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Springs ecosystems: vulnerable ecological islands
where environmental conditions, life history traits,
and human disturbance facilitate non-native plant invasions
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Abstract Ecosystem invasion by non-native plants
depends on plant life history characteristics that
influence the species’ invasiveness, as well as envi-
ronmental factors that determine site invasibility.
Small, insular ecosystems are thought be especially
vulnerable to invasion but evidence for this pattern has
been mixed. Freshwater springs form island-like
ecosystems, allowing for a test of this proposal. Here,
we investigated the effects of physical environmental
factors, human disturbance, and plant life history traits
on the occurrence of native and non-native plant
species at 55 springs across different biomes in
Alberta, Canada. A total of 526 plants were identified,
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12.5% of which were non-native. Among these,
species richness and abundance were greater at springs
within biomes subject to increased land use intensity,
especially livestock grazing, as compared to springs in
parks and protected areas with limited land use.
Subsequently, springs with higher human impact
supported greater richness (+* = 0.13) and abundance
(r2 = 0.31) of non-native species, while native species
abundance declined with increasing human impact
(r2 = 0.14). Common native and non-native plant taxa
exhibited life history traits that confer greater toler-
ance to human disturbance, such as that arising from
livestock production that can disperse propagules,
including clonal capacity and physical and chemical
herbivory defenses. Our results indicated that springs
ecosystems with greater human disturbance were more
vulnerable to invasion by non-native plants, and this
can reduce plant biodiversity and the ecological
services provided by these distinctive, insular
ecosystems.

Keywords Ecosystem invasion - Grazing - Human

impacts - Non-native plants - Species richness -
Springs

Introduction

Ecosystem invasion by non-native plant species, also
called alien, exotic or introduced plants, represent a
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major cause of the observed declines in global
biodiversity (Vila et al. 2011). In many regions, the
removal of invasive plants is virtually impossible
(Genovesi 2005) and, consequently, limiting the
spread of such species is often the most effective
means of avoiding the negative impacts of invasion
(Simberloff 2013). Identifying key factors that con-
tribute to ecosystem invasion can facilitate the devel-
opment of management strategies to limit the spread
and impact of non-native plants (Inderjit et al. 2017).
Several factors need to be considered when investi-
gating ecosystem invasion, including characteristics
of the site, or site invasibility, the traits of the non-
native plants that increase their ability to spread
through a new range, or species invasiveness
(Richardson and PySek 2006). In part, it is the
combination of site invasibility and species invasive-
ness that allow the new colonists to reproduce and
rapidly expand their range (Grubb 1977; Grime 2006;
Rosbakh et al. 2018).

Successful establishment of non-native plants in the
initial stages of invasion is partially dependent on the
abiotic or physical characteristics of the recipient
environment (Richardson and Pysek 2006; Pysek et al.
2012). Attributes of the geographic location, such as
the hydrogeology and surface substrates provide
important influences on non-native plant colonization
potential (Stevens and Ayers 2002; Pino et al. 2005).
However, the contribution of abiotic factors to site
invasibility depends on the characteristics of the
potential invader, making generalizations difficult.
The ecoclimatic niche of a non-native plant can
sometimes be used to predict areas within novel
regions where the species may successfully establish
(Pysek and Richardson 2010), but some invasive non-
native plants can thrive in physical conditions that
differ from those of their native range (Broennimann
et al. 2014).

In addition to the abiotic environment, the life
history traits and ecophysiology of non-native plants
also affect their ability to invade ecosystems outside of
their native range. Numerous studies have attempted
to define a suite of traits that can be used to predict
invasiveness of particular plant species (reviewed in
Pysek and Richardson 2007). These studies typically
examine the traits of plants that have successfully
invaded a region, and then compare those to the traits
of plants native to the region to identify similarities
and differences, which can then be assessed using co-
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existing frameworks (MacDougall et al. 2009). Inva-
sive non-native plants often possess generalist life
history traits, are capable of growing under a broad
range of habitat conditions, and exhibit prolific or
protected reproduction (e.g., clonality) (Stevens and
Ayers 2002; Simieon and Stevens 2015; Sciance et al.
2016). Consequently, there has been limited consensus
on which and to what extent groups of traits explain
invasion success. Based on previous work, the most
effective approach seemingly involves integrating
information of specific biotic traits of non-native
species and the introduction history within the envi-
ronmental context of the invaded ecosystem (reviewed
in Simberloff 2013).

Identifying ecosystems at greater risk of invasion
by non-native plants should allow for the development
of effective management programs to limit invasion.
Ecosystems that are limited in area, such as small
islands, may be more vulnerable to invasion as
compared to larger, less isolated ecosystems (Richard-
son and Pysek 2012; but see Vila et al. 2011). In their
review, Pauchard and Shea (2006) point out that
ecosystems with high native biodiversity often support
rich communities of non-native plants because the
factors that promote high biodiversity, such as access
to suitable habitat, moisture, and nutrients, also
promote invasion. Given this, freshwater springs,
which form relatively small, island-like ecosystems,
may be at greater risk of non-native plant invasion.
Springs often support sensitive, endemic species that
may be less resistant to invasion, and frequently are
used by humans as water sources (Stevens and
Meretsky 2008; Klgve et al. 2014; Kreamer et al.
2015). The subsequent disturbance resulting from
human use can alter groundwater availability, modify
the surrounding geomorphology, and increase pollu-
tion, leading to decreased biodiversity and diminished
ecological functionality (Stevens & Meretsky 2008).
The risk of invasion by non-native plants generally
increases in regions with high human disturbance
(Mack and Lonsdale 2001; McKinney 2002; Stevens
and Ayers 2002; Pysek et al. 2010). Anthropogenic
disturbances, such as raising livestock can facilitate
non-native plant colonization by removing established
native species and disturbing germination sites
through soil erosion, thereby by lowering the biotic
resistance of the site (Keeley et al. 2003), as well as
supporting vectors for non-native propagule delivery
(Mack and Lonsdale 2001). Due to intensive human
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usage, particularly for domestic and agricultural water
supplies, springs are among the most threatened
ecosystems on the globe (Stevens and Meretsky
2008; Kreamer et al. 2015). While much attention
has been devoted to non-native invertebrate and fish
introductions (e.g., Shepard 1993; Unmack and
Minckley 2008), few studies have addressed how
human disturbance affects the vulnerability of fresh-
water spring ecosystems to non-native plant invasions.

This study was undertaken to assess the extent and
modes of invasion of freshwater springs ecosystems
by non-native plants. The primary objectives were to
identify factors that increase the susceptibility of
springs to invasion with respect to ecosystem invasi-
bility and the life history attributes of non-native
plants within springs communities. Springs in south-
ern Alberta, Canada provided a suitable study system
since springs occur abundantly among several biomes
and are used in many cases as agricultural water
sources, particularly for livestock (Springer et al.
2015). We surveyed a wide array of springs across the
southern Alberta landscape to examine species rich-
ness and abundance patterns among native and non-
native plant species. The patterns of richness and
abundance were compared to physical environmental
factors and anthropogenic disturbances to assess
abiotic factors affecting site invasibility. We predicted
that springs with greater human disturbance intensity,
parameterized using a semi-quantitative assessment of
the type and extent of anthropogenic ecosystem
impacts, would support greater non-native plant
richness and abundance. We also surveyed the life
history traits of commonly-occurring native and non-
native plant species to identify traits that confer
differential colonization potential and invasion suc-
cess. We predicted that invasive non-native plant
species possessed traits that increased their ability to
rapidly colonize disturbed sites, such as those used for
livestock grazing.

Methods
Field sites
We explored environmental and vegetation conditions
at 55 springs across southern Alberta that were

inventoried from 2008 to 2012, as described by
Springer et al. (2015). That prior report provides

information about physical characteristics of the
springs, including the geomorphic contexts, and
groundwater and surface water chemistry, which
reflect site hydrogeology. The springs locations
ranged over 3° of latitude (49°1I'N to 52°3'N,
440 km) and 6° of longitude (— 109°59W to
— 115°35'W, 432 km), and from 822 to 2048 msl in
elevation, from prairie grassland to sub-alpine forest
biomes (Fig. 1). Springs were selected using provin-
cial resources, including maps published by the
Alberta Geological Survey (Stewart 2009), hydroge-
ology maps (Borneuf 1983) and regional reports (e.g.,
Toop and de la Cruz 2002). Park managers, non-
governmental organizations, and private landowners
who represented regional watershed conservation
groups were contacted for information on the loca-
tions, conditions, and history of the springs (Springer
et al. 2015). Spring names are listed in Supplemental
Table 1.

Inventory protocols

Data related to physical and biological site character-
istics were collected at each spring following the Level
2 Springs Ecosystem Inventory Protocol developed by
the Springs Stewardship Institute (Stevens et al. 2016).
These are intended to establish baseline conditions and
have been used to inform monitoring and management
of surveyed springs (Springer et al. 2015; Paffett et al.
2018). Many variables were included in the inventory
protocol, and we present the methods that specifically
related to vegetation data collection. Springer et al.
(2015) provide further information on the sampling of
other components, such as hydrogeology, water
chemistry, and aquatic and terrestrial vertebrate and
invertebrate fauna.

Physical environmental characteristics

Sites were classified according to the biome, or natural
region, and defined on the basis of biome-level
environmental factors, including climate, water, soil
and vegetation (Pettapiece 1986; Samuelson and Rood
2004). As characterized by Downing and Pettapiece
(2006), these biomes included the higher elevation
Rocky Mountains, with the treeless alpine, conifer
forested subalpine, and mixed woodland montane
ecoregions combined. Dropping in elevation, the
foothills biome supported mixed woodlands, such as
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with lodgepole pine (Pinus contorta) and balsam
poplar (Populus balsamifera), and the slightly drier
parklands were dominated by trembling aspen (Pop-
ulus tremuloides). The lowest and driest biome was the
prairie region, which is treeless except in riparian
zones (Samuelson and Rood 2004; Downing and
Pettapiece 2006) (Fig. 1).

Each spring was classified according to its sphere of
discharge, which describes the type and mechanism of
groundwater emergence, following the criteria out-
lined in Springer and Stevens (2009). The rate of
groundwater discharge (m’/s) was measured where
possible. Measurements of elevation (msl), latitude,
and longitude were taken at or near the point of
groundwater emergence. The area (m?) of each spring
ecosystem was determined based on the extent of land
affected by emergent groundwater (Stevens et al.
2016).

The area of each distinct geomorphic microhabitat
surface in each springs ecosystem was estimated after

delineation based on characteristics of the landscape,
hydrology, and substrata within the site (Stevens and
Meretsky 2008; Stevens et al. 2016). These geomor-
phic microhabitats were subsequently grouped as wet,
intermediate, or dry, according to the extent of
groundwater-derived surficial moisture (Fig. 2). This
grouping reflected similarities of water permanence
and substratum texture, with finer particles drying
more slowly and providing capillary rise around and
above the emergent groundwater.

Human impacts

The degree of anthropogenic disturbances was char-
acterized at each site using the Freedom from Human
Influences section in the Springs Stewardship Insti-
tute’s ecosystem assessment protocol (Stevens et al.
2016). A numeric score was assigned based on
assessments of eight criteria: surface water quality;
extent of flow regulation; evidence of effects from

Fig. 2 Example schematic
of a spring ecosystem with
distinct microhabitat surface
moisture types delineated
around the zone of emergent
groundwater. Figure inset
shows a cross-section
example of the relative
elevation of these
microhabitat surface types

Emergent
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\;’_// Wet

Dry
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Emergent groundwater
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adjacent transportation corridors (e.g., roadways,
railway lines); fences; construction; livestock grazing
(e.g., animals at or near the spring, surface perforation
from hooves, or fecal pads); recreational use (e.g.,
eroded trails for hiking, horses, or off-highway
vehicles); and condition of adjacent lands (e.g.,
proximity to cultivated fields). Based on the site visit
and consultation with the landowner or site manager,
ecological condition scores of 0—6 were assigned for
each criterion, where O indicated extensive impact,
poor condition, and irrecoverably low site quality, and
6 indicated minimal impact and high ecological
integrity and site quality. Human impact condition
scores, which were scored out of 6, were averaged,
divided by 6, and then subtracted from 1 to produce a
human impact (HI) score for each spring. Thus, a HI
score of O represented a relatively pristine site
condition with minimal human disturbance, and 1
represented a severely degraded site condition with
high human disturbance intensity.

Vegetation inventory

Springs were surveyed during the months of July or
August to characterize vegetation during the interval
of maximal foliar cover. All terrestrial and emergent
plants growing within the total spring ecosystem area
were identified to genus and species level, where
possible. Plants were assigned status as native or non-
native, according to the USDA Plants Database
(USDA 2017) for the Great Plains or Western
Mountains regions. Plants that were unidentified or
identified only to the family level were excluded from
the analysis due to the uncertainty of assigning nativity
status. Voucher plant specimens are housed at the
University of Lethbridge Herbarium (LEA), Leth-
bridge, Alberta.

Plant species richness values (counts of the number
of taxa, primarily species) were determined for both
native and non-native plants at each site and within
each microhabitat type. To account for observations of
plants such as several Carex sedges whose taxonomy
could not be resolved beyond the genus level, plant
taxa were also grouped by genus to more clearly
represent the plant community composition at each
spring. It is explicitly stated whether analyses were
conducted on species- or genus-level groupings of
taxa. Aquatic plants were surveyed but were not
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included in any part of the analyses due to generally
poor identification of these species.

Due to differences in the area of springs and
contribution of associated geomorphic microhabitats
in this study, species richness values were transformed
to correct for area sampled, where transformed species
richness = (number of plant taxa/log;, of area)
(Gotelli and Colwell 2001; Samuelson and Rood
2011; Hasselquist et al. 2015). The percent cover of
each species in each microhabitat was visually
estimated for six vegetation structure strata: emergent,
non-vascular, ground (deciduous herbaceous or gra-
minoid), shrub (woody, 0-4 m), mid-canopy
(4-10 m), and tall canopy (> 10 m). Recognizing
that a species’ total percent cover across all strata
could exceed 100%, we summed cover across strata to
produce a cover index value for each native or non-
native species detected in each microhabitat type. We
then weighted the cover index for each species at each
site by taking the sum of the cover index in each
microhabitat type and then multiplying this by the
proportional area of the spring ecosystem. These
calculations also were made on plant groupings by
genus.

Analyses across environments: invasibility

For continuous environmental factors, Pearson pro-
duct-moment correlations were calculated using SPSS
v. 21 (IBM, Armonk, NY, USA) to test and assess
linearity and autocorrelation among prospective envi-
ronmental factors and dependent vegetation variables.
After identifying significant correlations with individ-
val environmental factors, multiple factors were
analyzed using multiple linear regression with forward
model selection through Akaike’s Information Crite-
rion (Bozdogan 1987) with the base /m package in R
(R Core Team 2016). To conform to the assumptions
of these analyses, cover index values were logq-
transformed.

For categorical environmental factors, one-way
analyses of variance (ANOVA) were conducted,
comparing native or non-native plant species richness
or logjo-transformed percent cover across biomes,
spring discharge spheres, and microhabitat surface
type moisture levels. Significant differences were
identified with Tukey’s HSD post hoc test using the lm
package in R (R Core Team 2016). Where assump-
tions of normality were not met, Kruskal-Wallis non-
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parametric H tests were conducted, with pairwise
significant differences identified using the Kruskal-
Wallis multiple comparison test using the pgirmess
package in R (Giraudoux et al. 2018).

Analyses of vegetation: invasiveness

A subset of the taxa grouped by genera within the top
quartile of observations (observed at > 9 of 55
springs) represented the most commonly observed
plants. From these, an equal number of native and non-
native plant taxa were assessed for life history trait
comparison. The life history traits were selected based
on their potential to contribute to establishment
success, and included: guild (growth form), longevity,
flowering phenology, pollination strategy, fruit or seed
type, seed dispersal mechanism, vegetative reproduc-
tion ability, and tolerance to disturbance. Disturbance
tolerance included the ability to colonize areas of
subjected to physical disturbance, such as floodplains,
roadsides, slough edges, or waste ground. Due to the
interest in disturbance from cattle use, including
grazing, trampling, and pugging (soil perforation),
traits conferring the ability to tolerate grazing and the
presence of structures or compounds to deter her-
bivory also were documented. Information on these
traits and wetland status was compiled for each of the
selected common taxa, where available, from the
USDA Plants database (USDA 2017) and the Alberta
Conservation Information Management System
(2018). The proportion of native versus non-native
taxa exhibiting each life history trait was calculated,
and if a taxon included species that fit more than one
category of life history trait (e.g., biennial and
perennial), that taxon was counted under each trait.

Analyses of environment and vegetation:
invasibility and invasiveness

Non-metric multidimensional scaling (NMDS) ordi-
nations using PC-ORD v.6 (McCune and Mefford
2011) were undertaken to investigate environmental
patterns of the presence/absence and abundance of the
most common native and non-native plant taxa
grouped by genera (Kruskal 1964). Sgrensen’s dis-
tance was used for calculation in two dimensions with
a maximum of 250 iterations, a stability criterion of
0.00001, and a step length of two, with Varimax
rotation applied. Unrelated environmental variables,

as determined from the Pearson’s product-moment
correlation analysis were used in the NMDS ordina-
tions to distinguish which factors were most strongly
associated with native versus non-native plant richness
and abundance. In cases where multiple species in the
same genus were surveyed at the same spring ecosys-
tem, cover index values for the species were summed
to produce one cover index value for that genus.

Results
Springs vegetation characteristics

A total of 526 plant taxa were identified across the 55
springs surveyed. Of those, 460 (87.5%) were native to
the province and 66 (12.5%) were non-native. Across
these springs, numbers of plant species ranged 9-90
native and 0—18 non-native species, with a maximum
of 101 species (90 native, 11 non-native) and a
minimum of 10 species (9, 1). The top quartile of most
commonly observed plants included 74 taxa that were
observed at least 9 times across the 55 springs. Of
these, 63 were native and 11 were non-native (Sup-
plemental Table 2).

Hydrology and biomes

One half of the sites were classified as hillslope springs
(Springer and Stevens 2009), with emergence from a
slope of 30°-60° (n = 28 of 55) and not occurring in an
established channel. One quarter of the sites (13) were
helocrene springs, with emergence from low-gradient
wetlands, often with multiple or indistinct sources.
Seven were rheocrene springs, with emergence with
upslope stream channels, and four were pool-forming
limnocrene springs. There were single observations of
a gushet spring that emerged from a discrete source on
a cliff wall, and a hanging garden with emergence that
dripped from a geologic contact along a cliff wall.
There was a single cave spring surveyed at the iconic
Cave and Basin National Historic Site in Banff
National Park. Only springs types with multiple
occurrences were included in ANOVAs (Fig. 3).
Neither native transformed plant species richness nor
cover indices were significantly different across these
discharge spheres (richness: Fj45 = 1.43, p = 0.25;
cover index: F343=0.24, p=0.87). Non-native
species richness also did not differ across discharge
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Fig. 3 Transformed species richness (spp/log[m?®]; mean +
SE) and cover index of native and non-native plants at
freshwater springs across spring discharge sphere in Alberta,
Canada. Note the difference in the y-axis scales

spheres (F5 45 = 0.77, p = 0.52). For non-native cover
index, there appeared to be a lower value for
limnocrene springs but, with limited sampling that
difference = was not statistically  significant
(F3.48 = 0.67, p = 0.57). Thus, limited by the small
sample size, there was little correspondence between
the spring discharge sphere, which represents the
hydromorphic context of the source water and the
outflow zone.

The surface moisture conditions strongly influ-
enced both native and non-native plant distributions
(Fig. 4). Kruskal-Wallis tests indicated that native
species richness was lower in wet as compared to dry
or intermediate microhabitats (H = 11.4, df =2,
p = 0.003). Native plant cover also was lower in wet
microhabitats (H = 23.2, df =2, p < 0.001), but did
not differ between dry or intermediate microhabitats.
Non-native species richness and cover index displayed
similar patterns (richness: H =21.1, df=2,
p < 0.001; cover: H = 36.3, df =2, p <0.001), and
were significantly reduced in the wet microhabitat
compared to dry or intermediate microhabitats. Thus,
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similar distribution patterns existed among native and
non-native plant taxa, with fewer species and reduced
cover in the zones with wet, saturated substrate.

Comparison of springs among the different biomes,
or biophysical natural regions, revealed consistency
among native species richness and cover index
(richness F3s; =022, p=0.88; cover index
F351 =131, p = 0.28; Fig. 5). In contrast, non-native
vegetation characteristics varied, displaying a uni-
modal, inverted-U response, with higher values in the
biomes situated between the prairies and Rocky
Mountains, with increased non-native richness in the
parklands region as compared to the Rocky Moun-
tains, and with the spatially intermediate foothills
intermediate in richness (F3s5; = 6.96, p < 0.001;
Fig. 5). The non-native cover index indicated a similar
pattern (F3 5, = 16.1, p < 0.001), with the significant
differences occurring among the parklands, the Rocky
Mountains, and the foothills regions.
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Environmental factors

Pearson correlation analyses demonstrated autocorre-
lation among several environmental factors and

vegetation variables (Table 1). Site elevation was
positively related to springs discharge (Q, flow rate),
and negatively related to the human impact (HI) score.
Human impact was, in turn, positively related to
latitude. This reflected the general decline in elevation
moving eastward away from the Rocky Mountains,
where springs at higher elevations and in that wetter
montane biome had increased groundwater discharge.

Vegetation characteristics were related to several
environmental factors, but not discharge (Table 1).
Native species richness was related to elevation, with
higher-elevation springs displaying increased native
plant richness, accounting for approximately 10% of
the observed variation (Fig. 6; note the plotting from
high to low elevation, which generally corresponded
to the west-to-east longitudinal pattern from montane
to prairie biomes). However, we found no association
between native species cover index values and eleva-
tion (Table 1; Fig. 6). In contrast, non-native plant
richness was highest at intermediate elevations
(1100-1700 msl) and a quadratic function provided a
better fit than a linear function (Fig. 6; > = 0.17 vs.
0.10). The non-native plant cover index was nega-
tively correlated longitude and slightly less strongly
with elevation (Table 1; Fig. 7), as opposed to the
absence of those patterns among native species
(Fig. 6). The relationship between non-native cover
index and longitude was amplified by anomalously
high values at two eastern (prairie biome) springs,
which were situated in the heavily grazed and elevated
Cypress Hills (Figs. 1 and 7), which interrupt the

Table 1 Pearson product-moment correlations between environmental factors and vegetation variables inventoried at freshwater

springs (n = 55) in Alberta, Canada

Environment Vegetation
Lat Long Q HI score Native Non-native
Richness Cover Richness Cover
Elevation (msl) —0.20 0.41%* 0.28* — 0.35%* 0.31* 0.06 — 0.31%* — 0.49%*
Latitude (Lat) 0.36%* 0.21 0.27* — 0.30* —0.20 — 0.01 0.05
Longitude (Long) 0.19 —0.13 0.12 0.00 —0.14 — 0.42%%*
Discharge (Q; m3/s) — 0.04 —0.15 — 0.06 —0.14 —0.19
Human impact (HI) score —0.22 — 0.39%* 0.35%* 0.38%*
Native Richness 0.27* 0.04 — 0.09
Cover — 0.47%* — 0.34%*
Non-native Richness 0.72%*

Statistically significant patterns:
respectively

*p < 0.05, **p <0.01. Bold

and italic values indicate positive and negative correlations,
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< 02F human impacts (Fig. 8). Non-native richness and
g cover index both demonstrated positive correlations
'g with HI score (Fig. 8). Thus, we found that cumulative
3 anthropogenic impacts negatively affected native
O . . . .
0.1 plant species, but increased the diversity and cover
of non-native species.
Native plant cover was positively correlated with
native richness (Table 1). But while neither non-
0 native richness nor cover were correlated with native

16 115 114 113 112 111 110 109
Longitude (° West)

Fig. 7 Cover index of non-native species versus longitude of
freshwater springs in Alberta, Canada

pattern of progressive decline in elevation from the
Rocky Mountains in the west to the prairies in the east.

Native species richness was apparently weakly
negatively related to HI score (+* = 0.05), suggesting
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richness, both variables were negatively correlated
with native vegetation cover (r2 =0.17 and 0.13,
respectively). Within the full matrix of environmental
factors and vegetation variables, the strongest corre-
lation was between non-native richness and cover,
which were positively correlated with one-third cor-
respondence (r2 = 0.33; Table 1).

For combinations of environmental factors, the best
fit multiple linear regression models were: non-native
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Fig. 8 Transformed Native

Non-native

species richness (spp/ 30
log[mz]) and cover index of
native and non-native
species versus human
impact score at freshwater
springs in Alberta, Canada.
Note the difference in y-axis
scales

2% | °

Richness

rr=0.12

Cover index

species richness with elevation and HI score (adjusted
P = 0.13); native species richness with elevation and
latitude (adjusted r* = 0.12); non-native cover index
with longitude and HI score (adjusted 7* = 0.31); and
native cover index with HI score (adjusted r* = 0.14;
Table 2).

Plant occurrences

Carex sedges were the most commonly detected
native taxa, with 101 observations of as many as 32
species (Table 3). The second most common taxa
were Juncus rushes, which were observed 67 times,
with 11 species identified. The most common non-
native taxa were Cirsium thistles, with 40 occurrences
and at least two species identified. The numbers of
species within the non-native genera were lower
compared to the native genera, with three being the
greatest number of species identified among the
Trifolium clovers and the Rumex sorrels (or docks).
Among both native and non-native taxa, most plants
detected were classified as facultative relative to their
wetland indicator status (USDA 2017). Three facul-
tative wetland genera were among the most commonly
observed taxa and all of which were native, including

Human impact score

Carex, Juncus, and Salix (willows). Non-native plants
fell within facultative, facultative upland, or upland
categories of the wetland indicator status.

Life history traits

With respect to life history traits, the most commonly
observed taxa were either forbs or graminoids, and
most exhibited perennial growth (Table 4). Most
flower during spring, with similar proportions among
natives and non-native species, and dominant polli-
nation strategies included zoophily (animals) and
anemophily (wind). Two non-native taxa, Taraxacum
(dandelions) and Medicago (burclovers) reproduced
through autogamous fertilization, and the majority of
taxa produced achenes. Zoochory (animal-assisted
seed dispersal) was the most common with two-thirds
of taxa employing this mechanism, split almost evenly
among natives and non-native species. More than half
of the taxa were capable of vegetative reproduction
through rhizomous or stoloniferous growth, or by
clonal suckering.

Each of the 22 most commonly detected taxa
exhibited at least one trait conferring disturbance
tolerance, including resistance to drought, inundation,
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Table 2 Multiple linear regression analyses between vegetation variables and environmental factors with the Akaike’s information

criterion (AIC) to select models

Vegetation variables Intercept Environmental factor coefficients (B;_,) AIC Adjusted
,2
¥ (Bo) Elevation (msl)  Latitude Longitude Human impact
score
Richness
Native 81.20 0.01 — 1.51 - - 171.10 0.12
(0.17, (— 0.00, 0.01) (— 3.10,
162.23) 0.08)
Non-native 3.70 — 0.002 - - 3.48 61.09 0.13
(0.58, 6.83) (— 0.004, (0.004, 6.96)
0.0004)
Cover index
Native 1.97 - - - - 0.73 — 152.12 0.14
(1.84, 2.10) (= 1.20, — 0.26)
Non-native 14.08 — 0.006 - —0.11 0.95 8.47 0.31
(2.59, (— 0.001, (- 0.21, (0.02, 1.88)
25.58) — 0.000) — 0.01)

Row values represent the variables in the equation of the form y = By + Bix; + -+ + BuXn, Where By is the intercept, p;_, are the
coefficients of the predictive environmental factors x;_, of vegetation variables y. Confidence intervals (95%) are in parentheses.
Bold and italic values indicate positive and negative correlations, respectively

herbivory, association with primary successional
habitats, or vigorous growth in disturbed soils.
Because livestock, and primarily cattle grazing is a
common form of disturbance in southern Alberta
(Alberta Environment and Parks 2014) and has been
associated with the increased occurrence of non-native
plants, we specifically documented herbivory toler-
ance and defences among plants to assess traits
associated with disturbance from grazing. Slightly
less than half of the most common taxa were native
species that exhibited tolerance to grazing, and one
quarter of the common taxa displayed structural or
phytochemical defences against herbivory. These
included structural defences of spines and silica, or
phytochemicals including thiaminase, coumarins, and
saponins (Moore 1975; Turkington et al. 1978; Cody
and Wagner 1980; Small 1996).

Multivariate ordination

In both non-metric multidimensional scaling (NMDS)
ordinations, elevation and spring flow provided the
strongest associations with the distribution of the most
common taxa (Fig. 9). Among presence/absence and
cover index ordinations, HI score and longitude were
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associated with axis 1, and latitude, discharge and
elevation were associated with axis 2. In both ordina-
tions, non-native taxa were shifted with the HI score
vector. Also in both ordinations, non-native taxa were
somewhat clustered while the native taxa appeared
more dispersed, reflecting the larger species pool and
increased diversity.

Discussion

This study investigated the extent of invasion of
Alberta freshwater springs ecosystems by non-native
plant species, with two objectives: (1) to identify
physical factors that increase ecosystem invasibility,
or vulnerability to invasion; and (2) to identify life
history traits that increased invasiveness, or invasion
success of non-native plants. Our results reveal
pervasive influences of human disturbances in the
distribution of non-native plants at springs with
respect to both site invasibility and species invasive-
ness. Plant invasions often are largely facilitated by
human actions and disturbances (reviewed in Mack
et al. 2000), and this was reflected in our results as non-
native plant richness and success (as cover index) were
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Table 3 Most commonly observed plants around freshwater springs in Alberta

NMDS  Times Genus Species Common Guild Wetland

code occurred name status

Native (n = 11)

1 101 Carex microptera, utriculata, aquatilis, pellita, aurea, Sedge G FACW
nebrascensis, disperma, praegracilis

2 67 Juncus balticus, ensifolius, longistylus, drummondii, nodosus Rush G FACW

3 50 Equisetum  arvense, laevigatum, hyemale Horsetail FAC

4 47 Epilobium ciliatum, clavatum Willowherb F FAC

5 47 Salix bebbiana Willow S FACW

6 35 Achillea millefolium Yarrow F FACU

7 32 Potentilla fruticosa, gracilis Cinquefoil F FAC

8 32 Rosa acicularis, woodsii Rose S FACU

9 31 Geum aleppicum, macrophyllum, rivale Avens F FAC

10 31 Populus balsamifera, tremuloides, trichocarpa Poplar T FAC

11 29 Galium boreale, triflorum Bedstraw F FACU

Non-native (n = 11)

a 40 Cirsium arvense, vulgare Thistle F FAC

b 36 Phleum pratense Timothy G FAC

c 33 Taraxacum  officinale Dandelion F FACU

d 32 Poa pratensis Bluegrass G FAC

e 26 Bromus inermis Brome G UPL

f 19 Rumex acetosa, crispus, stenophyllus Sorrel F FAC

g 16 Trifolium pratense, repens Clover F FAC

h 10 Medicago lupulina Burclover F FACU

i 10 Plantago major Plantain F FAC

j 9 Melilotus albus, officinalis Sweetclover F FACU

k 9 Tragopogon  dubius Salsify F FACU

NMDS codes correspond to Fig. 9. Guilds are coded: G = graminoid, F = forb, S = shrub, T = tree. Wetland indicator statuses based
on USDA Plants Database: FACW = facultative wetland, FAC = facultative, FACU = facultative upland, UPL = upland

positively related to the HI score (Fig. 8). This pattern
has been recognized in a range of other ecosystems
(Catford et al. 2009; Pysek et al. 2010; Inderjit et al.
2017).

The parkland biome, the zone between the flatter,
drier prairies where crop production predominates and
the foothills with greater topographic relief, is used
extensively for livestock production, and this activity
directly and indirectly increases disturbance on the
landscape (Alberta Environment and Parks 2014).
Cattle physically disturb springs ecosystems through
trampling and pugging, reducing the abundance of
mature native plant species and increasing available
ground for colonization opportunities for native and
non-native propagules (Kimball and Schiffman 2003).

Additionally, livestock readily disperse propagules,
especially seeds, where they graze (Chuong et al.
2016). Our analysis of the life history traits of common
non-native plants revealed that zoochory was a
common method of seed dispersal, increasing the
ability of those taxa to invade rangeland springs
(Table 4). While this often increases establishment
potential, the efficacy of this trait can be environment-
dependent (Pysek and Richardson 2007). In contrast to
springs ecosystems, some native and non-native
species along riparian corridors rely upon hydrochory
as a method dispersal whereby seeds or propagules are
transported by flowing water (Nilsson et al. 2010;
Rood et al. 2010). Because springs represent ground-
water emergence with no upstream and often no
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Table 4 Life history traits of the most commonly observed
native (n = 11) and non-native (n = 11) plant taxa at 55 springs

in Alberta, Canada

Life history trait

Proportion of plant taxa

Total Native Non-native
Guild
Forb 0.64 0.43 0.57
Graminoid 0.23 0.40 0.60
Shrub 0.09 1.00 0
Tree 0.05 1.00 0
Life cycle
Perennial 0.95 0.52 0.48
Biennial 0.32 0.14 0.86
Annual 0.27 0.17 0.83
Flowering phenology
Spring 0.68 0.47 0.53
Summer 0.41 0.56 0.44
Pollination strategy
Insect 0.59 0.54 0.46
Wind 0.45 0.40 0.60
Autogamous 0.09 0 1.00
Fruit/seed type
Achene 0.41 0.56 0.44
Capsule 0.23 0.80 0.20
Caryopsis 0.14 0 1.00
Legume 0.14 0 1.00
Nutlet 0.05 1.00 0
Sporangia 0.05 1.00 0
Seed dispersal
Zoochory 0.64 0.43 0.57
Anemochory 0.36 0.50 0.50
Hydrochory 0.23 0.40 0.60
Unassisted 0.09 1.00 0
Vegetative reproduction
Yes 0.64 0.57 0.43
No 0.36 0.38 0.63
Herbivory tolerance
Yes 0.41 0.78 0.22
No 0.59 0.31 0.69
Herbivory defence
Yes 0.27 0.33 0.67
No 0.73 0.56 0.44

downstream connectivity, hydrochory would not rep-
resent a viable mechanism of plant dispersal for

springs colonizers.
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Axis 2

Axis 1

Fig. 9 Non-metric multidimensional scaling of the richness
(top) and cover index (bottom) of the most commonly observed
plant genera native (white circle, n = 63) and non-native (filled
circle, n = 11) at 55 springs in Alberta, Canada. Large circles
represent mean (£ SE) position of native and non-native taxa in
ordination space. Arrows represent vectors for environmental
factors (Elv = elevation, Long = longitude, Lat = latitude,
HI = human impact score, Q = spring discharge). Numbers
and letters correspond to native and non-native taxa in Table 3,
respectively

In southern Alberta, abundant livestock and native
animals make zoochory an efficient mode of seed
dispersal for non-native plant species. Following
dispersal and initial establishment, cattle and native
ungulates avoid grazing on unpalatable non-native
taxa, an influence that, combined with the reduction in



Springs ecosystems: vulnerable ecological islands

cover and loss of native species, can facilitate rapid
invasion into grazed areas by non-native plant species
(DiTomaso 2000). Our life history trait analysis
supports this interaction, since the majority of com-
mon plants with herbivory defences were non-native
(Table 4). Similarly, at springs in the American
Mojave Desert, Fleishman et al. (2006) reported that
grazing intensity was positively related to non-native
plant occurrence. In their study, non-native species
richness and cover were greatest at moderate to high
levels of grazing intensity, which is consistent with our
findings. Herbivory tolerance also was a characteristic
of the most common native plant species in our study
(Table 4), likely as an evolutionary consequence of
selective grazing pressure by native vertebrate and
invertebrate herbivores (Stevens and Meretsky 2008;
Springer et al. 2015). Native springs plants sustain
selective pressures for increased disturbance tolerance
from native wildlife, such as deer, elk (Cervus
canadensis), and plains bison (Bison bison ssp. bison),
which can heavily graze and trample springs habitats.
With respect to grazing intensity, pressures from
contemporary native herbivores typically occur at
much lower levels than those resulting from non-
native grazing vertebrates, particularly cattle. This
supports the observed pattern of increased non-native
plant invasion at springs subjected to heavy livestock
grazing. Prior to 1800, plains bison would have been
abundant throughout southern Alberta, particularly in
the parkland ecoregion. Their grazing patterns would
have been as or even more severe than cattle but more
temporary because bison herds regularly moved to
avoid predators and to seek fresh forage (Morgan
1980).

The largest urban centres in Alberta are located in
the parkland biome (e.g., Calgary; Fig. 1), which are
major sources of non-native propagules. Thus, springs
in closer proximity to these urban centres are more
likely to sustain increased propagule occurrence and
the establishment of non-native plant populations,
especially in the early stages of regional invasion
(Alston and Richardson 2006; Catford et al. 2009).

In contrast to the parklands, the high-elevation
Rocky Mountains biome is more sparsely populated
and less developed, and includes several large national
and provincial parks. We found reduced richness and
abundance of non-native plants around springs in the
Rocky Mountain region (Fig. 5). Parks and protected
areas are managed specifically to reduce human

impacts to conserve biodiversity, as well as to limit
invasion of non-native flora and fauna (Downing and
Pettapiece 2006; Alberta Environment and Parks
2014). These management efforts and ecological
processes often result in lower rates of non-native
species invasions due to reduced anthropogenic dis-
turbances (Foxcroft et al. 2011). Preservation or
simulation of natural disturbance regimes (e.g., con-
trolled burning) can reduce non-native plant invasion
success in park ecosystems because native species are
generally adapted to such disturbances (Alpert et al.
2000; Havill et al. 2015).

Surprisingly, our results indicated that the prairie
biome, the eastern-most and lowest elevation region in
the province, displayed reduced richness and abun-
dance of non-native plant species as compared to the
parkland biome, and approached the scarcity of non-
native species detected in the Rocky Mountains biome
(Fig. 5). The prairie biome supports extensive agri-
cultural crop production and livestock grazing, along
with many important transportation corridors, along
which non-native plants often disperse (McKinney
2008), and thus it was expected that this region would
support the greatest richness and abundance of non-
native species. However, we only sampled three
prairie springs, all of which were relatively ecologi-
cally intact, limiting our confidence in this conclusion.
Further sampling of springs in this region is warranted
to explore this result.

In slight contrast to Springer et al. (2015), we did
not find a significant positive correlation between
native and non-native richness (Table 1). We used a
subset of the plants included by Springer et al. (2015),
and excluded aquatic plants and taxa that could not be
reliably assigned as native or non-native, or those that
were not resolved to the genus or species level. The
pattern reported in Springer et al. (2015) has been
observed where non-native plants have readily
invaded hotspots of native plant richness (Stohlgren
et al. 1999, 2002), but this pattern is apparently scale-
dependent (Fridley et al. 2007). Results from small-
scale experiments and islands may support a negative
correlation between native and non-native richness
(Stohlgren et al. 1999, 2003), although Pauchard and
Shea (2006) suggest that spatially-limited ecosystems
with high native biodiversity can support rich com-
munities of non-native plants. They propose that the
particular characteristics of the non-native species is
of greater importance to invasion risk than the richness
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of non-native species (Pauchard and Shea 2006). Our
results display a trend toward positive correlation
between native and non-native species richness, likely
because these spring ecosystems contained multiple
microhabitats, which offer greater habitat diversity
and thus greater biodiversity of both native and non-
native plants.

As Springer et al. (2015) reported, we identified one
quarter of all Alberta plant species at a small number
of freshwater springs with a total study area of 3.8 ha,
which comprises less than 0.01% of the provincial
land area. This finding underscores the remarkable
plant species packing and high level of biodiversity of
freshwater springs ecosystems. For hydrophytic and
wetland specialist plants around springs that face
increased stress under climate change, disturbance and
habitat loss due to human impacts including ground-
water pumping or springs diversion, could result in the
loss or extirpation of a potentially large number of
native species. Given that springs in arid and mesic
regions alike function as refugia for wetland and
riparian species, increased human disturbance of
springs ecosystems may greatly reduce or threaten
regional plant species richness and diversity, partic-
ularly of rare wetland taxa (Klgve et al. 2011). In
addition, springs vegetation provides food and cover
for a host of springs-dependent invertebrate and some
vertebrate species, as well as upland taxa, thereby
serving as a conservation umbrella for entire springs
biotic assemblages (Hendrickson and Minckley 1984;
Shepard 1993). The decline in native plant abundance
at sites with greater human disturbance is a common
theme in prior studies (reviewed in Mack et al. 2000).
This trend is of concern for springs in southern
Alberta, since reliance on groundwater is anticipated
to increase over the coming decades, with greater
drought frequency predicted for the region under some
climate projections (Forbes et al. 2011; Alberta
Environment and Parks 2014). Increased development
of groundwater resources would result in greater
disruption and habitat loss of springs ecosystems
(Klgve et al. 2014). With the combination of native
plant extirpation and increased ecological pressure
from non-native species, springs ecosystems are likely
to be particularly vulnerable to increased invasion
with climate change.

In summary, our study demonstrated that both the
environmental conditions affecting site invasibility
and life history traits influencing species invasiveness
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affect the vulnerability of springs ecosystems to non-
native plant invasion. To best manage springs for long-
term biodiversity and sustainable ecosystem services
in southern Alberta and elsewhere, conservation
efforts should focus on limiting human disturbance,
and particularly limiting livestock impacts. Distur-
bance from livestock can readily be mitigated through
actions that limit access to springs sources, such as
exclusion fencing. To provide drinking water for
cattle, water from the springs can easily, and often
passively, be piped to troughs situated away from
ecologically sensitive springs sources. However, the
integrity of piping comes at the cost of long-term
monitoring and maintenance. Our findings highlight
springs as ecosystems that sustain high levels of
human disturbance, and support high concentrations
of plant taxa that are adapted to those environments.
We recommend that those interested in improved
understanding and stewardship of springs pay special
attention to non-native taxa, particularly species with
vigorous reproduction and with high tolerance for
disturbance. Such non-native plant species represent
the greatest potential long-term threats to the ecolog-
ical sustainability and functionality of these distinctive
but highly threatened ecosystems, which deserve
increased recognition and protection in Alberta and
worldwide.
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