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ABSTRACT

Floodplains display exceptional variation in habitat
type, connectivity, and vegetation structure that
make them ideal landscapes in which to address
biophysical controls on primary production. How-
ever, our ability to do so requires fine-scale assess-
ment of biophysical complexity over large spatial
gradients in habitat heterogeneity, species compo-
sition, and productivity. We used LiDAR data and
hydrologic modeling to quantify surface elevation,
hydrologic connectivity, and a vegetation structural
diversity index (VSDI) in 551 patches across a
floodplain forest of a montane river corridor. We also
estimated terrestrial primary production via the
normalized difference vegetation index (NDVI) in
each floodplain patch. Our main goal was to com-
pare abiotic and biotic controls on terrestrial primary
production using a path analysis model to estimate
direct and indirect effects on NDVIvalues. Across the
floodplain, patch inundation was predominantly
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low and negatively related to mean patch elevation
(r=-0.434, p < 0.001) and distance to the river
channel (r=-0.397, p < 0.001). Most patches
exhibited high VSDI, corresponding to a total canopy
cover of 25-65% and an average canopy height of
8.5 m. Path analysis revealed direct effects of inun-
dation on canopy cover and NDVI, indicating abiotic
control on both floodplain vegetation distribution
and productivity. Canopy cover mediated indirect
effects of inundation on vegetation structural
diversity, which was in turn a strong mediator of the
effects of canopy cover on forest productivity. Our
results suggest that coexisting layers of vegetation in
a floodplain patch provide complementary func-
tional traits that interact with flooding regime to
collectively increase aboveground productivity.

Key words: river-floodplain connectivity; habitat
heterogeneity; diversity; NDVI; productivity.

HIGHLIGHTS

1. Aboveground productivity was robustly related to
biophysical complexity across floodplain patches.

2. Floodplain inundation associated with river
flood pulses exerts direct and indirect control on
both structural diversity and productivity of
floodplain vegetation.
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3. Coexisting layers of vegetation in floodplain
habitats provide complementary strategies of
resource use that interact with flooding regime
to collectively increase aboveground productiv-

ity.

INTRODUCTION

Significant exchange of water, energy, and mate-
rials between rivers and floodplains has urged
aquatic ecologists to think ‘outside the channel’
(Helton and others 2011) and forced forest man-
agers to consider river flows (Rood and others
2005) when addressing forest ecosystems dynam-
ics. Rivers are now increasingly recognized as cor-
ridors, combining channel and floodplain within
the same ecosystem boundaries (Wohl and others
2017; Pettit and others 2017). Integration of the
active channel and floodplain as a unique ecosys-
tem through which energy and materials flow
interchangeably is conceptually well developed
(Records and others 2016; Wohl and others 2017),
yet there remains a paucity of quantitative obser-
vations on aquatic-terrestrial linkages at the corri-
dor scale (for example, Luck and others 2010) and
their implications for river-floodplain systems.
Better quantitative assessment of river-floodplain
linkages should prove helpful in terms of theoret-
ical considerations and because river corridors fos-
ter great biodiversity and support extensive
ecosystem services (Tockner and Stanford 2002;
Naiman and others 2005).

In their natural state, floodplains are a diversified
mixture of aquatic and terrestrial habitats, con-
stantly and rapidly changing over space and time
with implications for habitat heterogeneity and
connectivity. Habitat heterogeneity results from
complex interactions among large wood (Latterell
and others 2006), sediment load (Bechtold and
Naiman 2009), flooding regime (Arscott and others
2000), and plant succession (Jansson and others
2000; Naiman and others 2010). Connectivity, per
contra, is mostly related to the degree of flooding
(Ward and others 2002). Seasonal inundation of
floodplains, that is, the flood pulse (Junk and oth-
ers 1989), delivers aquatic-derived subsidies of
nutrients and water to floodplain forests, generally
enhancing their productivity relative to upland
forests (Megonigal and others 1997). However,
flooding frequency and duration can vary signifi-
cantly among patches of heterogeneous floodplains
(Amoros and Bornette 2002). While periodic
flooding can increase rates of primary production,
long-term inundation may lead to anoxia and de-

crease productivity (Odum and others 1979).
Changes in plant community structure and pro-
ductivity occur mostly through the varying eleva-
tion of habitats on the floodplain and the river’s
flooding regime (Johnson and others 2016).
Previous research has examined processes link-
ing habitat heterogeneity and hydrologic connec-
tivity to species composition of forested floodplains
in temperate regions (Bornette and others 1998;
Naiman and others 2010; Johnson and others
2016). Cottonwood (Populus spp.) recruitment to
gravel bars is highly dependent on the timing and
pace of flow recession in early summer (Mahoney
and Rood 1998). In tropical floodplains, Wittmann
and others (2006) explained tree species distribu-
tion only from changes in floodplain elevation and
flooding frequency. Much less is known about how
habitat heterogeneity and connectivity influence
ecosystem functions such as primary production.
Some have measured direct increases in produc-
tivity of entire floodplain forests as a result of
periodic flooding, and attributed it to the increasing
supply of water and nutrients from the river
(Robertson and others 2001; Fonseca and others
2019). In addition to abiotic influences, changes in
plant species composition may also affect variation
in aboveground primary production. Species effects
are known to interact with abiotic controls (re-
source supply, disturbance frequency, and so on) to
determine ecosystem function (Hooper and others
2005). Whether abiotic and biotic effects on
ecosystem properties are mutually exclusive, com-
peting, or interactive has implications that go well
beyond river corridors and extend to the overall
effects of biodiversity on ecosystem function.
Riverine floodplains are ideal landscapes in which
to address these issues (Tockner and others 2010).

Diversity and Productivity in Floodplain
Forests—Fine-scale Assessment of Broad
Scale Patterns

Positive effects of species richness on primary pro-
duction have been repeatedly reported over dec-
ades (Naeem and others 1994; Naeem and others
1996; Tilman and others 1996; Tilman and others
1997). Most studies suggest increases in functional
diversity along with taxonomic richness as a
mechanism for such ecosystem effects (Hooper and
others 2005). For instance, floodplain patches
developing woody vegetation may experience a
shift in dominant functional traits such as average
rooting depth or water demand that can likely
influence local biodiversity and productivity. Biota
within these habitats may even become less
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dependent on river-borne subsidies (that is, abiotic
control) once woody vegetation is well established.
River corridors display a remarkable gradient in
both habitat composition (for example, sandbars,
abandoned channels, filled-in oxbows, and so on)
and vegetation structure (for example, grassland,
regenerating stands, mature forest, and so on) that
make them appropriate landscapes in which to
compare abiotic and biotic controls on primary
production. However, such comparisons have been
limited in part by the scarcity of methods that allow
accurate fine-scale determinations over larger spa-
tial gradients in geomorphic heterogeneity, species
composition, and productivity of riverine corridors.

Modern advancements in remote sensing meth-
ods such as light detection and ranging (LiDAR)
and multispectral imaging are now providing
accurate tools to quantify floodplain elevation,
channel extension, and inundation probability at
high resolution and over large spatial extents
(Mertes 2002; Lorang and others 2005; Whited and
others 2007). Some studies have proposed ap-
proaches to summarize floodplain heterogeneity
and connectivity into tractable univariate metrics
(Papadimitriou 2002; Scown and others 2016).
Others have employed LiDAR data to address
variability in the three-dimensional distribution of
canopy elements (that is, canopy structural com-
plexity, Fahey and others 2015) as a measure of
functional diversity based on modified Shannon-
Wiener indices (Listopad and others 2015). These
contemporary techniques and metrics provide the
opportunity to address influential interactions
among habitat heterogeneity, hydrologic connec-
tivity, vegetation diversity, and floodplain forest
productivity.

In the glaciated Rocky Mountain regions of
North America, annual spring snowmelt drives
predictable flooding of floodplain soils, supporting a
deciduous-conifer forest community, and promot-
ing numerous processes above and below ground
(Valett and others 2014; Hauer and others 2016).
Deciduous trees (Populus spp. and Salix spp.) dom-
inate early-successional patches that are replaced
by conifer-dominated communities as annual
flooding ceases due to surface aggradation, river
channels migrate, and habitat turnover commences
(Whited and others 2007). At any given time, a
heterogeneous mosaic of early to late-successional
stages is found across the floodplain (Stanford and
others 2005), resulting in spatial variation of veg-
etation structure and productivity at the patch
scale. Using LiDAR data and hydrologic modeling,
we quantified surface heterogeneity, connectivity,
and structural diversity of aboveground vegetation

in a floodplain forest associated with a free-flowing,
montane river of Western Montana, USA. We then
evaluated abiotic and biotic controls on terrestrial
primary production via the normalized difference
vegetation index (NDVI) derived from multispec-
tral aerial images. We employed path analysis as a
hypothesis-testing method to evaluate how biotic
and abiotic controls interact to control terrestrial
productivity. An initial simple model, including
only independent effects of abiotic and biotic fac-
tors on NDVI variation, was first tested with col-
lected data. The model was then modified as
needed, via parsimonious incorporation of inter-
action effects between abiotic and biotic variables,
until the best-fitted path analysis model was
determined. The model provides a conceptual
causal map among representative variables of
habitat heterogeneity, hydrologic connectivity, and
vegetation structure, and their influence on flood-
plain forest productivity.

METHODS
Study Site and Spatial Resolution

The study was conducted in a section of the Bit-
terroot River floodplain, Montana (6.75 km long
by 1.75 km wide), representative of unregulated,
gravel-bed river floodplains across the northwest-
ern USA (Figure 1). Throughout the study site,
snowmelt-driven floods inundate the floodplain
every spring with little anthropogenic resistance. At
the study area, the river has a drainage area of over
7000 km? and an average annual flow of 50 m> s},
with peak flows greater than 350 m’s~' during
vernal flooding. Vegetation across the floodplain is
dominated by black cottonwood (Populus tri-
chocarpa), ponderosa pine (Pinus ponderosa), and
quaking aspen (Populus tremuloides) forests, with a
variety of small trees and shrubs including alder
(Alnus incana and Alnus sinuata), juneberry (Ame-
lanchier spp.), wood’s rose (Rosa woodsii), and other
native and non-native grasses.

To assess spatial relationships between abiotic
and biotic variables across the floodplain landscape,
we established experimental units at the patch
scale. Floodplain patches were defined as geo-
graphic portions characterized by high internal
spectral and spatial homogeneity, but with poten-
tially differing areas. A segmentation approach was
used to delineate patches; segmentation is a remote
sensing method that creates homogeneous image
objects through pattern recognition of spectral and
spatial information (Jensen 2004). In our segmen-
tation approach, we employed 4-band, 1-m reso-
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Figure 1. Elevation map showing the location of the study reach in the Bitterroot River valley. Inset shows the study site
position in the northwest region of the USA. Dashed box illustrates spatial boundary of LIDAR data acquisition (see text for

details).

lution imagery from the National Agriculture
Imagery Program (NAIP) collected between June
and September of 2013 to generate a single geo-
referenced layer composed of highly complex
polygons (that is, patches). The layer included a
total of 1311 patches. More than half were re-
moved from further analysis for being outside the
floodplain, intersecting water, or containing only
riverside gravel beds devoid of vegetation. Ulti-
mately, a total of 551 vegetated patches across the
floodplain were retained for further quantitative
analysis (Appendix 1A).

Surface Complexity, Vegetation
Structural Diversity, and Primary
Production

Measures of biophysical complexity, vegetation
structure, and terrestrial productivity were derived
from a variety of remotely sensed data. Physical
complexity was characterized using a 0.4-m digital
elevation model (DEM) generated from aerial Li-
DAR data acquired on September 9, 2016. Prior to
computing any metrics, the DEM was detrended to
remove the longitudinal gradient in elevation along
the river corridor following methods described in
Whited and others (2007). Surface heterogeneity

among patches was characterized by comparing
mean ground elevation of each patch. Surface
heterogeneity within each patch was then esti-
mated as the standard deviation of ground eleva-
tion (GESD).

Hydrologic connectivity of each patch was char-
acterized by three metrics: mean flow length (FL),
mean flow accumulation (FA), and percent inun-
dation (PI). FL represents the length of a potential
up-gradient flow path for each raster cell, and FA
computes, for each cell within a patch, the cumu-
lative number of cells (that is, total area) on a down
gradient flow path that leads to it. Both FL and FA
metrics were computed using a flow direction grid
generated from the DEM according to the methods
described in Jenson and Domingue (1988) and
Tarboton and others (1991). Percent inundation
(PI) was computed using an inundation raster
generated from the DEM using the Hydrologic
Engineering Center’s River Analysis System (HEC-
RAS), the HEC-GeoRAS ArcGIS extension, and the
ArcGIS Arc Hydro package (HEC-GeoRAS 2012,
HEC-RAS 2016, Arc Hydro 2015). A one-dimen-
sional steady-flow model was used to simulate
flooding effects at a river flow of 93.98 m’>s™',
which represents the daily average flow value be-
tween March-1 and August-1 over the 1990-2015
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period using data from USGS gauging station
12352500 located downstream of our study site.
This flow value does not represent the annual peak
flow but the average river flow value throughout
the annual growing season. Percent inundation
(PI) was computed for each patch as the percent of
the patch area covered by the inundation raster
(Appendix 1B) and is interpreted as an indicator of
the patch susceptibility to inundation during
floodplain flooding.

Patterns of vegetation type and size across the
floodplain were evaluated through the vegetative
structural diversity index (VSDI) that uses the same
approach as the Shannon—-Wiener index for species
diversity, but employs different data (Listopad and
others 2015). Computation of VSDI values used
point cloud elevation data derived from LiDAR
non-ground points after normalizing by ground
height. Four vertical height classes: 0 to 0.5 m, 0.5
t0 2.5 m, 2.5to 5 m, and > 5 m were used in place
of species richness (that is, 0 < S < 4) repre-
senting the ground/herbaceous, shrub, young
trees, and canopy trees layer, respectively. The
proportion of total LiDAR point returns at each
height class replaces the proportion of the patch
occupied by each vegetation layer. With this ap-
proach, VSDI values equal or near zero reflect
sparse vegetation cover and VSDI values increase as
the distribution of LiDAR point density becomes
more evenly distributed across the four height
classes. We estimated patch canopy cover from Li-
DAR data using the standard formula of the ratio of
the number of first returns above 2.5 m divided by
the total number of first returns (McCallum and
others 2014). We also used LiDAR point density to
assess relatively mature vegetation and address
successional progression of floodplain forest pat-
ches. Patches were categorized as belonging to
early-, mid-, and late-successional stages based on
canopy cover above 10 m height of < 10%, 10-
50%, and > 50%, respectively. To relate struc-
ture-defined successional stages to differences in
the dominant plant communities on the floodplain,
we joined vegetation class attributes from the US
Forest Service (USFS) Bitterroot National Forest
mid-level (approximately 1:100,000) existing veg-
etation map (Ahl and Brown 2017) with the pat-
ches delimited in our study. The USFS vegetation
map was developed using a similar segmentation
approach to ours, and the segments were classified
with dominant vegetation types. We maximized
overlap between vegetation class and LiDAR data
by using a spatial join in which the most overlap
existed between segments.

The normalized difference vegetation index
(NDVI) was used as a proxy for terrestrial produc-
tivity and was calculated from the same 2013 NAIP
4-band imagery used in the segmentation. NDVI is
a widely used remotely sensed vegetation index
that correlates well with biomass production (that
is, net biomass increment), absorbed photosyn-
thetically active radiation (APAR), leaf area index
(LAI), percent canopy cover, and leaf chlorophyll
levels (Tucker 1979; Lillesand and others 2015).
Transformation of NDVI values to any specific
measure of productivity was not possible due to the
limited spatial scale of our study site that precludes
the use of look-up tables that were developed at
regional and global scales (Running and others
2004). NDVI values were calculated using re-
flectance values in the near-infrared and red bands
via Eq. (1):

_ pNIR — pRED
~ pNIR + pRED

NDVI (1)
where pNIR is the proportion of reflectance ab-
sorbed in the near-infrared (NIR) region of the
electromagnetic spectrum, pRED is the proportion of
reflectance absorbed in the red region of the elec-
tromagnetic spectrum. NDVI output values range
between —1 and 1, with greater values representing
greater biomass production (Jensen 2004). Mean
NDVI values derived from the pixels within each
patch were used for further data analysis.

Data Analysis

Spatial variation of each metric across the flood-
plain was evaluated using kernel density plots that
allow rapid assessment of distribution and central
tendencies of observed values. Density probability
distributions were generated using ‘geom_density’
function of the ggplot2 package in the R environ-
ment (R Development Core Team 2008). Differ-
ences in vegetation structure and NDVI among
successional stages were addressed using one-way
ANOVA on In-transformed data followed by Stu-
dent-Newman-Keuls multiple comparison tests.
Pairwise relationships between variables were as-
sessed using Pearson product-moment correlations
or regression models. Statistical difference were
assessed with « = 0.05.

To address how complex interactions among
abiotic and biotic factors influence terrestrial pro-
ductivity across floodplain patches, we employed
structural equation modeling (Hershberger 2001).
Specifically, we performed path analysis modeling,
a form of structural equation modeling in which all
variables are empirically represented (that is,
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models did not include latent variables). Path
analysis is a useful technique for evaluating the fit
of a proposed set of direct and indirect relationships
to the observed data (Quinn and Keough 2002).
We first used the ‘lavaan’ function of the lavaan
package (Rosseel 2012) to fit an ‘initial” direct
model that included abiotic (PI) and biotic (canopy
cover, VSDI) metrics via their individual (non-in-
teractive) effects on terrestrial production (that is,
NDVI). Then, we built six other models including
different and distinct sets of individual and inter-
active effects among abiotic and biotic parameters
including: only indirect abiotic effects on NDVI
with mediation by both biotic variables (model 2),
direct and indirect abiotic effects on NDVI with
mediation by both biotic variables (model 3), only
VSDI mediating abiotic effects on NDVI (model 4),
only canopy cover mediating abiotic effects on
NDVI (model 5), canopy cover mediating abiotic
and VSDI effects on NDVI (model 6), VSDI medi-
ating abiotic and canopy cover effects on NDVI
(model 7). In all models, the effects of patch ele-
vation, FL, and FA were only included as direct
relationships to PI, but not as direct effects on
biological parameters (canopy cover, VSDI, and
NDVI) since we have no theoretical basis to support
such linkage that is not explained by their influ-
ences on PI. All models included residual variance
estimates for the dependent variables in the model,
and models using canopy cover and VSDI variables
without direct relationship between them also in-
cluded a covariance term for their residuals to ac-
count for the strong correlation between them. Fit
for each model was assessed using the standardized
root mean square residual (SRMR) for which val-
ues < 0.05 are considered indicative of a good fit
(Fan and others 2016). In some occasions, espe-
cially when sample size is limited (N < 200),
SRMR can provide a biased assessment of model fit.
Therefore, we employed two additional measures
of model fit, the comparative-fit index (CFI) and
the Tucker-Lewis index (TLI) indices. These metrics
assess fit relative to a null model (that is, no rela-
tionships), are less affected by sample size, and
provide more robust model assessment. Values
greater than 0.95 of both CFI and TLI are consid-
ered indicative of good model fit. Our final path
analysis model was selected by assessing Vuong test
results (Vuong 1989) in the nonnest2 package for all
pairwise model comparisons including our initial
direct-effects model and the six additional models
with indirect effects. For the selected model, stan-
dard errors of unstandardized parameters were
estimated by 1000 bootstrapped simulations to ease
comparison among path coefficient in the model

(standardized parameters vary only between -1 to
1). The roles of biotic variables as mediator vari-
ables (that is, existing measures that carry the
influence of a given independent variable to a
specified dependent variable) reflect indirect
causality and were identified via the Sobel test
(Sobel 1982).

RESULTS

Surface Heterogeneity and Hydrologic
Connectivity

Patch size and shape varied across the floodplain
with a predominance of smaller patches (Appendix
1A). Mean patch area was 1.34 ha, but patch size
ranged more than an order of magnitude from as
small as 0.11 to 8.35 ha. Mean patch perimeter to
area ratio was 0.12 m~ ' with values ranging an or-
der of magnitude (0.04-0.46 m™~'). Mean patch
elevation varied from 1.1 m below to 6.3 m above
the floodplain average; high-elevation patches were
exclusively located near the eastern hillslope. High-
elevation patches, however, also encompassed sub-
stantial variation in surface elevation with GESD
significantly correlated with patch elevation
(r = 0.605, p < 0.001, Table 1). More than 95% of
the patches exhibited low to moderate surface
heterogeneity (GESD < 1.5 m), broadly distributed
across both sides of the active channel (Figure 2A).
The extent of variation in elevation within patches
declined with distance from the active channel, but
distance explained little of the variation in GESD
(r=—0.175, p < 0.001, Table 1). Surface hetero-
geneity was also negatively but poorly related to
patch area and perimeter to area ratio (Table 1).
Flood modeling showed that the flood pulse
followed relict channels across the floodplain (Ap-
pendix 1B) and illustrated great variation in the
proportional area per patch susceptible to inunda-
tion (Figure 2B). PI distribution revealed that few
patches displayed extensive proportional inunda-
tion (4 patches with PI > 80%), and most had
much lower PI values. Average patch PI was 15%,
and half of all patches were characterized by values
equal to or lower than 20% (Figure 2B). Inunda-
tion extent was greater in low-elevation patches
near the stream channel as indicated by negative
correlations between PI and patch elevation (r =
—0.434, p < 0.001, Table 1) and distance to the
active channel (r = —0.397, p < 0.001). Most of
the floodplain study area was poorly connected to
the river during flooding (Figure 2B). Measures of
floodplain linkages among patches (FL, FA) illus-
trated that most patches were poorly connected
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Table 1. Correlation Coefficients for each Relationship Between Geographic, Topographic, and Connectivity
Metrics
Area P/A Distance Elevation GESD PI FL FA
Area
P/A
Distance - 0.18™ 0.06
Elevation —0.03 0.06 0.10"
GESD - 0.05" 0.02 —-0.17"" 0.60"™"
PI 0.13"™" 0.03 —0.40™" —0.43™" 0.59""
FL 0.06 0.02 0.10" —0.05 —0.01 0.33™
FA 0.18"™" 0.02 —0.01 —0.03 —0.09" 0.40™" 0.85""

PI percent inundation; FL flow length; FA flow accumulation; P/A perimeter to area.

Statistical significance is indicated as p-value < 0.05", < 0.01"", and < 0.001""".
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Figure 2. Map of ground elevation standard deviation (GESD) A and percent inundation (PI) B among floodplain patches.
Individual patches were delineated by segmentation analysis. Values are color-coded in seven categories across the
observed range. A kernel density plot showing the continuous distribution of each variable across the floodplain is shown

at the bottom left part of each panel.

compared to a subset of patches with much higher
FL and FA values (Appendix 2). Specifically, less
than 5% of the patches showed potentially high
hydrologic connectivity, with flowpaths (that is, FL
values) of 25 m or more and contributing areas
(that is, FA values) greater than 1.15 hectares.

Vegetation Structural Diversity
in the Floodplain Landscape

Variation in canopy structural complexity (that is,
VSDI) exhibited a moderately left-skewed distribu-

tion throughout the floodplain with range from 0 to
1.35 and a median value of 0.78 (Figure 3), con-
gruent with a predominantly forested landscape.
More than half of the patches exhibited VSDI values
between 0.7 and 1, corresponding to canopy cover
of 25-65% and an average canopy height of 8.5 m.
Patches with low VSDI values (0-0.21; Figure 3),
characteristic of grassland-dominated environments,
represented approximately 10% of all patches.

As intended, the extent of mature canopy (that
is, above 10 m height) increased significantly
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(ANOVA, p < 0.0001) across successional stages
(Table 2). Similarly, percent total cover increased
significantly from 5.6 to 40 and 66.3% across early-
, mid-, and late-successional stages (Table 2). Grass
and shrub were 2 to 10 times more abundant in
early succession patches than in mid- and late-
successional stages, while ponderosa pine were
similar in early and mid-stages but very scarce in

Vegetation Structure Diversity Index (VSDI)
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Figure 3. Map of vegetation structural diversity index
(VSDI) across floodplain patches. Values are color-coded
in seven categories across the observed range. A kernel
density plot showing the continuous distribution of each
variable across the floodplain is shown at the bottom left
of the figure.

late-successional patches (Appendix 3). Cotton-
woods (Populus spp.) dominated plant communi-
ties in both mid- and late-successional stages across
the floodplain (Appendix 3). Herbaceous commu-
nities were only dominant in patches characterized
as early-successional stages (low VSDI), in contrast
to tree communities being the dominant vegetation
growth forms in mid- to late-successional stages
(Appendix 4). VSDI was related to cover above
10 m height (Figure 4A) following an exponential
rise to a maximum (r2 = 0.64, p < 0.0001), and
increased with total canopy cover (Figure 4B) as a
power law (log-VSDI vs. log-CC; 12 = 0.94,
p < 0.001) with VSDI increasing more rapidly
from early- to mid- than from mid- to late- suc-
cessional stages (Figure 4). Accordingly, mean
VSDI  was  significantly lower  (ANOVA,
p < 0.0001) in early-successional patches (0.27)
than in later stages, but average values did not
differ between mid (0.80) and late (0.82) stages
(Table 2).

At the same time, variation in all structural
metrics was an order of magnitude greater among
early-successional patches than for later stages of
succession (Table 2). Variation in mature (that
is, > 10 m) and total canopy coverage was simi-
larly high during early succession (CV = 76.8 and
86.3%, respectively) and then fell to less than 6%
for both metrics during mid and late succession
(Table 2). For VSDI, CV declined from 1156.6 to
148.4 and 127.9% across successional stages (Ta-
ble 2, Figure 4). Thus, although greatest mean
values for VSDI occurred during mid- and late-
successional stages (Table 2), 7 of 35 VSDI values
(20%) in excess of 1.0, were observed in early-
successional patches, contributing to the observed
degree of variation. In addition, the remaining 80%
of VSDI values greater than one occurred among
mid-successional patches (Figure 4). Thus, greater
VSDI values did not necessarily entail more densely
developed high profile mature canopies (that is,
those with maximal late-successional character),

Table 2. Vegetation Canopy Characteristics Among Successional Stages

Successional stage % Cover above 10 m Total cover (%) VSDI NDVI

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
Early 2.7% 76.8% 5.6% 86.29* 0.27* 1156.6% —0.06" 1926.34
Mid 28.28 5.38 40.0° 3.6% 0.80" 148.48 0.11% 950.6"
Late 56.8 1.9¢ 66.3€ 1.6¢ 0.83" 127.9¢ 0.26° 416.6°

Within a column, metrics with different superscripts are statistically different across successional stages. Differences among mean values reflect significant ANOVA (p < 0.0001)
followed by Student—-Newman—Keuls multiple comparison tests. Variance within groups is represented by the coefficient of variation (CV; mean/standard deviation*100%),
and significant differences in variances were determined by Levene’s test (p < 0.001) for all comparisons. Analyses were run on In-transformed data. Results shown here are

back-transformed.
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Figure 4. Relationship between mean vegetation
structural diversity index (VSDI) and successional stage
(that is, canopy cover above 10 m height) for individual
plots A and total canopy coverage across all heights B.
Colors are early- (yellow), mid- (green) and late- (red)
successional designations.

but instead were associated with substantial canopy
development that included well-established
understories, typically located among mid- and
late-successional patches.

Abiotic and Biotic Effects on Floodplain
Production

Across the floodplain, mean NDVI per patch varied
from those indicative of bare earth (< 0), to a
dominance of grass and sparse vegetation (0.0—
0.25), or more densely forested patches (0.25-0.43;
Figure 5). Negative NDVI values were observed for
155 patches (28% of total), indicative of recently
disturbed patches. Across all patches, the grand
mean for NDVI was 0.09 + 0.15
(X £ standard deviation), generally reflecting a
vegetated landscape. Average NDVI among vege-
tated patches (that is, those with positive NDVI
values) was 0.15 + 0.09 (Figure 5). Within suc-
cessional stages, variation in NDVI was large with

Normalized Difference Vegetation Index (NDVI)

wo High: 043
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\
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Figure 5. Map and kernel density plots for the
normalized difference vegetation index (NDVI). Colors
correspond to the provided gradient in NDVI intensity
based on mean values for individual patches.

CVs ranging from 416.6 to 1926.3% (Table 2).
Even with this broad variation, mean NDVI in-
creased significantly (ANOVA, p < 0.0001) with
succession from a negative average within early
stages (—0.06) to progressively more positive values
during mid (0.11) and late (0.26) succession (Ta-
ble 2). Despite the extensive variation in both NDVI
and VSDI among patches and successional stages,
the two variables exhibited a strong positive rela-
tionship (r = 0.69, p < 0.0001, n = 551) across the
floodplain (Figure 6), similar to the observed rela-
tionship between NDVI and canopy cover across
the floodplain (r=0.71, p < 0.0001, n = 551).
Across successional development, however, the
relationship between productivity and canopy
structural diversity differed among stages (Table 2).
Although variation in both NDVI and VSDI was
extensive during early succession (that is, CV >
1000-2000%), the relationship remained signifi-
cant (r=0.52, p < 0.0001, n=175) as it did
among mid-successional patches (r = 0.56,
p < 0.0001, » =343). During late succession,
however, patch NDVI was not related to structural
diversity (r=0.11, p = 0.525, n = 33) or total ca-
nopy cover (r = 0.29, p = 0.094, n = 33) suggesting
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Figure 6. Normalized difference vegetation index (NDVI) versus vegetation structural diversity index (VSDI) across 551
floodplain forest patches. Panels on top and side of figure are kernel density plots relating to VSDI and NDVI, respectively.
Symbol colors correspond to putative successional stages as designated by percent canopy cover above 10 m height.

a stronger interaction between vegetation structure
and forest function during more actively growing
conditions than at maturity.

Our initial path analysis model (Figure 7A),
addressing only the direct and non-interactive ef-
fects of abiotic and biotic metrics on productivity,
suggested that percent inundation, canopy cover,
and structural diversity had direct effects on pro-
ductivity. The model, however, was not well fitted
to the observed data. All three indices employed to
assess model fit indicated a large discrepancy be-
tween this initial model and the covariance matrix
derived from our data (Figure 7B; SRMR = 0.278,
CFI = 0.476, and TLI = 0.214). Our best-fit refined
model (model 7; Figure 7C), as indicated by greatly
improved indices (Figure 7D; SRMR = 0.048,
CFI = 0.979, TLI=0.955 and total model
R? = 0.538), was obtained after removing flow path
length due to poor contribution to explained PI
variance, maintaining direct abiotic effects of PI on
NDVI, and allowing VSDI to mediate the indirect
effects of percent inundation and canopy cover on
NDVI values (Figure 7C). The fit of model 7 was
identical to model 6 and slightly better than models
4 and 5 (Appendix 5). We selected model 7 based
on the stronger mediation of abiotic effects on
vegetation structure and productivity by canopy
cover than by VSDI. Results of Sobel tests con-
firmed the mediator role of canopy cover on the
relationship between PI and VSDI (p-value <

0.001) and between PI and NDVI (p-value =
0.005), as well as the mediation of VSDI on the
relationships between PI and NDVI (p-value =
0.028) and between canopy cover and productiv-
ity (p-value = 0.016; Figure 7C). Total indirect
(mediated) effects on productivity correspond to
the sum of all specific mediation paths from PI to
NDVI, each one calculated as the product of its two
standardized path coefficients. Summation of this
type showed that indirect effects on productivity
(0.259) were similar in magnitude to direct abiotic
effects (0.257; Figure 7C), with canopy cover
accounting for 77% (0.199) and VSDI representing
23% (0.060) of total indirect effects on NDVI.
Indirect effects of PI on NDVI values were mar-
ginally mediated by VSDI (direct effects = 0.257;
indirect effects = 0.020; Figure 7C), while this
same abiotic effect was far more influentially rou-
ted through canopy cover as a much stronger
mediator of productivity (direct effects = 0.257;
indirect effects = 0.144; Figure 7C). In addition,
patch canopy cover largely mediated the PI effects
on VSDI values (direct effects = 0.080; indirect ef-
fects = 0.385; Figure 7C), indicating that canopy
cover mediates inundation effects on both vegeta-
tion structure (VSDI) and productivity (NDVI).
Mediation by VSDI was instead focused on how
canopy cover drives productivity (direct effects =
0.343; indirect effects = 0.224; Figure 7C). Be-
cause direct effects of PI on VSDI are comparatively
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Figure 7. Initial path analysis model constrained to include all possible predictors and non-interactive effects of abiotic
(ground elevation, flowpaths features, and inundation) and biotic (canopy cover, VSDI) factors on NDVI values A
Criterion and observed values for fit indices associated with the initial model indicating poor model fit B. Strong fits are
indicated by SRMR less than 0.05 and values for CFI and TLI greater than 0.95. Optimal parsimonious path analysis model
including interactive effects C as assessed by SRMR, CFI, and TLI indices D. Standardized path coefficients provided in C
indicate effect sizes used to compare relative magnitude of biotic and abiotic influences on NDVI values. Coefficients for
residual covariance parameters are not shown for the sake of simplicity. Statistical significance of each unstandardized

P

patch coefficient is indicated as p-value < 0.05", < 0.01"", and < 0.017".

low, VSDI values do not appear constrained by
inundation susceptibility, but instead, in combina-
tion with results from assessment of VSDI and
NDVI among successional stages, vegetation struc-
ture appears to mediate the strength and slope of
the relationship between canopy cover and pro-
ductivity among successional stages (Table 2; Fig-
ures 6 and 7C).

Discussion

Structural diversity of vegetation varied across the
floodplain, reflected large-scale patterns of flooding
disturbance, and mediated abiotic influences on
ecosystem function. Floodplain habitats near the
channel or in other positions of low topographic
elevation were more prone to extensive inundation
by flooding of average magnitude. In turn, the
inundated area within a patch was positively re-
lated to the presence of multiple levels of vegeta-

tion height and density of canopy cover. Flooding
exposure was clearly linked to terrestrial produc-
tivity as seen in other floodplain forests (Clawson
and others 2001; Naiman and others 2010; De Ja-
ger and others 2019; Fonseca and others 2019), but
here its effects appear tightly mediated by the ex-
tent and structural diversity of vegetation devel-
opment within patches. Asner and others (2014)
characterized forest functional diversity as the
interplay between phylogenetic traits of canopy
trees along gradients of elevation and soil fertility
that can ultimately influence ecosystem function-
ing. In our study, the use of a diversity metric
quantifying vegetation layers rather than species
richness illustrated a close association between
structural diversity of vegetation and aboveground
productivity. Together, the results suggest that
functional characteristics of coexisting layers of
vegetation in a floodplain patch provide comple-
mentary strategies of resource use that interact
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with flooding regime to collectively increase
aboveground productivity.

Physical Heterogeneity Organizes
Connectivity in Montane Floodplains

All floodplain patches will ultimately experience
physical change, but many remain unaltered long
enough for communities to be influenced by suc-
cession (Whited and others 2007; Driscoll and
Hauer 2019). Our study focuses on the more acute
roles of river flow and surface heterogeneity
embedded within long-term floodplain evolution
(for example, > 100 years, see Naiman and others
2010). The data presented here suggest that con-
nectivity between the floodplain and its river de-
pends largely on the location and topography of
floodplain habitats, with implications for forest
structure and productivity.

The Bitterroot River floodplain is a prime
example of riverine landscapes in the Rocky
Mountains (compare Stanford and others 2005;
Hauer and others 2016) where an anastomosed
river flows through gravel beds and fine sediment
deposits in a floodplain of 1-2 km width. Average
patch elevation across the floodplain varied in a
similar range to that observed across the nearby
Nyack floodplain of the Flathead River, MT
(Whited and others 2007), was substantially
greater than the 20-80 cm gradient organizing
inundation in the Mississippi River floodplain
(Swanson and others 2017), and less than the
minimum 5-m range distinguish critical floodplain
landforms in the Amazon lowlands (Asner and
others 2014). Average and standard deviation of
patch elevation were strongly and positively cor-
related, with greater surface heterogeneity (that is,
GESD) in smaller patches near the river channel
which may reflect the irregular topography of
alluvial deposits of former channel migrations
(Brunke and Gomnser 1997; Lorang and others
2005). In their study of topographic complexity,
Scown and others (2016) found that surface
heterogeneity increases if measured at smaller
sampling scales, and pointed out that floodplains
with less than 2 km between valley slopes—as in
our study site—present a more heterogeneous ter-
rain compared to wider floodplains due to in-
creased localized stream power. These perspectives
seem generally applicable to the Bitterroot flood-
plain complexity.

Surface heterogeneity and hydrologic connec-
tivity are mutually dependent, and thus, significant
relationships between topographic metrics and
connectivity indicators were expected a priori.

However, only percent inundation (PI) was
strongly related to patch elevation, GESD, and
proximity to the river channel. Observed relation-
ships between patch elevation and inundation in
our study reflect connection to the main channel
since PI was computed using a model relating river
stage to surface elevation. Hence, inundation was
more extreme in highly heterogeneous, low-ele-
vation patches near the channel, reflecting over-
land flow to the floodplain during flood events.
Braided and anastomosed channels can serve as
conduits through which water and resources are
distributed across floodplains (Malard and others
1999; Ward and others 1999), and changes in
floodplain elevation naturally result in the modi-
fication of water surface elevation for a given river
flow (Lane and others 2007; Lane and Thorne
2007). A measure of potential distance traveled by
overland flow (FA) was positively related to PI, and
it is reasonable to postulate that abandoned chan-
nels are contributing to flowpath area, connecting
flooding waters from the channel to one or more
floodplain patches.

Hydrologic Connectivity Drives
Vegetation Productivity and Complexity

In the Bitterroot floodplain, the dependency of
vegetative structural diversity on river-derived re-
sources is focused on the effects of vernal flooding.
Path analysis indicated that the susceptibility of
patch area to inundation was directly related to
canopy cover and most strongly indirectly related
to structural diversity of terrestrial vegetation.
These results suggest that the degree of connectiv-
ity between forest patches and the river channel
during flooding is an important organizing factor
determining vegetation structural diversity across
the floodplain. To our knowledge, ours is the first
study to relate habitat location and inundation to
structural diversity of floodplain vegetation.
Previous research has described the implications
of flood pulses for connecting aquatic resources to
riparian plant diversity (Bornette and others 1998;
Pollock and others 1998; Johnson and others 2016)
and vegetation community development (Salo and
others 1986; Whited and others 2007). However,
flooding may also affect forest succession and
structural diversity through legacy effects of chan-
nel migration. Asner and others (2014) showed
that topographic filtering, resulting from the
influences of distinct fluvial landforms on the
Amazon floodplain, organized forest composition
and conditions. Similarly, Naiman and others
(2010) argued that the geomorphic legacy of
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flooding in coastal riparian forests of the Pacific
Northwest sorted forest biomass and composition.
Stella and others (2011) found that abandoned
channels supported more than 50% of the extant
cottonwood forest over a 160-km reach of the
Sacramento River. In our study, many patches far
from the river with high VSDI and NDVI values are
shaped as forest polygons that resemble fluvial
geomorphic features (for example, the oxbow in
the southwest portion of the floodplain, Figs. 3 and
5). Thus, contemporary distribution of functional
diversity reflects both acute influence of the cur-
rent hydrograph and historical fluvial development
of the floodplain surface.

The benefits of seasonal inundation for flood-
plain plant productivity have been extensively
documented since Junk and others (1989) pre-
sented the flood pulse concept more than 30 years
ago. However, prolonged flooding of floodplain
soils can drastically change physical and chemical
conditions (Clawson and others 2001) and influ-
ence plant species that may, or may not, be adapted
to lengthy periods of saturation (Streng and others
1989; Battaglia and others 2000). Specifically,
recurrent and extensive inundation may impede
establishment of some woody plants, preventing
forest succession while favoring sedges and wet-
land-like grasses (Bejarano and others 2020). In
our study, PI was linearly and positively related to
both canopy cover and VSDI of floodplain patches,
suggesting that inundation associated with the
flooding regime of the Bitterroot River does not
correspond to a degree that prevents or retards
forest development as frequently seen for bottom-
land forests (Megonigal and others 1997).

Inundation, Functional Diversity
and Floodplain Productivity

Omne of the main goals in this study was the com-
parative assessment of abiotic and biotic controls on
aboveground productivity and exploration of the
role that vegetation structural diversity may play as
a mediator of abiotic control of riparian forest
productivity. The direct effects that patch inunda-
tion has on canopy cover and, to a lesser extent, on
vegetative structural diversity represent abiotic
control on floodplain vegetation distribution and
abundance. However, path analysis also revealed
additional effects of this abiotic driver to rates of
terrestrial productivity (that is, NDVI), suggesting
that inundation exerts direct control on both
diversity and function of floodplain vegetation.

In this way, both canopy cover and vegetative
structural diversity served as mediators linking
abiotic hydrologic drivers to riparian plant pro-
ductivity. Causal pathways linking water supply to
enhanced abundance and biomass of vegetation
have been reported for riparian forests of a diverse
array of floodplains, including interior Alaska
(Yarie 2008), Amazonia (Saatchi and others 2007),
and the coastal plain of southeastern USA (Batta-
glia and Collins 2006), and in particular for water-
limited systems characteristic of semi-arid land-
scapes (Lite and others 2005; Mac Nally and others
2011; Thevs and others 2012). Our study contrasts
the direct influence of flooding on patch canopy
cover with strong indirect effect on vegetation
structural diversity; while laying out the impor-
tance of flooding for floodplain forest productivity
via indirect pathways mediated by canopy cover
and structural diversity. Others working mainly in
upland forests have shown that canopy complexity
increases above ground net primary productivity
(Hardiman and others 2013; von Gadow and others
2016; Glatthorn and others 2018). Using a multiple
linear regression model, Glatthorn and others
(2018) estimated that structural complexity ac-
counted for a 10% increase in net primary pro-
duction in native beech forests. Similarly, the
optimal path analysis model derived from our study
assigned an increase in NDVI of approximately 0.07
units to the direct and indirect effects of canopy
complexity, which in relation to the NDVI values
observed, represents a 10.1% increase as well.

Although less work has addressed the structural
complexity of floodplain forests, Acker and others
(2003) reported that most measures of stand com-
plexity were greater for upland forests than for
those found along low- to mid-order streams. Most
work on riparian forest complexity addresses its
implications for adjacent streams. Keeton and
others (2007) calculated a forest height diversity
index similar to ours for riparian forests of the
Adirondack Mountains, New York (USA), and
linked it to the in-stream standing stocks of large
woody debris and stream geomorphic structure.
Warren and others (2016) argued that riparian
canopy complexity influenced light regimes
reaching streams, a proposal supported by work
showing that horizontal forest structure was tied to
below-canopy light availability along forested
headwater streams (Siegloch and others 2017). In
turn, Bechtold and others (2017) indicated that
stream gross primary production increased with a
proxy for riparian canopy complexity.
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Functional Traits, Succession
and Canopy Complexity

An understanding of how changes in community
composition and vegetation structure can influence
ecosystem properties requires an understanding of
the functional traits of the species (Hooper and
others 2002). The differing importance of the four
layers of vegetation considered in our study rep-
resents evident change in canopy characteristics
that reflects dominant functional traits and/or age
of the species involved (Tilman and others 1997;
Asner and others 2014). Moreover, the collective
functional traits at the patch level impart a canopy
complexity emerging from the different vegetation
layers that is measured as foliage height diversity
(aka VSDI). Others have emphasized the congru-
ence between species composition and functional
traits in forest ecosystems (Fahey and others 2015;
Fotis and others 2018). In the Bitterroot’s flood-
plain forest, the plant community ranges from bare
ground/seedlings and tall grasses to shrub/willow
and large trees (for example, cottonwoods, pon-
derosa pine). While mechanisms exist for individ-
ual plants to adjust vertical distribution of leaf mass
and resources that can contribute to canopy com-
plexity (Glatthorn and others 2018), differential
recruitment success and growth rates within and
among species likely plays a critical role in devel-
opment of variation among height layers (Fotis and
others 2018). Thus, high VSDI values do not nec-
essarily reflect correspondingly large species diver-
sity, but most likely indicate the presence of
multiple, complementary life forms responding to
resource availability and disturbance history. Our
results support the role of increased functional
diversity translating into greater productivity, sug-
gesting that greater foliage height diversity emerges
from niche differentiation within patch boundaries
generated by spatial heterogeneity in surface ele-
vation and flooding frequency.

For riparian forests, many have shown how
succession can be strongly dependent on patterns
of river flooding via surface connectivity (Keeton
and others 2007; Driscoll and Hauer 2019). At the
floodplain level, the relatively natural disturbance
regime associated with cut-and-fill alluviation
(Stanford and others 2005; Whited and others
2007) along the Bitterroot River continually creates
new patches with unoccupied niches that allow
establishment of grasses and seedlings leading to
succession and the development of a full canopy.
Many studies addressing the role of canopy com-
plexity are framed in the context of succession.
Most of these studies, however, have addressed

more upland forests and emphasized the impor-
tance of enhanced structural diversity within and
among old growth forests. Work by Hardiman and
others (2011) showed that canopy complexity in-
creased with successional stage, was linked to net
primary production, and proposed its proliferation
as a mechanism for the potential maintenance of
productivity in aging forests. Similarly, Fahey and
others (2015) found that canopy complexity was
greater in older forests, but only when addressed at
scales that incorporated disturbances, a condition
representative of the shifting habitat mosaic char-
acteristic of floodplains (Stanford and others 2005).
On the other hand, Fotis and others (2018) showed
that complexity was greatest in high-elevation
early-successional plots and lowest for lower ele-
vation plots with mid-successional species.

CONCLUSIONS

Results from our study lend to resolving competing
models governing abiotic and biotic components of
the flood pulse and its influences. One model
addressing linkage among flooding, canopy com-
plexity, and riparian forest productivity suggests
that as succession proceeds, structural diversity
increases rapidly associated with the extent and
maturity of canopy formation. Once established, a
full suite of vegetation layers with complementary
patterns of resource use, coexist in a given patch
increasing local rates of productivity. In this way,
the abiotic forcing functions provided by the flood
pulses are mediated by the extent of vegetative
development. Alternatively, strong environmental
filtering may limit species richness, restrict the
range of adaptive traits, and constrain functional
diversity and its biological effects on ecosystem
properties. In this scenario, because environmental
control overrides species effects on ecosystem
properties, biotic mediation of abiotic effects is
unlikely. This phenomenon has been observed in
semi-arid floodplains where flooding alone emer-
ges as the primary driver of floodplain vegetation
productivity by stimulating production under wet
conditions (Bunn and others 2006) and reducing it
during dry periods (Parsons and Thoms 2013).
Thapa and others (2016) proposed that semi-arid
floodplains follow an adaptive cycle driven by
flooding disturbance and relatively unatfected by
community assembly. In high-latitude regions
where water is not the limiting resource but
nutrients are, the pulsatile input of aquatic-derived
resources is known to alleviate nutrient limitation
of riparian production regardless of forest compo-
sition (Naiman and others 2002; Schindler and
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Smits 2017). For montane floodplains of the
northwest USA, our results suggest that riparian
productivity responds to flooding pulses as previ-
ously recognized, but this interaction is mediated
among patches by the successional vegetation
abundance and complexity rather than by solely
abiotic linkage. Differences in the extent to which
biotic mediation is central to floodplain vegetation
dynamics may exist among bioclimatic regions
reflecting more extreme fluctuation of wet-dry
periods and more extensive nutrient limitation in
arid or high-latitude regions, respectively.
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