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The hum an  species is notew orthy for 
its ability to forge into n ew  environ­

m ents an d  drastically alter them. N o oth­
e r  sp e c ie s  in  th e  e a r th 's  h is to ry  h as  
spread throughout every continent and 
explored every rem ote island. We recog­
nize som e of the environm ental conse­
quences o f  the expansion and m ovem ent 
o f the hum an population—chemical pol­
lution, ravaged landscapes and the  sub­
sequent effects on  natural ecosystems— 
b u t w e fail to fully appreciate the extent 
to w hich w e m anipulate the distribution 
of life on  the earth. In the course o f  our 
global travels, we d o n 't merely bring  the 
m ateria l trapp ings of o u r cultures, we 
a lso  c a rry  o th e r species w ith  u s , fre­
q u en tly  w ith  a  benevolen t p u rp o se  in 
m ind, bu t often unw ittingly an d  w ithout 
an y  particular intent. Unfortunately, the 
red is trib u tio n  of th e  ea rth 's  species is 
p roving to b e  ecologically and econom i­
cally dam aging, and the costs will con­
tinue to worsen.
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O n e recent an d  notorious exam ple is 
the  Eurasian  zebra m ussel. Like m any 
other aquatic organism s, the  zebra m us­
sel entered  N orth  Am erica in the ballast 
w ater o f ships. A nd, like m any  other in ­
troduced species, i t  sp read  rap id ly  once 
it arrived, covering the bottom s of rivers 
an d  lakes an d  ven tu ring  in to  the w ater­
w orks o f  m unicipalities an d  industries. 
A ccording to a  1993 report from  the Of­
fice of Technology A ssessm ent, the cost 
o f c lea ring  b locked  in ta k e  p ip e s  w ill 
reach abou t $3.1 billion over a 10-year 
period. The econom ic consequences are 
en o rm o u s, b u t th e  eco log ica l conse­
quences m ay  dw arf them : Z ebra  m us­
sels reduce  na tu ra l algae  popu la tions 
an d  biological productivity a n d  increase 
the concentrations of nu trien ts  in  entire 
ecosystem s. T hey  co n tin u e  to  sp read  
into rivers, lakes an d  canals th roughout 
N orth  America.

W e suggest tha t biological invasions 
by  notorious species such  as the zebra 
m ussel a n d  b y  its m a n y  less-fam ous 
c o u n te rp a r ts  h a v e  b ec o m e so  w id e ­
spread as to  constitute a  significant com­
ponent of global environm ental change. 
This p o in t is n o t w id e ly  app recia ted , 
even by  the global-change research com­
m unity  an d  by  tiróse w ho w o rk  to con­
trol biological invasions. (See Elton 1958 
for one im p o rta n t exception.) In  part, 
this lack of appreciation reflects the nat­
ural lim itations of an ind iv idual's  spa­
tial perception. Individuals can observe 
biological invasions alm ost anyw here, 
bu t it is m uch m ore difficult for an indi-
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F igure  1. B iological inv asio n s can be  d e c e p ­
tively b eau tifu l, as exem plified  by  th ese  p u r­
p le  loosestrife  (Lythrum  salicaria) th a t flo u rish
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in  a  M inn eso ta  m arsh. Since its  in troduc tion  to N orth A m erica the  p u rp le  loosestrife  h a s  spread  th roughou t the  northeastern  an d  m id w este m  U nit­
e d  States, w here  i t  h a s  becom e the  dom inan t p lan t in m an y  w etland  areas. It is  estim ated  tha t from  5 to 25 percent o f the  vascu lar p lan ts  in the  U n it­
e d  S ta tes reserves are  non-n a tiv e  species.
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F igure  2. N o n-native  species o f vascu lar p la n ts  have  in v ad ed  m an y  p a rts  o f  th e  g lobe. T he total n u m b e r  (bar length) o f n a tiv e  Ilan) a n d  non-n a tiv e  
(red) species in  a  reg io n  varies from  ab o u t 500 in  B erm u d a  to  m ore th an  23,000 in  th e  coun tries b o rd e rin g  th e  M ed ite rran ean  Sea. T h e  percen tage  
o f non-n a tiv e  species in  a  particu la r reg ion  ten d s to be  g re a te r  o n  is la n d  h ab ita ts , b u t  m an y  species h a v e  in v ad ed  th e  co n tin en ts  as w ell. Sources: 
a  - Q ueza l, B urbero, B onini an d  Loisel 1990; b  - H ey w o o d  1985, es tim ate  o f  n a tiv e  species; c  - W eber (in p repara tion ); d  - R e jm an ek  an d  R andall 
1994; e  - R e jm an ek  (u n p u b lish ed ); f  -  U .S. C ongress, O ffice  o f  T echnology A ssessm en t 1993; g  - K ruger, Brey tenbach , M acdonald  an d  R ichardson 
1989; h  - W agner, H e rb st an d  S ohm er 1990; i  - G iv en  1992; j - H eyw ood 1989.

vidual to perceive that the invasions are 
alm ost everyw here. In part, it m ay also 
reflect a narrow  v iew  of global environ­
m ental change, one that em phasizes cli­
m atic change to the exclusion of other, 
equally  significant com ponents o f  h u ­
m an-caused global change.

There are several com ponents to glob­
al change that are w idely recognized as 
being caused by  the explosive grow th of 
industry  an d  agriculture in the past two 
centuries. These include the increasing 
concentration of carbon dioxide in the at­
mosphere, alterations to the global bio­

geochemical cycle o f nitrogen an d  other 
elem ents, the production and release of 
persistent organic com pounds such  as 
th e  ch lo ro fluorocarbons, w id esp re ad  
changes in land use an d  land cover, and 
the  hu n tin g  a n d  harvesting  of natu ra l 
anim al populations. To this list w e  add
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Figure 3. Invasive  sa ltced ar (tam arisk) trees have  d isp laced  the  native  flo ra  in  m an y  so u th w este rn  riv e r  cou rses in  th e  U n ited  States. T h e  species is 
be lieved  to  increase  so il sa lin ity  an d  to lo w e r  th e  w a te r  tab le .

another com ponent— the  introduction of 
n o n -n a tiv e  sp e c ie s  to  h a b ita ts  an d  
ecosystems that w ere previously isolated 
from each other. To varying degrees each 
of these com ponents p lays a  role in en­
hancing the greenhouse effect o r  reduc­
ing  th e  e a r th 's  b io lo g ica l d iv e rs ity  
(through the extinction of genetically dis­
tinct populations o r  species).

Invasions Are E veryw here 
U ntil recently the  w o rs t effects o f  bio­
logical invasions w ere largely consid­
ered  to  b e  restricted to  oceanic islands. 
But i t  is becom ing increasingly appar­
e n t th a t n o n -n a tiv e  sp e c ie s  a re  also  
abundan t on  the  continents. A ttaching a 
num ber to the m agnitude o f  these conti­
nental invasions is not alw ays an  easy 
task, however. Two different investiga­
tors m ay cite d ispara te  num bers of in­
troduced species for a particular region. 
This m ay be d u e  to differences in the de­
finition of "introduced species," the geo­
graphic boundaries used for the assess­
m ent or the year in  which the study  took 
place. Even so, the results of different 
studies alm ost alw ays suggest that the 
sca le  of th e  c o n tin e n ta l in v a s io n s  is 
m uch larger than is w idely supposed.

C onsider the ex ten t o f  the  invasions 
o n  the  basis o f som e coun tries w here 
reasonab le data exist. A ustralia, C ana­
d a  an d  the  U nited  S tates each harbor 
m o re  th a n  1,500 sp e c ie s  o f in v a s iv e  
n o n - n a t iv e  p la n ts .  (C a lifo rn ia  a n d  
F lorida lead  the  continental U.S., each 
w ith  close to  1,000 invasive in troduced 
species of plants.) F lora of m any  E uro­
p ean  coun tries h av e  several h u n d red  
in tro d u ced  species, a n d  South  Africa 
a lo n e  su p p o r ts  n ea rly  800 species of 
non -native  p lan t invaders.

A s a proportion  of the  total flora and 
fauna in  a  particular country, the non ­
native species m ay com prise anyw here 
from  a  few  percent to m ore than  20 p e r­
cent of the total num ber. Rem ote islands 
tend  to have a  relatively greater propor­
tio n  o f  n o n -n a tiv e  sp e c ie s , o f te n  as 
m uch  as 50 percent o f the total number.

A n o th er general tendency  is tha t the 
to tal num bers o f  in v ad in g  in troduced  
species a re  greater for p lan ts  than  for 
anim als. This is p artly  because the in ­
troduction  of an im al species (w ith the 
exception of insects) typically  requires 
a  g rea ter degree of pu rposefu l hum an  
in tervention . This is especially tru e  for 
b ird s a n d  fishes. N onetheless, isolated

is la n d s  o ften  h a v e  m ore n o n -n a tiv e  
species o f  fish than  native fishes. Even 
m any  con tinen tal areas, such  as C ali­
forn ia , E u ro p e  an d  Brazil, h av e  rela­
tively large n u m b ers  of non-native fish 
sp e c ie s . S im ila rly , n o n -n a tiv e  b ird s  
h av e  es tab lished  w ild  p o p u la tio n s in 
m any  p a rts  of th e  w orld. H ere  again , 
th e  p ro p o rtio n  o f  non -n a tiv e  species 
ten d s to  b e  g rea ter on  islands than  on 
th e  continen ts. N evertheless, n o n -n a ­
tive  av ian  species can  be qu ite  a b u n ­
d a n t on  the  con tinen ts— consider the  
w id esp re ad  a n d  a b u n d a n t E u ro p ean  
h o u se  sp a rro w  an d  the E uropean  s ta r­
ling  in N o rth  America.

P arks as C anaries
O ne w ay  to  assess the extent o f the bio­
logical invasions in  a particular region is 
to take a  closer look a t parks an d  bio­
logical preserves. These habitats gener­
ally  rep resen t the least d istu rbed  areas 
o f land  in  a  country. A form er director 
o f the U.S. N ational P ark  Service cham ­
p ioned  the concept tha t the p a rk  lands 
are an  environm ental analogue of m in­
e rs ' canaries— relatively  p ris tin e  sites 
w here th e  extent of large-scale environ­
m ental changes m ight be evaluated.
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F igure  4. N u m b ers  o f n a tiv e  an d  n o n -n a tiv e  sp ec ies  o f  b re e d in g  b ird s  an d  fresh w ate r fish  are  
sh o w n  here fo r  se lec ted  reg io n s o f the  w orld . (Sources: a  - H o lc ik  1991; b  - M cG in n is  1984; c - 
C ourtenay, H ensley, Taylor an d  M cC ann  1984; d  - M oyle  1986; e  - M acd o n a ld , K ruger an d  Ferrar 
1986; f -  W elcom m e 1981; g  - N o m u ra  1984; h  - E rdm an 1984; i - S tone  a n d  S to n e  1989; j - Mc- 
D ow all 1984; k - J o n s s o n  1993; 1 - l o n g  1981; m  - R oberts 1985; n  - S ick  1993; o  - P aterson  1972; p  - 
R affaele 1989; q  - K in sk y  1980; r - H iguch i, M in to n  an d  K atsura  1995.)

A n exam ination  of floristic lists re­
veals tha t anyw here  from  5 to 25 p e r­
cen t of the vascular p lan ts  in the U nit­
ed  S ta te s  re s e rv e s  a re  n o n -n a tiv e  
species. F or the  m ost p a r t th e  in tro ­
duced  species pose  little o r no  threat to 
native species o r  ecosystems. T here are 
so m e im portan t exceptions, how ever. 
F ire-prom oting grasses (such as cheat- 
grass) h av e  invaded  several sem i-arid  
areas, tam arisk  is p revalent in  m a n y  ri­
p a r ia n  h a b i ta ts  o f th e  S o u th w e s t,  
Melaleuca is ram pan t in the w etlands of 
th e  F lo rid a  E v e rg la d e s , a n d  p u rp le  
loosestrife dom inates w aterw ays in  the 
N o rth e a s t a n d  M idw est. P la n t in v a ­
s io n s  a lso  th re a te n  n a tiv e  b io ta  in  
H aw aiian  reserves, w here the  percent­
age of non -n a tiv e  species m ay  b e  as 
m uch  as 50 to 70 percent o f the  flora.

There are som e serious threats to U.S. 
parks from  an im al invasions as well, es­
pecially  ungulates. Feral p igs m a y  b e  
the single m ost dam aging  in troduction 
in the national parks and reserves o f  the 
U nited  States. The effects o f the  p igs on 
otherw ise undisturbed  areas are severe 
a n d  p e rv a s iv e  in  the  G re a t S m o k y  
M ountains N ational Park an d  in Hale- 
akala an d  H aw aii Volcanoes N ational 
Parks. In H aw aii the pigs m ake a signif­
icant contribution to the dispersal of in­
vading  plants. O ther harm fu l invaders 
in c lu d e  fe ra l g o a ts  in  H a w a ii (now  
largely  rem oved), feral b u rro s  in  the 
G rand  C anyon an d  other southw estern  
parks an d  m ountain  goats in  O lym pic 
N ational Park.

The consequences o f  invasion by sev­
eral fish species in to  the  aq u a tic  an d  
w etland ecosystem s on  the continental 
U.S. are as severe as m any  island inva­
sions. In the stream s of Sequoia-Kings 
C anyon N ational Park, for exam ple, in­
tentionally in troduced  brook trout and 
brow n trout have displaced the native 
rainbow  trout. In o th e r parks, the intro­
d u c tio n  o f  b ro o k  t ro u t an d  ra in b o w  
trou t in  w aters that w ere originally bar­
ren  o f  f ish  h a s  g re a tly  re d u c e d  the  
n u m b e rs  o f  n a tiv e  in v e rteb ra te s  an d  
am phibians. In  th e  G reat Smoky M oun­
tains N ational P ark  th e  introduction of 
rainbow  trou t th reatens the existence of 
na tive  brook  tro u t popu la tions. Even 
the relatively pristine w aters o f Glacier 
N ational Park have been  largely com ­
prom ised by the in troduction  of fish in 
th is century.

T he in tro d u c tio n  of non-native  in ­
se c ts  a n d  m ic ro o rg a n ism s  h a s  a lso  
w orked  havoc on  the forests o f the U.S. 
p a rk s  a n d  re se rv e s . T h e  w h ite  p in e  
b l is te r  r u s t  a n d  th e  b a ls a m  w o o lly  
adelg id , w hich  w ere  costly to com m er­
cial fo restry  for m a n y  years, are now  
d e v a s ta t in g  th e  p a rk s .  B oth  w e re  
b ro u g h t to  the U nited States nearly 100 
y ears  ago on n u rse ry  stock  from  E u­
rope . W hite  p in e  b lis te r  ru s t attacks 
five-needled  p ines a n d  is now  killing 
su g a r  p ines in  th e  forests of Yosemite 
a n d  S equoia-K ings C anyon  N ational 
Parks. W hitebark p ine  trees are also be­
in g  h it h a rd  th ro u g h o u t th e ir  en tire  
range— few er than  10 trees in  100,000

are  ru s t resistant. Since the seeds of the 
w h ite b a rk  p in e  a re  a n  im p o r ta n t  
source of food for the grizzly  b ea r  and 
o th e r an im als, the  dec line  of th e  tree 
m a y  h av e  severe consequences for the 
w ild life  in  G lacier, Y ellow stone an d  
G rand  Teton N ational Parks. T he bal­
sam  w oolly  adelgid  attacks tru e  firs o f 
the genus Abies, causing d ea th  w ith in  2 
to 7 years by  chem ical dam ag e an d  by 
feed ing  on the p la n t's  vascu lar tissue. 
This sm all cottony insect is particularly  
d am ag in g  to  th e  F raser fir, w h ich  is 
found  only  in  the  sou thern  A ppalach i­
a n  M o u n ta in s  (p rim a rily  w ith in  the 
h ig h  e lev a tio n s  of the  G re a t S m oky  
M ountains N ational Park). Since 1963 
th e  a d e lg id  h as  k ille d  n e a r ly  every  
adu lt (cone-bearing) fir tree in the  park.

C onsequences of Invasions
M any  invasions are reflections of other 
changes ra th e r  than  ag en ts  o f change 
them selves. F or ex a m p le , in v a d in g  
plants that only occupy roadsides thrive 
in these circum scribed habitats. These 
p la n ts  canno t b e  regarded  a s  serious 
threats to  native biological diversity ex­
cept w here ecological restoration is a t­
tem pted . M oreover, so m e in troduced  
species a re  beneficial to h u m a n ity — it 
w ould  be impossible to support the pre­
sent population of the United States en­
tirely on  native plants and animals. H ow ­
ever, m any  in v a d in g  species d eg rad e  
h u m a n  health and wealth, w hereas oth­
ers affect the structure of ecosystems or 
the m aintenance of native biological d i­
versity'. We shall discuss an exam ple of 
each of these to illustrate som e of tire con­
sequences of recent invasions. For every 
exam ple w e discuss here, there are m any 
others that arc equally well docum ented 
an d  a t least as harmful.

N ew ly introduced species can act as vec­
tors o f disease. A recent exam ple  of an 
in troduced  d isease vector is the A sian 
tiger m osquito , la rvae  of w hich  w ere 
b rough t in to  the U nited S tates in  used 
autom obile tires tha t w ere im ported  for 
retreading an d  resale. Two earlier intro­
ductions of the  tiger m osquito  in  sh ip­
m ents o f m ilitary  tires had failed to  be­
co m e  e s ta b lish e d . W ith  th e  re c e n t 
g ro w th  o f  co m m erc ia l tire  im p o r ts ,  
how ever, the  im porta tion  of m o sq u i­
toes has also increased. (In 1986, 6.8 of 
ever}' 10,000 tires w ere  in fested  w ith  
m osquito  larvae.) The Asian tiger m os­
q u ito  firs t b ecam e es tab lish ed  in  the 
U nited States in the 1980s, a n d  by  1992 
the m osquito had  sp read  th roughout 25 
states. In its na tu ra l range, the m osqui­
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F igure  5. Z ebra  m u sse ls  clog the  m u n ic ip a l a n d  com m ercial w ate rw o rk s in the  G reat L akes re­
g io n . S ince  th e ir  in tro d u c tio n  to  N o rth  A m erica in th e  la te  1980s, th e  zebra  m u sse ls  have  spread  
th ro u g h o u t th e  w aters in  the  G reat Lakes. H ere a  w ate r je t is  used  to  clear zebra  m u sse ls  from  the 
w a lls  o f  a  p u m p  room  in  a  D etro it p o w e r  sta tion .

to  is a vector of d en g u e  fever an d  other 
h u m a n  a rb o v iru s e s . In  th e  U n ite d  
States the m osquito  can  feed on  m ost 
m am m als an d  b irds a n d  is a vector for 
eastern  equine encephalitis, an  often fa­
tal viral infection of peop le as well as 
horses (C raig 1993).

Biological invasions can be expensive. 
N o n -n a tiv e  spec ies  can  affect crops, 
r a n g e la n d s  an d  co m m erc ia l fo rests , 
costing m illions of dollars annually  in 
lost yields an d  expensive efforts to con­
trol the invasions. Biological invasions 
can also b e  especially costly to develop­
ing  econom ies, w h ich  typ ically  have 
sm aller m arg ins for dealing w ith  a d d i­
tional costs.

O ne p rim e exam ple is the  go lden  a p ­
ple snail (Pomacea canaliculata) in  A sian 
rice ecosystem s. T he snail w as original­
ly b rough t from  South  Am erica to Tai­
w an  to p rov ide a  supp lem ental source 
of p rotein  an d  to increase th e  export in­
com e o f  sm all rice farm s. Its benefits 
p ro v ed  to  be illusory. The local people 
find the snail distasteful—-a recipe call­
ing for "w ash ing  in a  v inegar solution 
r e p e a te d ly  to  re m o v e  m u c u s  a n d  
slim e" m ay explain  why. M oreover, the 
snail export m arket w as  closed because 
of health  concerns. A t the  sam e time, 
both the  environm ental an d  econom ic 
costs  o f im p o rtin g  the  g o ld en  ap p le  
snail have been  very  high. Snail p o p u ­
lations g row  rapidly, consum ing young 
rice p lan ts  as they  sp read  th roughou t 
irrigation  canals. D espite the outcom e 
of snail in troduction  in  Taiwan, the  en ­
trep ren e u rs  w h o  o rig ina lly  im ported  
the  sn a il s im p ly  e x p o rte d  it to  o th e r 
co u n trie s . As o f  to d a y  the  sn a il h as  
sp read  th roughou t m ost of the Far East 
an d  sou theastern  Asia.

Tire life history of the snail invasion in 
tire Philippines can be traced in the  titles 
of publications over the span  of a  few  
years. A  1986 article , "G olden  K uhol 
p ro paga tion  g o o d  source  of incom e," 
prom ises econom ic opportunity, w here­
as a 1988 report, "The distribution and 
control o f the introduced golden snail in 
the Philippines," hints a t the need for re­
straint, and a 1989 article, "Tire golden 
app le  snail: A  serious pest o f low land 
rice in the Philippines," docum ents the 
costly tu rn  of events. Rosam ond N aylor 
of S tanford U niversity has recently eval­
uated the econom ic costs o f tire snail in­
vasion in the Philippines. In 1990, the to­
tal cost to  farm ers w as betw een  $27.8 
million an d  $45.3 m illion, including the 
costs o f  p ick ing  th e  rice by  h a n d , re ­
p lan ting  des troyed  crops a n d  control­

ling the snail w ith  m ollusddes and the 
loss o f crop yields. This am ounted  to 25 
to  40 percent o f w h a t the  P h ilipp ines 
spen t oir rice im ports in  1990. It repre­
sents just one year's  dam age in one of 
m any infested countries.

Invaders alter ecosystem processes. In­
vaders d o n 't  s im p ly  consum e o r  com ­
p e te  w ith  n a tiv e  sp e c ie s— th e y  can  
ch a n g e  the  ru le s  o f ex istence fo r all 
species by altering ecosystem  processes 
such  as p rim ary  productiv ity , decom ­

position , hydrology, geom orphology , 
n u trie n t cycling o r  na tu ra l d istu rbance 
reg im es. In v ad e rs  th a t affect each of 
th ese  processes a re  know n. O n e d ra ­
m atic  exam ple is the invasion of the n i­
tro g e n -f ix in g  tre e  M yrica  ja y a  in to  
H aw aii Volcanoes N a tio n a l P ark . Be­
ca u se  th e  se e d s  o f  th is  tree  a re  d is ­
p e rse d  b y  a  v a rie ty  of b irds, the tree 
can easily  sp read  to n ew  sites created 
b y  v o lc a n ic  e ru p tio n s .  T h e  c o n s e ­
q u en ces fo r th e  n a tiv e  p la n t life are

F ig u re  6. A s ia n  lig e r  m o sq u ito  e n te re d  tb e  U n ite d  S ta te s  b y  w ay  o f  im p o rte d  au to m o b ile  
tire s  in  th e  1980s. By 1992 th e  sp e c ie s  h ad  sp re a d  th ro u g h o u t 25 s ta te s . H e re  a  m o sq u ito  
re s ts  on  a h u m a n  arm .
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profound. U sually  the g row th  of native 
p lan ts in y o u n g  volcanic sites is lim ited 
b y  the  p o o r  availability  o f  n itrogen  in 
the  soil. W ith  th e  in troduction  of M yri­
ca, h o w ev e r, th e re  m a y  b e  a  r a p id ,  
fourfold  increase in the  am o u n t o f bio­
logically  ava ilab le  n itrogen  a d d e d  to 
the  soil. This alters the  p la n ts  a n d  soil 
organism s th a t can  th rive  in  the new ly 
fo rm ed  v o lcan ic  h ab ita ts . A s  it h a p ­
pens the  species th a t d o  w ell in  these 
altered  hab ita ts a re  non-native o rgan­
ism s. In  essence, a n  in v as io n  b y  o n e  
species ch an g es the  com position  an d  
the  dynam ics o f  a n  en tire  ecosystem .

Invasions reduce biological diversity. The 
e a s te rn  d e c id u o u s  fo re s ts  o f  N o rth  
Am erica a re  a  d iv e rse  ecosystem  tha t 
appear to be as resistant to biological in­
vasions as any. A lthough these forests 
w ere cleared extensively in  the 1800s, 
they have recovered substantially in  this 
century. The scientific com m unity  has 
p u t a  g rea t d ea l o f  effort in to  u n d e r­
s ta n d in g  v a r io u s  a s s a u lts  on  th e se

forests, includ ing  th e  effects o f climatic 
change, the  increased concentrations of 
atm ospheric C 0 2, acid rain an d  oxidant 
a ir  pollution. H ow ever, by  far the great­
est p e rtu rba tions in  th is cen tu ry  have 
invo lved  repeated  w aves o f  invad ing  
pests an d  diseases (Sinclair, Lyon and 
Johnson 1987). Som e pests, such  as the 
g y p sy  m o th , c o n su m e  a  v a r ie ty  o f  
species, an d  their full effects on  forest 
diversity are not yet know n. O ther m ore 
specialized pathogens in the eastern for­
est h av e  v irtua lly  elim inated the  once 
do m in an t A m erican chestnu t a n d  the 
A m erican  elm . O th er species tha t are 
declining because of new ly in troduced 
insects an d  diseases include th e  Am eri­
can  beech , m o u n ta in  ash , b u tte rn u t, 
eastern  hem lock, flow ering  dogw ood 
an d  su g a r  m aple (Langdon a n d  John­
so n  1992, C am pbe ll a n d  S ch larbaum  
1994). We p red ic t th a t th e  invasion of 
non-native species will continue to  be 
the  g rea test th rea t to the  d iv e rsity  of 
these forests in the  foreseeable future.

G lobal C hanges Interact
T he recogn ition  th a t b iological in v a ­
sions a re  a com ponent o f global change 
leads one to ask  how  the  m ovem ent of 
sp e c ie s  m ig h t in te ra c t w ith  o th e r  
changes tak ing  place on  a  w o rld w id e  
scale. It seem s likely that each com po­
nen t o f change interacts w ith  o thers to 
vary ing  degrees. W e are far from  u n d er­
s ta n d in g  th e  d y n a m ic  a m o n g  all o f 
these com ponents, bu t the ultim ate con­
sequences m ay go  beyond sim ple ad d i­
tive effects. H ere w e introduce som e ex­
am ples o f  how  tw o of these com ponents 
m ight interact w ith  changes in  the d is­
tribution of p lan ts an d  animals.

Changes in land use can promote inva­
sions. T he h u m a n  species is n o w  the 
prem ier agent o f ecological d isturbance 
on  the  planet. We have no t m erely in­
creased the  frequency a n d  in tensity  of 
d is tu rb a n c e s ; w e  h a v e  a lso  c re a te d  
landscapes th a t a re  un like an y th in g  in 
th e  e v o lu t io n a ry  h is to ry  o f  m a n y  
species. T he altera tion  of na tu ra l d is­
tu rbance  reg im es o ften  p rom otes the 
invasion of species tha t w ou ld  o ther­
w ise no t b e  fo u n d  in  a  region.

C o n s id e r  th e  in te ra c tio n  b e tw e e n  
land use  an d  the  invasion of fire-pro­
m o tin g  g ra sse s . M a n y  g ra sse s  from  
Eurasia and Africa have spread th rough­
o u t the arid  and sem iarid  ecosystem s of 
th e  A m ericas, A ustralia an d  O ceania, 
w here they increase the frequency and 
the  intensity of fires. They also threaten 
tropical d ry  forests, and they are a major 
im pedim ent to the restoration a n d  re­
forestation of cleared lands (D 'A ntonio 
an d  Vitousek 1992).

In itia l d is tu rb a n c e s  su c h  a s  la n d  
clearing (often w ith  fire) allow  the  inva­
sio n  of th e se  g ra sse s . T he in v a d in g  
grasses no t only  provide m ore fuel for 
the  fire; they also create a  microclim ate 
th a t favors an  increase in  the frequency 
o f  fires . In  tu rn , fires se lec t a g a in s t  
m any  na tive  species an d  fu rthe r p ro­
m ote the  spread of fire-adapted grasses. 
The result is a  positive-feedback system  
tha t p e rp e tu a te s  low -diversity  sh rub- 
lands an d  savanna.

External d istu rbances are no t alw ays 
required to  set th e  cycle in m otion. In 
som e cases the  invasion of grass alone 
can increase the probability of fire by  in ­
creasing the load of fuel in an  area. (This 
h a p p e n e d , fo r exam ple , in  H aw aiian  
w oodlands.) It is also possible th a t the  
ready  availability of forage grasses that 
w ithstand  grazing  an d  drough t condi­
tions can  p rom ote  land-use change. In 
M exico th e  conversion  of m illions of
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Figure 7. Invasive spread  o f the  go lden  ap p le  snail (red) th rea tens the  rice crops o f several countries 
in  S outheast A sia. T h e  sna il w as in itia lly  in troduced  to  T aiw an from  A rgen tina  in  1980 as a  po ten­
tia l source o f  p ro te in . W ith in  10 years it h a d  spread  north  to  the  K orean  p en in su la  a n d  so u th  to In ­
donesia. Ironically, th e  sn a il n o t on ly  consum es a  significant p roportion  o f  th e  a n n u a l rice crop, it 
h a s  failed to  b e  a  pa la tab le  source o f p ro te in  in  the  A sian d iet. T h e  sna il h a s  p roved  to  b e  a  costly 
experim ent in  the  red istribu tion  o f  a  species. (A dapted  from  R. L. Naylor, in  press.)
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h e c ta re s  o f  th e  S o n o ra n  w o o d la n d  
desert to m onocultures of African buffel 
grass has occurred in less than a  decade. 
Sim ilarly the  d ry  an d  m esic forests o f 
C entral an d  South  Am erica have been 
replaced by  grazing-tolerant (and  fire- 
re sp o n s iv e )  A frican  p a s tu re  g rasse s  
(Parsons 1972).

Perhaps th e  m ost dram atic an d  well- 
d o cu m en te d  exam ple of a cyclic rela­
tionsh ip  betw een  a n  in troduced  grass 
an d  th e  increased  incidence o f  fire is 
the  in v as io n  o f  E u ro p ean  chea tg rass 
in to  N o r th  A m eric a . T h is  a n n u a l 
sp e c ie s  in v a d e d  s h ru b  a n d  s te p p e  
hab ita t in  the  G reat Basin, w hich  w as 
previously  dom ina ted  by  native sh rubs 
an d  p eren n ia l grasses. A fter the inva­
sion of cheatgrass the  frequency of fires 
has increased  from  abou t once every  
80 years to every  4  years o r  so. A lm ost 
5 m illion  hectares of land in Id ah o  and 
U ta h  a re  n o w  n e a r ly  m o n o sp e c if ic  
s tan d s  of cheatg rass (W hisenant 1990).

T he su p p re ss io n  of n a tu ra l d is tu r ­
bances by h u m an  activity can also  p ro ­
m o te  th e  in v a s io n  o f  n o n -n a tiv e  
species. This is especially true  in  aqua t­
ic ecosystem s, w here  rep roduction  is 
o ften  sy n c h ro n iz ed  w ith  na tu ra l d is­
tu rbance cycles. The dam m ing  an d  im ­
p o u n d m e n t of m ost o f the  rivers in the 
U n ited  S tates is correlated w ith  th e  in ­
v a s io n  o f  n o n -n a tiv e  sp e c ie s  in to  
rivers, s tream banks a n d  floodplains. It 
is a lso  associated  w ith  the rap id  con­
version  of species-rich riparian  forests 
to sp e c ie s-p o o r s ta n d s  o f  n o n -n a tiv e  
species. F or exam ple, p rio r to th e  con­
struction  o f  the  large netw ork  of dam s 
th a t  c o n tro l th e  C o lo ra d o  R iver, its 
floodplain  forests w ere dom inated  by 
n a tiv e  co tto n w o o d  a n d  w illow . W ith 
the construction  of dam s, the  g ro u n d ­
w ate r tables have d ro p p ed  a n d  the  in­
te rm itten t floods tha t scoured the  river 
banks have ceased. As a  resu lt th e  cot­
tonw oods an d  th e  w illow s have been 
largely replaced by  introduced saltcedar 
(tam arisk).

T he fragm entation  o f  n a tu ra l habi­
ta ts  w ith  th e  en c ro ach m en t o f fa rm  
lan d s an d  u rb a n  developm ent has also 
e n co u rag ed  th e  sp read  o f  non-native 
species. U rban  forests an d  p arks repre­
sen t an  increasing percentage of o u r re­
m a in in g  n ear-na tu ra l hab itat a n d  are 
often  p rim e  areas for new ly in troduced 
p lan ts  a n d  anim als. This is p artly  b e ­
cause th e  international traffic in cities is 
o ften  th e  ro u te  by  w hich a non-native 
species is in troduced to a  country. H av ­
ing  estab lished  them selves in these en­

v ironm ents, the  non-native species can 
th e n  sp re a d  in to  le ss-u rb an  hab itats. 
T h e  g y p sy  m o th  firs t b ecam e e s ta b ­
lish ed  in  a n  u rb a n  fo rest a n d  su b se­
q u en tly  sp read  th roughou t th e  eastern  
U nited  States, w here  it is now  a major 
forest pest (Liebold, M acD onald, Berg- 
d ah l an d  M astio  1995). O u tb rea k s  of 
non -native  fungal path o g en s a re  also 
m ore com m on  in  frag m en ted  forests 
close to  u rb an  areas.

Invasions promote extinction. The ex­
tinction of genetically distinct p o p u la ­
tions m ay b e  the least reversible o f all 
global changes, an d  there is clear evi­
d en c e  th a t  b io log ica l in v a s io n s  co n ­
tr ib u te  su b stan tia lly  to  an  increasing  
rate o f extinction. As of 1991,44 species 
of fishes in the continental U nited States 
w ere threatened o r  endangered  by the 
introduction of non-native fishes. O f the 
40 fish species know n to  h av e  gone ex­
tinct since 1890, 27 w ere negatively  af­
fected by the  in troduction o f  non-native 
fishes (Wilcove an d  Bean 1994).

A lth o u g h  the na tive  species on  is ­
lan d s a n d  in aquatic ecosystem s have 
historically suffered the m ost from  the 
introduction o f  non-native species (w it­
ness the  rap id  ex tirpation  of the  entire 
native forest-bird popu la tion  on  G uam  
d u e  to  th e  in tro d u c e d  b ro w n  tree  
snake), the  po ten tia l fo r invasion-dri­
ven  ex tin c tio n s  o n  th e  c o n tin e n ts  is 
substan tia l. O n e  w ay  to  es tim ate  the 
p o te n tia l for ex tinction  on  the  co n ti­
nen ts  is to  apprecia te  the rela tionsh ip  
b e tw een  species d iversity  an d  hab ita t 
area . F o r ex am p le , o n  m a n y  is lan d s  
a n d  iso la te d  h a b ita ts  th e  n u m b e r  of 
av ian  species present is linearly  rela ted  
to  th e  logarithm  o f the  land area tha t 
supports  them  (Preston 1960). If th is re­
la tio n sh ip  is  ex trap o la ted  to  in c lu d e  
the  to tal area of land  on  the  ea rth , the 
projected  n u m b e r of av ian  species is 
substan tia lly  less than  the actual n u m ­
ber. T h e  d iffe ren ce  com es a b o u t b e ­
cause isolated hab itats can  su p p o rt e n ­
tirely d ifferent g ro u p s  of birds. If these

Figure 8. Eggs o f  th e  g o ld e n  a p p le  sn a il (pink) c luste r on  rice p lan ts  in  S ou th east Asia.
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F igure  9. G rass in v a s io n s  can  in itia te  an d  m ain ta in  a  g rass-fire  feedback  system  th a t p rev en ts  th e  regenera tion  o f  na tive  w oody  species over large 
areas o f th e  p lanet. T h e  cycle can  b e g in  a fte r  the  p u rp o sefu l lan d  c lea rin g  o r  a fte r  "n a tu ra l"  in v as io n s  o f  w o o d lan d  o r  sh ru b la n d  b y  in troduced  
grasses. (A dapted  from  D 'A n to n io  an d  V itousek  1992.)

iso lated  areas w ere  to be b ro u g h t into 
contact w ith  each other, som e species 
w ou ld  eventually  b e  lost th ro u g h  com ­
petition, p redation  o r  disease. Regional 
distinctiveness begets g lobal diversity.

O n e  o f  u s  (W e stb ro o k s) a n d  co l­
leagues app lied  th is  approach  to calcu­
la te  the potential for extinctions result­
ing  from  biological invasions. Based on 
know n  species-area relationships an d  
the  nu m b er of m am m alian  species pre­
sen t on each continent, they calculated 
tha t a  single supercontinent com prising 
a ll the  la n d  area on  the  ea rth  w ou ld  
support about 2,000 m am m alian species. 
In fact the earth  su p p o rts  ab o u t 4,200 
species of m am m als. This analysis im ­
p lies tha t the  com plete b reakdow n  of 
biogeographic barriers m igh t result in 
the  ev en tu a l ex tinction  of m ore  than 
half o f th e  ea rth 's  m am m alian  species.

We th ink  tha t es tim ating  the  po ten ­
tial for extinction w ith  species-area re­
lationships is as valid  as estim ates that 
a re  based  on  the loss a n d  fragm enta­
tion of habitats (W ilson 1992). This ap ­
proach  is also su p p o rte d  by  paleobio- 
iogical evidence. A bout 3 m illion years 
ago N o rth  an d  S ou th  A m erica becam e 
connected by  the  Isthm us of P anam a, 
w hich allow ed a m assive exchange of

p lan ts an d  an im als across the  tw o  con­
tinents. The resu lt w as asym m etrical: 
A lthough som e South A m erican m am ­
m als  (n o tab ly  th e  o p o ssu m ) crossed  
the  isthm us, m a n y  m ore N o rth  A m eri­
can m am m als sp read  in to  th e  S ou th ­
ern  H em isphere. The invasion  o f  the  
N orth  A m erican m am m als w as associ­
ated  w ith  a  significant increase in the 
extinction ra te  for the native m am m als 
o f  S o u th  A m erica  (M arsh a ll, W ebb, 
Sepkow ski a n d  R aup  1982).

W hat C an Be D one?
In o u r  a ttem p ts  to convince o thers of 
the significance of biological invasions 
w e have ru n  in to  tw o  m ajor obstacles. 
First, there is a  belief that invasions rep ­
resent a natural process tha t has alw ays 
been a part of evolutionary history. The 
second is a feeling tha t the ease of travel 
a n d  th e  c o n tin u e d  e x p a n s io n  of th e  
global econom y will m ake it im possible 
to  prevent invasions.

It is  o f  co u rse  tru e  th a t  in v a s io n s  
(lik e  ex tin c tio n s)  h a v e  a lw a y s  b een  
w ith  us. W hat d iffe rs  n o w  is  th e  in ­
creased rate o f the invasions, w hich  is 
so large as to rep resen t a d ifference in 
kind ra th e r than degree. For exam ple, 
until recently all o f the insects o n  the

H aw aiian  Islands arose from  a  success­
fu l co lon iza tion  by on e  g ro u p  o r  an ­
o th e r every  50,000 years o r  so. Recent­
ly , h o w e v e r , a b o u t 15 to  20 in sec t 
species becom e estab lished  on  the is­
lan d s every y ea r  (Beardsley 1979). Sim­
ilarly, in  easte rn  N o rth  A m erica, there 
is only  o n e  know n instance in the  post­
glacial p as t (w ith in  abou t 10,000 years) 
in  w hich  a  species o f tree (the  eastern  
h em lo ck ) d ec lin e d  o v er m uch  o f  its 
range  in  a  w ay  th a t is consistent w ith  
an  a ttack  by  a  pa thogen  (Davis 1981). 
Yet several species o f  A m erican trees 
h av e  b een  d ev a s ta ted  by  in tro d u ced  
p a th o g en s  in th e  p a s t cen tu ry  alone. 
Both exam ples suggest tha t recent in ­
vasions a re  very  d iffe ren t from  those 
of the past.

It is true that stem m ing the tide of bio­
logical invasions poses a huge challenge 
to the ingenuity  of hum ankind. But it is 
not hopeless. A  large part o f the  task is 
sim ply convincing o u r  colleagues, stu­
dents an d  the public a t large that it is a 
problem  w o rth y  of o u r  best efforts. A 
greater aw areness of the issues increases 
the likelihood that citizens will respond 
in  a  positive way. In som e respects this is 
already being  achieved a t a local level in 
California, H awaii and Florida. Here the
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prevention of biological invasions is b e­
com ing p o p u la r  as county councils con­
sider th e  creation o f  em ergency funds for 
th e  control o f invasive species to  assure 
the  p ro tec tio n  of biodiversity, the local 
lifestyles a n d  the tourist industry. Ulti­
mately, reducing tire extent o f biological 
invasions m ay  prove to be as rew arding 
as red u c in g  th e  ra te  o f fossil-fuel con­
sum ption— w hile being  less of a  threat 
to econom ic g row th  an d  lifestyles.

T he legal fram ew ork  concern ing  the 
contro l a n d  q u ara n tin e  of p la n ts  and 
an im als also  n eed s  im provem ent. Ex­
is tin g  la w s  a n d  po lic ies  su c h  as the  
F edera l N ox ious W eed A ct of 1974, the 
N on ind igenous A quatic N uisance Pre­
ven tion  a n d  Coxrtrol A ct o f  1990 an d  
th e  L ac ey  A ct can  b e  en fo rc e d  a n d  
s t r e n g th e n e d . G iv en  a re a so n a b le  
am o u n t o f pub lic  support, in te lligen t 
n e w  app roaches can be devised. M ore­
over, concerned  an d  inform ed citizens 
can  partic ipa te  personally  by  recogniz­
ing  incip ien t invaders an d  p reventing  
them  from  spreading. The concept of 
th ink ing  globally and acting locally a p ­
plies well to stopp ing  biological inva­
sions. N o  o ther form  of g lobal change 
offers educated  an d  dedicated in d iv id ­
u a ls  su c h  an  o p p o rtu n ity  to  m a k e  a 
lasting difference.
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Figure 10. N u m b er o f m am m alian  species in  a  g iven  area o f lan d  is d e p e n d e n t on  th e  iso la tion  o f 
th ese  sp ec ies fro m  each  other. I f  th e  ea rth 's  lan d  m asses w e re  u n ite d  in to  a  s in g le  su p e rco n lin en t, 
the  to tal area  o f la n d  (m ore than  10* sq u a re  k ilom eters) is  p ro jec ted  to  su p p o rt ab o u t 2,000 
species o f m am m als (Wire clot). H ow ever, there  are ab o u t 4,200 m am m alian  species on ea rth  (red 
dot). T h e  au th o rs  su g g est th a t the  cu rren t g eo graph ic  iso la tio n  o f  th e  ea rth 's  species prom otes 
an d  m a in ta in s  b io lo g ica l d iversity . By tra n sp o r tin g  o th e r  sp e c ie s  across n a tu ra l g eo g rap h ic  
b o u n d a rie s , h u m a n  b e in g s th rea ten  to  reduce th e  d iv e rs ity  o f  life  o n  the  earth . T h e  pro jec ted  to ­
tal n u m b e r  o f  m am m alian  species is  based on  surveys [black d o ts)  sh o w in g  a lin e a r  re la tionsh ip  
b e tw een  the  n u m b e r  o f species in  a  reg ion  an d  A e  lo g a rith m  o f  th e  area  o f lan d  in  th e  region. 
(A dap ted  from  w o rk  by  A. Launer o f th e  C en te r fo r C o n se rv a tio n  Biology, S tanford  University.)
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Figure 11. The grow th o f industry  an d  agricu ltu re  in  th e  p as t 200 yearn h a s  p ro m o ted  at least six id e n tif ia b le  co m p o n e n ts  (m idd le raw ) o f  g lobal en ­
vironm ental change. To varving deg rees these  c o m p o n en ts  a lte r  th e  ea rth 's  c lim ate and  reduce Ule p la n e t 's  b io lo g ica l d iversity . A g en era l n o tio n  of 
the  m agnitude o f these effects [arrow thicknesses) can  b e  estim ated , b u t  the  in te rre la tio n sh ip s an d  th e  sy n e rg is tic  effec ts o f  a ll six  co m ponen ts h av e  

yet to  b e  fully  appreciated. (A fter V itousek 1994.)
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