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ABSTRACT: China’s South to North Water Diversion
(SNWD) project connects portions of the Yangtze River in
the south to the Yellow River system in the north, overcoming
biogeographic barriers to water movement. The diversion will
supply potable water to over 110 million people and provide
multiple other socioeconomic benefits. However, an inadver-
tent negative impact of this connection includes creation of
conduits for species invasions. Alligator weed (Alternanthera
philoxeroides), water hyacinth (Eichhornia crassipes), and water
lettuce (Pistia stratiotes) are the only aquatic plant species on
China’s shortlists for special control. These species are mainly
invasive in the Yangtze River basin. If these species are able to invade the SNWD and further spread via the SNWD, they have
the potential to alter water supply, including water quantity and quality, as well as local ecology and agriculture, threatening the
goals of the diversion. Understanding the full potential for these species to invade northern China is critical to early management
decisions to avoid costly negative impacts. We used Maxent modeling to evaluate the probability that each of these species might
become invasive in the receiving water regions. The models predict that all three species will be able to expand their ranges
northward, with alligator weed and water hyacinth having the greatest potential for range expansion. These results suggest the
need for prevention, monitoring, and management strategies for these species to reduce the risk and costs of impacts.

■ INTRODUCTION

Biological invasions are causing global environmental and
economic damage,1 including threats to global biodiversity
through alteration of the structure and function of ecosystems
and ecological interactions that have developed over evolu-
tionary time scales.2−7Multiple studies have demonstrated
the cost-effectiveness of early prevention and management of
biological invasions.8−10 Preemptively predicting where bio-
logical invasions may occur is crucial to developing successful
monitoring programs and management strategies.
Meeting water supply needs is an increasing concern

throughout the world.11 One common response to enhance
navigation and access to water is through diversion of waterways
to areas of need.12−14 The South to North Water Diversion
(SNWD) in China is one such project (Figure 1). SNWD consists
of eastern, middle, and western routes designed to alleviate water
supply problems in northern China by transferring water from the
lower, middle, and upper reaches of the Yangtze River in southern
China.15 SNWD is intended to supply potable water to 110million
people, including 7 million who have suffered from consuming
high-fluorine and brackish water.16 Moreover, the ground-
water overdraft situation in northern China will gradually be
alleviated as a result of this project.16 In addition to water supply

improvements, SNWD may also help reduce the rate of land
subsidence in Beijing,17 which has been attributed to ground-
water withdrawals. The eastern and middle routes of SNWD
have been in use since December 2013 and December 2014,16,18

respectively, while the western route is still being planned.
Human-made waterways have become conduits for species

invasions in multiple locations.13,14,19 The SNWD establishes
water flows between historically biogeographically independent
river basins. As a result, aquatic invaders may spread passively,
carried by the water via hydrochory,20−22 through the SNWD23

if environmental conditions in the north are suitable. Currently,
many more non-native plant species have invaded southern than
northern China.24−27 However, while multiple risks associated
with the SNWD have received attention,28,29 risk assessment of
biological invasions has not.
Three non-native aquatic plants, alligator weed (Alternan-

thera philoxeroides (Mart.) Griseb.), water hyacinth (Eichhornia
crassipes (Mart.) Solms), and water lettuce (Pistia stratiotes L.),
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are of particular concern. These species are the only aquatic
plants included on China’s first (alligator weed and water
hyacinth)30 and second (water lettuce)31 shortlists of invasive
species requiring special control. All three species have been
cultivated widely for forage in southern China.32−34 This
cultivation, their floating habit, and clonal reproduction are
the sources of their extensive distribution in the region.
The development of dense vegetation mats on water bodies
impairs navigation and water flow, causes flooding, alters water
quality and quantity, and threatens native biodiversity.35−40

In southern China, this damage by alligator weed and water
hyacinth is reported to annually cost 600 million RMB (US$90
million) and 10 billion RMB (US$1.5 billion), respectively.41,42

For the former species, losses on agricultural lands represent a
significant portion of these costs.43,44 These species also have a
consistent history of becoming invasive in many regions of
the world45 and are widely predicted to become invasive in new
habitats.46 If the species invade the expansive receiving water

areas in northern China, the damage consequences are likely to
be of the same magnitude as seen to southern China and other
areas of the introduced ranges around the world.
Because the species have demonstrated tolerance to cold

temperatures elsewhere in the invaded range, they may survive
and grow in higher latitudes.47 This potential has already been
realized for alligator weed, which has now invaded Shandong
Province, northern China,48,49 a range expansion not predicted
by earlier work.50 Understanding the full potential for these
species to invade northern China’s waterways is critical to early
management decisions to avoid costly negative impacts.
Ecological niche modeling has been used to evaluate the

potential habitat for species in a new location.51−55 We used the
maximum entropy (Maxent) model to predict the potential
northern distributions of the three invaders. Maxent has been
demonstrated to have greater precision than other niche
modeling approaches53 and has been used for habitat suitability
projections for other invasive species.54,55

Figure 1. Eastern and middle routes for SNWD in China. The eastern route transfers water from Yangzhou, Jiangsu Province in the lower reach of
the Yangtze River. The middle route diverts water from the Danjiangkou reservoir on the Hanjiang River in the Hubei Province which is the
tributary of the middle reach of Yangtze River; its second stage will allow the transfers of water directly in the middle reach of the Yangtze River.
Jinan, Nanjing, Shijiazhuang, Zhengzhou, and Wuhan are the capital cities of the Shandong, Jiangsu, Hebei, Henan, and Hubei Provinces,
respectively.
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■ MATERIALS AND METHODS

South to North Water Diversion. In the eastern plains of
China, the largest rivers flow from west to east. The Yangtze
River is the longest river, followed by the Yellow River (Figure 1).
The Huai River - Qinling Mountains line is generally regarded as
the dividing line between northern China and southern China,
and it also approximates 0 °C degree January mean temperature
isotherm and 800 mm precipitation isohyet.56,57 The SNWD
eastern route transfers water from Yangzhou, Jiangsu Province in
the lower reach of the Yangtze River. One branch flows north-
ward through the Shandong and Hebei Provinces to Tianjin,
while another flows through the eastern part of Shandong.15,58

The SNWD middle route diverts water from the Danjiangkou
reservoir on the Hanjiang River in the Hubei Province which is
the tributary of the middle reach of Yangtze River and flows
northward through the Henan and Hebei Provinces to Beijing
and Tianjin (Figure 1). The second stage will allow the transfers
of water directly from the middle reach of the Yangtze River.15,58

The construction of the eastern and middle routes of SNWD
began in 2002, and they have been in use since December 2013
and December 2014,16,18 respectively. According to Office of the
SNWD Commission of the State Council of China, the SNWD
will annually divert 44.8 billion cubic meters of water when
completed.58

Model Species. Alligator Weed (Alternanthera philoxer-
oides (Mart.) Griseb.). Alligator weed (Amaranthaceae) is native
to the Parana River region of South America (Figure 2).59,60 This
weed grows in both aquatic and terrestrial habitats and can also
invade farm lands. Its stems are hollow and buoyant and form
floating mats that expand over surfaces of all types of waterways,
making them practically impenetrable.35 The floating sections
from broken stems are able to establish readily on moist soil.35

Alligator weed was introduced to mainland China in 1940 by the
Japanese in Shanghai32 and further distributed across southern
China for forage in the 1950−1960s.
Alligator weed is currently invasive and poses significant

ecological and economic problems. The species causes annual
losses in China of 600 million RMB (US$90 million).41 Alligator
weed has now invaded the Xiaqing River, 500 km north of the
Yangtze River in northern China’s Shandong Province.48,49

Water Hyacinth (Eichhornia crassipes (Mart.) Solms).Water
hyacinth (Pontederiaceae) is considered to be one of the world’s
top ten worst weeds.61 This perennial herb is native to Brazil,
South America (Figure 2) and has an erect, free-floating, stolon-
iferous, growth form with buoyant leaves.36 Water hyacinth
invades still and moving waters, with thick growth that can cause
flooding and impair flows among other impacts.36 The species
was introduced into China in 1901 as an ornamental plant33

and has been cultivated widely as a forage in southern China
since the 1950s. Like alligator weed, water hyacinth has created
significant ecological problems, causing annual losses of 10 billion
RMB (US$1.5 billion).42

Water Lettuce (Pistia stratiotes L.). Water lettuce (Araceae)
is native to South America (Figure 2). The species was
introduced in China during the 16th century and was recorded
in 1593 in the medical work “Compendium of Materia
Medica”.34 Water lettuce is a floating, herbaceous hydrophyte,
consisting of free-floating rosettes of many leaves that inhabits
still and slowly flowing waters.37 Like water hyacinth, water
lettuce can impede navigational channels and water flow for
irrigation and flood control.37−39 Water lettuce was also culti-
vated as a forage in southern China in the 1950−1970s. Like the

other species, water lettuce has become a problematic invader
and is now on the second shortlist of invasive species requiring
special control in China.31

Species Distribution Data Source. The occurrence data
for modeling species distribution should include both the
geographic distribution and the breadth of environmental
gradients occupied by the species (e.g., cover the full range of
environments tolerated by the species). We used native and
introduced range occurrence data from the Global Biodiversity
Information Facility (GBIF; http://data.gbif.org/), Chinese
Virtual Herbarium databases (http://www.cvh.ac.cn/), and
China Specimen Resources Sharing Platform for Education
(http://mnh.scu.edu.cn), for this analysis (Figure 2). Additional
records were obtained from the Herbarium of National Taiwan
University (http://tai2.ntu.edu.tw/ebook.php), local floras, and
field surveys (e.g., our field investigations of alligator weed
in Xiaqing River basin and Weishan Lake basin, Shandong
province). Occurrence data were carefully screened as described
elsewhere.62,63

Maxent Modeling. We modeled the potential ranges of
alligator weed, water hyacinth, and water lettuce using the
Maxent (Version 3.3.3 k; Princeton University, Princeton, NJ,
USA) maximum entropy method.53 Maxent integrates species
presence with environmental data to produce habitat suitability
predictions64 and has been used for projecting potential
distributions of multiple plant species.54,55

We implemented and validated Maxent for each of the three
species as documented by Qin et al.,65 using occurrence points
from the native and invaded ranges. We used a cumulative output
format with a 0 to 100 range, indicating unsuitable to optimal
habitat, respectively, resulting in presence/absence maps for each
species using the minimum training presence.64,65

Receiver operating characteristic curves were used to evaluate
the predictive power of the models following O’Donnell et al.66

The closer the area under the curve (AUC) to 1.0 is, the better
the fit of the Maxent results to environmental conditions as
reflected by the validation data set (25% of the occurrence
data).67

Environmental Variables forModeling.We characterized
the environmental characteristics of the native and invaded
ranges of all three species by obtaining 20 climatic and
topographic variables from theWorldClim 1.4 database (Version
1.4, http://www.worldclim.org). Nineteen variables were
bioclimatic: monthly temperature and precipitation data were
used to develop annual and seasonal trends in local climate.
The single topographic variable reflected local elevation at a
spatial resolution of five arc min. All these variables were
considered as candidate predictors. We used a jackknife approach
to identify those environmental data layers that most contributed
to accuracy of the Maxent predictions,53 eliminating variables
that contributed <5% (Table 1).65

■ RESULTS
After data screening, 783 global records remained for alligator
weed, of which approximately 25% were from its native range,
2125 for water hyacinth with ca. 24% from its native range and
1344 records for water lettuce with ca. 28% from its native range.
All three species are now present on multiple continents; the
global distributions of water hyacinth and water lettuce are more
extensive than that of alligator weed (Figure 2). In China, the
main distributions of the three species are in the southern region,
including the middle and lower reaches of the Yangtze River, the
area from which water is being diverted to the north.
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Receiver operating curves of the Maxent models revealed
accurate prediction of suitable new habitat for the three species:
AUC values for alligator weed, water hyacinth, and water lettuce

were 0.934 (SD = 0.011), 0.869 (SD = 0.007), and 0.879 (SD =
0.008), respectively. Different environmental variables contributed
to the significant model for each of the three species (Table 1).

Figure 2. World distribution records of alligator weed (a), water hyacinth (b), and water lettuce (c).
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Our results suggest that all species will be able to disperse into
favorable more northern habitats but that alligator weed will
show the greater range expansion (Figure 3). The Maxent
models identified that more than 80% of the total area of SNWD
can support populations of alligator weed, water hyacinth, and
water lettuce. Areas unsuitable for invasion are mainly located
north of Beijing and Hebei province (Figure 3).
The low, moderate, and high suitability areas were different for

the three weeds (Figure 3). Most of the area within the two
receiving water provinces, Henan and Shandong, are suitable for
alligator weed and water hyacinth at moderate and high levels.
Only one province, Henan, is suitable for water lettuce at those
levels. Generally, the predicted suitability showed a decreasing
tendency from south to north along the water diversion routes.
Importantly, almost all the area impacted directly by the diver-
sions is suitable for the three species (Figure 3).

■ DISCUSSION
Ourmodels indicate that large areas of northern China, including
most areas of Henan and Shandong Provinces and the southern
part of Hebei Province, are suitable for all three species,
particularly for alligator weed and water hyacinth (Figure 3).
These results suggest that the water transfer between South
China and North China will likely result in long-distance
dispersal of these invasive species, which will then be able to
persist and spread. It should be noted that alligator weed was first
detected via our field survey in northern China from the SNWD
waterway in late 2015 and the summer of 2016 (see TOC
graphic). Management of that invasion should be a priority to
avoid the costly impacts currently restricted to southern China.
As in southern China and other areas of the introduced ranges

around the world, the north is now threatened with development
of dense vegetation mats on water bodies that impair navigation
and water flow, cause flooding, alter water quality and quantity,
and threaten native biodiversity.35−40 Furthermore, agricultural
production of the receiving water provinces may be at risk.
Henan and Shandong Provinces produce 9.5% and 7.5% of the
total national grain output, respectively, putting them second and
third in productivity in China.68 Average losses from alligator

weed to vegetable production in southern China range from 5 to
15% and can exceed 20%.43 The species is also responsible
for yield reductions of 63% in sweet potato and 45% in rice.44

Our results indicate the necessity of both weed management and

Table 1. Contribution of Environmental Variables to the
Maxent Models for Alligator Weed, Water Hyacinth, and
Water Lettuce in China, Excluding Variables Explaining <5%
of the Total Variationa

alligator weed water hyacinth water lettuce

variable
percent

contribution variable
percent

contribution variable
percent

contribution

bio11 22.7 bio1 32 bio7 33.7
bio17 15.0 bio11 15.6 bio12 18.6
bio19 13.8 bio12 15.3 bio1 13.5
bio1 12.1 bio16 11.8 alt 8.5
bio4 7.0 alt 7.4 bio10 6.4
bio14 6.7 bio11 5.8
bio9 5.4

aVariable definition: bio1, annual mean temperature; bio4, temper-
ature seasonality (standard deviation × 100); bio7, temperature annual
range (bio5-bio6); bio9, mean temperature of driest quarter; bio10,
mean temperature of warmest quarter; bio11, mean temperature of the
coldest quarter; bio12, annual precipitation; bio14, precipitation of
driest month; bio16, precipitation of wettest quarter; bio17,
precipitation of driest quarter; bio19, precipitation of the coldest
quarter; alt, altitude.

Figure 3.Maxent-predicted potential distribution of alligator weed (A),
water hyacinth (B), and water lettuce (C) in the SNWD range (eastern
and middle routes).
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education efforts to inform local populations about the potential
impacts to agriculture in Henan, Shandong, and other provinces
of northern China.
China is not the only location that has seen the negative

impacts of these species. One of the best studied invasions of
water hyacinth is from Lake Victoria, East Africa, where the
species impacted water quality, water supply, disease incidence,
navigation, energy generation, and fisheries, negatively impacting
communities across the basin.69,70 Water lettuce has had similar
impacts in the Lake Victoria basin and other watersheds. All three
of the species studied here are globally harmful invaders, with
alligator weed apparently having greater impacts in China than in
other regions.71 Water lettuce and alligator weed have become
more prevalent in lakes in Florida (USA) when water hyacinth
was controlled.71

While large areas of northern China are currently suitable for
the three species, their potential distribution is likely to expand
further north than the models suggest as temperatures increase
in the 21st century.72 Warming is likely to promote a shift
or extension of species’ ranges toward higher latitudes.73

Concern about range shifts resulting from either or both of
longer growing seasons and warmer winters has been identified
for all three species inNorth America.47,74 Control costs may also
increase where populations are no longer largely controlled by
freezing conditions.74

The predicted potential distribution for these three invasive
plants does not necessarily mean that these species will
successfully invade or damage specific areas of northern China.
However, model results may be used to predict species
distributions across broad geographic regions from which no
samples have been collected, complementing and targeting field
surveys which are costly, labor-intensive, and time-consuming.
Understanding the most vulnerable areas will allow their
prioritization for early detection and rapid response efforts.
A recent study of structured expert judgment for the Chicago
Area Waterway may provide a helpful approach to developing
monitoring and management efforts.19 Although eradication of
these species in China is unlikely, newly establishing small
populations are more successfully controlled,75,76 which could
prevent species from causing the scale of damage seen in Lake
Victoria and Southern China. Most of the species distribution
data and environmental variables that are required here can be
downloaded from public data Web sites, facilitating these
management actions.
These analyses also have relevance for the potential spread of

other invasive species, like Lepisosteus sp. and Pomacea canal-
iculata, in the Yangtze River basin.77−79 In North America,
similar constructed waterways between the Mississippi River and
Great Lakes basins have facilitatedmovement of multiple species,
with significant impacts in both basins.80,81 Losses from invaders
introduced to this system through ship ballast alone are
estimated at US$138 million or more annually.82 Thus, the
impacts of the SNWDon the species investigated here are likely a
significant underestimate of overall potential invasion impacts:
other species of concern in southern China should be added to
these three for prevention and early detection efforts.
Because cultivation of the three species modeled in this effort

is no longer permitted30,31 and northern China has more tem-
perate growing conditions, this invasion will theoretically be
slower than that in southern China.However, the northward water
flow of SNWD presents a rapid potential driver for the spread.
These factors, combined with monitoring based on the model
results presented here, should facilitate effective control efforts.

As the eastern and middle routes of SNWD are already in
use,16,18 such efforts should be rapidly implemented to preclude
costly impacts for both the 110 million people and the natural
systems dependent on this water.
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