbank flow cre-
ates long, narrow, low jams at locations of reduced wood transport
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capacity such as the margins of shallow floodplain channels. Wood de-
positional patterns on the floodplain suggest locally rapid rates of de-
crease in flow velocity, because of greater relative roughness and
shallower flow (Ruiz-Villanueva et al., 2016a), which facilitate forma-
tion of long, narrow jams.

5.2. Conceptual model of floodplain wood load after wildfire

Our observations and inferences of floodplain LW dynamics are
time-dependent, particularly in the burned zone. Time since wildfire
and since last high flow that significantly inundated the floodplain pre-
sumably influence what we observed and measured. Fig. 8 conceptually
illustrates LW loads in the channel and floodplain with time since dis-
turbance in the form of a wildfire. This model is based on wood loads
changing over an interval of 100 years (Wohl, 2011a); a bimodal input
of wood to the floodplain forest with an initial input from fire-induced
mortality and a second similarly-sized peak after 30 years when the
snags fall (Bragg, 2000); a bimodal input of wood to the channel with
a small peak right after the fire and a large peak 30 years after (Bragg,
2000); and 255 years for a forest to reach steady state after a major,
stand-killing disturbance (Stout et al., 2018). Because of the lack of
data for California forests and the fact that wood loads can differ greatly
depending on the region, species composition, and characteristics of the
river corridor, no values or units are given on the y-axis in Fig. 8. The ef-
fects of wildfire on a forest depend on not only the characteristics of the
fire, as previously mentioned, but also on the history of drought, beetle
kill, and fire suppression and/or maintenance fires, as well as the resis-
tance of trees to fire, rate of tree regrowth, and the pre-fire spatial diver-
sity of the forest (Turner, 2010; Kocher, 2015; National Park Service,
2020).

The Merced River floodplain wood loads are in the upper half of the
published values for floodplain wood loads in diverse locations (Fig. 9,
Supplemental Table 3). Among these data, only the Yukon River flood-
plain in Alaska, USA explicitly includes the effect of wildfire. The Alaskan
wood loads are much lower than those on the Merced River, but are
higher in the burned areas. Greater wood loads on burned floodplains
in Alaska likely reflect the fact that boreal fires tend to be of very low in-
tensity, leaving many standing dead trees that gradually topple and cre-
ating incomplete combustion of existing downed wood at the time of
the fire. Downed wood also has an extremely slow rate of decomposi-
tion in the cold, dry conditions of the Yukon River site (Lininger et al.,
2017).

The median floodplain wood load of 259 m3/ha for the Merced River
study area is intermediate with respect to floodplain wood loads for
other sites in temperate latitudes (the mean value for the Merced
River of 250 m>/ha is reported in Fig. 9 and Supplemental Table 3 in
order to be consistent with the other values presented). The wood
load is lower than sites with very wet climates and high rates of primary
forest productivity (e.g., California redwood, Montana) but higher than
wood loads in drier climates in New Mexico and Colorado. This supports
previous interpretations that mean annual precipitation and associated
forest productivity and wood decay rates may exert a primary control
on inter-regional differences in floodplain wood load (Wohl, 2020).

In summary, we cannot conclude from the data and analyses pre-
sented here that wildfire significantly influences floodplain wood
loads in the study area, although our results suggest that fire can influ-
ence the spatial distribution of floodplain LW (Fig. 3) and the concentra-
tion of LW pieces in logjams (Table 4).

As progressively more studies document floodplain wood loads and
spatial distribution in diverse unmanaged river corridors, the resulting
data can be used to inform management designed to restore floodplain
large wood in managed river corridors. Activities including timber
harvest that reduces the potential for wood recruitment, and flow regu-
lation and channel engineering that geomorphically disconnect chan-
nels and floodplains, have resulted in lower wood loads in managed
river corridors (Wohl et al., 2017). As river restoration moves beyond
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Fig. 8. Conceptual model of changes in wood loads after a stand-killing wildfire.

the active channel to an explicit focus on floodplains (e.g., Tockner et al.,
1999; Gourevitch et al.,, 2020), restoring natural wood regimes or ac-
tively emplacing large wood and logjams can create substantial geo-
morphic and ecological benefits. Knowledge of wood loads and spatial
distribution in unmanaged river corridors can be used to define the nat-
ural range of variability (Wohl, 2011c) in floodplain wood dynamics.

6. Conclusion
Wildfire may or may not significantly change floodplain wood load,

depending on the balance between increased wood recruitment as a re-
sult of tree mortality and topple versus consumption of downed wood.
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In the Merced River, California study area, we found no significant
change in wood load between burned and unburned portions of the
floodplain. The spatial distribution of wood differs, however, with a
greater proportion of pieces within jams in the burned floodplain. The
presence of logjams farther from the active channel in the burned flood-
plain could reflect greater transport capacity because of reduced vegeta-
tion density after fire but could also reflect the wider floodplain and
presence of secondary channels in the burned floodplain. Floodplain
logjams concentrate along the margins of the active channel and in sec-
ondary channels in both burned and unburned portions of the flood-
plain. Given the documented importance of floodplain logjams as
habitat for diverse organisms, this suggests the importance of continued
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Fig. 9. Average floodplain wood loads for different study areas. Sources and numerical values in Supplemental Table 3. SW = Northern Sweden, AK = Alaska, MT = Montana, WA =
Washington (conifer), WA-2 = Washington (rainforest conifer), OR = Oregon, WY = Wyoming, CA = California, NCO = Northern Colorado (montane), NCO-2 = Northern Colorado
(subalpine), CO = Colorado, YOS = Merced River study area, SCO = Southern Colorado, SWCO = Southwestern Colorado, AUS = Southeastern Australia, NM = New Mexico, SC =
South Carolina, MEX = Central Coast of Mexico, AMA = Western Amazon of Peru. Values shown by the grey bars are the average floodplain wood loads arranged in order of decreasing
absolute value of approximate latitude, the vertical bars represent the standard deviation (YOS), the range of the data (MT, WA-2), or the £ given with the published data (AK, CO, SC,

AMA). The other locations did not have a range or standard deviation reported.
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channel migration in creating floodplain spatial heterogeneity that can
facilitate formation of logjams. The median floodplain wood load of
259 m?/ha for the Merced River study area is intermediate with respect
to floodplain wood loads for other sites in temperate latitudes. Continu-
ing studies of floodplain wood load and spatial distribution in unman-
aged river corridors can inform management designed to restore
geomorphic and ecological effects of large wood in managed river
corridors.
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