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Abstract Latitudinal gradients in ecosystem pat-

terns arise from complex interactions between biotic

and abiotic forces operating at a range of spatial and

temporal scales. Widespread invasive species, partic-

ularly invasive ecosystem engineers with large effects

on their environment, may alter these gradients. We

sampled 3–5 stands of the invasive common reed,

Phragmites australis, in eight coastal wetlands rang-

ing from Massachusetts (42�N) to South Carolina

(32�N) to document geographic variation in P.

australis primary production, associated plant and

animal species diversity, and sediment carbon storage

and to examine how local-, regional-, and large-scale

environmental factors contribute to these patterns.

Latitude best explained variation in P. australis

density, but contrary to expectations, density

increased with increasing latitude across our sites.

Latitude also predicted macroinvertebrate species

richness, which increased with latitude in a manner

similar to P. australis density. In addition to latitude,

P. australis leaf carbon:nitrogen ratios, distance to the

open coast, and sediment oxygen levels were most

important for explaining variation in P. australis

production, as well as community (plant or animal

species richness) and ecosystem (carbon storage)

variables. The percent of developed land was posi-

tively associated with P. australis density, yet this

variable had relatively low predictive power in our

study. Our study provides an important biogeographic

perspective for documenting and understanding vari-

ation in invasive P. australis that is fundamental both

for managing the invasion and for understanding

latitudinal gradients in ecosystem structure and

function.

Keywords Blue carbon � Foundation species �
Latitudinal gradients � Primary production � Salt

marsh � Species diversity

Introduction

Decreases in species or functional richness and

ecosystem-level productivity with increasing latitude

are quasi-ubiquitous patterns in biogeography (Turner
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1976; Hillebrand 2004; Berke et al. 2014; Mozdzer

et al. 2014) resulting from a complex interplay of

ecological and evolutionary processes (Rohde 1992;

Willig et al. 2003). For example, productivity of salt

marsh ecosystems dominated by the native ecosystem

engineer Spartina alterniflora increases significantly

from north to south along the Atlantic Coast of the

United States (Kirwan et al. 2009). Biotic interactions

such as grazing also generally increase from north to

south in marsh ecosystems (Pennings and Silliman

2005; Pennings et al. 2009), consistent with the

expectation of greater species diversity and interaction

strength at low latitudes (Schemske et al. 2009).

Latitudinal gradients in species diversity and ecosys-

tem function are correlated with large-scale environ-

mental forcing factors such as temperature (Kirwan

et al. 2009; Guo et al. 2013). However, environmental

stress gradients also occur within a given latitude, and

these regional- and local-scale processes can create

variation in the distribution and ecosystem impacts of

engineering species. For example, at higher latitudes

along the Atlantic Coast of the U.S., estuarine salinity

gradients structure the distribution and composition of

marsh plant species due to an interaction between

plant tolerance to salinity stress and competitive

ability (Crain et al. 2004). In turn, the resulting

dominant engineering species dictate how commu-

nity- and ecosystem-level processes such as species

richness and production will be modified at the local

scale, and thus ultimately contribute to regional and

biogeographic patterns (Wright and Jones 2004).

Many invasive species, particularly plants, act as

ecosystem engineers in their invaded range, causing

changes in hydrological regimes, nutrient cycling, and

primary production (e.g., Myrica faya, Vitousek and

Walker 1989; Agropyron cristatum, Christian and

Wilson 1999; Spartina alterniflora, Neira et al. 2006;

Grosholz et al. 2009). Because of their different

evolutionary histories, invasive species may respond

differently than natives to environmental gradients in

their invaded range (e.g., Cronin et al. 2015), partic-

ularly until they have had sufficient time to evolve.

Alternatively, invasive species may rapidly evolve in

response to environmental gradients in their invaded

range (e.g., Gilchrist et al. 2004). Either way, invasive

species that are ecosystem engineers could alter

established spatial patterns in species diversity and

ecosystem function through the introduction of novel

traits and species interactions. A biogeographic

approach is thus critical for understanding the multi-

scale effects of invasive species on species diversity

and ecosystem function.

Phragmites australis is a perennial grass that is

distributed worldwide and is abundant in wetlands and

along the borders of lakes, ponds, and rivers (Salton-

stall 2002; Meyerson et al. 2009). Although P.

australis is native to North America, a non-native

lineage (haplotype M) was introduced from Eurasia to

the Atlantic Coast in the late 1800s, and beginning in

1960 it spread rapidly south and west (Saltonstall

2002); additional invasive lineages have also been

detected, indicating multiple introduction events from

Europe (Lambertini et al. 2006, 2012; Meyerson and

Cronin 2013). Experimental comparisons of the native

and invasive lineages demonstrate that invasive P.

australis has 30–44 % greater photosynthetic rate and

50 % greater canopy than native P. australis (Mozdzer

and Zieman 2010). The invasive haplotype also has

higher plant nitrogen content and a much greater

nitrogen demand (Mozdzer and Zieman 2010), and it

is a superior competitor than the native haplotype at

high nitrogen concentrations (Mozdzer et al. 2010). As

a result, invasive P. australis can affect marsh plant

species diversity (Silliman and Bertness 2004), as well

as a range of ecosystem processes, including decom-

position, nitrogen cycling, greenhouse gas emissions,

and accretion change (Meyerson 2000; Windham

2001; Rooth et al. 2003; Windham and Ehrenfeld

2003; Mozdzer and Megonigal 2013), greatly altering

the coastal ecosystems that it invades. Past efforts

have provided detailed documentation of the commu-

nity and ecosystem effects of P. australis in particular

regions of its invaded range (e.g., the Chesapeake Bay,

New England), yet we have little information regard-

ing variation in ecosystem processes, or the ecological

and environmental variables contributing to those

processes, across a latitudinal scale (but see Cronin

et al. 2015).

We quantified biogeographic patterns within and

among regions in population, community, and ecosys-

tem structure of the invasive ecosystem engineer P.

australis and examined how local- and large-scale

environmental factors contributed to these patterns.

Specifically, we addressed the following questions: (1)

How does (a) P. australis production, morphology, and

reproductive investment, (b) sediment carbon storage,

and (c) associated plant and animal species richness vary

within and across sites along a latitudinal gradient? (2)
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What is the relative explanatory power of local (plant

tissue carbon to nitrogen ratio, sediment oxygen avail-

ability, soil salinity, leaf litter), regional (distance to

open coastal water, percent developed lands, tidal range,

water salinity), and latitudinal (sediment temperature,

latitude) factors for each of the P. australis population,

community, and ecosystem responses?

Methods

We measured P. australis production (density and

height), the species richness of associated plants and

macroinvertebrates, and carbon storage (sediment

organic content) across 8 sites on the east coast of

the United States, spanning 10� of latitude. We then

examined the ability of local, regional, and latitudinal

variables to explain these patterns (Table 1). For

example, local-scale abiotic conditions such as redox

and soil salinity are known to affect (and be affected

by) plant production and composition in coastal

marshes (Windham and Lathrop 1999; Windham

2001). In addition, the cover of leaf litter can reduce

light availability and decrease the density of P.

australis, but it also reduces the cover of native plant

species that compete with P. australis (Minchinton

et al. 2006; Holdredge et al. 2011). At a regional scale,

P. australis invasion success has been linked to

shoreline development/urbanization, along with sub-

sequent increases in nutrient availability and decreases

in soil salinity (Bertness et al. 2002; Silliman and

Bertness 2004; Meyerson et al. 2009; Mozdzer et al.

2010; Mozdzer and Zieman 2010). In addition to

affecting salinity, regional variables such as tidal

range and distance to open coastal water will also

influence the composition and abundance of associ-

ated animal and plant species in coastal habitats.

Finally, latitudinal variation in temperature is strongly

linked to production and sediment microbial activity

in coastal wetlands (Kirwan et al. 2009; Mozdzer et al.

2014) and may contribute to large-scale patterns in key

P. australis ecosystem characteristics.

Table 1 Predictive variables used in analyses of P. australis characteristics (Pa density, height, and flowering) and community and

ecosystem processes [sediment organic matter (SOM), animal and plant species richness]

Predictor Spatial scale of

predictor

Pa

density

Pa

height

Pa

flowers

SOM Animal

richness

Plant

richness

Mean rank

for Pa

Mean rank

for all

Latitude Latitudinal 1 5 2 1 3 7 2.7 3.2

C:N* Local 3 3 4 5 7 3 3.3 4.2

Redox* Local 5 7 1 7 1 1 4.3 3.7

Distance to open

water

Regional 4 1 8 3 2 6 4.3 4.0

Soil salinity* Local 7 2 5 4 4 5 4.7 4.5

Leaf litter* Local 2 4 10 11 6 4 5.3 6.2

Sediment

temperature

Latitudinal 8 6 6 2 9 8 6.7 6.5

Percent

developed

Regional 9 8 3 9 11 10 6.7 8.3

Tidal range Regional 6 9 9 8 8 11 8.0 8.5

Water salinity Regional 10 10 7 6 10 9 9.0 8.7

Phragmites

density

Local NA NA NA 10 5 2 NA 5.7

Model R2 0.80 0.93 0.91 0.95 0.90 0.92

Phragmites australis density was included as a predictor in the models of SOM and species richness. Variables with a * can both

influence and be influenced by P. australis. Predictors were classified by spatial scale: local, regional, or latitudinal. For each

response variable, we present the rank order of each predictor. Predictors are ordered from most to least important in explaining P.

australis responses. We also provide the R2 for each model, showing the high explanatory power of our models
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Field survey

In September–October 2014, we surveyed P. australis

communities at 8 sites from South Carolina to

Massachusetts (Table A2). At each site, we quantified

P. australis production (vegetative stem density,

vegetative stem height, flowering stem production),

associated community and ecosystem variables that

exhibit biogeographic gradients in many ecosystems

(animal species richness, plant species richness,

sediment organic content), as well as a suite of

potential explanatory variables previously docu-

mented as important for P. australis (leaf litter cover,

P. australis tissue carbon:nitrogen content as a proxy

for nutrient availability, sediment temperature, soil

and water salinity, sediment oxygen availability (i.e.,

redox), percent adjacent developed lands, and distance

to open coastal water). These variables are explained

in greater detail below.

We coordinated with land managers at each site to

identify and sample 3–5 invasive P. australis subsites

in order to capture substantial within site variability.

When possible, these subsites were discrete; however,

the distribution of P. australis at some sites necessi-

tated sampling multiple subsites within a single

continuous P. australis stand. In all cases, replicate

subsites were separated by at least 100 m. We are

unable to confirm that all subsites are independent of

one another, so our inferences of site-level character-

istics are limited to the specific subsites sampled. In

each P. australis subsite, we sampled six 0.25 m2

quadrats along 3 transects (2 quadrats per transect)

running perpendicular from the seaward edge of the

subsite into the subsite interior. Within each transect,

one quadrat was\5 m from the seaward edge of the

subsite and the other quadrat was[5 m from this edge.

All sampling locations were separated by at least 5 m.

In each quadrat, we recorded GPS coordinates using a

Garmin GPS 72H. We also used an Atago 2491

Master-S/Milla to measure pore-water salinity (ppt)

and a Thermo Scientific Orion Star Series A321

Portable pH meter to measure sediment temperature

(�C) and sediment redox potential (mV) at a depth of

10 cm in the center of each quadrat.

P. australis responses

In each quadrat, we recorded the number of live and

dead vegetative and flowering stems of P. australis.

We also collected one leaf from each of 5 randomly

selected, live P. australis stems and measured their

stem height. Each leaf was cut in half (perpendicular to

the mid rib) using scissors. The bottom half of each

leaf was stored on silica for genetic analysis and the

top half of each leaf was wrapped in foil and stored on

ice for 2–4 days, and then at -20 �C until processed

for tissue carbon (C) and nitrogen (N) content.

Community and ecosystem responses

We measured the number of co-occurring plant

species and the percent cover of leaf litter in each

0.25 m2 plot. We also identified and counted all

visible benthic invertebrate species present in a

0.0625 m2 quadrat haphazardly placed within the

larger plot. We identified a total of 34 co-occurring

plant species and 9 benthic macroinvertebrate species.

The most abundant co-occurring plant species were

Distichlis spicata, Spartina patens, Spartina alterni-

flora, and Solidago sempervirens. Distichlis spicata,

Spartina patens, Spartina alterniflora, and Iva frutes-

cens were present at over half of the sites. The most

abundant benthic macroinvertebrate species were

gastropod detritivore Melampus bidentatus, gastropod

grazer Littoraria irrorata, amphipod grazer Orchestia

grillus and filter-feeding mollusk Geukensia demissa.

M. bidentatus was present at 6 sites; all other benthic

macroinvertebrate species were found at less than half

of the sites.

We collected one 15 cm depth sediment core in

each quadrat and sectioned it into 5 segments (depths:

0–1, 1–3, 3–5, 5–10, and 10–15 cm). Sectioned

sediment samples were stored on ice for 2–4 days,

and then at -20 �C until processing. We used average

sediment organic matter (SOM) across all depths in

our analyses.

Laboratory analyses

P. australis genetic analysis

Haplotype lineage was determined according to the

protocol of Saltonstall (2003) using three leaf tissue

samples per subsite (one from the interior and one each

from the right and left seaward edges). Briefly, we

extracted DNA from dried, ground leaf tissue using an

E-Z 96� Plant DNA Kit (Omega Bio-Tek), amplified

two non-coding chloroplast regions (trnLb and rbcL)
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via polymerase chain reaction (PCR), digested the

PCR products using restriction enzymes (RsaI for

region trnLb and HhaI for region rbcL), and visualized

the restriction fragments on 3 % agarose gel (Salton-

stall 2003) to determine haplotype lineage.

P. australis tissue nutrient content

Prior to elemental analysis, we rinsed P. australis leaf

tissue thoroughly with DI water to remove any non-

leaf material from the sample. Leaf tissue was then

dried at 60 �C for 48–72 h and homogenized to a fine

powder using a Retsch MM400 mixer-mill. Leaf %C

and %N were determined on a FlashEA 1112

Elemental Analyzer (Thermo Fisher Scientific) at the

Northeastern University Marine Science Center.

Sediment carbon storage

Sediment organic content was evaluated according to

United Nations Education, Scientific and Cultural

Organization protocols (Howard et al. 2014). Core

segments were massed after drying at 60 �C for

48–72 h and again after combustion at 450 �C for 6 h.

Pre and post ignition masses of each segment were

summed by core and SOM was estimated by calcu-

lating proportion mass lost on ignition.

Additional explanatory variables

Developed lands

The percentage of developed land cover for each

subsite was based on sampling land cover within 1 km

of subsite centers. This approach builds on the local

scale influences on stream ecosystems presented in

Strayer et al. (2003). For each subsite, land cover data

were extracted from the 2011 National Land Cover

Database (NLCD) available at http://www.mrlc.gov/

using a circle with a 1 km radius around the subsite

center. The area of developed land (NLCD land cover

categories 21–24; Homer et al. 2015) within each

subsite’s circle was determined using ArcGIS. The

developed area was then divided by the total circle

area to determine the percentage of developed land

cover for each subsite. The spatial resolution of the

land cover dataset is 30 m by 30 m pixels. Our sites

represented a relatively limited range of developed

land cover (0–21 %).

Distance to open coastal water

The distance to open water represents the flowpath

distance, not straight-line distance, from the subsite

center to the coastline as defined by the U.S. Geolog-

ical Survey’s National Hydrology Dataset (NHD)

available at http://nhd.usgs.gov/. The distance was

determined using a combination of NHD drainage line

distances and flowpaths manually derived from aerial

photographs to connect the subsite center to the NHD

drainage network. For subsites with no clearly visible

flowpath in the aerial photograph, the straight-line

distance to the NHD drainage network or the coastline

was used. The distance to open coastal water was

generally \10 km except for one site (ACE Basin

NERR) that had distances ranging from 16 to 60 km

across sampled subsites.

Tidal range

The tidal amplitude for each subsite was based on

NOAA tide predictions (http://tidesandcurrents.noaa.

gov/tide_predictions) for the site closest to our sam-

pled P. australis subsites. For each subsite, we

extracted the predicted height of all daily high and low

tides in 2015 and calculated an average height of low

and high tide. The tidal range for each subsite was then

calculated as the difference between the average high

and low tide.

Water salinity

Water salinity for each subsite was obtained from data

collected by the National Estuarine Research Reserve

System’s (NERRS) long-term water quality monitor-

ing sites (http://cdmo.baruch.sc.edu/) in 2014 and

Plum Island Ecosystems Long Term Ecological

Research (PIE-LTER) station’s estuary salinity tran-

sects (https://portal.lternet.edu/nis/home.jsp) in 2010.

The water salinity for each subsite was calculated as

the yearly average water salinity from the nearest

NERRS or PIE-LTER station.

Statistical analyses

Phragmites australis production, SOM, and animal

species richness exhibited significant linear relation-

ships with latitude (Fig. 1), but strong collinearity

between latitude and other predictors (Table A1,
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Fig. A1) limited our ability to interpret the factors

contributing to these patterns. Thus, we used Random

Forests (RF; Breiman 2001) to investigate the rela-

tionship between Phragmites population, community,

and ecosystem properties and a suite of biotic and

abiotic environmental variables (Table 1). RF is a

powerful data mining technique commonly used in the

ecological field of species distribution modeling that

can detect and model complex relationships between

variables (Prasad et al. 2006; Cutler et al. 2007;

Fenberg et al. 2015). RF is an extension of classifi-

cation and regression trees (CART; Breiman et al.

1984) designed to produce accurate predictions with-

out overfitting the data. RF models are constructed by

fitting a single classification or regression tree to each

of many random (bootstrap) samples drawn from the

data. Each tree is grown by recursively partitioning the

response variable using a random subset of the

explanatory variables. By finding the optimal split

(i.e., the one that maximizes node purity) among a

small set of randomly selected explanatory variables,

RF reduces the correlation between the trees and thus

keeps bias low. Unlike CART, which uses pruning to

reduce overfitting, the trees in RF are grown to their

maximum size and aggregated into an ensemble or

forest. Aggregation also reduces variance and thus

promotes the predictive ability of RF (Prasad et al.

2006). We chose to use RF because it provides critical

benefits over classical approaches such as General

Linear Models in the face of strong nonlinearities and

multicollinearity: (1) RF can detect nonlinear rela-

tionships between explanatory and response variables

(a) (b)

(c) (d)

Fig. 1 Relationships between latitude and a Phragmites live

stem density (R2 = 0.16,P = 0.02), b sediment organic content

(SOM: R2 = 0.25, P = 0.002), c associated plant species

richness (not significant: R2 = 0.02,P = 0.43), andd associated

animal species richness (R2 = 0.25, P = 0.002)
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without overfitting; (2) RF does not suffer from

multicollinearity issues such as variance inflation

(Dormann et al. 2013); (3) RF uses a Monte Carlo

resampling approach to maximize generality (i.e., out-

of-sample predictive ability).

To gain ecological insights into the fitted RF

models, we determined variable importance by com-

puting the total decrease in node purity associated with

each explanatory variable used to split the response

variable, and then averaging this value across all trees

in the forest. Because all of our response variables

were numerical, node purity was assessed by comput-

ing the Residual Sum of Squares (RSS). Hence,

explanatory variables that decreased RSS the most

were deemed to have greater importance. We also

examined the ability of the models to explain variation

in our response variables by calculating the (pseudo)

R2 of each ensemble model. To visualize the relation-

ships between each explanatory variable and the

response, we used partial dependency plots that show

the average trend in the response variable as a function

of the focal explanatory variable, while keeping all

other explanatory variables in the model constant.

Since most of our explanatory variables were mea-

sured at the subsite-scale, we performed all analyses

on subsite averages. Analyses were conducted in R

version 3.2.2 using the randomForest package (R

Development Core Team 2015). For each RF model,

we grew 500 trees and for each split, we selected 3

explanatory variables at random. See the Appendix of

ESM for the code used in our RF analyses.

Results

P. australis responses

Identification of Phragmites population type via

genetic analysis confirmed that all subsites consisted

of an invasive haplotype. The density of live and dead

P. australis stems was most strongly related to latitude

(Fig. 2a). Specifically, P. australis density increased

slightly with latitude from 38 to 41�N and exponen-

tially from 41 to 43�N (due to high densities at our MA

site; Fig. 3d). Percent cover of leaf litter, leaf C:N,

distance to open water, and sediment oxygen (redox)

had similar and moderate importance for P. australis

density (Fig. 2a). P. australis density underwent a

dramatic decrease as leaf litter cover increased from

10 to 20 %, followed by a much more gradual decrease

(Fig. 3j). P. australis density was also strongly

negatively correlated with leaf C:N between 10 and

20 and then remained consistently low at higher C:N

values (Fig. 3h). Conversely, P. australis density

increased rapidly with distances from the open coast

ranging between 0 and 10 km before stabilizing

(Fig. 3b). Finally, P. australis density remained

relatively unchanged for redox \150 mV, but then

rose dramatically when redox potential increased from

150 to 200 mV (Fig. 3e). Soil salinity, tidal range,

mean sediment temperature, water salinity, and per-

cent developed land were the least important variables

for explaining P. australis density (Fig. 2a).

Phragmites australis stem height was most strongly

associated with distance to open water and soil salinity

(Fig. 2b). P. australis height was nonlinearly related

to distance to open water, decreasing rapidly in the

first few km from the open coast and then increasing

for distances between 5 and 30 km before stabilizing

(Fig. 4b). P. australis height decreased gradually for

soil salinities between 5 and 20 ppt, increased slightly

from 20 to 23 ppt, and then showed a sharp decrease

between 23 and 25 ppt (Fig. 4f). Leaf C:N, leaf litter

percent cover, latitude, mean sediment temperature,

redox, and percent developed land had moderate

importance for Phragmites height (Fig. 2b). Stem

height was nonlinearly related to leaf C:N, with a peak

in height between values of 20–28 (Fig. 4h). Stem

height was consistently high up to 50 % leaf litter

cover and then declined dramatically (Fig. 4j). Stem

height also decreased with latitude, most dramatically

at 34�N and again at 41�N (Fig. 4d). Stem height was

similar for sediment temperatures between 14 and

19 �C, decreased between 19 and 22 �C, and then

increased again (Fig. 4a). P. australis height remained

unchanged for redox between -300 and -100 mV,

but then decreased gradually for redox values between

-100 and 100 (Fig. 4e). Finally, stem height generally

increased with 1–10 % developed land and then

stabilized (Fig. 4c). The remaining variables (tidal

range, water salinity) had little explanatory power for

stem height (Fig. 2b).

The number of Phragmites flowering stems was

most strongly related to redox (Fig. A2), exhibiting a

strong increase with redox potentials between -200

and 200 (Fig. A3e). Flowering also declined with both

latitude (Fig. A3d) and percent developed land over

the range included in this study (Fig. A3c), but it was
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only weakly related to the rest of the explanatory

variables (Fig. A2).

Community and ecosystem responses

SOM was most strongly related to latitude, mean

sediment temperature, and distance to open water

(Fig. 5). SOM increased nonlinearly with latitude,

remaining relatively low for latitudes between 32 and

38�N and then increasing dramatically between 38 and

43�N (Fig. 6e). SOM decreased with sediment tem-

perature (Fig. 6b). SOM increased dramatically

between 0 and 10 km from open water and then

stabilized (Fig. 6c). The remaining predictors were

only weakly related to SOM (Fig. 5).

Benthic macroinvertebrate species richness was

most strongly associated with redox (Fig. 7a), increas-

ing rapidly with redox between 0 and 150 mV

(Fig. 8f). Conversely, animal richness decreased dra-

matically between 2 and 10 km from coastal water

(Fig. 8c). In contrast to most diversity gradients,

animal richness increased between 40 and 42�N
compared to lower latitudes (Fig. 8e). Animal richness

was only weakly related to the rest of the explanatory

variables (Fig. 7a).

The species richness of associated plants was most

strongly related to redox and P. australis stem density

(Fig. 7b). Plant richness increased from -300 to

-200 mV and then increased dramatically above

200 mV (Fig. 9f). In contrast, plant richness generally

declined with P. australis stem density (Fig. 9a). P.

australis leaf C:N, percent cover of leaf litter, soil

salinity, and distance to open water were also impor-

tant predictors of plant species richness (Fig. 7b).

Plant richness increased rapidly with P. australis leaf

C:N between 25 and 30 (Fig. 9i). Plant species

richness was lower when leaf litter cover was[30 %

(Fig. 9k). As with animal richness, plant richness

decreased between 0 and 10 km from coastal water

(Fig. 9c) and increased linearly with soil salinity

between 10 and 30 ppm (Fig. 9g). The remaining

predictors had low predictive power for plant richness.

(a) (b)

Fig. 2 Importance of each explanatory variable for explaining

Phragmites a density and b height in the Random Forest model.

Variable importance is measured in terms of node impurity and

computed as the decrease in the residual sum of squares (RSS)

that results from splitting the response variable based on each

explanatory variable. Explanatory variables are sorted from high

(large decrease in RSS) to low (small decrease in RSS)

importance
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 3 Partial dependency plots showing the marginal effect of

each explanatory variable on Phragmites density in the Random

Forest model. The partial dependency plots show the average

trend in the response variable as a function of the focal

explanatory variable, while keeping all other explanatory

variables fixed; thus, the values of the y-axis do not represent

the raw data. Ticks on the x-axis indicate the raw data
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(c) (d)

(e) (f)
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Discussion

Variables operating at multiple spatial scales explained

80–95 % of the observed biogeographic variation in

invasive P. australis across our sites (see R2 values in

Table 1). Latitude itself was the primary predictor in

terms of average rank across all responses (Table 1).

The positive relationship between P. australis density

and latitude is counter to the negative relationship

between latitude and primary production in coastal

marshes dominated by the native species Spartina

alterniflora (Kirwan et al. 2009). Species richness of

the benthic macroinvertebrates that utilize P. australis

as habitat also increased with latitude (Fig. 8e),

mirroring the gradient in P. australis density rather

than widespread gradients of decreasing species rich-

ness with increasing latitude in other ecosystems

(Hillebrand 2004). In contrast, species richness of co-

occurring plant species did not show a strong relation-

ship with latitude (Figs. 1c, 7b, 9e). Rather,P. australis

density was one of the top two predictors of plant

species richness, and this relationship was strongly

negative, consistent with expectations if P. australis is

the competitive dominant in this plant community

(Silliman and Bertness 2004).

In contrast to the relative importance of P. australis

density for animal and plant richness, sediment

organic matter across our sites was best predicted by

latitude and sediment temperature, with little variation

explained by P. australis (Fig. 5). SOM increased

with increasing latitude and decreasing temperature,

consistent with higher decomposition rates in lower

latitudes (Zhang et al. 2008; Kirwan et al. 2014).

However, because our data are limited to a single

sampling period at each site, we may have detected

different relationships between SOM and our predic-

tors had we sampled in a different season (e.g., mid-

summer, when temperature variation across sites is

likely reduced). Further, although neither P. australis

density nor leaf C:N were important predictors of

SOM in our analysis relative to latitude and temper-

ature, invasive P. australis can alter decomposition

and sediment C storage relative to native marsh

species due to elemental or lability differences in the

plant tissue (Meyerson 2000; Windham 2001; Liao

et al. 2008). For instance, in the Yangtze estuary in

China, where P. australis is native and Spartina

alterniflora is invasive, decomposition rates of S.

alterniflora litter were twice as fast as P. australis

litter (Liao et al. 2008). The same pattern of faster

decomposition in S. alterniflora was also observed in a

New England marsh (Warren et al. 2001). Field

experiments that manipulate temperature and litter

identity at multiple sites across a broad biogeograph-

ical range would generate a more precise understand-

ing of the effects of P. australis on SOM across a

latitudinal gradient but were beyond the scope of this

study.

Of the regional variables included in our study,

distance to open coastal water had the greatest

predictive power, particularly for the community and

ecosystem responses (Table 1). While distance to

open coastal water was not uniformly distributed

across our sites, most of the effect of this variable

occurred within the first 10 km from the open coast,

which is the range of distances represented by all but

bFig. 4 Partial dependency plots showing the marginal effect of

each explanatory variable on Phragmites height in the Random

Forest model. The partial dependency plots show the average

trend in the response variable as a function of the focal

explanatory variable, while keeping all other explanatory

variables fixed; thus, the values of the y-axis do not represent

the raw data. Ticks on the x-axis indicate the raw data

Fig. 5 Importance of each explanatory variable for explaining

sediment organic matter (SOM) in the Random Forest model
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

(k)

(j)

Fig. 6 Partial dependency

plots showing the marginal

effect of each explanatory

variable on sediment

organic matter (SOM) in the

Random Forest model. The

partial dependency plots

show the average trend in

the response variable as a

function of the focal

explanatory variable, while

keeping all other

explanatory variables fixed;

thus, the values of the y-axis

do not represent the raw

data. Ticks on the x-axis

indicate the raw data
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one of our sites. For example, both animal (Fig. 8c)

and plant (Fig. 9c) species richness declined in P.

australis subsites from 0 to 10 km of the coast in our

study. The more dramatic decline for animal richness

is consistent with most of the macroinvertebrate

species being of marine origin (e.g., fiddler crabs,

snails, mussels, and amphipods) and thus being more

abundant lower down in the estuary. Contrary to

species richness, SOM increased from 0 to 10 km

from the coast and then plateaued (Fig. 6c), consistent

with results showing that the pool of organic material

toward the head of estuaries increasingly consists of

aged and refractory riverine organic material (Mid-

delburg et al. 1996). Future studies designed specif-

ically to test relationships with distance to open coastal

water will help clarify the mechanisms underlying

these patterns. The regional-level variables of tidal

range and water salinity had consistently low explana-

tory power in our analyses.

Previous work documented a positive relationship

between regional shoreline development and P. aus-

tralis abundance (King et al. 2007; Bertness et al. 2002;

Silliman and Bertness 2004), and Lambert et al. (this

volume) found an association between invasive P.

australis and wetland disturbance in or near urban

centers. We also found generally positive relationships

between the percent of developed land and P. australis

stem density and stem height at the sites we sampled

(Figs. 3c, 4c). Yet relative to the suite of predictor

variables we analyzed, percent developed land had low

predictive power for the plant responses (Fig. 2) and

even less explanatory capability for the community and

ecosystem responses (Figs. 5, 7). This low predictive

power may have resulted from the relatively low

average development and/or the relatively small range

of developed lands (0–21 %) adjacent to our study sites.

Alternatively, the importance of development may vary

across regions within our study area. Examination of

sites varying across a greater range of percent devel-

oped land along a latitudinal gradient is needed to

provide a more robust test of potential regional

variation in the effects of development.

Of the local-scale variables, P. australis leaf C:N,

sediment oxygen (redox), sediment salinity, and leaf

litter percent cover had substantial explanatory power

forP. australis production, associated plant and animal

(a) (b)

Fig. 7 Importance of each explanatory variable for explaining a animal (benthic macroinvertebrate) and b plant species richness in the

Random Forest model
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k)

Fig. 8 Partial dependency

plots showing the marginal

effect of each explanatory

variable on animal richness

(number of benthic

macroinvertebrate taxa) in

the Random Forest model.

The partial dependency

plots show the average trend

in the response variable as a

function of the focal

explanatory variable, while

keeping all other

explanatory variables fixed;

thus, the values of the y-axis

do not represent the raw

data. Ticks on the x-axis

indicate the raw data
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species richness, and SOM (Table 1). Interestingly,

these local variables can be a response toP. australis as

well as a predictor, complicating their interpretation.

For instance, species-specific tolerances to sediment

oxygen and salinity can influence plant species distri-

butions in coastal wetlands (Pennings and Bertness
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Fig. 9 Partial dependency

plots showing the marginal

effect of each explanatory

variable on plant richness

(number of taxa) in the

Random Forest model. The

partial dependency plots

show the average trend in

the response variable as a

function of the focal

explanatory variable, while

keeping all other

explanatory variables fixed;

thus, the values of the y-axis

do not represent the raw

data. Ticks on the x-axis

indicate the raw data
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2001). However, plant species can also alter sediment

salinity and oxygen through root and rhizome activity

belowground, and P. australis in particular appears to

have a strong effect on these variables, lowering

sediment salinity and increasing sediment oxygen

(Windham and Lathrop 1999). We did not manipulate

P. australis in this study, and so we cannot tease apart

the direction of the relationship driving strong associ-

ations of high P. australis density and stem height with

high sediment oxygen, or increased P. australis stem

height with decreased sediment salinity. Future exper-

iments examining the relative importance of these

factors could help clarify this gap in our understanding.

Leaf C:N was the second most important predictor

for P. australis responses and the fourth most impor-

tant predictor for community and ecosystem processes

(Table 1). Although variation in this ratio can result

from changes in either C or N content, increases in leaf

percent N were strongly correlated with decreases in

C:N (R2 = 0.81; y = -7.16x ? 37.49), while leaf

percent C showed no relationship with leaf C:N

(R2 = 0.03). Thus, lower C:N values indicate higher

tissue N in our study. As expected, P. australis was

positively correlated with this increased N availability,

with higher stem density at lower C:N values (Fig. 2h).

Although P. australis density increased with latitude,

and a prior study found an increase inP. australis tissue

N content with latitude (Cronin et al. 2015), we found a

weak negative relationship between latitude and per-

cent N (R2 = 0.17; y = -0.07x ? 5.13). Interest-

ingly, plant species richness increased with increasing

P. australis leaf C:N (and decreasing percent N;

Fig. 9i), even after accounting for the effects of P.

australis density, suggesting increased plant species

coexistence with lower nutrient availability. Alterna-

tively, this pattern may result from complementary

resource use and increased N uptake in species rich

subsites (c.f., Tilman et al. 2001); the understory plant

community often consisted of diverse, mostly native

flowering species, including grasses, sedges, rushes,

forbs, and vines, suggesting that complementarity may

also be playing a role in maintaining plant species

diversity. These alternative explanations illustrate the

bi-directional relationship between Phragmites leaf

C:N and plant response variables. Such reciprocal

effects may also explain the complex relationship

between C:N and P. australis stem height (Fig. 4h)—

i.e., increased N availability may lead to increased

stem height, thereby increasing tissue C:N values.

Percent cover of leaf litter had high explanatory

power forP. australis density and stem height (Fig. 2):

increasing cover of leaf litter had a negative effect on

both responses. Previous work has shown that litter

removal causes an increase in P. australis stem

density, but no change in stem height (Holdredge

et al. 2011). Increasing leaf litter cover was also

associated with a general decline in the richness of the

primarily native neighboring plant species assem-

blage, consistent with negative effects of litter on plant

species that co-occur with P. australis, most likely due

to light limitation (Holdredge et al. 2011). Although

leaf litter may increase habitat complexity and influ-

ence interactions among associated animal species

(Finke and Denno 2006), it was not a strong predictor

of benthic macroinvertebrate richness in our study.

Examining the relative importance of local- and

regional-scale variables across a latitudinal gradient

can enhance understanding of the key factors deter-

mining invasive species success and the resultant

effects on community and ecosystem processes. While

studies of P. australis within regions of our larger

study area have documented a positive relationship

between shoreline development and P. australis

abundance (Bertness et al. 2002; Silliman and Bert-

ness 2004), percent developed land was a relatively

weak predictor of P. australis density and height

across the sites and biogeographic scale examined

here. However, the negative effects of leaf litter on P.

australis and the associated plant community were

consistent from a local-scale experiment (Holdredge

et al. 2011) to our broad biogeographic survey. Thus, it

is not simply that larger-scale variables are more

important at larger spatial scales; rather, some local-

scale variables (e.g., leaf litter, leaf C:N, sediment

oxygen) are important across latitudinal scales. These

results can inform the management of invasive P.

australis by identifying a common suite of variables

likely to be strongly associated with key population,

community, and ecosystem processes.

Our study also illustrates the value of a biogeo-

graphic approach for understanding the establishment

of latitudinal gradients in production and species

richness. Latitude most strongly predicted P. australis

density, but local-and regional-scale variables were

also good predictors of P. australis density and height

at our sampled subsites, consistent with other studies

showing that both small- and large-scale factors shape

biogeographic patterns (Gotelli et al. 2010; Gouhier
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et al. 2010; McGill 2010). In addition, the direction of

this relationship was the reverse of expectations based

on the dominant native plant species Spartina alterni-

flora in these same coastal marsh habitats (Kirwan et al.

2009), suggesting that these two foundation plant

species may respond differently to environmental

variation across latitude, and/or that longer-term

evolutionary processes are contributing to biogeo-

graphic patterns in S. alternifora. Further, we show that

invasive ecosystem engineers such as P. australis,

which often shape the structure and function of

communities and ecosystems, can alter the effects of

latitudinal variables on community and ecosystem

properties like species diversity. Thus, invasive engi-

neering species may cause regional and biogeographic

patterns that fundamentally differ from those of native

species and/or non-engineering species.
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