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Abstract

Specific leaf area (SLA) reflects a plant’s carbon investment per area and relates to generalized leaf
economics spectrum growth strategies (LES). To fill gaps of knowledge about intraspecific SLA variation
and why it is often inconsistent with the LES, we studied the response of two riparian tree species along
the urban-rural gradient in Northeastern Colorado: an invasive, nitrogen-fixer with broad tolerances and a
nitrogen-limited and shade-intolerant native. Despite these differences, the two species responded
similarly, apart from the response to the urban-rural gradient, in which lower nitrogen in rural areas was
associated with a more conservative strategy in the native species. We found that light, plant size and
proximity to water in two dimensions all affected SLA, but interactions between these could even reverse
their impact. These results suggest that global LES patterns are complex on a local scale and are subject
to interactions not previously explored.
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Abstract

Specific leaf area (SLA) reflects a plant’s carbon investment per area and relates to
generalized leaf economics spectrum growth strategies (LES). To fill gaps of knowledge about
intraspecific SLA variation and why it is often inconsistent with the LES, we studied the response
of two riparian tree species along the urban-rural gradient in Northeastern Colorado: an invasive,
nitrogen-fixer with broad tolerances and a nitrogen-limited and shade-intolerant native. Despite
these differences, the two species responded similarly, apart from the response to the urban-rural
gradient, in which lower nitrogen in rural areas was associated with a more conservative strategy
in the native species. We found that light, plant size and proximity to water in two dimensions all
affected SLA, but interactions between these could even reverse their impact. These results
suggest that global LES patterns are complex on a local scale and are subject to interactions not

previously explored.
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Introduction

Given the rising need to assess ecosystem health and function in a rapidly changing world,
researchers have sought out innovative ways to classify ecosystem functioning. Trait-based
approaches help address this challenge by improving the predictive power of ecology (McGill et
al. 2006). These approaches have been essential in informing life history strategies, ecosystem
function, forest productivity, community assembly processes, and restoration project efficacy
(Cornwell and Ackerly 2009; Sandel et al. 2011; Adler et al. 2014; Duran et al. 2019; Simova et
al. 2019; Carlucci et al. 2020). The units of trait-based ecology are functional traits, which are
organism level traits that impact survival, reproduction, growth, and/or ecosystem function (Violle
et al. 2007). Despite the importance of functional traits, for most species there is still a question of
how traits vary within a species (through environmental filtering and local adaptation or
phenotypic plasticity) along environmental gradients, and how functional traits are mediated by
trait-environment relationships at different scales.

The conditions under which intraspecific leaf functional traits are affected by local
environmental factors and developmental stages can vary widely. The patterns seen in leaf traits
may follow interspecific cross-continental LES trends, but at smaller scales results are
inconsistent. The interactions between this study’s functional trait, specific leaf area, and its
determinants have not been fully addressed by the literature (Poorter et al. 2009; Funk et al.
2017), and multiple local determinants of our studies leaf trait, are rarely measured in situ. In
riparian ecology, there are only a handful of studies that incorporate intraspecific trait variation in
water availability and urbanization measures, and none which incorporate it in SLA. Studies that
do address intraspecific variability are typically done in greenhouse or garden experiments. In this

research we explore both intra and interspecific variability in a functional trait in situ. The benefit



of this type of research is assessing whether patterns seen in the lab or hypothesized in
functional trait papers are observed in the environments where the species naturally occur.
Specific Leaf Area as a Functional Trait

Functional traits fall into two categories. The first is a “response trait”, which is correlated to
aspects of the organism’s fitness in an environment, an example being body size. On the other
hand, “effect traits” are traits that affect dynamic processes in the environment, for example, leaf
nitrogen in nutrient cycling (Kearney et al. 2021). In this study, we examined a trait that can be
both a response and effect trait. When a trait is both, it means understanding trait-environment
interactions has implications for broader ecosystem processes, as well as organismal function,
including its growth economics, or trade-offs among strategies.

In plants, a few key functional traits have been singled out to quantify whole-plant strategies,
which are known as the “leaf-seed-height” scheme, and these traits are used to quantify
strategies for growth, reproduction, and competition respectively (Westoby 1998). The growth trait
in that scheme is specific leaf area (SLA): the ratio of light capturing area over the mass of carbon
invested, or fresh leaf area over dry leaf mass. SLA is often used in the relative growth rate
(RGR) equation. RGR is an important functional metric, since it generally determines how fast a
plant can compete for light in an environment (Wright and Westoby 1999). In studies across
continents on terrestrial plants, SLA often positively correlates to RGR and other key functions
like mass-based photosynthetic capacity and mass-based leaf nitrogen content, while it
negatively correlates with leaf lifespan (Poorter and Remkes 1990; Lambers and Poorter 1992;
Wright et al. 2002; Diaz et al. 2004; Ruiz-Robleto and Villar 2005; Osone et al. 2008). Due to
these correlations, SLA is often used as an easily measured trait indicative of overall growth
strategy. The coordination of morphological, metabolic, and chemical leaf traits along an axis of
fast to slow strategies, when displayed in leaf traits, is known as the leaf economics spectrum
(LES). The LES suggests that leaf traits lie on a spectrum of slow to fast resource acquisition,

which relate to environmental conditions and resource gradients (Wright et al. 2004).



When looking at SLA through the lenses of the LES, we see the carbon assimilated from
photosynthesis is “invested” into a certain amount of light capturing area. A high SLA, where the
leaf is thin with less carbon invested in relative area, has a short lived and resource exploitative
strategy. This is also typically seen in areas with available resources and low stress (Wright et al.
2002; Diaz et al. 2004). High SLA leaves are generally short lived, as they typically lack structure
and metabolites, and have high available N (e.g. Rubisco), making them more attractive to
herbivores and susceptible to damage (Zirbel and Brudvig 2020). A lower SLA leaf, with more
mass per unit area in the form of condensed cells, chlorophyll, lignin, and other metabolites, has
a longer-lived leaf and a conservative strategy. Plants with low SLA are less likely to die in
stressful environments (Greenwood et al. 2017), and low SLA leaves are typically found in
stressful or low resource environments.

What defines a “high” or “low” resource environment is another question entirely. SLA has
been associated with a wide array of stress tolerances along a suite of resource gradients that
pertain to light, nutrients, and water, but the findings are mixed. This is likely due to the interplay
between the compounds needed for photosynthesis and respiration, the total energy intercepted
from light, and the anatomy of leaves processing it. Interspecific LES studies typically relate to
temperature, precipitation, and sea level elevation gradients when discussing LES strategies, and
trait changes are expressed as species turnover. It has been demonstrated that the overall trend
in terrestrial species is an increase of species SLA means in high temperatures and high
precipitation environments, which are thought of as high resource, low stress environments
(Wright et al. 2002; Diaz et al. 2004; Fajardo and Piper 2011; Tian et al. 2016; Duran et al. 2019).
Temporal effects such as season are important predictors of SLA as well, given the connection to
leaf lifespan (Nouvellon et al. 2010; Dwyer et al. 2014). These effects are well studied on global
scales, and among species. This provides a foundation for studying functional traits in

ecosystems on local scales, and within species, where patterns are not as clear.



Determinants of Specific Leaf Area

There are many known local scale determinants of SLA variation. Light level is almost always
the best predictor of SLA variation, and the effect is remarkably consistent among species and
ecosystems (Poorter et al. 2009). Leaves that develop in more light generally have low SLA, with
the opposite in shade (Shipley and Almeida-Cortez 2003; Milla and Reich 2007; Kwon et al. 2016;
Celis et al. 2017; Zirbel and Brudvig 2020), which is also an effect seen within individual plant
canopies (Hulshof and Swenson 2010; Legner et al. 2014). Although light is likely the main cause
of canopy variation within individuals, it can covary with leaf nitrogen content as well (White and
Scott 2006; Legner et al. 2014; Hikosaka 2016). This is attributed to the fact that, as SLA gets
lower, leaf nitrogen per unit area (Narea) increases (Reich et al. 1999). Lower SLA and increased
Narea allow for reduced leaf CO2 concentrations and more efficient photosynthetic capacity per
unit of leaf area, which is thought to be the mechanism behind increased water use efficiency in
low SLA leaves (Cornwell and Ackerly 2009). This is especially useful in sunny leaves that
experience water loss through transpiration. High Narea is likely only efficient in low SLA sun
leaves because there is enough energy to process it, and without enough light its excess N
becomes wasteful (Z. Liu et al. 2019).

While light is an important determinant of SLA, it is not the only one. Lower leaf cell area and
number have been observed in plants grown in drought, and the increase in cell wall material
makes for a sturdier, lower SLA leaf (Marron et al. 2003). The association of low SLA with
drought conditions, water use efficiency, and the opposite effect of high SLA in high water
availability situations is seen both within and among species (Reich et al. 1999; Nautiyal et al.
2002; Marron et al. 2003; Ackerly 2004; Poorter et al. 2009; Rossatto et al. 2013; Liu et al. 2017,
Wellstein et al. 2017; Rosas et al. 2019). This is functionally displayed by lower tree mortality
under drought conditions in conservative low SLA species (Greenwood et al. 2017). Additionally,
a high SLA is thought to increase oxygen diffusion in submerged plants, and is to be an
adaptation to flooding and submergence (Mommer et al. 2006; Jung et al. 2010; McCoy-Sulentic

et al. 2017).



Thus, we might predict high SLA with high water availability environments. However, the
evidence that water availability affects SLA is mixed (Funk et al. 2017, Wellstein et al. 2017).
Intraspecific patterns are sometimes consistent with high SLA in high water resource
environments (Nautiyal et al. 2002; Marron et al. 2003), but other studies find no effect or the
opposite effect of intraspecific SLA variation when compared to interspecific SLA variation along
precipitation and local hydrology gradients (Sandel and Low 2019; Emilio et al. 2021). Other
studies simply find conflicting patterns to what would be expected with water availability in both
intraspecific and interspecific variation (Griffin-Nolan et al. 2018; Alvarez-Maldini et al. 2020).
Intraspecific responses of SLA to local water availability metrics are not well documented, leaving
guestions regarding the relationship between SLA and plant access to water.

In addition to water availability, there is a strong positive correlation between SLA and
nutrient content (N and P), observed both within and among species (Wright et al. 2004; Ordofiez
et al. 2010). This is thought to be why high SLA leaves are more prone to herbivory, as
herbivores tend to prefer nutritious, high N content leaves, which also reduces leaf lifespan.
Higher SLA is associated with high photosynthetic nitrogen use efficiency (PNUE). It is
hypothesized that this is because lower SLA leaves have a larger investment of foliar N into cell
walls, which leaves less N for photosynthetic enzymes (Hidaka and Kitayama 2009). It is also
thought that the low chlorophyll content typically seen in high SLA leaves reduces internal
shading in a leaf, which increases photosynthetic nitrogen use efficiency (Lambers and Poorter
1992). Ironically enough, this often means PNUE will decrease as N limitation increases. Since
SLA is often correlated to leaf Nmass SLA is not only seen as a response trait, but also can be an
effect trait capable of informing about broader processes like nutrient cycling. Yet, its use as an
effect trait does depend on the other contexts in which SLA varies, because it is often seen
interacting with other limiting resources. We see high N availability in the environment can
decrease the effects of water stress (Igbal et al. 2020), which could confound results seen in SLA

when related to water. The breadth of potential interactions is large and understudied.



In addition to resource gradients, life history traits are known to impact SLA, such as plant
size. Plant size is strongly correlated to age in plants, so it can be difficult to determine the
mechanism. In one study, plant size was more important than all other environmental variables in
its effect on lowering SLA (Z. Liu et al. 2019), but another study found no effect of plant size
(Karavin 2013). To account for mechanisms of lower SLA in larger trees, it has been suggested
that water potential differences between the top of a tree and the roots can lower the turgor
pressure in leaves, which would lower SLA in taller trees and at the top of canopies (Nouvellon et
al. 2010; Williams et al. 2017). This may be exacerbated by greater light exposure at the top of
canopies as well since SLA is lower in sun leaves. There is also a potential ontogeny effect where
growth slows down once maximum plant height is reached, and biomass starts accumulating in
leaves and other organs of older (and presumably larger) trees, thereby increasing leaf mass and
decreasing SLA (Karavin 2013; Gibert et al. 2016). Plant size has also been shown to have an
influence on nitrogen content, SLA, and photosynthetic capacity (Liu et al. 2010). Plant size
appears to be worth noting in the context of leaf trait variation, given its relationship to SLA, and
the interactions with limiting resources.

Intraspecific Trait Variation

Intraspecific SLA variation at local scales often shows inconsistencies with LES patterns, as
seen in the context of developmental stages and along resource gradients (Wilson et al. 1999;
Ackerly and Cornwell 2007; Funk et al. 2017; Messier et al. 2017; Rosas et al. 2019; Carvalho et
al. 2020). Within the LES, SLA has a notable amount of intraspecific variation in different study
systems (Messier et al. 2017; Henn et al. 2018; Cochard et al. 2019). In one study, SLA
intraspecific variation was found to be greater than leaf nitrogen content and leaf dry matter
content (Garnier et al. 2001). So, the fact that SLA is correlated with important ecosystem and
organism functional processes, in addition to its high intraspecific variability, makes SLA an
interesting subject of study. We might expect that inconsistencies in intraspecific SLA variation

may be explained by local predictors and the interactions among them.



Since SLA is used as a growth strategy trait, it also is a subject of interest in the context of
invasion ecology, as a defining trait of invasive species has been thought to be fast, competitive
growth rates (Lake and Leishman 2004; Grotkopp and Rejmanek 2007; Sandel and Low 2019).
Invasive species have also been found to often have significantly higher SLA than native species
(Lake and Leishman 2004), and this is thought to be a mechanism of invasive plant species
success, as a high SLA is linked to a quick resource acquisition strategy. It has been suggested
that successful plant invasions are comprised of species with greater intraspecific variability, and
this is what allows invaders to overcome resource limitations as well as exploit resources when
available (S. Liu et al. 2019). While invasives do tend to have faster resource strategies, it has
also been shown they can converge on native conservative trait syndromes in stressful
environments as well, indicating a large breadth of potential trait variance (Han et al. 2012). In
some instances researchers have singled out phenotypic plasticity as an important mechanism of
plant invasions success, as this would allow a species to respond to environment would
overcome the founder effect and genetic bottlenecks (Z. Liu et al. 2019), which is supported by a
meta-analysis on the topic, showing invasive species had greater phenotypic plasticity than non-
invasive species (Davidson et al. 2011). In this study, we do not disentangle intraspecific variation
mechanisms (phenotypic plasticity, genetic variance, or both), but it has been suggested SLA
variation is comprised of similar amounts of genetic and plastic variance (Scheepens et al. 2010).
Here, we examine overall intraspecific variation between a native and invasive tree species, with
the prediction that the invasive will have a higher variance and mean SLA than a morphologically
similar native species found in the same locations.

Riparian Systems and the Urban-Rural Gradient

Since higher levels of intraspecific variability can be found in environments with greater
heterogeneity (Albert et al. 2010), riparian areas make for good model systems to explore
intraspecific variability in SLA, as these systems are highly heterogeneous, with steep gradients
of light, water availability, and nutrients. Better understanding the trait-environment dynamics in

riparian systems is also important since they are essentially local biodiversity hotspots (Sweeney
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et al. 2004, Dolanc and Hunsaker 2017). In riparian systems, overbank flooding deposits
phosphorus, so the local flooding regime is not only an indication of water availability, but also
potentially nutrient levels (Gonzalez et al. 2010). Riparian areas are also rare and endangered
habitats, especially given how human development usually occurs near riparian areas (Fang and
Jawitz 2019). Impervious surfaces from urban areas alone occupy a larger area than all
herbaceous wetlands in the conterminous United States (Elvidge et al. 2004). In the context of
riparian ecology, an urban-rural gradient makes for an interesting case study into how functional
traits are affected by differing water and nutrient cycles.

Given our interest in heterogeneous environments, we might also expect a response of SLA
in riparian corridors along an urbanization gradient. The impacts of urban and rural land use
significantly alter conditions of light, nutrients, and water, so we expect these would impact SLA.
There has been a growing research interest in urbanization impacts, likely because they are
“living labs” to observe conditions of elevated COz, the heat island effect, increased precipitation,
and in temperate climates, extended photosynthetic growing seasons (Idso et al. 1998; Pickett et
al. 2001; McDonnell et al. 2008; McCarthy et al. 2010; Liu and Niyogi 2019; Wang et al. 2019).
Agricultural areas have potential impacts on functional traits as well, given the effects of grazing,
and pesticide and fertilizer inputs into the watersheds and soils (Poff et al. 2012). In urban and
rural areas alike, groundwater depletion and river diversion permanently alters these riparian
landscapes (Strange et al. 1999). Additionally, there are other riparian factors that come with
urban areas, such as increased run-off, channel incision, and soil compaction, with those effects
less common in rural and natural areas (Pickett et al. 2001; McDonnell et al. 2008; Solins and
Cadenasso 2020). Both urban and rural land uses have been shown to degrade water quality
(Mello et al. 2018), but other factors like urban wastewater treatment and N atmospheric
deposition tend to increase nutrients N and P more so in urban watersheds when compared to
rural (Hobbie et al. 2017; Tromboni and Dodds 2017; Wetherbee et al. 2022), although rural
areas can have higher phosphorus (Duan et al. 2012). These urbanization effects could all

potentially affect plant functional traits and influence growth strategies.
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In the handful of plant functional trait studies that study an anthropogenic land use effect on
SLA, most use interspecific species means and community weighted means (Brice et al. 2017,
Kalusova et al. 2017; Cardou et al. 2020; Petersen et al. 2022). If these studies broke down trait
tendencies, they found interspecific SLA had mixed responses, from increasing SLA with
increasing urbanization (Song et al. 2019; Cardou et al. 2020), finding no effect (Kalusova et al.
2017), or even a negative effects (Petersen et al. 2022). Studies that incorporated intraspecific
variability found the response of SLA to urbanization to be mixed, and species-specific. For
example a study that found high convergence toward high SLA values, used soil P as an urban
metric, so this is unsurprising given the relationship between SLA and nutrients (Dwyer et al.
2014). In another instance where intraspecific SLA increased with urbanization, they found there
was an unexpectedly higher N soil concentration in more rural stands, but they still found a high
SLA resource strategy within and among species in urban areas (Cochard et al. 2019). One
attributed their findings of low SLA closer to roads as a function of air pollution stress (Zhu and Xu
2021), while another simply found a species-specific response to the urban-rural gradient among
the 11 species they studied (Su et al. 2021). The literature lacks an apparent reason for why
functional traits would vary in an inconsistent or species-specific manner along urbanization
gradients.

The effects of local environmental gradients in riparian areas, including access to the water
channel and light conditions, urbanization effects, plant size, and interactions among these SLA
determinants are unresolved, especially so when looking within a species. For these reasons, we
ask the following questions, and make the following predictions:

Questions and Predictions
1. Do we see similar patterns in an invasive and native species intraspecifically?
Interspecifically?
We would expect both higher SLA and higher intraspecific variability in the invasive species, and

potential interactions that reflect the different environmental tolerances of the species.



2. Do global LES patterns hold true on local scales, and how do environmental gradients
and development stages interact?
We expect higher SLA in low light, closer to the water channel, and in smaller trees. We do not
have an expectation for the urban-rural gradient given the mixed results of the literature. Given
that nutrient, water, and light interplay, we might expect interactions at local scales in these
factors, such as increased access to nutrients ameliorating water stress or one stressor

exacerbating the impact of another.
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Methods

Species Selection

We selected two co-occurring riparian species to represent different potential strategies in
response to resource gradients. The first species was Russian olive (Elaeagnus angustifolia L.), a
tree in the Elaeagnaceae family native to parts of Europe and Asia, but invasive in the North
American West, where it is the fourth most frequent woody riparian plant, and can become the
dominant species in riparian systems (Friedman et al. 2005; Nagler et al. 2011). Its current
abundance compared with suitable habitat suggests Russian olive is experiencing invasion lag
(Friedman et al. 2005; Collette and Pither 2015). Russian olive is both flood tolerant (Pearce and
Smith 2001; Madurapperuma et al. 2013; Perry et al. 2018; West et al. 2020) and drought tolerant
(Niinemets and Valladares 2006; Nagler et al. 2011). It can also resprout after damage and fix
nitrogen via mutualisms with Frankia sp. bacteria in its root nodules (Katz and Shafroth 2003),
which is likely part of what allows it to significantly alter available nitrogen in riparian areas
(DeCant 2008; Follstad Shah et al. 2010; Mineau et al. 2011). Due to these abilities and
tolerances, Russian olive sits in a unique category of a drought, shade, and waterlogging tolerant
species. These tolerances are typically posited as fundamental tradeoffs among species and are
rarely all present within a species (Niinemets and Valladares 2006). Hence, a species that
ignores these apparently fundamental tradeoffs makes an interesting model to explore functional
traits (Grubb 2016). To date, we have also not found a study explicitly on Russian olive SLA.

We paired our investigation of Russian olive with native peachleaf willow (Salix amygdaloides
Anderss.), which is also a dominant riparian tree, and the sixth most abundant woody riparian
plant in the Western US (Friedman et al. 2005), and as such provides resources and habitat for
wildlife in riparian ecosystems (Kurz et al. 2013; USDA, NRCS 2022). Russian olive and
peachleaf willow frequently co-occur in riparian ecosystems in the plains and arid west. The
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lifecycle of willows is closely linked to the river flow regime, because they rely on flood dynamics
for dispersal (Karrenberg et al. 2002). The notable intolerance of willow species to shade, the
preference for these species by native beavers, and most importantly, the permanent alteration of
riparian flood patterns, have raised fears that invasive species such as Russian olive will replace
native species (Howe and Knopf 1991; Gaddis and Sher 2012). Peachleaf willow serves as a
species comparison for this study as it occupies a similar niche to Russian olive but is native, has
fewer tolerances, and does not fix nitrogen.

Site Selection and Classification

We used population locations from a USGS survey (L. Reynolds, e-mail message.,
September 8, 2020) and iNaturalist (iNaturalist 2021) to find 12 sites with sufficient Russian olive,
and peachleaf willow when possible, along the urban-rural gradient in Northern Colorado, USA
(Fig 1). The study spanned from the edges of the forested foothills, into the Denver metropolitan
area, to the rural eastern farm and grasslands. In each site, all Russian olive and associated
peachleaf willow tree individuals were identified and geolocated using ArcGIS Collector, and each
tree was classified into subgroups of approximate size (trunk diameter), sun exposure (shade
versus sun), and position in floodplain (distance to the channel). We then used stratified random
sampling of the subgroups to select ten Russian olive trees, so that the subgroups were as even
as possible for each site and confounding variables were minimized by having different
combinations of variables within a site (e.g., both large and small trees in shade and in sun at
varying distances to channel). The closest associated peachleaf willow to a Russian olive
individual was selected if present.

To quantify the urban-rural gradient, we used land use and land cover (LULC) categories
from the USGS 2019 National Land Cover Database (Dewitz 2021). For each site, we calculated
the percentage of each land use and land cover type within a 1000-meter buffer around the
center of the site estimated from the center of all trees sampled. We also classified climate and
sea level elevation variables for each site. We extracted monthly mean temperature and

precipitation from the PRISM Climate Group (Oregon State University 2022 Mar 17) in the month
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Figure 1: Study area extent Wlth site locations and 100-year predicted floodplain zones; the “agriculture”
category encompasses the hay & pasture and cultivated crop land use; the “natural” category encompasses
the following land cover classes: barren land, mixed forest, deciduous forest, evergreen forest, shrub &
scrub, herbaceous, woody wetlands, and emergent herbaceous wetlands.

and year when sampled. We recorded elevation above sea level at each site using the U.S.
Geological Survey 1-meter digital elevation models (U.S. Geological Survey 2020 Nov 13). All
landscape features were transformed into the WGS 1984 UTM Zone 13 projected coordinate
system. Geospatial analyses were performed in ArcGIS Pro (Esri Inc. 2021).
Tree and Leaf Sampling

Methods from the functional trait handbook were followed with regard to selecting individuals
and measuring leaf traits (Pérez-Harguindeguy et al. 2013), with exceptions for selecting only the
most sun exposed trees, as we were interested sun exposure effects. We classified trees

exposed to direct sunlight for most of the day as “sun trees”, and trees in shade for most of the
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day as “shade trees”, as SLA is most affected by total irradiance over the course of a day
(Poorter et al. 2009). For each of the 10+ trees selected at each site, we recorded a GPS point
with a handheld Garmin GPS device, diameter at breast height (DBH, ~1.37 m), elevation above
water channel, distance to water channel, and tree height. Russian olive and peachleaf willow are
often multi-stemmed trees (Zhou et al. 2007; USDA, NRCS 2022), so when trees forked at 1.37
meters, the diameter below the fork was measured, and if the tree forked below 1.37 m, we
measured up to 6 stem diameters at 1.37 m. We then calculated the diameter of multi-stemmed
trees as the square root of the sum of all squared stem diameters (Magarik et al. 2020). We
recorded distance to channel with a tape measure. In instances where foliage was impassable,
we calculated the distance between tree GIS points and stream and river features from the
National Hydrography Dataset (U.S. Geological Survey 2021). We measured elevation above
channel with a Spectra Precision Laser (LL300), which had a vertical error of 10 cm. We
measured tree height with a telescoping measuring pole. We also made a note of whether the
tree was resprouting from a stump (presumably cut by invasive plant control crews). We obtained
permission to sample tree material from city park authorities and Colorado Parks and Wildlife.
We sampled tree branches that were the most exposed to potential sunlight, and the least
affected by within-canopy shading. We extracted branches with a pole pruner and took four
branches from each tree. Two pairs of branches were taken from western and eastern cardinal
directions, to control for the effects of the southern sun (Mediavilla et al. 2019). Within those
directions, we sampled one pair from the upper canopy, and one pair from the middle canopy to
evaluate canopy level effects. Branches were sealed in plastic bags and stored in field coolers
and a lab refrigerator to reduce leaf water loss. Leaves were measured within 24 hours when
possible. Three entire, new, fully expanded leaves were taken from the top of each branch. We
measured fresh leaf area for both leaf and petiole on a Li-Cor LI-3100 Area Meter. Oven-dry leaf

mass was gathered by drying leaves at 70°C for 72 hours and then measuring leaf weight with a

precision scale.
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Statistical Analysis

All statistical analyses were performed in RStudio (RStudio Team 2022) using R (version
4.2.1; R Core Team 2022). To address multicollinearity and create a single metric for the urban-
to-rural gradient, we performed a principal component analysis (PCA). We used with the
percentages of sixteen land use and land cover classifications and sea level elevation in the PCA
(see correlation matrix, Appendix A). Variables were scaled and centered before running the PCA
using the “scale.unit” option in the PCA function from the FactoMineR package (Lé et al. 2008).
Development land uses and rural/natural uses loaded neatly on opposite sides of PC1 (Appendix
B). Thus, we used PC1 as an urban-to-rural gradient.

To determine how leaf traits of different species that experienced the same environmental
conditions differed, we addressed our question with a pairwise comparison of Russian olive and
peachleaf willow. We used log transformed SLA in this analysis to better fit normality, and SLA
values were averaged at the tree level. We ran a two-sided F-test to test for differences in
variances, and a two-sided paired t-test to test for differences in means. We ran the var.test
function for the homogeneity of variance test (ratio was set equal to 1) from the base R stats
package. We used the t.test function with paired set to true, as the paired t-test, which was from
the same package.

We collected leaf traits over the course of a season, in varying weather conditions. We know
season and climate affect SLA, but we were interested in local effects and the urban-rural
gradient. We isolated the climate and temporal effects by adding ordinal date (the number out of
a 366-day year when collected), year, and precipitation/temperature at month of collection into a
linear model with log transformed SLA as the response variable. We used the residuals from this
model to test our main questions (Table 1).

To understand the sources of variation in SLA within and among species, we used model
selection methods with linear mixed-effects models (LME) (Zuur et al. 2009). We used a grouped
random effects structure in LME model. The unit level consisted of leaves, which were clustered
in branches, and branches were grouped in trees. We excluded site from the random effects
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structure as almost all variation explained by site could be explained by the climate and date
covariates. The categorical fixed effects in the model were tree sun exposure, branch canopy
level, and species. The continuous fixed factors were diameter at breast height (DBH), distance
to water channel, elevation above water channel, and the urban-rural gradient represented by
PC1 (Table 1). DBH and tree height were highly correlated, but DBH was a better predictor of
SLA in our dataset, so we used DBH in the final model as a measure of plant size. We did not
include resprouting status in the final model as it explained a negligible amount of variability in
SLA in preliminary analyses (not shown). We then created a “beyond optimal” model following the
methods from Zuur et al. (2009), with all possible 3-way interactions among the remaining
predictors to account for species-specific interactions and complex interactions. All continuous
variables were transformed to z-scores using the base R scale function, and all categorical
variables were converted to factors.

We analyzed 3-way interactions among the environmental gradients, tree sizes, and species,
which allowed for interactions between species and multiple other interacting predictors. We then
used backwards elimination model selection on the fixed effects using a model fit with maximum
likelihood (ML) to avoid testing at the boundary. We ran the linear mixed effects models and
model selection using the Imer and step functions respectively, in the ImerTest package
(Kuznetsova et al. 2017). The final model was then fitted with restricted maximum likelihood
(REML), and p-values were estimated with Satterthwaite’s approximations. This method produces
acceptable type | error rates given the uncertainty of estimating degrees of freedom in mixed
effects models (Luke 2017). Predicted values were visualized holding all other fixed and random

effects constant using the ggpredict function in ggeffects package (Lidecke 2018).
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Table 1: List of variables that went into the linear model (LM) and linear mixed effects model (LME) as
response variables, covariates, and predictor variables.

Variable Description Data type
Log(SLA) Log transformed specific leaf area Response in LM
Temperature Monthly mean temperature at collection date Covariate in LM
Precipitation Monthly mean precipitation at collection date Covariate in LM
Ordinal Date Ordinal day of year when collected Covariate in LM
Year Year of collection Covariate in LM
Log(SLA) Residuals Residuals of covariate linear model Response in LME
Species Tree species Predictor in LME
Sun Exposure Light level of tree; sun tree or shade tree Predictor in LME
Canopy Canopy level; upper (top) or middle (mid) Predictor in LME
DBH Diameter at breast height (1.37m) Predictor in LME
Elevation Elevation above closest water channel Predictor in LME
Distance Distance to closest water channel Predictor in LME

Urban-rural Gradient

PC1, including land cover classes and
elevation above sea level

Predictor in LME
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Results

A total of 155 trees and

250 -
1797 leaves were analyzed
for the main linear mixed o 200+
~
effects model. The pairwise S
S 1507
data consisted of 70 trees (35 <7')
. 100 1
of each species) and 837
leaves. 50

Russian Olive Peachleaf Willow
Pairwise Tests
Figure 2: The pairwise distributions of observed SLA by species.

Mean SLA (expressed in Boxplots indicate median values and the interquartile range, and

intraspecific variance within species is displayed in the violin plot.
Pairwise tests used log transformed SLA tree means to avoid

pseudoreplication and to better fit normality. The homogeneity of
_ _ variance test showed SLA variances of the paired trees were not
(M=142,SD=385,n significantly different (F = 1.17, ndf = 34, ddf = 34, p-value = 0.647).

cm?/g) for Russian olive was

(leaves) = 1380) and peachleaf willow was (M = 122, SD = 24.0, n (leaves) = 417). The paired t-
test showed a significantly higher average for Russian olive, (t = 3.69, df = 34, p-value < 0.001),

but the variances between species were not significantly different (Fig. 2).

Interactions Among Predictors

Among the seven predictor variables evaluated, all variables contributed to explaining SLA
after accounting for variability due to date, seasonal climate (Appendix C), and significant
interactions with other variables (Fig. 3). We found the conditional R? (with random effects) to be
89.2% and the marginal R? (only fixed effects) was 34.0% in the selected model. There was only
one significant interaction with species, so both species are combined in the following reporting of

results.
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Figure 3: Parameter estimates to explain variance in SLA with the effect of covariates removed from the
most parsimonious linear mixed effects model with fixed effects and interactions. No significance is denoted
by black, significant positive estimates are blue, and significant negative estimates are red. Model fit with
restricted maximum likelihood; significance of predictors and interactions estimated with Satterthwaite
estimation of p-values: * p<0.05; **, p<0.01; ***, p<0.001.

Within trees, there was a significantly
greater SLA for the lower light middle canopy
leaves than for leaves collected from the top
(Fig. 4). We also see that canopy position
(“Canopy (Top)” in Fig. 3) had the highest
predictor parameter estimate in the linear
mixed effect model, as all other variables were
involved in interactions with lower parameter
estimates.

All subsequent interactions are graphed
showing the lines of predicted values of the

log(SLA) linear model residuals when holding
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Figure 4: Observed untransformed SLA values

for each canopy level with means and standard error
bars calculated for averaged middle canopy (Mid) and

upper canopy (Top) levels in each tree.
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Figure 5: Marginal effects of diameter at breast height and tree sun exposure, where smaller shade
trees have higher SLA than small sun trees, but the effect disappears in large shade trees.

all other fixed and random effects in the model constant. Error is shown as 95% confidence
intervals. Marginal effects in the interactions are back transformed. The mean of all leaves within
a tree are plotted as points with standard errors, given the values of the observed marginal
effects and the log(SLA) residuals.

Tree sun exposure and DBH had the largest interaction parameter estimate in this model.
This estimate is positive, despite sun exposure (in sun) and DHB both have negative estimates.
This is due to a multiplicative effect that results in a positive estimate. In the interaction itself,
there are higher SLA values for small shade trees, but as tree size increases, the values for SLA
do not differentiate in the sun and shade (Fig. 5). The effect of tree size on sun trees appears to
be much less than on shade trees, with only a slight downward slope.

There was an effect of the urban-rural gradient interacting with species. This was the only
species-specific response in the model. At negative, more urban values, both tree species had
similar predicted values for SLA, but the predicted values of Russian olive increased in more rural

areas (Fig. 6a). Peachleaf willow SLA values did the opposite, and decreased with more positive,
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Figure 6: Marginal effects of the urban to rural gradient with a) the two tree species and b) elevation
above the water channel. Urban areas are negative, and positive values are more rural. Peachleaf willow
has a decreased SLA in rural areas, but Russian olive has a slight increase. SLA goes up with as trees grow
close to the channel in rural areas, but SLA lowers at lower elevation in urban areas.
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rural values. There was also an interaction between the urban-rural gradient and elevation above
the channel. SLA increased in lower elevations above the channel in rural sites, but then
decreased with lower elevations in urban sites (Fig. 6b).

Finally, there was an interaction between elevation above the channel, distance to the
channel and tree sun exposure, which was the only three-way interaction seen in the model.
There were two distinct patterns between sun and shade trees: in sun exposed trees, as trees
grew further up and away from the channel, SLA decreased (Fig. 8), whereas in shaded trees,

the opposite was seen. As trees grew further up and further away from the channel, SLA

increased.
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Figure 7: Marginal effects of distance to the water channel, elevation above the water channel, and sun
exposure. SLA lowers in sun trees that are far away and high above the channel. A reversal of this pattern is
seen in shade trees, where SLA increases higher up and further away from the channel.
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Discussion

Light Effects

Canopy Level

We saw that light had the largest impact on SLA in this study; light was consistently found in
interactions with the highest parameter estimates. Response to light was not different between
our species, despite them having different relative shade tolerances. The overall pattern we
observed both within and among individuals, where there was lower SLA in higher light, is
consistent with the literature, and linked to improved regulation of water loss through transpiration
(Poorter and Werf 1998; Shipley 2002; Marron et al. 2005; Poorter et al. 2009). In sun leaves, the
reduction of leaf area along with higher concentrations of nitrogen per unit area, could allow sun
leaves to continue photosynthesis at optimal rates while reducing water loss (Legner et al. 2014;
Hikosaka 2016). This is likely driven by the stress of transpiration from direct light. There are
potential interplays between nitrogen concentration within a canopy and water potential
differences and the light levels that leaves are exposed to, but given the importance of light
among trees, we expect it is also the main determinant of SLA differences within trees as well.
The adjustment of phenotypic traits within individual genotypes in response to environment might
be evidence for the potential role of phenotypic plasticity on within canopy SLA, especially in
variable light situations, which has been documented in other studies (Avramov et al. 2007;
Gratani 2014). For the among-tree interactions, we do not assert any mechanism of intraspecific
variability, and it could be from phenotypic plasticity or local adaptation.

Floodplain Position & Tree Sun Exposure

In one of the more interesting interactions, we found that the effect of elevation and distance
to the channel reversed in sun or shade. We may have seen this effect in part due to riparian
tree’s proximity to and reliance on water from rivers and streams. Trees showed conservative,
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low SLA strategies in sunny trees further away from the water channel. That strategy is what we
would expect given the water limitation further from the channel, compounded by direct sunlight
and transpiration. What was unexpected is that the relationship reversed in shade, for both
species. The explanation for the lowering of SLA in sun with increasing distance and elevation
could simply be explained by evaporation. Soil moisture could be lower in the sun and therefore
distance and elevation to water are better proxies of water availability in those conditions. The
connection between low SLA and improved maintenance of relative water content may be a
reason for why low SLA is seen in high light and low water availability conditions (Nautiyal et al.
2002). Alternatively, as we did not measure the degree of shade, and we might see more shaded
areas further up and farther away from the channel in the urban and rural riparian forests.
However, in our study areas, the sites tended to have open and scattered canopies, often with
more trees closer to the channel, so we doubt this is the main explanation.

We could also be witnessing a tradeoff in strategies when trees are water limited but still in
the shade. The advantage of maintaining high light capturing area in low light may be more
important for SLA in this system than water limitation. It could be a mixture of scenarios where
increased light reduces local soil moisture content, but the lower SLA allows those sun trees to
photosynthesize at similar rates per unit leaf area as shade trees. We hypothesize that relative
water stress is more pronounced in sun trees. The entire tree may exhibit a more conservative
growth strategy if it does not have available water close by, and shade trees simply do not
express water stress in SLA as much as sun trees.

Plant Size & Tree Sun Exposure

Response to light also appears to be plant size dependent, which to our knowledge, has not
been documented in situ. Small trees tended to have higher SLA in the shade when compared to
small trees in the sun, but the effect of shade lessened with increasing DBH. It has been shown
that SLA decreases with plant size (Shipley and Almeida-Cortez 2003; Liu et al. 2010; Nouvellon
et al. 2010; Lusk et al. 2011), either because leaves are simply higher in tall plants and are

experiencing water stress due to wind and negative water potential values, or because of
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increased carbon accumulation from decreased growth rates in older trees. Our finding that there
was almost no effect of plant size in sun trees, is consistent with an experimental study that found
SLA decreased with age more drastically in low light conditions, but age had almost no effect at
the highest light level (Shipley and Almeida-Cortez 2003). This finding could also be a result of
our imperfect light metric, because young shade trees are more likely to truly be in the understory
of the riparian forest, while larger trees, even if within shade, are taller and more sun exposed
than younger trees. The results of Shipley and Almeida-Cortez (2003), which was a common
garden experiment, shows support for the biological relevance of this effect. Interestingly, SLA
has been found to also the best predictor of RGR in small plants and at low light levels (Lambers
and Poorter 1992; Poorter and Werf 1998; Shipley 2002; Marron et al. 2005; Shipley 2006; Gibert
et al. 2016). This illustrates how these trait-environment interactions may inform underlying trait-
function responses. This is also interesting because, again, we see this effect regardless of
species. Larger increases in plant size (and RGR) in small plants under shaded conditions have
been documented in shade-intolerant species compared to shade tolerant species (Franceschini
and Schneider 2014). This strategy allows shade-intolerant species to outcompete competitors
and shade producers, which is a potential explanation for not finding a species effect in our light
predictors. Interestingly, it has also been suggested that shade-intolerant species exhibit higher
plasticity than shade tolerant species (Gratani 2014). Regardless, we see this effect in both a
shade tolerant and shade intolerant species. It's been shown that trait-environment relationship
between SLA and light availability has an effect on the establishment of plants in restoration
projects, which means understanding the interaction of SLA and light with other variables has
broader applications (Zirbel and Brudvig 2020).
Urban Effects

Species & Urban-Rural Gradient

Our two species generally behaved the same in response to the environment, despite their
different evolutionary histories and physiological tolerances. We found only one interspecific

interaction, which may point to a mechanism of invasion for Russian olive: its ability to fix nitrogen
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in the soil. The interaction showed that along the urban-rural gradient, peachleaf willow SLA
decreased in rural areas, whereas Russian olive’s SLA increased. The difference in these
species’ ability to fix N might point to the mechanism of the effect: urban nutrient pollution. In our
study area’s urban sites, urban air pollution and atmospheric N deposition can account for a
upwards of 20% increase of nitrate in the South Platte River (Wetherbee et al. 2022), and
increasing total N content in urban areas is a pattern common to watersheds in both this region
(Dell 2016) and other urban areas (Duan et al. 2012; Hobbie et al. 2017; Tromboni and Dodds
2017). Itis not surprising then, that a nitrogen-limited species such as peachleaf willow could
match Russian olive’s acquisitive SLA growth strategy in urban areas with high available nutrients
but not in rural areas.

There are other potential factors that affect SLA along an urban-rural gradient, but none that
would result in a divergence based on species. For instance, in our study system the urban-rural
gradient could not be disentangled from sea level elevation, because urban land uses were at
higher sea level elevations than rural. SLA tends to decrease with increasing sea level elevation
at global scales, but this is mainly attributed to decreasing temperatures and increasing irradiance
along elevational gradients (Midolo et al. 2019; Carvalho et al. 2020), and we did not see a
decrease in both species. The total change in sea level elevation also only amounted to about
600 meters, so this would not be expected to be a significant determinant at this scale. One might
also argue that higher levels of CO2 in urban areas can increase the plant’s photosynthetically
active periods (Wang et al. 2019), and SLA is often correlated with high photosynthetic rates per
unit mass. However, we would expect both trees to have increased SLA in areas with elevated
COg, so this also would not explain the divergence. Furthermore, at least one study found no
differences in productivity under elevated CO:2 conditions between invasive and non-invasive
species (Hager et al. 2016).

This increase of Russian olive SLA in rural areas may point to another factor at play in our
urban to rural gradient. Urban watersheds have more channel incision and built up riprap, which

results in less overbank flooding (Solins and Cadenasso 2020). Overbank flooding is an important
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part of phosphorous deposition in natural floodplain systems (Noe and Hupp 2005; Tibbets and
Molles 2005; Gonzélez et al. 2010). In rural areas with less modified and incised channels, lower
elevation might also be associated with higher phosphorous, which could also help explain why
potentially P limited Russian olive’s SLA increased in rural areas. We conclude that nutrient
availability is the most logical explanation for the different responses between these species, with
Russian olive potentially benefiting from increased access to P in rural areas, and peachleaf
willow taking advantage of available N in urban watersheds.

Thus, our study may shed light on a key potential mechanism of species-specific leaf
functional trait responses to urban-rural gradients in other studies. Since our study examined
riparian areas with well-studied nutrient dynamics with a nitrogen fixing species and a non-
nitrogen fixer, we have convincing evidence that higher SLA in urban areas is a result of nutrient
pollution, although it must be acknowledged that we did not measure N in our study. Given the
divergence of SLA along the urban-rural gradient in these species, the underlying N fixation of
Russian olive, and the clear pattern of urban watershed nutrient pollution in this system, this
result is compelling evidence that species-specific effect along the urban-rural gradient is the
result of urban nitrogen pollution.

Elevation Above Water & Urban-Rural

We see another interaction with the urban-rural gradient and one of the floodplain position
metrics, elevation above the channel. If we continue with our logic from the urban-rural gradient
species response, we may also conclude this is also related to nutrient limitation and overbank
flooding. While total leaf Nmass tends to increase with SLA, this interaction could also be explained
with other effects of floodplain position and urbanization effects. As previously mentioned,
overbank flooding increases phosphorous deposition, and overbank flooding is more likely in rural
areas with less channel incision. In this interaction, a high SLA at low elevations in rural areas
does make sense with the high acquisition strategy we might expect. In urban areas, this is
reversed where higher SLA is seen higher above the channel. It might be that while there is less

overbank flooding, that there are other benefits to nutrient pollution in urban environments. It has
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also been shown that available N in the environment can alleviate water stress in plants, which
may also be a reason for the apparent reversal from conservative to acquisitive strategies high
above the channel in urban areas (Igbal et al. 2020).

Intraspecific and Interspecific Patterns

We had expected higher intraspecific variability in our invasive species, given that another
study found significant differences in functional trait intraspecific variation between invasive and
native groups (S. Liu et al. 2019), but in our paired comparison, there were not significant
differences between the intraspecific variances of the two species. It should also be noted that to
characterize intraspecific variation for an entire species, sampling needs to occur throughout the
species’ range, which was outside the scope of our study. We simply saw that within our study
system, co-occurring riparian species did not have significantly different SLA variances. This may
indicate intraspecific SLA variation does not account for species tolerances in the same
environments. This was also corroborated by the lack of observed interactions between species
and most environmental variables in our model. However, the lack of a difference in intraspecific
variation between species in our test, does not necessarily mean that the two species do not
differ in mechanisms of intraspecific variability. The variation that comes from genetic
components via local adaptation, or phenotypic plasticity, is not accounted for in this study. Given
that intraspecific variation is not a reliable indication of phenotypic plasticity (Henn et al. 2018),
we also cannot rule out that this invasive species may still have more phenotypic plasticity
potential than its native counterparts, since invasive species do tend to have higher amounts of
phenotypic plasticity (Davidson et al. 2011). Further work on intraspecific functional trait variance
would benefit from teasing these two mechanisms apart.

While variances were not different, our invasive, shade tolerant tree species did have a
significantly higher SLA, which is consistent with other studies that have found this trend (Lake
and Leishman 2004; Sandel and Low 2019). High SLA has also been associated with increased
shade tolerance (Liu et al. 2016) , which may better explain differences in tolerances between the

two species than interactions with light. It should be noted that our test of environmental
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interactions was also heavily weighted by the effects of Russian olive, which are overrepresented
in the model with interactions. Although, the equally weighted pairwise tests still showed higher
SLA for Russian olive, indicating it maintained a fast strategy in N limited settings, while
peachleaf willow did not. The species-specific trait of N fixation could also be behind the mean
SLA differences, as high N typically raises SLA (Sun et al. 2022). It has been suggested that
mutualisms of microbial bacteria and fungi should qualify as a type of functional trait, and our
results would bolster that argument. These associations could be crucial factors when assessing
functional leaf traits and community assembly. The invasive and native statuses of organisms are
arbitrary categories, so understanding underlying mechanisms on more universal scales will only
help in the understanding and control of invasive species.

The higher overall SLA of Russian olive, especially in rural settings, also indicates the
potential to alter nutrient cycling in communities, which has been documented in Russian olive
habitat (DeCant 2008; Follstad Shah et al. 2010; Mineau et al. 2011). This is especially relevant
given the literature suggesting Russian olive distributions are in a stage of incomplete dispersal,
so controlling Russian olive in rural riparian systems, where its growth strategies are more
competitive, may be important for practitioners. Matching species trait phenotypes to projected
suitable trait-environment conditions can help inform restoration projects that wish to successfully
recover native species, and not just remove invasive species, which can often happen (Gaddis
and Sher 2012; Goetz et al. 2021). This requires knowing the range and intraspecific trait
variability within an environment to understand niche breadth. On the other hand, the high SLA
acquisitive strategy of peachleaf willow in urban areas means it can match the growth strategy of
Russian olive in urban watersheds with high nutrient pollution, which would make it a competitive
candidate for riparian urban parks. In urban areas, finding native species with ecosystem service
benefits and trait phenotypes capable of overcoming anthropogenic filters shows the practical

benefit of functional traits and this type of study.
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Conclusions

The use of SLA as an indicator of fast versus slow strategies has been questioned due to its
high variability and seeming lack of coherence with the worldwide leaf economics spectrum in
smaller spatial scales (Wilson et al. 1999; Funk et al. 2017; Messier et al. 2017; Rosas et al.
2019). Yet, at the community level, SLA is one of the best predictors of ecosystem processes
(Poorter et al. 2009), and conveys more information about leaf mechanical processes than its
separate components (Reich 2014), so it seems important to understand how all of these
attributes can be true. As Messier et al. (2017) points out, using leaf traits with confidence on
local scales requires that they work consistently with the LES. From our findings, it might appear
that local patterns conform to slow strategies in resource limited environments and fast strategies
in resource rich environments, but only in particular contexts of interactions among light, water,
plant size, and potential nutrient effects. Since this is an observational study, we cannot assert a
cause for the SLA patterns, but we suspect that different resources and stressors accounted for
different strategies within interactions. Light has the largest effect on SLA, and it potentially
overrides the effects of plant size and water availability. We also found that our two species
behaved similarly in their response to the interactions between light, floodplain position, and plant
size. We would have expected more species interactions, given that SLA is thought of as a shade
tolerance trait, and our two species had differing shade tolerances. High SLA may be more
important for shade tolerance than intraspecific variance based on our findings. Understanding
the relationship of functional traits and local environments is important to improve ecological
predictions, because functional traits of plants and animals have been shown to be under
selection pressure at least four times stronger than non-functional traits, where abiotic factors
influence selection on functional traits more than biotic factors (Caruso et al. 2020). For this
reason, understanding local sources of functional trait variance along environmental gradients will
not only help us understand trait-environment relationships, but also potential trait-function

relationships.

30



References

Ackerly D. 2004. Functional Strategies of Chaparral Shrubs in Relation to Seasonal Water Deficit

and Disturbance. Ecological Monographs. 74(1):25-44. doi:10.1890/03-4022.

Ackerly DD, Cornwell WK. 2007. A trait-based approach to community assembly: partitioning of
species trait values into within- and among-community components. Ecol Letters.

10(2):135-145. doi:10.1111/j.1461-0248.2006.01006.x.

Adler PB, Salguero-Gomez R, Compagnoni A, Hsu JS, Ray-Mukherjee J, Mbeau-Ache C, Franco
M. 2014. Functional traits explain variation in plant life history strategies. Proceedings of

the National Academy of Sciences. 111(2):740-745. d0i:10.1073/pnas.1315179111.

Alvarez-Maldini C, Acevedo M, Dumroese RK, Gonzalez M, Cartes E. 2020. Intraspecific
Variation in Drought Response of Three Populations of Cryptocarya alba and Persea
lingue, Two Native Species From Mediterranean Central Chile. Front Plant Sci. 11:1042.

doi:10.3389/fpls.2020.01042.

Avramov S, Pemac D, Tuci¢ B. 2007. Phenotypic plasticity in response to an irradiance gradient
in Iris pumila: adaptive value and evolutionary constraints. Plant Ecol. 190(2):275-290.

doi:10.1007/s11258-006-9207-3.

Brice M-H, Pellerin S, Poulin M. 2017. Does urbanization lead to taxonomic and functional
homogenization in riparian forests? Pysek P, editor. Diversity Distrib. 23(7):828—-840.

doi:10.1111/ddi.12565.

Cardou F, Aubin I, Bergeron A, Shipley B. 2020. Functional markers to predict forest ecosystem
properties along a rural-to-urban gradient. Bruun HH, editor. J Veg Sci. 31(3):416-428.

doi:10.1111/jvs.12855.

31



Carlucci MB, Brancalion PHS, Rodrigues RR, Loyola R, Cianciaruso MV. 2020. Functional traits
and ecosystem services in ecological restoration. Restor Ecol. 28(6):1372-1383.

doi:10.1111/rec.13279.

Caruso CM, Maherali H, Martin RA. 2020. A Meta-analysis of Natural Selection on Plant
Functional Traits. International Journal of Plant Sciences. 181(1):44-55.

doi:10.1086/706199.

Carvalho B, Bastias CC, Escudero A, Valladares F, Benavides R. 2020. Intraspecific perspective
of phenotypic coordination of functional traits in Scots pine. Auge H, editor. PLoS ONE.

15(2):e0228539. doi:10.1371/journal.pone.0228539.

Celis J, Halpern CB, Jones FA. 2017. Intraspecific trait variation and the differential decline of
meadow species during conifer encroachment. Plant Ecol. 218(5):565-578.

doi:10.1007/s11258-017-0712-3.

Cochard A, Pithon J, Braud F, Beaujouan V, Bulot A, Daniel H. 2019. Intraspecific trait variation in
grassland plant communities along urban-rural gradients. Urban Ecosyst. 22(3):583-591.

doi:10.1007/s11252-019-0827-5.

Collette LKD, Pither J. 2015. Modeling the potential North American distribution of Russian olive,
an invader of riparian ecosystems. Plant Ecol. 216(10):1371-1383. doi:10.1007/s11258-

015-0514-4.

Cornwell WK, Ackerly DD. 2009. Community assembly and shifts in plant trait distributions across
an environmental gradient in coastal California. Ecological Monographs. 79(1):109-126.

doi:10.1890/07-1134.1.

32



Davidson AM, Jennions M, Nicotra AB. 2011. Do invasive species show higher phenotypic
plasticity than native species and, if so, is it adaptive? A meta-analysis: Invasive species
have higher phenotypic plasticity. Ecology Letters. 14(4):419-431. doi:10.1111/j.1461-

0248.2011.01596.x.

DeCant JP. 2008. Russian olive, Elaeagnus angustifolia, alters patterns in soil nitrogen pools
along the Rio Grande River, New Mexico, USA. Wetlands. 28(4):896-904.

doi:10.1672/07-160.1.

Dell T. 2016. Quantification of nutrient loads in urban stormwater across Colorado municipal
areas [Master’s Thesis]. Colorado State University.

https://mountainscholar.org/handle/10217/178895.

Dewitz J. 2021. National Land Cover Database (NLCD) 2019 Products. doi:10.5066/P9KZCM54.
[accessed 2022 Jun 28].

https://www.sciencebase.gov/catalog/item/5f21cef582cef313ed940043.

Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen JHC, Jalili A, Montserrat-Marti G,
Grime JP, Zarrinkamar F, Asri Y, et al. 2004. The plant traits that drive ecosystems:
Evidence from three continents. Journal of Vegetation Science. 15(3):295-304.

doi:10.1111/j.1654-1103.2004.tb02266.x.

Duan S, Kaushal SS, Groffman PM, Band LE, Belt KT. 2012. Phosphorus export across an urban
to rural gradient in the Chesapeake Bay watershed: P EXPORT AND URBANIZATION. J
Geophys Res. 117(G1). doi:10.1029/2011JG001782.

http://doi.wiley.com/10.1029/2011JG001782.

33



Duran SM, Martin RE, Diaz S, Maitner BS, Malhi Y, Salinas N, Shenkin A, Silman MR,
Wieczynski DJ, Asner GP, et al. 2019. Informing trait-based ecology by assessing
remotely sensed functional diversity across a broad tropical temperature gradient. Sci

Adv. 5(12):eaaw8114. doi:10.1126/sciadv.aaw8114.

Dwyer JM, Hobbs RJ, Mayfield MM. 2014. Specific leaf area responses to environmental

gradients through space and time. Ecology. 95(2):399—410. doi:10.1890/13-0412.1.

Elvidge CD, Milesi C, Dietz JB, Tuttle BT, Sutton PC, Nemani R, Vogelmann JE. 2004. U.S.
constructed area approaches the size of Ohio. Eos Trans AGU. 85(24):233-240.

doi:10.1029/2004EO240001.

Emilio T, Pereira H, Costa FRC. 2021. Intraspecific Variation on Palm Leaf Traits of Co-occurring
Species—Does Local Hydrology Play a Role? Front For Glob Change. 4:715266.

doi:10.3389/ffgc.2021.715266.

Esri Inc. 2021. ArcGIS Pro. https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview.

Fajardo A, Piper FI. 2011. Intraspecific trait variation and covariation in a widespread tree species
(Nothofagus pumilio) in southern Chile. New Phytologist. 189(1):259-271.

doi:10.1111/j.1469-8137.2010.03468.x.

Fang Y, Jawitz JW. 2019. The evolution of human population distance to water in the USA from

1790 to 2010. Nat Commun. 10(1):430. doi:10.1038/s41467-019-08366-z.

Follstad Shah JJ, Harner MJ, Tibbets TM. 2010. Elaesagnus angustifolia Elevates Soil Inorganic
Nitrogen Pools in Riparian Ecosystems. Ecosystems. 13(1):46—61. doi:10.1007/s10021-

009-9299-4.

34



Franceschini T, Schneider R. 2014. Influence of shade tolerance and development stage on the
allometry of ten temperate tree species. Oecologia. 176(3):739-749.

doi:10.1007/s00442-014-3050-3.

Friedman JM, Auble GT, Shafroth PB, Scott ML, Merigliano MF, Freehling MD, Griffin ER. 2005.
Dominance of non-native riparian trees in western USA. Biol Invasions. 7(4):747-751.

doi:10.1007/s10530-004-5849-z.

Funk JL, Larson JE, Ames GM, Butterfield BJ, Cavender-Bares J, Firn J, Laughlin DC, Sutton-
Grier AE, Williams L, Wright J. 2017. Revisiting the Holy Grail: using plant functional traits

to understand ecological processes. Biol Rev. 92(2):1156-1173. doi:10.1111/brv.12275.

Gaddis M, Sher A. 2012. Russian Olive (Elaeagnus angustifolia) Removal in the Western United
States: Multi-Site Findings and Considerations for Future Research. Sustainability.

4(12):3346—-3361. doi:10.3390/su4123346.

Garnier E, Laurent G, Bellmann A, Debain S, Berthelier P, Ducout B, Roumet C, Navas M -L.
2001. Consistency of species ranking based on functional leaf traits. New Phytologist.

152(1):69-83. doi:10.1046/j.0028-646x.2001.00239.x.

Gibert A, Gray EF, Westoby M, Wright |J, Falster DS. 2016. On the link between functional traits
and growth rate: meta-analysis shows effects change with plant size, as predicted.

Wilson S, editor. J Ecol. 104(5):1488-1503. doi:10.1111/1365-2745.12594.

Goetz A, Moffit I, Sher AA. 2021. Recovery of A Native Tree Following Removal of An Invasive
Competitor In The Context of Potential Endangered Bird Habitat. In Review.

https://www.researchsquare.com/article/rs-719797/v1.

35



Gonzalez E, Muller E, Comin FA, Gonzéalez-Sanchis M. 2010. Leaf nutrient concentration as an
indicator of Populus and Tamarix response to flooding. Perspectives in Plant Ecology,

Evolution and Systematics. 12(4):257-266. doi:10.1016/j.ppees.2010.07.001.

Gratani L. 2014. Plant Phenotypic Plasticity in Response to Environmental Factors. Advances in

Botany. 2014:1-17. doi:10.1155/2014/208747.

Greenwood S, Ruiz-Benito P, Martinez-Vilalta J, Lloret F, Kitzberger T, Allen CD, Fensham R,
Laughlin DC, Kattge J, Bonisch G, et al. 2017. Tree mortality across biomes is promoted
by drought intensity, lower wood density and higher specific leaf area. Chave J, editor.

Ecol Lett. 20(4):539-553. doi:10.1111/ele.12748.

Griffin-Nolan RJ, Bushey JA, Carroll CJW, Challis A, Chieppa J, Garbowski M, Hoffman AM, Post
AK, Slette 13, Spitzer D, et al. 2018. Trait selection and community weighting are key to
understanding ecosystem responses to changing precipitation regimes. Fox C, editor.

Funct Ecol. 32(7):1746-1756. doi:10.1111/1365-2435.13135.

Grotkopp E, Rejmanek M. 2007. High seedling relative growth rate and specific leaf area are
traits of invasive species: phylogenetically independent contrasts of woody angiosperms.

American Journal of Botany. 94(4):526-532. doi:10.3732/ajb.94.4.526.

Grubb PJ. 2016. Trade-offs in interspecific comparisons in plant ecology and how plants
overcome proposed constraints. Plant Ecology & Diversity. 9(1):3—-33.

doi:10.1080/17550874.2015.1048761.

Hager HA, Ryan GD, Kovacs HM, Newman JA. 2016. Effects of elevated CO2 on photosynthetic
traits of native and invasive C3 and C4 grasses. BMC Ecol. 16(1):28.

doi:10.1186/s12898-016-0082-z.

36



Han Y, Buckley YM, Firn J. 2012. An invasive grass shows colonization advantages over native
grasses under conditions of low resource availability. Plant Ecol. 213(7):1117-1130.

doi:10.1007/s11258-012-0070-0.

Henn JJ, Buzzard V, Enquist BJ, Halbritter AH, Klanderud K, Maitner BS, Michaletz ST, Pdtsch
C, Seltzer L, Telford RJ, et al. 2018. Intraspecific Trait Variation and Phenotypic Plasticity
Mediate Alpine Plant Species Response to Climate Change. Front Plant Sci. 9:1548.

doi:10.3389/fpls.2018.01548.

Hidaka A, Kitayama K. 2009. Divergent patterns of photosynthetic phosphorus-use efficiency
versus nitrogen-use efficiency of tree leaves along nutrient-availability gradients. Journal

of Ecology. 97(5):984—991. doi:10.1111/j.1365-2745.2009.01540.x.

Hikosaka K. 2016. Optimality of nitrogen distribution among leaves in plant canopies. J Plant Res.

129(3):299-311. doi:10.1007/s10265-016-0824-1.

Hobbie SE, Finlay JC, Janke BD, Nidzgorski DA, Millet DB, Baker LA. 2017. Contrasting nitrogen
and phosphorus budgets in urban watersheds and implications for managing urban water

pollution. Proc Natl Acad Sci USA. 114(16):4177-4182. doi:10.1073/pnas.1618536114.

Howe WH, Knopf FL. 1991. On the Imminent Decline of Rio Grande Cottonwoods in Central New

Mexico. The Southwestern Naturalist. 36(2):218. doi:10.2307/3671924.

Hulshof CM, Swenson NG. 2010. Variation in leaf functional trait values within and across
individuals and species: an example from a Costa Rican dry forest. Functional Ecology.

24(1):217-223. doi:10.1111/j.1365-2435.2009.01614.x.

Idso CD, Idso SB, Balling Jr. RC. 1998. The urban CO2 dome of Phoenix, Arizona. Physical

Geography. 19(2):95-108. doi:10.1080/02723646.1998.10642642.

37



iNaturalist. 2021. iNaturalist Research-grade Observations. iNaturalist.org. doi:10.15468/ab3s5x.

[accessed 2021 May 9]. https://doi.org/10.15468/ab3s5x.

Igbal A, Dong Q, Wang X, Gui H, Zhang H, Zhang X, Song M. 2020. High Nitrogen Enhance
Drought Tolerance in Cotton through Antioxidant Enzymatic Activities, Nitrogen

Metabolism and Osmotic Adjustment. Plants. 9(2):178. doi:10.3390/plants9020178.

James G, Witten D, Hastie T, Tibshirani R. 2013. An Introduction to Statistical Learning. New
York, NY: Springer (Springer Texts in Statistics). [accessed 2022 Oct 15].

http://link.springer.com/10.1007/978-1-4614-7138-7.

Jung V, Violle C, Mondy C, Hoffmann L, Muller S. 2010. Intraspecific variability and trait-based
community assembly. Journal of Ecology. 98(5):1134—-1140. doi:10.1111/j.1365-

2745.2010.01687 .x.

Kalusova V, Ceplova N, Lososova Z. 2017. Which traits influence the frequency of plant species
occurrence in urban habitat types? Urban Ecosyst. 20(1):65—75. doi:10.1007/s11252-

016-0588-3.

Karavin N. 2013. Effects of leaf and plant age on specific leaf area in deciduous tree species

Quercus cerris L. var. Cerris. Bangladesh JBot. 42(2):301-306.

Karrenberg S, Edwards PJ, Kollmann J. 2002. The life history of Salicaceae living in the active
zone of floodplains: Salicaceae on flood plains. Freshwater Biology. 47(4):733—748.

doi:10.1046/j.1365-2427.2002.00894.x.

Katz GL, Shafroth PB. 2003. Biology, ecology and management of Elaeagnus angustifolia L.
(Russian olive) in western North America. Wetlands. 23(4):763—777. doi:10.1672/0277-

5212(2003)023[0763:BEAMOE]2.0.CO:;2.

38



Kearney MR, Jusup M, McGeoch MA, Kooijman SALM, Chown SL. 2021. Where do functional
traits come from? The role of theory and models. Funct Ecol. 35(7):1385-1396.

doi:10.1111/1365-2435.13829.

Kurz DJ, McGinty NA, Stankavich SA, Nowakowski AJ, Smith GA. 2013. Restored Wetlands Can
Support Mammalian Assemblages Comparable to Those in Nonmitigated Reference
Wetlands. The American Midland Naturalist. 170(2):260-273. doi:10.1674/0003-0031-

170.2.260.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2017. ImerTest Package: Tests in Linear Mixed
Effects Models. J Stat Soft. 82(13). doi:10.18637/jss.v082.i13. [accessed 2022 Sep 28].

http://www.jstatsoft.org/v82/i13/.

Kwon B, Kim H, Jeon J, Yi M. 2016. Effects of Temporal and Interspecific Variation of Specific
Leaf Area on Leaf Area Index Estimation of Temperate Broadleaved Forests in Korea.

Forests. 7(12):215. doi:10.3390/f7100215.

Lake JC, Leishman MR. 2004. Invasion success of exotic plants in natural ecosystems: the role
of disturbance, plant attributes and freedom from herbivores. Biological Conservation.

117(2):215-226. doi:10.1016/S0006-3207(03)00294-5.

Lambers H, Poorter H. 1992. Inherent Variation in Growth Rate Between Higher Plants: A Search
for Physiological Causes and Ecological Consequences. In: Advances in Ecological
Research. Vol. 23. Elsevier. p. 187-261. [accessed 2022 Oct 11].

https://linkinghub.elsevier.com/retrieve/pii/S0065250408601488.

Lé S, Josse J, Husson F. 2008. FactoMineR : An R Package for Multivariate Analysis. J Stat Soft.
25(1). doi:10.18637/jss.v025.i01. [accessed 2022 Sep 28].

http://www.jstatsoft.org/v25/i01/.

39



Legner N, Fleck S, Leuschner C. 2014. Within-canopy variation in photosynthetic capacity, SLA
and foliar N in temperate broad-leaved trees with contrasting shade tolerance. Trees.

28(1):263-280. doi:10.1007/s00468-013-0947-0.

Liu F, Yang W, Wang Z, Xu Z, Liu H, Zhang M, Liu Y, An S, Sun S. 2010. Plant size effects on
the relationships among specific leaf area, leaf nutrient content, and photosynthetic
capacity in tropical woody species. Acta Oecologica. 36(2):149-159.

doi:10.1016/j.actao.2009.11.004.

Liu J, Niyogi D. 2019. Meta-analysis of urbanization impact on rainfall modification. Sci Rep.

9(1):7301. doi:10.1038/s41598-019-42494-2.

Liu M, Wang Z, Li S, LU X, Wang X, Han X. 2017. Changes in specific leaf area of dominant
plants in temperate grasslands along a 2500-km transect in northern China. Sci Rep.

7(1):10780. doi:10.1038/s41598-017-11133-z.

Liu S, Streich J, Borevitz JO, Rice KJ, Li T, Li B, Bradford KJ. 2019. Environmental resource
deficit may drive the evolution of intraspecific trait variation in invasive plant populations.

Oikos. 128(2):171-184. doi:10.1111/0ik.05548.

Liu Y, Dawson W, Prati D, Haeuser E, Feng Y, van Kleunen M. 2016. Does greater specific leaf
area plasticity help plants to maintain a high performance when shaded? Ann Bot.

118(7):1329-1336. doi:10.1093/aob/mcw180.

Liu Z, Hikosaka K, Li F, Jin G. 2019. Variations in leaf economics spectrum traits for an evergreen
coniferous species: Tree size dominates over environment factors. Ostertag R, editor.

Funct Ecol. 34(2):458-467. do0i:10.1111/1365-2435.13498.

Ludecke D. 2018. ggeffects: Tidy Data Frames of Marginal Effects from Regression Models.

JOSS. 3(26):772. doi:10.21105/joss.00772.

40



Luke SG. 2017. Evaluating significance in linear mixed-effects models in R. Behav Res.

49(4):1494-1502. doi:10.3758/s13428-016-0809-y.

Lusk CH, Pérez-Millaqueo MM, Piper Fl, Saldafia A. 2011. Ontogeny, understorey light
interception and simulated carbon gain of juvenile rainforest evergreens differing in shade

tolerance. Annals of Botany. 108(3):419-428. doi:10.1093/aob/mcr166.

Madurapperuma BD, Oduor PG, Anar MJ, Kotchman LA. 2013. Understanding Factors that
Correlate or Contribute to Exotic Russian-olive (Elaeagnus angustifolia ) Invasion at a
Wildland—Urban Interface Ecosystem. Invasive plant sci manag. 6(1):130-139.

doi:10.1614/IPSM-D-12-00021.1.

Magarik YAS, Roman LA, Henning JG. 2020. How should we measure the DBH of multi-
stemmed urban trees? Urban Forestry & Urban Greening. 47:126481.

doi:10.1016/j.ufug.2019.126481.

Marron N, Dreyer E, Boudouresque E, Delay D, Petit J-M, Delmotte FM, Brignolas F. 2003.
Impact of successive drought and re-watering cycles on growth and specific leaf area of

two Populus x canadensis (Moench) clones, ‘Dorskamp’ and ‘Luisa_Avanzo.’ 23:11.

Marron N, Villar M, Dreyer E, Delay D, Petit J-M, Delmotte FM, Brignolas F. 2005. Diversity of

leaf traits related to productivity in 31 Populus deltoides x Populus nigra clones. 25:11.

McCarthy MP, Best MJ, Betts RA. 2010. Climate change in cities due to global warming and
urban effects: CLIMATE CHANGE IN CITIES. Geophys Res Lett. 37(9).
doi:10.1029/2010GL042845. [accessed 2022 Jun 27].

http://doi.wiley.com/10.1029/2010GL042845.

41



McCoy-Sulentic ME, Kolb TE, Merritt DM, Palmquist E, Ralston BE, Sarr DA, Shafroth PB. 2017.
Changes in Community-Level Riparian Plant Traits over Inundation Gradients, Colorado

River, Grand Canyon. Wetlands. 37(4):635-646. doi:10.1007/s13157-017-0895-3.

McDonnell MJ, Pickett STA, Groffman P, Bohlen P, Pouyat RV, Zipperer WC, Parmelee RW,
Carreiro MM, Medley K. 2008. Ecosystem Processes Along an Urban-to-Rural Gradient.
In: Marzluff JIM, Shulenberger E, Endlicher W, Alberti M, Bradley G, Ryan C, Simon U,
ZumBrunnen C, editors. Urban Ecology. Boston, MA: Springer US. p. 21-36.

http://link.springer.com/10.1007/978-0-387-73412-5 18.

McGill B, Enquist B, Weiher E, Westoby M. 2006. Rebuilding community ecology from functional

traits. Trends in Ecology & Evolution. 21(4):178-185. doi:10.1016/j.tree.2006.02.002.

Mediavilla S, Martin |, Babiano J, Escudero A. 2019. Foliar plasticity related to gradients of heat
and drought stress across crown orientations in three Mediterranean Quercus species.

Michaletz ST, editor. PLoS ONE. 14(10):e0224462. doi:10.1371/journal.pone.0224462.

Mello K de, Valente RA, Randhir TO, dos Santos ACA, Vettorazzi CA. 2018. Effects of land use
and land cover on water quality of low-order streams in Southeastern Brazil: Watershed

versus riparian zone. CATENA. 167:130-138. doi:10.1016/j.catena.2018.04.027.

Messier J, McGill BJ, Enquist BJ, Lechowicz MJ. 2017. Trait variation and integration across
scales: is the leaf economic spectrum present at local scales? Ecography. 40(6):685—

697. doi:10.1111/ecog.02006.

Midolo G, De Frenne P, Holzel N, Wellstein C. 2019. Global patterns of intraspecific leaf trait

responses to elevation. Glob Change Biol. 25(7):2485-2498. do0i:10.1111/gch.14646.

42



Milla R, Reich PB. 2007. The scaling of leaf area and mass: the cost of light interception
increases with leaf size. Proc R Soc B. 274(1622):2109-2115.

doi:10.1098/rsph.2007.0417.

Mineau MM, Baxter CV, Marcarelli AM. 2011. A Non-Native Riparian Tree (Elaeagnus
angustifolia) Changes Nutrient Dynamics in Streams. Ecosystems. 14(3):353—-365.

doi:10.1007/s10021-011-9415-0.

Mommer L, Lenssen JPM, Huber H, Visser EJW, De Kroon H. 2006. Ecophysiological
determinants of plant performance under flooding: a comparative study of seven plant

families. J Ecology. 94(6):1117-1129. doi:10.1111/j.1365-2745.2006.01175.x.

Nagler PL, Glenn EP, Jarnevich CS, Shafroth PB. 2011. Distribution and Abundance of Saltcedar
and Russian Olive in the Western United States. Critical Reviews in Plant Sciences.

30(6):508-523. doi:10.1080/07352689.2011.615689.

Nautiyal PC, Rachaputi NR, Joshi YC. 2002. Moisture-deficit-induced changes in leaf-water
content, leaf carbon exchange rate and biomass production in groundnut cultivars

differing in specific leaf area. Field Crops Research. 74:67-79.

Niinemets U, Valladares F. 2006. TOLERANCE TO SHADE, DROUGHT, AND
WATERLOGGING OF TEMPERATE NORTHERN HEMISPHERE TREES AND
SHRUBS. Ecological Monographs. 76(4):521-547. doi:10.1890/0012-

9615(2006)076[0521: TTSDAW]2.0.CO;2.

Noe GB, Hupp CR. 2005. CARBON, NITROGEN, AND PHOSPHORUS ACCUMULATION IN
FLOODPLAINS OF ATLANTIC COASTAL PLAIN RIVERS, USA. Ecological Applications.

15(4):1178-1190. doi:10.1890/04-1677.

43



Nouvellon Y, Laclau J-P, Epron D, Kinana A, Mabiala A, Roupsard O, Bonnefond J-M, le Maire
G, Marsden C, Bontemps J-D, et al. 2010. Within-stand and seasonal variations of
specific leaf area in a clonal Eucalyptus plantation in the Republic of Congo. Forest

Ecology and Management. 259(9):1796-1807. doi:10.1016/j.foreco.2009.05.023.

Ordofiez JC, van Bodegom PM, Witte J-PM, Bartholomeus RP, van Dobben HF, Aerts R. 2010.
Leaf habit and woodiness regulate different leaf economy traits at a given nutrient supply.

Ecology. 91(11):3218-3228. d0i:10.1890/09-1509.1.

Oregon State University. 2022 Mar 17. PRISM Climate Group. [accessed 2022 Jun 30].

https://prism.oregonstate.edu.

Osone Y, Ishida A, Tateno M. 2008. Correlation between relative growth rate and specific leaf
area requires associations of specific leaf area with nitrogen absorption rate of roots.

New Phytologist. 179(2):417-427. doi:10.1111/j.1469-8137.2008.02476.X.

Pearce CM, Smith DG. 2001. Plains Cottonwood’s Last Stand: Can It Survive Invasion of Russian
Olive onto the Milk River, Montana Floodplain? Environmental Management. 28(5):623—

637. doi:10.1007/s002670010248.

Pérez-Harguindeguy N, Diaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry P, Bret-Harte MS,
Cornwell WK, Craine JM, Gurvich DE, et al. 2013. New handbook for standardised
measurement of plant functional traits worldwide. Aust J Bot. 61(3):167.

doi:10.1071/BT12225.

Perry LG, Reynolds LV, Shafroth PB. 2018. Divergent effects of land-use, propagule pressure,
and climate on woody riparian invasion. Biol Invasions. 20(11):3271-3295.

doi:10.1007/s10530-018-1773-5.

44



Petersen TK, Vuorinen KEM, Bendiksby M, Speed JDM. 2022. Climate and land-use drive the
functional composition of vascular plant assemblages across Norway. Nordic Journal of
Botany. 2022(7). doi:10.1111/njb.03470. [accessed 2022 Sep 21].

https://onlinelibrary.wiley.com/doi/10.1111/njb.03470.

Pickett STA, Cadenasso ML, Grove JM, Nilon CH, Pouyat RV, Zipperer WC, Costanza R. 2001.
Urban Ecological Systems: Linking Terrestrial Ecological, Physical, and Socioeconomic
Components of Metropolitan Areas. Annu Rev Ecol Syst. 32(1):127-157.

doi:10.1146/annurev.ecolsys.32.081501.114012.

Poff B, Koestner KA, Neary DG, Merritt D. 2012. Threats to western United States riparian
ecosystems: A bibliography. Ft. Collins, CO: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station Report No.: RMRS-GTR-269. [accessed

2022 Feb 1]. https://www.fs.usda.gov/treesearch/pubs/42463.

Poorter H, Niinemets U, Poorter L, Wright 1J, Villar R. 2009. Causes and consequences of
variation in leaf mass per area (LMA): a meta-analysis. New Phytologist. 182(3):565-588.

doi:10.1111/j.1469-8137.2009.02830.x.

Poorter H, Remkes C. 1990. Leaf area ratio and net assimilation rate of 24 wild species differing

in relative growth rate. Oecologia. 83(4):553-559. doi:10.1007/BF00317209.

Poorter H, Werf A. 1998. Is inherent variation in RGR determined by LAR at low irradiance and by
NAR at high irradiance? A review of herbaceous species. Backhuys Publishers,

Leiden.:309-336.

R Core Team. 2022. R: A Language and Environment for Statistical Computing. https://www.R-

project.org/.

45



Reich PB. 2014. The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto.

Cornelissen H, editor. J Ecol. 102(2):275-301. doi:10.1111/1365-2745.12211.

Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, Volin JC, Bowman WD. 1999.
Generality of Leaf Trait Relationships: A Test across Six Biomes. Ecology. 80(6):1955—

1969. doi:10.1890/0012-9658(1999)080[1955:GOLTRA]2.0.CO;2.

Rosas T, Mencuccini M, Barba J, Cochard H, Saura-Mas S, Martinez-Vilalta J. 2019.
Adjustments and coordination of hydraulic, leaf and stem traits along a water availability

gradient. New Phytol. 223(2):632-646. doi:10.1111/nph.15684.

Rossatto DR, Hoffmann WA, de Carvalho Ramos Silva L, Haridasan M, Sternberg LSL, Franco
AC. 2013. Seasonal variation in leaf traits between congeneric savanna and forest trees
in Central Brazil: implications for forest expansion into savanna. Trees. 27(4):1139-1150.

doi:10.1007/s00468-013-0864-2.

RStudio Team. 2022. RStudio: Integrated Development Environment for R.

http://www.rstudio.com/.

Ruiz-Robleto J, Villar R. 2005. Relative Growth Rate and Biomass Allocation in Ten Woody
Species with Different Leaf Longevity Using Phylogenetic Independent Contrasts (PICs).

Plant Biology. 7(5):484—494. doi:10.1055/s-2005-865905.

Sandel B, Corbin JD, Krupa M. 2011. Using plant functional traits to guide restoration: A case

study in California coastal grassland. Ecosphere. 2(2):art23. doi:10.1890/ES10-00175.1.

Sandel B, Low R. 2019. Intraspecific trait variation, functional turnover and trait differences
among native and exotic grasses along a precipitation gradient. Botta-Dukét Z, editor. J

Veg Sci. 30(4):633-643. doi:10.1111/jvs.12756.

46



Scheepens JF, Frei ES, Stdcklin J. 2010. Genotypic and environmental variation in specific leaf
area in a widespread Alpine plant after transplantation to different altitudes. Oecologia.

164(1):141-150. doi:10.1007/s00442-010-1650-O0.

Shipley B. 2002. Trade-offs between net assimilation rate and specific leaf area in determining
relative growth rate: relationship with daily irradiance: Trade-offs between SLA and NAR.

Functional Ecology. 16(5):682—689. doi:10.1046/j.1365-2435.2002.00672.x.

Shipley B. 2006. Net assimilation rate, specific leaf area and leaf mass ratio: which is most
closely correlated with relative growth rate? A meta-analysis. Funct Ecology. 20(4):565—

574. doi:10.1111/j.1365-2435.2006.01135.x.

Shipley B, Almeida-Cortez J. 2003. Interspecific consistency and intraspecific variability of
specific leaf area with respect to irradiance and nutrient availability. Ecoscience.

10(1):74—79. doi:10.1080/11956860.2003.11682753.

Simova |, Sandel B, Enquist BJ, Michaletz ST, Kattge J, Violle C, McGill BJ, Blonder B,
Engemann K, Peet RK, et al. 2019. The relationship of woody plant size and leaf nutrient
content to large-scale productivity for forests across the Americas. Hector A, editor. J

Ecol. 107(5):2278-2290. d0i:10.1111/1365-2745.13163.

Solins JP, Cadenasso ML. 2020. Testing urban drivers of riparian woody vegetation composition
in a precipitation-limited system. Vesk P, editor. J Ecol. 108(2):470-484.

doi:10.1111/1365-2745.13300.

Song G, Wang J, Han T, Wang Q, Ren H, Zhu H, Wen X, Hui D. 2019. Changes in plant
functional traits and their relationships with environmental factors along an urban-rural
gradient in Guangzhou, China. Ecological Indicators. 106:105558.

doi:10.1016/j.ecolind.2019.105558.

47



Strange EM, Fausch KD, Covich AP. 1999. Sustaining Ecosystem Services in Human-Dominated
Watersheds: Biohydrology and Ecosystem Processes in the South Platte River Basin.

Environmental Management. 24(1):39-54. doi:10.1007/s002679900213.

Su Y, Renz M, Cui B, Sun X, Ouyang Z, Wang X. 2021. Leaf Morphological and Nutrient Traits of
Common Woody Plants Change Along the Urban—Rural Gradient in Beijing, China. Front

Plant Sci. 12:682274. doi:10.3389/fpls.2021.682274.

SunL, Yang G, Zhang Y, Qin S, Dong J, Cui Y, Liu X, Zheng P, Wang R. 2022. Leaf Functional
Traits of Two Species Affected by Nitrogen Addition Rate and Period Not Nitrogen
Compound Type in a Meadow Grassland. Front Plant Sci. 13:841464.

doi:10.3389/fpls.2022.841464.

Sweeney BW, Bott TL, Jackson JK, Kaplan LA, Newbold JD, Standley LJ, Hession WC, Horwitz
RJ. 2004. Riparian deforestation, stream narrowing, and loss of stream ecosystem
services. Proceedings of the National Academy of Sciences. 101(39):14132-14137.

doi:10.1073/pnas.0405895101.

Tian M, Yu G, He N, Hou J. 2016. Leaf morphological and anatomical traits from tropical to
temperate coniferous forests: Mechanisms and influencing factors. Sci Rep. 6(1):19703.

doi:10.1038/srep19703.

Tibbets TM, Molles MC. 2005. C : N: P stoichiometry of dominant riparian trees and arthropods
along the Middle Rio Grande. Freshwater Biol. 50(11):1882-1894. doi:10.1111/j.1365-

2427.2005.01465.x.

Tromboni F, Dodds WK. 2017. Relationships Between Land Use and Stream Nutrient
Concentrations in a Highly Urbanized Tropical Region of Brazil: Thresholds and Riparian

Zones. Environmental Management. 60(1):30—40. doi:10.1007/s00267-017-0858-8.

48



U.S. Geological Survey. 2020 Nov 13. 1 meter Digital Elevation Models (DEMs) - USGS National
Map 3DEP Downloadable Data Collection. USGS Science Data Catalog. [accessed 2021
Dec 1]. https://data.usgs.gov/datacatalog/data/USGS:77ae0551-c61e-4979-aedd-

d797abdcdeOe.

U.S. Geological Survey. 2021. National Hydrography Dataset. USGS Science Data Catalog.
[accessed 2021 Dec 1]. https://www.usgs.gov/national-hydrography/national-

hydrography-dataset.

USDA, NRCS. 2022. The PLANTS Database. [accessed 2020 Sep 7]. http://plants.usda.gov.

Violle C, Navas M-L, Vile D, Kazakou E, Fortunel C, Hummel |, Garnier E. 2007. Let the concept

of trait be functional! Oikos. 116(5):882—892. doi:10.1111/j.0030-1299.2007.15559.x.

Wang S, Ju W, Pefiuelas J, Cescatti A, Zhou Y, Fu Y, Huete A, Liu M, Zhang Y. 2019.
Urban-rural gradients reveal joint control of elevated CO2 and temperature on extended
photosynthetic seasons. Nat Ecol Evol. 3(7):1076—1085. doi:10.1038/s41559-019-0931-

1.

Wellstein C, Poschlod P, Gohlke A, Chelli S, Campetella G, Rosbakh S, Canullo R, Kreyling J,
Jentsch A, Beierkuhnlein C. 2017. Effects of extreme drought on specific leaf area of
grassland species: A meta-analysis of experimental studies in temperate and sub-

Mediterranean systems. Glob Change Biol. 23(6):2473—-2481. do0i:10.1111/gch.13662.

West NM, Reinhold AM, Poole GC, Espeland EK. 2020. Flood dynamics dictate distributions of
Elaeagnus angustifolia L. (Russian olive) on a riverine floodplain. Biol Invasions.

22(12):3493-3499. doi:10.1007/s10530-020-02352-z.

Westoby M. 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant and

Soil.(199):213-227.

49



Wetherbee G, Wieczorek M, Robertson D, Saad D, Novick J, Mast MA. 2022. Estimating urban
air pollution contribution to South Platte River nitrogen loads with National Atmospheric
Deposition Program data and SPARROW model. Journal of Environmental Management.

301:113861. doi:10.1016/j.jenvman.2021.113861.

White JosephD, Scott NealA. 2006. Specific leaf area and nitrogen distribution in New Zealand
forests: Species independently respond to intercepted light. Forest Ecology and

Management. 226(1-3):319-329. doi:10.1016/j.foreco.2006.02.001.

Williams CB, Reese Neaesborg R, Dawson TE. 2017. Coping with gravity: the foliar water relations

of giant sequoia. Tree Physiology. 37(10):1312—-1326. doi:10.1093/treephys/tpx074.

Wilson PJ, Thompson K, Hodgson JG. 1999. Specific leaf area and leaf dry matter content as
alternative predictors of plant strategies. New Phytol. 143(1):155-162.

doi:10.1046/j.1469-8137.1999.00427 ..

Wright 1J, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin T,
Cornelissen JHC, Diemer M, et al. 2004. The worldwide leaf economics spectrum.

Nature. 428(6985):821-827. doi:10.1038/nature02403.

Wright 1J, Westoby M. 1999. Differences in seedling growth behaviour among species: trait
correlations across species, and trait shifts along nutrient compared to rainfall gradients.

Journal of Ecology. 87(1):85-97. doi:10.1046/j.1365-2745.1999.00330.x.

Wright 1J, Westoby M, Reich PB. 2002. Convergence towards higher leaf mass per area in dry
and nutrient-poor habitats has different consequences for leaf life span. Journal of

Ecology. 90(3):534-543. doi:10.1046/j.1365-2745.2002.00689.X.

50



Zhou X, Brandle JR, Schoeneberger MM, Awada T. 2007. Developing above-ground woody
biomass equations for open-grown, multiple-stemmed tree species: Shelterbelt-grown
Russian-olive. Ecological Modelling. 202(3-4):311-323.

doi:10.1016/j.ecolmodel.2006.10.024.

Zhu J, Xu C. 2021. Intraspecific differences in plant functional traits are related to urban
atmospheric particulate matter. BMC Plant Biol. 21(1):430. doi:10.1186/s12870-021-

03207-y.

Zirbel CR, Brudvig LA. 2020. Trait—environment interactions affect plant establishment success
during restoration. Ecology. 101(3). doi:10.1002/ecy.2971. [accessed 2022 Aug 24].

https://onlinelibrary.wiley.com/doi/10.1002/ecy.2971.

Zuur AF, leno EN, Walker N, Saveliev AA, Smith GM. 2009. Mixed effects models and extensions
in ecology with R. New York, NY: Springer New York (Statistics for Biology and Health).

http://link.springer.com/10.1007/978-0-387-87458-6.

51



Appendix A

PC1

DBH

Year

Precipitation
Temperature

Ordinal Date

Sea Level Elevation
Elevation (Channel)
Distance (Channel)
Barren Land

Cultivated Crops
Deciduous Forest

Open Water

Developed, High Intensity
Developed, Low Intensity
Developed, Medium Intensity
Developed, Open Space
Emergent Herbaceous Wetlands
Evergreen Forest
Hay/Pasture

Herbaceous

Mixed Forest
Shrub/Scrub

Woody Wetlands

@ rc1
@ DBH
00 @ Year
@ Temperature
@ Ordinal Date
@ Sca Level Elevation
@ Elevation (Channel)

@ Distance (Channel)

@ Barren Land

00 000000 ®@ Cuttivated Crops

® @ Precipitation

® ® @ Deciduous Forest

® @@ Open Water
® @ Developed, High Intensity
@ Developed, Medium Intensity

©® @ Developed, Low Intensity

® @ De\eloped, Open Space
@ Emergent Herbaceous Wetlands

@ Evergreen Forest
@ Hay/Pasture
. Herbaceous
@ Mixed Forest

@ shrub/Scrub
@ \Woody Wetlands

T

-1 -08-06-04-02 0 02 04 06 08 1

Appendix A: Correlation matrix with Spearman correlation coefficients for floodplain position (Elevation
& Distance), plant size (DBH), the urban-rural gradient (PC1), climate and date variables, as well as
correlated land classification and sea level elevation variables. High multicollinearity between sea level
elevation and the site land classifications were accounted for in a principal components analysis.

All predictors in the mixed effects model, including PC1, DBH, Elevation (Channel), Distance
(Channel), had correlation coefficients below 0.4 (Appendix A). Variance inflation factors for all
predictors in the linear mixed effects model did not go above 5, which is the threshold for

problematic collinearity (James et al. 2013).
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Appendix B
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Appendix. B: The principal component analysis of the National Land Cover Database percentages at
each site, along with sea level elevation from the U.S. Geological Survey 1-meter Digital Elevation Models.
Contributions of variables to PC1 are weighted from largest (black) to lowest (blue). In PC1, on the negative
axis, developed land uses accounted for 31.9% and sea level elevation accounts for 12.2% of variation. On

the positive axis, woody and herbaceous cover accounts for 31.5% (except for mixed forests), and
agricultural uses accounted for 11.5%.

PC1 explained 44% of the variability among sites, while PC2 only explained 12%
(Appendix B). Elevation above sea level and the development land uses loaded on the negative
side of PC1. Agricultural land uses, along with forests and herbaceous cover, loaded on the

positive side of PC1, so PC1 was used as an urban-to-rural gradient.

53



Appendix C
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Appendix C: Parameter estimates from the covariate linear model. There were significant positive
effects of monthly precipitation, and significant negative effects of monthly temperature and ordinal date on
SLA. No significance is denoted by black, significant positive estimates are blue, significant negative
estimates are red; p-values: * p<0.05; **, p<0.01; *** p<0.001.

We saw significant effects of precipitation, temperature, and ordinal date on SLA in the linear
model (Appendix C). Precipitation had a positive effect on SLA, but ordinal date and temperature
both had a negative relationship to SLA. The positive effect of precipitation is what would be
expected, high SLA in wetter environments. Mean monthly temperature had a negative effect on
SLA, which is not would be expected in global models, but considering this is an arid
environment, hotter monthly temperatures translated to more stress. Ordinal date had the largest
effect size, which is consistent with its importance in the literature. The main linear mixed effects
model used the log transformed SLA residuals from the linear model as the response variable to

control for the effects of these covariates.
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