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Abstract. Climate change is predicted to impact river systems in the southeastern United
States through alterations of temperature, patterns of precipitation and hydrology. Future
climate scenarios for the southeastern United States predict (1) surface water temperatures will
warm in concert with air temperature, (2) storm flows will increase and base flows will decrease,
and (3) the annual pattern of synchronization between hydroperiod and water temperature will
be altered. These alterations are expected to disturb floodplain plant communities, making them
more vulnerable to establishment of invasive species. The primary objective of this study is to
evaluate whether native and invasive riparian plant assemblages respond differently to
alterations of climate and land use. To study the response of riparian wetlands to watershed
and climate alterations, we utilized an existing natural experiment imbedded in gradients of
temperature and hydrology found among dammed and undammed rivers. We evaluated a suite
of environmental variables related to water temperature, hydrology, watershed disturbance, and
edaphic conditions to identify the strongest predictors of native and invasive species
abundances. We found that native species abundance is strongly influenced by climate-driven
variables such as temperature and hydrology, while invasive species abundance is more strongly
influenced by site-specific factors such as land use and soil nutrient availability. The patterns of
synchronization between plant phenology, annual hydrographs, and annual water temperature
cycles may be key factors sustaining the viability of native riparian plant communities. Our
results demonstrate the need to understand the interactions between climate, land use, and
nutrient management in maintaining the species diversity of riparian plant communities. Future
climate change is likely to result in diminished competitiveness of native plant species, while the
competitiveness of invasive species will increase due to anthropogenic watershed disturbance
and accelerated nutrient and sediment export.

Key words: desynchronized cycles; exotic; floodplain; hydrology; introduced species; plant community;
temperature; watershed.

INTRODUCTION

Biological invasions are important consequences of

human-induced changes to ecosystems across the globe

(Vitousek et al. 1997, Chapin et al. 2000). In the United

States, invasive species cause ecological damage of

almost $120 billion per year and imperil 42% of the

species on threatened or endangeredspecies lists (Pimen-

tel et al. 2005). Climatic shifts and land-use changes are

recognized as key drivers of the spread of invasive

species (Diez et al. 2012, Bellard et al. 2013). Recent

studies have demonstrated a conclusive link between

climatic alteration, biodiversity and the spread of

nonnative species (Walther et al. 2002, Parry 2007,

Williams et al. 2008, Dawson et al. 2011).

Riparian ecosystems are landscape focal points for

interactions between climate and invasive species dis-

persal and establishment (Naiman and Décamps 1997,

Pollock et al. 1998, Pyšek and Richardson 2006,

Richardson et al. 2007, Murray et al. 2012, Catford et

al. 2013). River corridors shape patterns of invasive

propagule movement across entire landscapes via wind,

water, and animal dispersal mechanisms (Nilsson et al.

1991, 2010, Pyšek and Prach 1993, Johansson et al.

1996, Charalambidou and Santamarı́a 2002, Richardson

et al. 2007, Leuven et al. 2009, Säumel and Kowarik

2010). The major threats to biodiversity in wetland and

riparian freshwater ecosystems include land use change,

climate change, and biological invasions (Sala et al.

2000, Zedler and Kercher 2004, Pyšek et al. 2010).

Riparian wetlands have a diverse microtopography and

geomorphology which, along with variable hydroperiod,

provide habitat for a wide range of life forms (Naiman

and Décamps 1997). Wetlands are also landscape sinks

for debris, sediments, nutrients, and propagules. In

riparian wetlands, fluxes of materials along with flood

events create frequent disturbance opportunities for the

establishment of nonnative species resulting in high

levels of invasion (Zedler and Kercher 2004).

The temperature and flood regimes of river systems

are reflections of climatic conditions within their

watersheds (Junk et al. 1989). Alterations of regional

and catchment hydrology projected by global climate
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change models include increasing frequency and inten-

sity of precipitation events driven by increased temper-

ature (Easterling et al. 2000). In the southeastern United

States, climate change is projected to increase surface

water temperatures by 1–58C, and precipitation by 5–

30% (IPCC 2001; HadCM2 [Johns et al. 1997]), while

increased evapotranspiration may result in lower overall

stream baseflows (Mulholland et al. 1997, Schindler

1997, Vörösmarty et al. 2000). Temperature regimes of

freshwater ecosystems are projected to change in parallel

with shifts in air temperature because of the tight

relationships between air and water temperature (Pil-

grim et al. 1998, Mohseni et al. 1999, Allan and Castillo

2007). Altered thermal regimes and hydrology are key

climate-linked drivers of nonnative plant invasions in

freshwater ecosystems (Sala et al. 2000, Hellmann et al.

2008, Rahel and Olden 2008, Heino et al. 2009).

Inmeta-analyses comparing invasive plant species to co-

occurring native species, there are no statistically signifi-

cant trends of superior growth performance for either

category. Rather, the relative competitive ability of

invasive species depends on site-specific growing condi-

tions (Daehler 2003, Vilà et al. 2011). While many studies

have examined the threat of invasive plant species to

ecosystems, fewer have addressed how alterations of

climate-driven environmental variables might differential-

ly affect native and invasive assemblages (Thuiller et al.

2007). Though increased atmospheric CO2 typically

enhances the competiveness of invasive species, other

aspects of climate change and land use alterations exert

greater influence on biodiversity and invasive species

establishment (Sala et al. 2000). Climatic variables interact

with life history to drive population responses; these

interactions are both complex and setting specific, thus

requiring use of observational studies to understand the

response of species assemblages to climate change

(Williams et al. 2008, Dawson et al. 2011). Observational

studies across gradients of altered water temperature and

hydroperiod provided insights into the relative importance

of climate-linked environmental variables in determining

outcomes of competitive interactions between established

native riparian communities and alien plant species. The

effect of cooling is often overlooked in studies linking

invasive species and climate change. However, experimen-

tal examinations of both cooler and warmer temperatures

are useful in reflecting extreme events and increased

climatic variability (Shaver et al. 2000, Parmesan and

Yohe 2003).

We present a study of naturally occurring wetlands

located along anthropogenically warmed or cooled rivers

in North Carolina and Virginia to examine linkages

between flood regimes, water temperature, and riparian

plant community structure. These experimental sites were

selected to represent the range of current and predicted

future climatic conditions in southeastern floodplains. We

used existing environmental gradients produced by two

classes of dams, hydroelectric dams drawing from

epilimnion vs. hypolimnion, to examine effects of temper-

ature and flood frequency on riparian plant communities

and ecosystem functions. We focused on the effects of
temperature gradients on invasive species, plant commu-

nity shifts, and plant biomass. This approach allowed us to
select sites with altered temperature and/or hydrologic

conditions to fit our experimental design, without over-
looking important ecosystem processes such as hydro-

chory (i.e., the passive dispersal of organisms by water
[Nilsson et al. 2010]) that are crucial to determining the
invasibility of natural wetlands. In this paper, we ask: what

are the implications of altered water temperature and
hydroperiod on the establishment, abundance, biomass

and distribution of invasive species in river floodplain
ecosystems? More specifically, we ask (1) How do native

and invasive species differ in responses to alterations of
environmental variables? (2) What is the relative impor-

tance of climate-linked environmental variables in struc-
turing the composition and biomass of riparian plant

communities? (3) How have hydrology and temperature
affected the current community composition and the level

of invasion of southeastern floodplain ecosystems at the
regional scale? and (4)Howwill expected future alterations

of temperature and hydrology drive the abundance of
invasive species in these ecosystems?

METHODS

Site selection, methods and experimental analysis

Twenty-four wetland sites on river flood plains

throughout North Carolina and southern Virginia
were selected to capture a range of water temperatures

and altered hydroperiod. They were grouped into three
experimental temperature treatments of ‘‘warm,’’

‘‘cold,’’ and ‘‘reference’’ (reflecting ambient water
temperature). Ten warm sites are positioned down-

stream of three reservoirs (Cowen’s Ford, Kerr, and
Gaston Dams) that are warmed by steam-turbine

electrical power plants and/or submerged skimmer-
weirs (Olmsted and Bolin 1996) causing outflow to be

drawn from the warmer reservoir epilimnion. Eight
sites selected for the cold treatment are positioned

downstream of two hydroelectric plants and outflow is
drawn from cooler strata near the reservoir bottom

(Smith Mountain, and Philpott Dams, Virginia). Six
reference sites were selected in three unregulated
watersheds with ambient water temperature regimes

(Fig. 1). All dams had been in place for at least four
decades. Initial surface water measurements and USGS

records verified more than a 58C difference in mean
surface water temperatures between our warm and cold

treatments. Additionally, sites were selected using the
following screening criteria: (1) located within the

Piedmont Level III Ecoregion (Griffith et al. 2002), (2)
headwaters in the Blue Ridge Mountains of North

Carolina and Virginia, (3) watershed land use that was
primarily rural (forest and agriculture, Appendix A),

(4) a high degree of hydrologic connectivity (frequent
flooding), (5) similar nutrient regimes, (6) all cold and

warm treatment sites were located downstream of large
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reservoirs producing similar impacts on hydrochory,

and (7) reference sites were located in free-flowing

watersheds (Fig. 1A). For the remainder of this paper

we will refer to locations as areas downstream of a

specific dam within a temperature treatment (cold,

warm) or a reference watershed, and sites as sampling

points nested within a given location as part of

gradient treatments (upstream, midstream, down-

stream) or hydrology treatments (emergent and ripar-

ian). There were a total of eight locations and 24 sites.

Appendix A presents a summary of locations, sites,

and treatments.

FIG. 1. (A) A map of the riparian study locations and sites on cold, warm, and reference streams in Virginia and North
Carolina. Inset 1 in the top left corner shows the study area in the piedmont of North Carolina and Virginia in the southeastern
United States. Inset 2 in the bottom right corner shows the typical layout of sites within a temperature gradient treatment.
Upstream sites are located near a dam and have more extreme (warm or cold) soil and water temperatures; Mid (middle) sites and
downstream sites grade toward regional ambient temperatures. (B) Site layout showing the position of temperature probes and
water level recorders (WLR) within the emergent and riparian vegetation zones that occur at our sites, and a 10-20cm difference in
elevation between the emergent and riparian treatments.
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We assigned locations to our temperature treatments

based upon dam structural features and water temper-

ature measurements taken in the field. For example,

water temperatures at the cold locations are significantly

cooler than those from the warm locations by .58C

during the growing season. During most summer

periods, the water temperatures at locations in the cold

treatment (Smith Mountain Lake, Philpott Dam) are

less than 208C, while summertime water temperatures at

warm treatment locations exceed 258C. Dam features

including power plant intakes with or without structural

thermal modifications, i.e., submerged weirs, explain

observed temperature differences.

In our experimental design we tested two treatment

effects: temperature and hydrology. Within a given

temperature treatment location (warm, cold, and free-

flowing reference) we selected two sites (emergent and

riparian) to sample for our hydrology treatment (N¼24).

The riparian sites were approximately 10–20 cm higher

than the emergent sites and experienced significantly

shorter flood durations (P , 0.05). This difference in

hydrology was reflected in a shift in plant community

composition, but both treatments are dominated by

emergent wetland forb and graminoid species. The

emergent zone began at the lower boundary of persistent

emergent vegetation and was dominated by sedges, reeds,

and mudflat species. The riparian zone occurred at a

slightly higher elevation where the plant community is

dominated by grasses, clonal dominant species, and

occasional woody shrubs (Fig. 1B).

In 2009, we established additional gradient sites at one

warm and one cold dam to see if we could discern a

predominant effect of temperature gradients on plant

community structure. Locations downstream of a given

dam and within the same hydrology treatment (riparian

or emergent) varied little in terms of soils, hydrology,

and propagule sources but did vary in temperature. Sites

where water temperatures were more extreme (either hot

or cold) occurred near the dam and temperature graded

toward ambient with distance away from the dam. At

each of these dams, one upstream and one downstream

location was added to the existing central or midstream

location (insert Fig. 1A) resulting in three gradient sites

within each hydrology treatment site (23 3¼ 6 gradient

sites at each dam). Our design can be summarized as a

staggered nested design with a replicated large-scale

temperature treatment having three levels (cold, warm,

reference), and a replicated hydrology treatment having

two levels (emergent and riparian) with additional

temperature replicates along local-scale temperature

gradients. Our design is summarized in Appendix A.

Plant surveys were performed in the fall of 2008 and the

summers of 2009 and 2010 at all 24 sites. Surveys were

performed on 10-m transects using line intercept methods

(Richardson and Vymazal 2001). All plants intercepting

the line were recorded at 10-cm intervals using a vertical

plumb bob. The elevation of the beginning, middle, and

end point of each transect was recorded using survey

equipment and related to a fixed datum on the adjacent

water-level recorder. Transects were arranged to be

perpendicular to the elevation gradient within the emer-

gent or riparian zones. All transect data from a given

location were aggregated to produce a single community

matrix of species count3 site location. A summary of life

forms of the 20 most important plant species in each

temperature treatment is presented in Appendix A. In

2011, peak biomass samples were collected from all sites

between 15 June and 30 July for estimates of peak

aboveground biomass (PAB) of emergent macrophytes.

Using 1-m2 quadrats, all biomass was removed from the

soil surface and stemswere sorted by species. Sampleswere

dried to a constant mass in a forced air oven at 708C and

weighed. Plant species were classified as invasive or native,

with invasive species being those that are either listed as

‘‘introduced’’ in the USDA Plants Database (USDA,

NRCS 2012) and/or those that occur on the Southeast

Exotic Pest Plant Council list of exotic and invasive plant

species (SEEPC 1996).

At each site, we measured a range of environmental

variables that are likely to influence the establishment and

growth of invasive wetland species including temperature,

features of hydrology, soil nutrient content and avail-

ability, and soil texture (Zedler and Kercher 2004). All

variables are described in Table 1 along with abbrevia-

tions used in the remainder of this study. To avoid

pseudoreplication (Hurlbert 1984), we selected locations

having distinct catchment areas and, except for adjacent

riparian and emergent sites, are spaced least 1 km apart

(Fig. 1). Within our sites, we selected riparian or

emergent sites with statistically significant differences in

hydrology (i.e., flood duration, Table 2). We calculated

hydrology indices at each location using a continuous

time series of water levels for the duration of the study.

Our gradient treatment (upstream, midstream and

downstream) is categorical and uses a natural gradient

of temperature that ranges from extreme divergence from

ambient conditions near the dam (upstream) to near-

ambient conditions at the downstream treatment. There

were significant temperature differences between sites

within the cold and warm treatments (Table 2).

We installed automatic water-level loggers at each

location that were either the Telog Model PR 31 (Telog,

Victor, New York, USA) or the Solinst Model 3001

(Solinst, Georgetown, Ontario, Canada), to record flood

depth at 15-minute intervals. Flood depth, duration,

rate of depth increase (flood power), and return interval

for a given elevation was calculated after relating plant

survey transects and quadrats to a vertical datum using

survey equipment (Laser Level HL3A, Topcon Posi-

tioning Systems, Livermore, California, USA) and tying

this datum to the water level recorder readings. Three

replicate soil samples were collected from each site (N¼
72) in the fall of 2008. Soil samples were stored at 48C

between sampling and analysis. Half of each core was

dried at 1058C for 24 h to determine the moisture

content. The remaining half was held at field moisture
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and passed through an ASTM No. 10 sieve. Soil and

sediment pH were measured with a glass electrode in a

1:2 soil to water slurry. The field-moist sieved soil was

analyzed for 2 mol/L KCl extractable [nitrateþ nitrite]-

N (NO3-N) and ammonium (NH4-N) on a Bran and

Lubbe TRAACS autoanalyzer and for soluble organic

carbon (C) and nitrogen (N) with a Shimadzu TOC

5000 solution C analyzer equipped with a TN module.

Total C and N contents were measured (Carlo-Erba NA

1500 CNS analyzer) and results expressed on a per g dry

soil/g sediment basis. Soil phosphorus was determined

on perchloric–nitric acids of digested soils (Carter and

Gregorich 2007). Three additional soil cores were

collected in each of the emergent and riparian vegetation

zones and were analyzed for bulk density, texture, and

moisture content. Furthermore, three replicate feldspar

TABLE 2. Summary of how well study experimental treatments (temperature and hydrology)
captured differences in independent environmental variables including flood duration, rate of
water surface rise during flood (POWER), and the depth, duration, and frequency of inundation
at location mean elevation of plant transects.

Treatment N
SGDD Duration Power Depth Frequency
(8C) (min) (mm/h) (m) (no. floods/yr)

Temperature

Warm 10 2550a 397b 121a 0.21b 531a

(71) (87) (41) (0.03) (55)
Reference 6 2079b 2367a 55b 0.35ab 113b

(43) (906) (21)� (0.04) (38)
Cold 8 1658c 610b 236a 0.47a 479a

(33) (193) (46)� (0.08) (62)

Hydrology�
Emergent 12 2147a 1040a 145a 0.35a 436a

(132) (90)� (29) (0.05) (68)
Riparian 12 2097a 881b 141a 0.25a 382a

(127) (64)� (31) (0.05) (62)

Notes: Different superscript letters indicate a significant difference using Tukey’s method (P ,
0.05). Values are means with SE in parentheses. Interactions between experimental treatments did
not explain independent environmental variables.

� Pairwise t test.
� Log-transformed.

TABLE 1. Abbreviations and definitions of all model variables used to characterize the watersheds, hydrology, and soil in our
statistical models.

Group Unit Description Method

Watershed

Urb % areal fraction urban development GIS
Ag % areal fraction of cultivated land GIS
Undist % areal fraction of undeveloped, forested lands GIS
AREA km2 Watershed area GIS
SGDD 8C annual cumulative soil growing degree day temperature logger
POINT_X degrees longitude GPS
POINT_Y degrees latitude GPS

Hydrology

POWER mm/h flood rate of water surface rise; flood power hydrograph analysis and elevation survey
FREQ % proportion of inundated period hydrograph analysis and elevation survey
DEPTH m average depth of inundation hydrograph analysis and elevation survey
DUR minute average duration of inundation hydrograph analysis and elevation survey
NUMFD yr�1 number of flood episodes per year hydrograph analysis and elevation survey

Soil

Sand % sand fraction by mass cores, lab analysis
Clay % clay fraction by mass cores, lab analysis
BD g/cm3 Bulk density on oven-dry basis cores, lab analysis
LOI % loss on ignition by original dry mass cores, lab analysis
C lg/g total carbon on oven-dry basis cores, lab analysis
CTP lg/g total phosphorus on oven-dry basis cores, lab analysis
EXP lg/g extractable phosphorus on oven-dry basis cores, lab analysis
N lg/g total nitrogen on oven-dry basis cores, lab analysis
NO3 lg/g extractable nitrate–nitrogen on oven-dry basis cores, lab analysis
NH4 lg/g extractable ammonium–nitrogen dry basis cores, lab analysis
FELD mm/yr sediment deposition on feldspar marker direct measurement

Notes: Data were collected independently at all sites. Abbreviations are GIS, geographic information system, and GPS,
geographic positioning system.
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sedimentation plates were installed at each site to

examine annual sediment deposition rates. Water grab

samples were collected quarterly at all sites and analyzed

for total nitrogen (TN), NO2-NO3, total phosphorus

(TP), and total dissolved phosphorus (TDP).

Soil temperature is often used in ecology as an indicator

of the effects of climate on plant productivity, diversity,

and competition (Kielland et al. 2006, Bansal and

Germino 2008). We selected soil temperature as the best

overall integrator of thermal regimes at our sites due to (1)

rapid and frequent switching between flooded and drained

conditions, (2) rapidly changing water depths, (3) differ-

ences in mean depths between sites, and (4) the role of soil

temperature as a regulator of spring emergence of noxious

plant species (Masin et al. 2005). Use of water tempera-

tures might mean that at any given time we would be

comparing air temperatures at a drained location to water

temperatures at an inundated site.

Soil temperatures were measured at two different

elevations at each site using Onset Computer Corpora-

tion Model U22 Water Temperature Pro V2 loggers. A

soil temperature logger was installed in each emergent

(N ¼ 12) and riparian (N ¼ 12) hydrology site. The

loggers were located in shade free areas at a depth of 10

cm below the soil surface and programmed at a 15-min

logging interval. Soil temperatures were used to calcu-

late cumulative soil growing degree days (SGDD) using

Hoboware Pro Software (Onset Computer Corporation,

Bourne, Massachusetts, USA), and were used to

compare the thermal balances between warm, cold,

and reference riparian sites. SGDD measurement is

calculated as the integral under the daily diurnal

temperature curve; these values are summed over an

entire growing season to determine the annual SGDD

for a given site. Accumulated SGDD show significant

differences in the heat accumulation at our cold, warm,

and reference sites (Fig. 2 and Table 2).

These soil temperature differences peaked through the

summer growing season as shown by the significant July

and August spread in SGDD among sites (Fig. 2) and

importantly the same seasonal pattern of large cumula-

tive SGDD temperature differences was shown along an

upstream–downstream transition toward ambient tem-

peratures at our cold and warm gradient locations (data

not shown). Plants growing at the cold vs. the warm

locations were subjected to 35% lower heat content as

measured by annual accumulation of SGDD (Table 2).

We also monitored water quality during quarterly visits

in 2009 and 2010 to verify that plant community

differences were not primarily driven by watershed

nutrient fluxes. Mean nitrogen and phosphorus concen-

trations at all of our sites were at or below the EPA

recommended ambient water quality criteria for both TN

(690lg/L) andTP (36lg/L) based on the 25thpercentile of
aggregate water quality monitoring data for Region IX

(EPA 2000). There were no major differences in other

constituents (cations and anions) or physical parameters

(pH, conductivity, etc.) between our locations. This

indicates that locations in our different temperature

treatments had similar water quality and nutrient regimes

and confirms that our locations meet our selection criteria

as discussed previously in the methods section. The results

of our analysis of soil chemical and physical properties

were used along with our temperature and hydrologic

characteristics in our model assessments to determine the

importance of soil chemistry onplant community structure

(Appendix A).

Our study design captured river and wetland ecosys-

tems that span expected gradients of temperature and

hydrology in scenarios of both past and future climate

change including significantly increased summer water

temperatures of at least 2–38C, increased flood frequen-

cies and increased storm power. Specifically, our

experimental treatment locations successfully captured

the key features of most future climate scenarios for the

southeast United States, which state (1) water temper-

atures will increase and (2) the frequency and intensity

of high flow events will increase (IPCC 2001, Alcamo et

al. 2003, MEA 2005, Webster et al. 2005, Ingram et al.

2013). Although we have not increased the drought

proneness of our sites, we have increased disturbance

because of increased flood power. Table 2 presents a

summary of temperature and hydrologic parameters by

treatment. These include the number of flood events,

average duration of individual flood events, average

return period, and the parameter ‘‘power’’ that describes

flood power or the average rate of increase in water

depth during rising stage (mm/h). The warm and cold

treatment sites are characterized by a frequency of

flooding or pulsing hydrology that is five times higher

than the reference sites, but floods have shorter flood

durations (,1 day vs. nearly 2 days for the reference

sites). The parameter power suggests two to four times

the flood energy at the cold and warm treatment sites,

respectively, than at the reference sites. These differences

could be explained by the rapid response of water levels

to dam releases compared to the slower response in free-

flowing watersheds to precipitation and runoff.

To further investigate the response of the invasive

communities at our sites, we summarized the native and

exotic (i.e., North American) ranges of the invasive

species found at our locations. The latitudinal distribu-

tion of the most abundant invasive species from each

treatment are summarized with the range of latitudes in

which a given species is found in North America, the

midpoint of the distribution range for each species, and

a weighted mean midpoint for each treatment.

Statistical modeling

Our primary analysis uses a multivariate regression

of environmental variables on a community matrix of

plant species abundances. Secondary analyses utilize

linear regressions of species richness or dominance vs.

environmental variables, or post hoc tests of commu-

nity indices vs. treatments/factors. All statistical

analysis was performed using the R statistical package
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(R Development Core Team 2013) and the vegan

library (Oksanen et al. 2012). We began our analysis

by selecting a parsimonious set of environmental

variables using a forward stepwise regression and

eliminating potentially collinear variables where var-

iance inflation factors were .10 (Borcard et al. 2011).

Our data were conditioned on a matrix of latitude and

longitude to control for spatial effects in the variable

selection process (Blanchet et al. 2008).

We grouped our environmental variables into three

categories: Climate, Site, and Space, to evaluate the

relative importance of climatic variables and site-

specific variables in structuring our plant communities,

while simultaneously accounting for joint variation and

the effects of spatial patterns or ‘‘space.’’ The individ-

ual explanatory variables included in each category are

presented in Table 3. We used variance partitioning to

analyze plant community structure using the function

varpart.MEM (Legendre et al. 2012) and produce a

graphic representation of variance in the form of a

Venn diagram. Our variance partition model uses a

conservative approach described by Zhang et al. (2013)

using Moran’s eigenvector maps with PCNM axes

(Borcard and Legendre 2002, Borcard et al. 2004, Dray

et al. 2006). This procedure avoids statistical issues

described by Gilbert and Bennett (2010).

We evaluated the importance of each individual

environmental variable in explaining variance in the

FIG. 2. Soil temperature expressed in 8C and as soil growing degree days (SGDD) in 8C at our warm (red), reference (green),
and cold (blue) gradient sites during 2011. Daily temperature variations are shown and were used to calculate the cumulative
SGDD (treatment daily means shown as smooth curved lines of heat accumulation at each site) during the 2011 growing season
with SGDD accumulation beginning in late March and ending in early November.

TABLE 3. Variance explained (Var.) and statistical significance of explanatory variables in plant community matrix ordination of
all species, invasive species, and native species using variables selected with a distance-based partial redundancy analysis (RDA;
capscale) model fitted with forward selection process and evaluated using a collinearity criterion.

Variable Category df

All species Invasive only Native only

Var. F P Var. F P Var. F P

POWER climate 1 1.586 5.037 0.001 1.298 5.294 0.001 1.699 4.943 0.001
SGDD climate 1 1.363 4.329 0.001 0.303 1.238 0.279 1.398 4.065 0.001
Ag site 1 1.099 3.490 0.001 0.952 3.883 0.002 1.135 3.301 0.001
FREQ climate 1 0.814 2.586 0.002 0.785 3.203 0.006 0.857 2.492 0.002
AREA site 1 1.069 3.394 0.001 1.234 5.036 0.001 0.910 2.648 0.002
DUR climate 1 0.605 1.920 0.015 0.434 1.769 0.086 0.685 1.993 0.016
Sand site 1 0.461 1.463 0.082 0.516 2.106 0.046 0.479 1.393 0.122
CTP site 1 0.380 1.207 0.221 0.549 2.238 0.033 0.395 1.150 0.273
Residual 12 3.779 2.941 4.125

Notes: Spatial variance was partialled out of the model by conditioning with significant components of a Moran’s eigenvector
map. The number of degrees of freedom is 1 for all explanatory variables and 12 for all residuals. See Table 1 for explanation of
variables. Categories used for variance partitioning include Climate (climate altered) and Site (site specific). Bold values are
statistically significant at P , 0.05.
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community composition matrix representing our sites.

We used partial Redundancy Analysis (RDA) to

evaluate the significance of environmental variables in

explaining invasive species abundance patterns when the

effects of latitude and longitude are held constant. All of

our RDA analyses were performed using Hellinger

transformed species abundance data (Legendre and

Gallagher 2001, Borcard et al. 2011). Here we use an

asymmetrical form of canonical analysis with a dissim-

ilarity matrix, or distance based RDA (Rao 1964,

Legendre and Anderson 1999, Legendre et al. 2005,

Legendre 2008) via Constrained Analysis of Principal

Coordinates (Capscale) as implemented in the package

Vegan (Oksanen et al. 2012).

RESULTS

Species richness and productivity

We found a trend of increasing native species richness

with increasing temperature from cold, to reference, to

warm treatments with significantly higher overall species

richness in the warm riparian treatment (P , 0.05). We

saw an inverse trend when we examined invasive species;

with the highest invasive species richness in the cold

treatments and the warm emergent treatment having

significantly lower invasive species richness (Fig. 3A and

B, Appendix B).

We used peak aboveground summer biomass (PAB)

as an index of the net productivity and dominance of

the emergent plant communities at our sites. We

assessed the relationship of temperature and invasive

species dominance and found trends of decreased

invasive species dominance and relative density with

increased temperature (Figs. 3C, 4A, and B, Appendix

B). Our cold locations displayed the highest levels of

invasion, our warm locations the lowest, and free-

flowing reference locations showed intermediate levels

of both invasive species richness and dominance (Fig.

3B and C). These trends were observed in both

absolute invasive PAB (Fig. 4A) and in proportional

dominance of invasive species (Fig. 4B). The percent-

age of invasive species biomass was as much as 50% at

the cold sites compared to a minimum of 5% at the

warm sites. Moreover, as water temperature trended

toward ambient levels downstream, the percentage of

invasive species dropped sharply at our cold gradient

FIG. 3. The trends in our plant community indices across
temperature treatments (cold, reference, warm) and hydrology
treatments (emergent and riparian): (A) native species richness,
(B) invasive species richness, and (C) peak aboveground
biomass of invasive species. Bars show mean values 6 SE.
Differing lowercase letters above bars indicate statistically
significant difference between treatments using Tukey’s post-
hoc test (P , 0.05).

FIG. 4. The relationship between soil growing degree days
(SGDD) and invasive species dominance expressed as peak
aboveground biomass (PAB) at our cold (black points) and
warm (white points) gradient sites (insert 2 in Fig. 1) while
minimizing the variability of all other measured environmental
predictors within a given warm or cold gradient location. (A)
Percentage of PAB attributed to invasive species in reference to
total PAB of the plant community, (B) absolute PAB produced
by invasive species. Bars represent means 6 confidence interval
of biomass samples (N ¼ 3).
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sites despite similar soils, hydrology, watershed, and
propagule sources. We also saw a significant linear

relationship (adjusted R2 ¼ 0.56) between SGDD and
the relative frequency of invasive species across all

sites (Appendix B).

Differential responses of plants to environmental variables

Variance partitioning (Legendre et al. 2012) was used

to evaluate the relative contribution of three groups of

variables (Climate, Site, and Space) explaining the

variance seen in the native and invasive species

components of our community matrix (Fig. 5, Table

3). The Climate group of variables, including SGDD

and hydrology, was a stronger independent, predictor of

community composition for native than for invasive

species, explaining 18% vs. 12% of model variance

respectively, more so when accounting for joint varia-

tion (see labels d and f in Fig. 5A). The Site-related

variables, such as watershed and soil characteristics,

accounted for a much greater proportion of variation in

invasive community composition (21%) than for native

community composition (8%). Spatial variance was of

secondary or tertiary importance in both models.

To evaluate the contribution of individual environ-

mental variables to overall community composition, we

performed a redundancy analysis (RDA) to create a

global model that included all environmental attributes.

A partial RDA was performed to remove the effects of

spatial covariation using a conditioning matrix of

latitude and longitude of our study sites. Our model

gives a significant fit between our spatially corrected

environmental variables and our species abundance

matrix. The summary statistics of model fit are

FIG. 5. Venn diagrams showing the (A) symbol key and
results of variance partition analysis of the (B) invasive and (C)
native plant community matrix; each Venn diagram shows the
total variation in community structure as explained by each
group of variables while holding the effects of the other groups
constant. The presented numbers represent the computed R2

multiplied by 100. (A) Symbol key for the variance partition
analysis of three explanatory groups of variables (climate, site,
and space; Table 3). The variance explained uniquely by each
group is then labeled as a–c, joint variations attributed to two
groups are labeled d–f, and variation attributed jointly to three
groups is labeled as g. The final estimate of unexplained variance,
h, is based on an adjusted R2. (B and C) Variance proportions of
less than 1 are not labeled and proportionally adjusted according
to methods described by Legendre et al. (2012).

FIG. 6. Partial redundancy analysis (RDA) ordination of
site community similarity by warm (red circles), cold (blue
circles), and reference (green circles) temperature treatments.
Degree of correlation of environmental variables with the axes
are shown as vectors whose relative correlations with species
space are expressed by length (2008, 2009, and 2010 community
data). The sizes of site symbols are scaled by relative species
richness. Environmental variables include flood power (POW-
ER), soil growing degree days (SGDD), watershed area
(AREA), watershed proportion cultivated (Ag), flood frequen-
cy (FREQ), flood depth (DEPTH), flood duration (DUR), soil
total P (CTP). The model was conditioned with a spatial matrix
(Moran’s eigenvector map).
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presented in Appendix B with the first two axes

explaining 47% of the variation in species–environmen-

tal space. Our RDA triplot (Fig. 6) shows an obvious

clustering of our warm sites along a gradient with

SGDD flood frequency (FREQ), and clustering of our

cold sites along a gradient with flood power (POWER)

and to a degree against the gradient with SGDD. Our

reference sites are partitioned from the dammed sites

along Axis 2 in response to gradients in flood duration

(DUR) and soil total P (CTP). Watershed size (AREA)

is positively associated with warm sites that are

dominated by native species. Together, CTP, DUR,

and POWER create a state-space that encompass most

of the cold and reference sites, where invasive species are

more dominant (Figs. 3C and 6). Table 3 presents

permutated ANOVA results of the three fitted RDA

models for the full community data set (all native species

and invasive species); fitted RDA models describe the

variance explained by each of our environmental

variables. For the Native model, the Climate-related

variables POWER and SGDD are the most important

predictors of community composition followed by Site-

related variables such as the areal fraction of cultivated

land (Ag) and AREA. For the Invasive model, POWER

is the strongest predictor of community composition,

followed by Site-related variables such as Ag and

AREA. Notably, SGDD is ranked second in predictor

importance for the Native model and is the least

important predictor in the Invasive model. Similarly,

CTP and sand fraction (Sand), which are important

predictors in the Invasive model, are not statistically

significant in the Native model. DUR is significant in the

Native model while it is not significant in the Invasive

model. Variables related to plant phenology such as

temperature (SGDD) and flood timing (FREQ and

DUR) explained more variance in the Native model

than in the Invasive model (33% vs. 22%).

TABLE 4. Latitudinal ranges of the five most important invasive species seen within our temperature treatments (cold, warm, and
reference).

Treatment/species Importance�
Exotic
range5

Latitudinal
extremes

Latitudinal
range

Range
midpoint Native range

Cold

Mentha 3 piperita 17.6 AK–FL 65–28 37.0 46.5 Europe4

Murdannia keisak 15.9 MD–FL 39–28 11.0 33.5 Temperate and tropical regions.
Asia2

Persicaria hydropiper 9.98 AK–FL 65–28 37.0 46.5 Europe4

Arthraxon hispidus 7.59 NY–FL 43–28 15.0 35.5 Temperate and tropical regions.
Asia, Australasia2

Myosotis scorpioides 6.72 AK–GA 65–33 32.0 49.0 Europe, Asia2

Mean weighted by
importance

26.4 41.8 [Connecticut]

Warm

Murdannia keisak 6.30 MD–FL 39–28 11.0 33.5 Temperate and tropical regions.
Asia2

Arthraxon hispidus 2.40 NY–FL 43–28 15.0 35.5 Temperate and tropical regions.
Asia, Australasia2

Hydrilla verticillata 1.01 ME–FL 45–28 17.0 36.5 Europe; Old World 2

Ligustrum sinense 1.24 MA–FL 42–28 14.0 35.0 China1,3

Clematis terniflora 0.69 ON–FL 51–28 23.0 40.0 E. and S.E. Asia4

Mean weighted by
importance

13.4 34.7 [North Carolina-South
Carolina Border]

Reference

Murdannia keisak 26.6 MD–FL 39–28 11.0 33.5 Temperate and tropical regions.
Asia2

Persicaria hydropiper 11.1 AK–FL 65–28 37.0 46.5 Europe4

Echinochloa crus-galli 6.40 QC–FL 53–28 25.0 40.5 Worldwide tropics and warm
temperate regions1

Lonicera japonica 4.10 ON–FL 51–28 23.0 40.0 E. Asia1,3

Ligustrum sinense 2.99 MA–FL 42–28 14.0 35.0 China1,3

Mean weighted by
importance

19.1 37.5 [Central Virginia]

Notes: Exotic range is the northernmost and the southernmost state/province in North America. Latitudinal extremes represent
the latitudinal midpoint of the state/province at the boundaries of distribution. Abbreviations are AK, Alaska; FL, Florida; MD,
Maryland; NY, New York; GA, Georgia; ME, Maine; MA, Massachusetts; ON, Ontario; QC, Quebec. Latitudinal range is the
numerical difference between the latitudinal extremes. Range midpoint is the median of latitudinal extremes. All numbers are in
units of degrees latitude. Native ranges in the eastern United States are placed within brackets and are located at the same latitude
as the treatment weighted mean midpoint.

Sources: 1, Bailey et al. (1976); 2, USDA, ARS, National Genetic Resources Laboratory (2012); 3, Rehder (2001); 4, Weakley
(2010); 5, USDA, NRCS (2014).

� Importance is based on the sum of absolute frequency and the absolute density of transect measurements. The sum of
importance values for all species (nativeþ invasive) in a given treatment block has a maximum value of 200.

NEAL E. FLANAGAN ET AL.762 Ecological Applications
Vol. 25, No. 3



We found distinct trends in the latitudinal ranges seen

in the five most important invasive species (Table 4)

(Richardson and Vymazal 2001). The invasive species at

our cold locations originate at latitudes with maximum

values of 658N (Central Alaska) with mean range

midpoint 42.38 N (Massachusetts). In contrast, the

invasive species that dominate our warm locations have

a maximum northern latitude of 518N (Central Ontario,

Canada) with mean range midpoint 34.78 N (South

Carolina). This is despite the proximity of the headwa-

ters of all locations being within 200 km of one another,

and located along the east face of Blue Ridge Mountain

Range. A synthesis of Table 4 with our ordination

results (Table 3 and Figs. 5 and 6) suggest the invasive

species are less sensitive to temperature regimes than the

native community, giving these invasive species a

competitive advantage at our cold locations.

We compared the composition of plant communities

located in free-flowing rivers (reference treatment) vs.

those on located regulated rivers (cold and warm

treatments) to evaluate possible effects of dams on

community composition. The invasive species composi-

tions of our free-flowing reference site communities were

not significantly different from those of our dammed

locations, but there are differences in the composition of

the native plant communities (Appendix B). This

suggests that the river fragmentation may influence the

composition of native communities at our locations but

has little effect on invasive species recruitment. Because

our warm and cold treatments are located downstream

of large hydroelectric reservoirs, we expected similar

dam effects on hydrochory at both warm and cold

treatment locations.

DISCUSSION

Multiple factors influence the successful establishment

of invasive and/or naturalized exotic species. These are

typically recognized to include propagule dispersion,

founder effects, competition with existing native plant

communities, and environmental factors that determine

the habitat suitability of a given location (Pearson and

Dawson 2003, Clarke and Gaston 2006, Pyšek and

Richardson 2006). Several models have explored the

interplay between propagule recruitment, seed bank

composition, and environmental factors to determine

the composition of plant communities in wetlands (van

der Valk 1981) and more broadly in Bioclimatic

Envelope Models (Berry et al. 2002, Pearson and

Dawson 2003). However, native communities vary

widely in their vulnerability to climate change depending

on the relative sensitivity of native and invasive species

to alterations of environmental variables and their

ability to adapt to novel climatic conditions (Williams

and Jackson 2007, Dawson et al. 2011).

Out results indicate that climate-driven environmental

variables have greater explanatory power for native

assemblages than invasive assemblages. This suggests

the performance of a given native assemblage is most

strongly associated with climate-driven environmental

variables, such as temperature and hydrology, while the

performance of an invasive assemblage is more strongly

associated with site-related environmental variables such

as nutrient availability and watershed area.

The relationships between species richness and tem-

perature seen in this study are consistent with those seen

in studies of biogeography, where links between latitude,

temperature, and species richness have been studied

since the foundation of ecology as a discipline (Merriam

1894). Naturalized alien species richness decreases as

one moves through the mid-latitude temperate zone to

subtropical and finally tropical zones (Holdgate 1986,

Sax 2001, Pyšek and Richardson 2006). The opposite

trend is seen for overall community species richness

where the highest species richness is found in the tropics

and decreases as one moves toward cooler regions near

the poles (Fischer 1960, Pianka 1966, Stevens 1989). The

most dominant invasive species at our sites originate

from high latitudes and are able to tolerate a wide range

of climatic conditions; this pattern is in accordance with

Rapoport’s Rule (Pianka 1966, Stevens 1989) which

states that the latitudinal range of species making up a

community becomes wider as one moves away from the

equator. Thus, invasive species may have a competitive

advantage at our cold sites due to relative insensitivity to

temperature regime (Thuiller et al. 2006). Despite the

presence of dams, it is plausible that the propagules of

the invasive species present at our study sites originate in

the cooler conditions found in the mountainous

headwaters of our study rivers (Tabacchi et al. 2005).

Jansson et al. (2005) found no evidence that dams acted

as barriers to plant propagule dispersion, but found that

flooded plots had much larger pools of colonizing

species and received a larger portion of propagules from

long-distances. Nilsson et al. (2010) found that hydro-

chory may assist in the movement of nonnative species

into riparian habitats, but found inconsistent effects of

dams on hydrochory. Tabacchi et al. (2005) concluded

that local environmental factors outweighed hydrochory

in structuring extant riparian vegetation communities.

The similarity of the invasive species community at our

reference and dammed locations suggest that the dams

were not acting as significant barriers to the establish-

ment of invasive species at our sites (Appendix B).

However, there are differences in the composition of the

native plant communities, suggesting that the river

fragmentation may influence the composition of native

communities at our sites but has little effect on invasive

species recruitment, as suggested by the greater impor-

tance of watershed area in the Invasive species model.

This might be due to differential dispersion success of

invasive species through reservoirs when compared to

native species, greater reliance on other dispersal

mechanisms, or processes other than propagule dispersal

that control the establishment of invasive species at our

sites.
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Agricultural land use was another important predictor

of community composition at our sites. Thuiller et al.

(2007) found that land use change and climate change

were the most important drivers affecting biodiversity,

both of which are linked to alterations of flood power

and duration, which affected the distribution and

germination of propagules. Thus, management of land

use may be a potential tool for mitigating the effects of

climate change on pulsed hydrology and sources of

invasive species propagules (Miyawaki 2004, Foxcroft et

al. 2011).

Our results echo those of many other studies that find

that invasive species have broader environmental

tolerances than native species and thus reduced negative

performance in response to climate alterations. The

mechanism driving this pattern might be the greater

phenotypic plasticity of invasive species (Bradley et al.

2010, Wolkovich et al. 2013) that allows for apt shifts in

phenology in response to alterations of the seasonal

timing of temperature and flood patterns. Temperature

(SGDD) and flood duration (DUR) have stronger roles

in structuring native communities. Invasive species

might have a greater competitive advantage at our cold

locations due to their ability to reconcile spring

flowering and/or growth onset with cooler temperatures

and drawdown patterns. Also, native southern wetland

species might have been at a competitive disadvantage at

the cold locations where more area was open for

aggressive invasions. Dams have created bioclimatic

envelopes at both our warm locations and cold

locations, but it appears that movement of more cold

adapted invasive species, through hydrochory and other

transport mechanisms, may have allowed preferential

establishment of these species at our cold locations.

Native southeastern species show higher performance at

our warm locations where they are more competitive

with high-latitude invaders.

Our analysis suggests the warmer water temperatures

anticipated in future climate predictions could favor

native communities under some scenarios (Bradley et al.

2009). A more pertinent implication of this study is the

stronger response of native riparian species to climate-

driven environmental variables. Patterns of stage and

water temperature are currently decoupled on south-

eastern temperate floodplains, with flood peaks occur-

ring in late winter or early spring while peak water

temperatures occur in late summer. However, many

regional climate predictions describe a seasonal shift of

precipitation from winter to summer or autumn (Karl et

al. 2009, Hay et al. 2011, Li et al. 2012, Patterson et al.

2012).

The patterns of synchronization between hydrochory,

drawdown, and spring water temperatures will affect the

germination and emergence of both native and invasive

propagules (Merritt and Wohl 2002, Jansson et al. 2005,

Forrest and Miller-Rushing 2010, Wolkovich and Cle-

land 2010). Invasive species often have a greater ability

to make shifts in phenology (Wolkovich et al. 2013) in

response to climatic temperature alterations. The

interactions between seasonal patterns of water temper-

ature and flooding are likely to profoundly affect the

future structure and function of native riparian plant

communities. Thus, in future competition between

riparian native and invasive plant species, the perfor-

mance of native species is more likely to be negatively

affected by climate, while the performance outcomes of

invasive species are more strongly influenced by

hydrologic disturbance, land use alterations, and nutri-

ent availability (i.e., secondary responses to climate

change). In the face of climate alteration, the battle

between native and invasive riparian species can be

envisioned as a ‘‘war of attrition’’ rather than a ‘‘frontal

assault.’’ Assuming high nutrient availability, invasive

species will be more tolerant of climatic variability, while

altered temperature and hydrologic regimes will place

native species at a slight competitive disadvantage that

might lead to increasing levels of invasion in riparian

wetlands in the southeast United States over time.
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