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Abstract. W orldwide increases in hum an and  wildlife diseases have challenged ecologists 
to  understand  how large-scale environm ental changes affect host-parasite  interactions. One o f 
the m ost p rofound  changes to  E arth ’s ecosystems is the alteration  of global nu trien t cycles, 
including those o f phosphorus (P) and  especially nitrogen (N). A long w ith the obvious direct 
benefits o f nu trien t application  for food production , anthropogenic inputs o f N  and  P can 
indirectly affect the abundance of infectious and  noninfectious pathogens. The mechanism s 
underpinning observed correlations, however, and  how such patterns vary w ith disease type, 
have long rem ained conjectural. Elere, we highlight recent experim ental advances to  critically 
evaluate the relationship between environm ental nu trien t enrichm ent and  disease. G iven the 
interrelated nature o f hum an and  wildlife disease emergence, we include a b road  range o f 
hum an and  wildlife examples from  terrestrial, m arine, and  freshw ater ecosystems. W e examine 
the consequences o f nu trien t pollution on directly transm itted , vector-borne, complex life 
cycle, and  noninfectious pathogens, including W est Nile virus, m alaria, harm ful algal bloom s, 
coral reef diseases, and  am phibian  m alform ations.

O ur synthetic exam ination suggests th a t the effects o f environm ental nu trien t enrichm ent on 
disease are complex and  m ultifaceted, varying w ith the type o f pathogen, host species and  
condition, attributes o f the ecosystem, and  the degree of enrichm ent; some pathogens increase 
in abundance whereas others decline o r disappear. Nevertheless, available evidence indicates 
th a t ecological changes associated w ith nu trien t enrichm ent often exacerbate infection and  
disease caused by generalist parasites w ith direct or simple life cycles. O bserved mechanism s 
include changes in host/vector density, host d istribution, infection resistance, pathogen 
virulence or toxicity, and  the direct supplem entation o f pathogens. Collectively, these 
pathogens m ay be particularly  dangerous because they can continue to  cause m ortality  even as 
their hosts decline, potentially leading to sustained epidemics or chronic pathology. We 
suggest th a t interactions between nu trien t enrichm ent and  disease will become increasingly 
im portan t in tropical and  subtropical regions, where forecasted increases in nu trient 
application will occur in an  environm ent rich w ith infectious pathogens. W e emphasize the 
im portance o f careful disease m anagem ent in conjunction w ith continued intensification o f 
global nu trien t cycles.

Key words: dead zones; eutrophication; global change; harmful algal blooms (H ABs); host-parasite
interaction; human health; nitrogen; zoonotic disease.

Despite m ajo r advances in hum an medicine, infectious 
disease rem ains the largest cause o f hum an m ortality

D i s e a s e  E m e r g e n c e  i n  E I u m a n s  a n d  W i l d l i f e  worldwide (W orld Elealth O rganization  2004). W hile
some pathogens have been elim inated or controlled, the
co m b in a tio n  o f  new ly em erging diseases an d  the
resurgence o f ex tan t diseases engenders an  annual
hum an death  toll o f ~ 1 2  m illion people. New diseases
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em erged, while significant increases in estab lished  
infections such as m alaria, tuberculosis, cholera, and 
measles have also occurred. Im portan tly , however, this 
trend  is no t unique to  hum an pathogens. Emergence of 
wildlife diseases has exhibited a  similar pa ttern  in recent 
decades, largely overturning the once-dom inant p a ra ­
digm th a t disease is no t an  im portan t cause of wildlife 
m ortality  (M ay 1988, D aszak et al. 2000, D obson  and 
Foufopoulos 2001). Examples are num erous and  include 
viral hem orrhagic septicemia virus (VHSV) in fishes, 
colony collapse disorder in honeybees, m ycoplasm osis in 
birds, toxoplasm osis in sea otters, and  chytridiomycosis 
in am phibians (D aszak et al. 2000, M iller et al. 2002, 
Lips et al. 2006). Emerging infections can sometimes 
lead to population  extirpations or even species extinc­
tions, particularly  w hen reservoir hosts, small host 
population  sizes, o r frequency-dependent transm ission 
are involved (de C astro and  Bolker 2005, K . F. Sm ith et 
al. 2006).

The parallel emergence of hum an and  wildlife diseases 
reflects the facts th a t (1) each have similar etiologies 
involving ecological changes in the environm ent and  (2) 
the division between m edical and  veterinary diseases is 
largely an  artificial one. M ost emerging diseases of 
hum ans are zoonotic, m eaning they involve anim al hosts 
a t some stage o f transm ission (Taylor et al. 2001, 
W oolhouse and  G owtage-Sequeria 2005). Consequently, 
patterns o f infection in hum ans are often linked to  the 
levels o f infection in wildlife, and  a tho rough  under­
standing o f disease emergence thus requires knowledge 
o f the ecological factors th a t influence hum ans, wildlife 
hosts, and  their interactions (N ational Research Council 
2001, Sm ith et al. 2007). A  growing num ber of examples 
illustrate the value o f an  ecological ap p roach  for 
understand ing  disease and  collectively suggest th a t 
b road  patterns o f emergence are best understood  by 
exam ining hum an and  wildlife populations concurrently 
(G uernier et al. 2004, Jones et al. 2008). H ere we adopt 
such an  approach  to  explore the relationships between 
environm ental nu trien t enrichm ent and  disease. R ecog­
nizing the parallel and  often in ter-related  patterns 
between pathogens of hum ans and  those o f wildlife, 
we do no t differentiate between m edical and  veterinary 
diseases, and  interweave examples o f each to  broadly 
examine the effects o f nutrients on diseases.

C h a n g i n g  N  a n d  P C y c l e s

H um an  activities have driven massive changes in the 
m ajo r biogeochem ical cycles, particu larly  those of 
nitrogen (N) and  phosphorus (P). F o r example, N  fixed 
via fossil fuel com bustion, fertilizer production , and 
cultivation o f N-fixing crops now  outpaces N  inputs 
from  all na tu ra l processes on the land  surfaces o f the 
planet com bined (G allow ay et al. 2004). Similarly, the 
extraction, refining and  application o f P fertilizer has 
amplified the natu ral P cycle by ab o u t two- to  threefold 
(H ow arth  et al. 1995, Bennett et al. 2001). The regional 
variation  in the acceleration o f these nu trien t cycles is

rem arkable. W hile some regions o f the w orld such as 
no rthern  C anada and  Siberia have seen little if any 
change, o ther regions such as w estern Europe, the 
northeastern  U nited  States, and  east A sia have seen 10- 
to  15-fold increases in nu trien t flows in rivers and  in the 
atm ospheric deposition o f nitrogen (H ow arth  et al. 
2005, H ow arth  2008). N u trien t use for hum an en ter­
prises has a  range o f effects on the E arth  system, bo th  
positive and  negative. F o r example, m ineral fertilizer 
p roduction  and  legume crop cultivation  fueled the 
G reen R evolution, significantly increasing crop yields 
th a t support growing hum an populations, decreasing 
m alnutrition , and  enhancing econom ic prosperity  (Smil 
2001, 2002, Sanchez 2002). O n the o ther hand, environ­
m ental N  loading can cause a  cascade o f negative effects 
(sensu Gallow ay et al. 2003), including declines in forest 
health  (Schulze 1989, A ber 1998), changes in species 
com position and  losses o f biodiversity (V itousek et al. 
1997, Stevens et al. 2004), eu trophication  and  loss o f 
h ab ita t quality in aquatic ecosystems (H ow arth  et al. 
2000, N ational Research Council 2000, Schindler 2006, 
V. H . Sm ith et al. 2006), acidification of soils (Hogberg 
et al. 2006), and  changes to  the chemistry and  radiative 
balance o f the atm osphere (Intergovernm ental Panel on 
Climate Change 2007). P  enrichm ent has a less diverse 
set o f consequences, bu t is a  m ajor driver o f aquatic 
eutrophication , particularly  in freshwaters (C arpenter et 
al. 1998, Schindler 2006, V. H . Sm ith et al. 2006). Thus, 
in spite o f the clear benefits to  hum ans o f the increased 
uses o f fertilizer N  and  P, the w idespread and  increasing 
use o f anthropogenic nutrients is also transform ing the 
state o f na tu ra l ecosystems and  the m yriad  services and  
functions they provide (Vitousek et al. 1997). H ere we 
explore the consequences o f such nu trien t enrichm ent 
for patterns o f disease in bo th  hum an and  wildlife 
populations.

N u t r ie n t  E n r ic h m e n t  a n d  D is e a s e

O ur understanding o f the effects o f nu trien t enrich­
m ent on patterns o f disease rem ains limited. D irect 
exposure to  nutrients (especially n itra te  ingestion via 
drinking w ater) can cause o r contribute to  pathology in 
hum ans and  wildlife, w ith examples ranging from  blue- 
baby  syndrom e (m ethyglobinem ia) to  rep roductive 
problem s to  various cancers (W ard et al. 2005). Increases 
in food production  associated w ith fertilizer usage can 
also reduce m alnutrition  and  enhance hum an health 
(Sanchez and  Sw am inathan 2005, Sm ith et al. 2005). O ur 
goal here, however, is to  explore the indirect effects o f 
environm ental nu trien t enrichm ent on diseases, which 
are often  ecologically com plex and  po ten tially  far 
reaching. B oth theoretical and  empirical studies suggest 
that, unlike m any stressors, nu trien t enrichm ent often 
enhances pathogen abundance (Lafferty 1997, Lafferty 
and  H olt 2003, Townsend et al. 2003, M cKenzie and  
T ow nsend 2007, Johnson and  C arpenter 2008). A n th ro ­
pogenic inputs o f nutrients to  the environm ent frequently 
correlate w ith increases in the prevalence, severity, or
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d istribution  o f infectious diseases in nature (Coyner et al. 
2003, R ejm ankova et al. 2006, Johnson et al. 2007, Voss 
and  R ichardson 2007). Postulated m echanism s for these 
linkages include changes in host abundance and  distri­
bution , shifts in pathogen virulence, o r changes in host 
susceptibility (see reviews by M cKenzie and  Townsend 
2007, Johnson and  C arpenter 2008).

However, in terpre tation  o f these correlations is often 
confounded by the fact th a t nu trien t enrichm ent is 
frequently accom panied by additional form s of environ­
m ental change (e.g., land use changes, chemical pollu­
tion, changes in species com position), precluding precise 
identification o f causal m echanism s. M oreover, levels o f 
nu trien t enrichm ent are infrequently m easured directly, 
m aking it difficult to  understand  the range o f enrich­
m en t values over w hich p a th o g en s will be m ost 
responsive. The problem  is fu rther confounded by the 
tendency o f nu trien t enrichm ent to  have non-linear 
effects on  ecological response variables, including 
prim ary production , decom position, hab ita t quality, 
food web structure, and  species diversity (D odson et 
al. 2000, H ow arth  et al. 2000, N atio n a l R esearch 
Council 2000). Thus, extremely high nu trien t inputs 
m ay induce different effects fo r host-pathogen  in ter­
actions relative to  low or m oderate levels o f enrichm ent 
(Johnson and  C arpenter 2008).

Recent experim ental research focused on the nu trien t- 
disease linkage offers new and  direct insights abou t the 
mechanism s underpinning observed field patterns. C ol­
lectively, these experim ents encom pass a  b road  range of 
hum an and  wildlife disease examples, including field and 
labora to ry  studies in m arine, freshwater, and  terrestrial 
ecosystems. O ur goal is to  highlight these recent ex­
perim ental advances and  use them  to  discuss general 
mechanism s linking nutrients and  disease. Recognizing 
th a t the effects o f nutrients will vary w ith the type of 
pathogen and  its m ode o f transm ission, we evaluate the 
effects o f nu trien t enrichm ent on directly transm itted  d is­
eases, vector-borne infections, complex life cycle p a ra ­
sites, and  noninfectious diseases. By synthesizing existing 
inform ation from  a range of systems and  transm ission 
m odes, we aim  to  elucidate how  nu trien t-m ediated  
changes in disease levels m ay affect hum an health, 
econom ic sustainability, and  wildlife conservation.

Direct horizontal transmission

Directly transm itted  diseases are caused by parasites 
th a t require only one type of host to  m aintain  the life 
cycle. They are usually transm itted  via direct contac t 
between hosts o r by the spread o f infective propagules 
(e.g., fungal spores, viral particles, eggs, cysts) in the 
environm ent. Examples include m any viruses, bacteria, 
fungi, protists, and  some m etazoan parasites. N u trien t 
enrichm ent is hypothesized to influence directly tran s­
m itted  parasites by (1) changing the density o f hosts 
(and  therefore  the parasite  transm ission  rate), (2) 
altering the du ra tion  o f infectivity by hosts (e.g., by 
increasing host survival), (3) exacerbating the pathology

associated w ith infection, o r (4) by directly o r indirectly 
providing additional resources to  the pathogen (Johnson 
and  C arpenter 2008). F o r example, M itchell et al. (2003) 
exam ined the response o f fungal foliar pathogens to  
experim ental N  deposition (as well as elevated carbon 
dioxide and  decreased p lan t diversity) on 16 species o f 
host plants, and  found  a significant increase in fungal 
disease severity in species th a t also displayed increased 
foliar N  content. The correlation between foliar N  and 
disease severity suggests th a t increased N  availability 
m ay benefit fo liar pathogens by p rom oting  higher 
infection establishm ent rates, lesion grow th (Sander 
and  Heitefuss 1998), and  spore p roduction  (Jensen and 
M unk  1997).

Some coral pathogens also respond positively to  
nu trien t enrichm ent, perhaps th rough  a  similar m echa­
nism. O utbreaks of disease in some coral reefs have been 
correlated w ith increases in nu trien t runoff (K im  and 
H arvell 2002, Sutherland et al. 2004), and  B runo et al. 
(2003) used time-release fertilizer pellets to  experim en­
tally evaluate the effects o f nu trien t enrichm ent on 
naturally  infected sea fans and  reef-building corals in 
situ. A dded nutrients nearly doubled the severity o f bo th  
aspergillosis and  yellow band  disease (YBD) and  the 
rate o f host tissue loss (Bruno et al. 2003). Voss and 
R ichardson (2006) used a  com bination  o f held and 
laboratory  experiments to  test the effect o f nu trient 
additions on black band  disease (BBD; Fig. lA ) in 
C aribbean corals. Their results also revealed the positive 
effects o f nu trien t additions on disease, w ith BBD 
progressing approxim ately 2.5 times faster in exper­
im entally exposed corals th an  in unm anipulated  controls 
(Fig. 2A). C orresponding labora to ry  trials confirmed 
th a t host tissue loss increased in a dose-dependent 
m anner w ith increasing n itrate (Voss and  R ichardson 
2006).

The mechanism (s) linking accelerated pathogen spread 
and  nutrient additions rem ain unclear. BBD, like YBD , 
is a  m icrobial consortium  of m ore th an  50 different 
heterotrophic bacteria, as well as some sulfide-oxidizing 
bacteria and  filam entous cyanobacteria (C arlton  and 
R ichardson 1995, Cooney et al. 2002), m aking its 
responses to  environm ental change difficult to  ascertain. 
The causal pathw ay could be similar to th a t observed for 
foliar p lan t pathogens discussed above, whereby nu ­
trients benefit the pathogen  by directly stim ulating 
grow th and  developm ent. G iven th a t Aspergillus infec­
tions are caused by a single pathogen and  th a t Voss et al. 
(2007) did n o t find BBD com m unity shifts in response to 
nutrients, the m echanism  o f direct resource benefits to 
the pathogen is plausible. Experim ents by Kline et al. 
(2006), however, suggested th a t the m echanism  m ay be 
indirect; elevated nutrients increase the production  of 
organic carbon (through prim ary production), which in 
tu rn  leads to  an  increased abundance of coral-associated 
m icrobiota and  in opportunistic parasitism . In  either 
case, these examples from  completely different systems 
(grasslands and  coral reefs) suggest the b road  potential
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F ig . 1. Representative diseases or hosts that respond to nutrient enrichment. (A) Black band disease (BBD), a directly 
transmitted disease, in reef-building corals (photo courtesy of USGS). (B) Vector-borne pathogens, such as malaria and West Nile 
virus, may be enhanced with nutrient enrichment owing to changes in mosquito production or larval habitat. (C) Complex life cycle 
parasites, including the trematode (Ribeiroia ondatrae) that causes limb deformities in amphibians, can increase in abundance or 
pathology due to changes in intermediate host abundance or parasite production (photo credit: P. Johnson). (D) Noninfectious 
diseases such as harmful algal blooms (HABs) may directly or indirectly cause a broad range of pathologies in human and wildlife 
populations (photo credit: P. Glibert).

for nu trien t enrichm ent to  enhance the availability of 
resources for some pathogens, thereby facilitating their 
ra te  o f spread and  the resulting host pathologies.

Indirect effects associated w ith environm ental n u ­
trien t enrichm ent can also enhance the pathology of 
directly transm itted  parasites. F o r example, hypoxia 
caused by eu trophication  can accelerate parasite spread 
and  enhance pathology. E ctoparasitic copepods and 
m onogenean parasites, which colonize the gills and  skin 
o f fishes, can accelerate asphyxiation in oxygen-starved 
fish, sometimes leading to  large die-offs (M oller 1987, 
K uperm an et al. 2001). Similarly, R obohm  et al. (2005) 
found th a t experim ental exposure to  m oderate hypoxia 
greatly accelerated death  in lobsters exposed previously 
to  pathogenic bacteria.

Indirect transmission: vector-borne

Ind irec t transm ission  o f  vecto r-borne  pathogens 
requires three com ponents: a  disease agent (parasite), a 
vector (often an a rth ropod  such as a m osquito), and  a 
host (Fig. IB). W hile an increase in nu trien t availability 
could conceivably affect any o f these com ponents,

published research has often focused on how  nutrients 
affect the vector, as vector abundance strongly affects 
overall transm ission. F o r example, changes in land use 
can alter bo th  the type o f hab ita t and  the am oun t o f 
food available for larval m osquitoes, w ith higher food 
resources enhancing the p ro duc tion  o f adu lts and  
increasing disease risk (Lawler and  D ritz 2005, M unga 
et al. 2006, Y anoviak et al. 2006). Recent w ork on 
m alaria  offers a particularly  compelling example o f the 
relationship between nu trien t enrichm ent and  the vector 
com m unity.

M alaria  has once again become a global killer, w ith 
an  estim ated 2 million hum an deaths per year, m ost o f 
w hich involve children under the age of five (W orld 
H ealth  O rganization  2004). U nderstanding the ecology 
o f this disease is therefore an  im portan t public health 
priority. Transm ission of m alaria  requires a p rotist 
parasite {Plasmodium  spp.), a  m osquito  vector, and  a 
prim ate host. The presence and  abundance o f m osquito 
larvae in aquatic habitats and  the resulting num ber o f 
adults capable o f m alaria  transm ission are regulated by 
a  variety of ecosystem processes operating a t several
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F ig . 2. Select examples o f how nutrient enrichment affects different types of disease conditions. (A) Effects o f experimental 
nutrient addition on black band disease in reef-building corals in the Bahamas; (reprinted from Fig. 2 in Voss and Richardson 
[2006], with permission of Springer Science+Business Media and the authors). (B) Influence of total nutrients (nutrient 
concentration multiplied by water volume) on survival of larval mosquitoes (Culex restuans) (from Reiskind et al. [2004], reprinted 
with permission of the Entomological Society of America). (C) Experimental nutrient additions (N and P) indirectly increased 
Ribeiroia infection in larval amphibians through changes in infected snail abundance and per capita parasite release (from Johnson 
et al. [2007], reprinted with permission of the National Academy of Sciences, USA). (D) Trends in nitrogen fertilizer use (solid line) 
and the number of red tides (dashed line) reported for Chinese coastal waters through the mid-1990s (sources: Smil [2001] for 
fertilizer use and Zhang [1994] for red tide abundance; from Glibert and Burkholder [2006], reprinted with permission of Springer 
Science-f-Business Media and the authors).

o rg an iza tio n a l levels an d  sp a tia l/te m p o ra l scales. 
A quatic plants (both  m icro- and  m acrophytes) provide 
protection  from  predators and  contribute detritus th a t 
supports the bacterial com m unity, which, in tu rn , serves 
as food fo r larval m osquitoes. A  change in any com ­
ponen t w ithin this com plex structure m ay have a 
substantial im pact on the m osquito  population  and 
can even lead to  a replacem ent o f one species w ith 
another. Since no t all m osquito  species are equally 
efficient in transm ission of m alaria, replacem ent o f a 
less efficient vector w ith a  m ore efficient one w ould 
increase the risk o f m alaria  transm ission.

A  series o f experim ental and  correlative studies in the 
m alaria-endem ic country  o f Belize have revealed the 
m echanistic linkages am ong nu trien t enrichm ent, w et­
land  vegetation, and  vector production. O ligotrophic, 
lim estone-based w etlands o f the C aribbean are strongly 
phosphorus (P) limited. In  w etland habitats, phospho­
rus-enriched runo ff from  agricultural lands and  hum an 
settlem ents causes a  replacem ent o f sparse m acrophyte 
(rush) vegetation w ith tall dense m acrophytes (cattail), 
w ith  im portan t consequences for the larval m osquito 
com m unity (Pope et al. 2005, R ejm ankova et al. 2008).

R ushes provide typical hab ita t for Anopheles alhimanus 
larvae, whereas cattails represent a typical hab ita t for A. 
vestitipennis, w hich is a  superior vector o f Plasmodium  to  
hum ans (Grieco et al. 2006, 2007). N utrient-m ediated  
changes in w etland p lan t com m unities can thereby lead 
to  the replacem ent o f A. albimanus by A. vestitipennis, 
increasing the risk o f m alaria  transm ission risk in the 
region (Achee et al. 2000). Indeed, recent spatial da ta  on 
m alaria  incidence showed a w eak bu t positive correla­
tion  between the d istribution  of cattail m arshes and 
num ber o f m alaria  cases in hum ans (K. Pope, unpub­
lished data).

O ther m osquito-vectored diseases m ay also respond 
positively to  nu trien t enrichm ent. F o r instance, follow ­
ing its in troduction  to  the U nited  States in 1999, W est 
Nile virus has spread rapidly across N o rth  America, 
adap ting  to  endemic m osquito  vectors in the genus 
Culex. Experim ental w ork has dem onstrated  a link 
between nu trien t enrichm ent and  breeding success o f 
Culex m osquitoes. R eiskind and  W ilson (2004) found 
th a t female Culex restuans oviposited m ore th an  ten 
times the num ber o f egg clutches in containers w ith 
added nutrients com pared to  contro l containers. Larval
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survival and  the m ean size of emerging adults were 
greater in higher nu trien t treatm ents com pared w ith 
controls (Fig. 2B; R eiskind et al. 2004). Similarly, in 
C alifornia rice fields, Lawler and  D ritz  (2005) reported  
th a t nu trien t enrichm ent th rough  incorporation  o f rice 
straw  led to  increased production  o f Culex tarsalis, 
ano ther im portan t vector o f W est Nile virus (Lawler and 
D ritz  2005). G iven the im portance of b o th  C. restuans 
and  C. tarsalis as vectors for W est Nile virus in the 
U nited  States, these da ta  suggest th a t nutrient-rich 
w ater bodies nearby to  hum an and  bird  populations 
could increase disease risk.

F o r  b o th  W est N ile virus an d  m alaria , n u trien t 
enrichm ent enhanced p roduction  of the necessary m os­
quito  vector, thereby increasing potential disease risk. 
Flowever, m osquito  species have diverse hab ita t require­
m ents for breeding and  larval developm ent, and  it is 
probable tha t, in o ther cases, com petent disease vectors 
will respond negatively to  nu trien t enrichm ent, under­
scoring the need for m ore experim ental studies th a t 
address species-specific ecological responses. M oreover, 
the im portance o f understand ing  n u tr ien t-m osqu ito  
interactions extends beyond m alaria  and  W est Nile virus; 
o ther w idespread tropical diseases vectored by m osqui­
toes include dengue fever, yellow fever, vector-borne 
encephalitis, and  B ancroftian filariasis, and  alm ost no 
studies have addressed the relative risk o f these diseases 
w ith respect to  land use change and  nu trien t enrichment.

Indirect transmission: complex life cycle

Parasites w ith complex life cycles require multiple 
hosts to  com plete their life cycles and  reproduce, 
frequently  a lternating  betw een free-living infectious 
stages (e.g., cercariae, zoospores, m iracidia) and  endo- 
parasitic forms. These life cycles are com m on to m any 
helm inths, such as trem atodes (flatworms), cestodes 
(tapeworm s), nem atodes (roundw orm s), acanthocepha- 
lans (spiny-headed worms), as well as some m yxozoans 
and  chytridiomycetes. Im portantly , because infection 
m ust progress sequentially am ong hosts, the parasites 
cannot generally reinfect the same hosts, as m ight occur 
w ith a  virus living inside its host. As a  result, the num ber 
o f parasites in a  host— w hich determ ines the risk of 
pathology— is a  function o f how  m any times the host 
has been independently infected (intensity-dependent 
pathology). Because complex life cycle parasites are 
sensitive to  changes in the d istribution  an d /o r abun ­
dance o f all required hosts, predicting the effects of 
environm ental change on infections is often challenging 
(Lafferty and  H olt 2003). D epending upon  the parasite’s 
specificity, the loss o f even one host species can 
effectively eliminate the parasite from  the system, even 
w hen the rem aining hosts persist. Field da ta  suggest th a t 
m any complex life cycle parasites (especially trem atodes) 
increase in abundance w ith low to m oderate levels of 
eu trophication  (Lafferty 1997, Johnson and  C arpenter 
2008). This often occurs because o f (1) increases in 
interm ediate host density following nutrient-m ediated

changes in prim ary and  secondary production  and  (2) an 
increased ability o f interm ediate hosts to  w ithstand 
infection under nutrient-rich conditions (i.e., decrease in 
parasite-induced m ortality). M any o f these parasites 
depend on invertebrate interm ediate hosts, such as 
snails, w orm s and  crustaceans, w hich can respond 
quickly and  strongly to  nu trien t inputs (Zander and  
R eim er 2002, Jo h n so n  an d  C arpen te r 2008). The 
resulting increase in infection can enhance disease and  
pathology in some host species.

Because of the difficulties inherent in m anipulating 
com plex life cycle parasites, experim ental research  
involving m ore than  one host species o r parasite stage 
in the life cycle are rare. However, a  recent com bination 
o f field surveys and  experiments suggest a  link between 
aquatic eutrophication  and  infection by the digenetic 
trem atode Ribeiroia ondatrae. Ribeiroia uses freshw ater 
snails as first interm ediate hosts, larval am phibians as 
second interm ediate hosts, and  birds as definitive hosts 
(Johnson et al. 2004). In  am phibians, Ribeiroia infection 
can cause high frequencies (>50% ) o f severe limb 
m alform ations, including missing, m isshapen, and  extra 
limbs (Fig. 1C; Sessions and  R u th  1990, Johnson  et al. 
1999, 2002). Such deformities, w hich are considered a 
m ajo r detrim ent to  am phibian  survival, are widely 
suspected to have increased in  recent decades (Johnson 
et al. 2003), bu t the reasons for the apparen t increase 
rem ain speculative. Previous field surveys suggested a 
link between w etlands w ith deform ed am phibians and  
n u tr ien t ru n o ff from  ag ricu ltu ra l fertilizers, cattle  
grazing, and  urbanization  (Johnson et al. 2002, Johnson 
and  Chase 2004). Johnson and  Chase (2004) hypothe­
sized tha t, by stim ulating algae grow th in w etland 
habitats, nu trien t runo ff enhanced the population  of 
herbivorous snails, providing greater interm ediate host 
availability for Ribeiroia.

Johnson et al. (2007) tested this hypothesis by m a­
n ipulating nu trien t inputs into a series o f ou tdoor 
mesocosms stocked w ith snails, larval am phibians, and  
parasites. E utrophication  indirectly increased infection 
th rough  changes in the aquatic food web. Experim en­
tally elevated nu trien t levels led to  an  increase in 
periphytic algal grow th, w hich enhanced grow th and  
reproduction  of snail hosts (Planorbella trivolvis). H igh­
er snail densities increased the likelihood th a t hatching 
parasites (m iracidia) successfully found a  snail host, 
thereby leading to  a larger num ber o f infected snails. 
Infected snails from  the high-nutrient condition  also 
produced, on average, twice as m any parasites per 24 
hours relative to  snails in the low -nutrient treatm ent, 
likely as a result o f higher food (algae) availability and  
lower m ortality  (Johnson et al. 2007). The com bination 
o f more infected snails and  a greater per snail release of 
parasites led to  a three- to  fivefold increase in am phibian 
infection (Fig. 2C), w hich is a direct p redictor o f disease 
risk (Johnson et al. 2007). O ther experiments have 
dem onstrated  similar increases in parasite production  in
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Illness Major vector Symptoms

Amnesic shellfish poisoning

Diarrhetic shellfish poisoning 
Neurotoxic shellfish poisoning

Paralytic shellfish poisoning

Cyanotoxin poisoning

Ciguatera fish poisoning

domoic acid from Pseudo-nitzschia sp. in shellfish

okadaic acid from Dinophysis sp. in shellfish 
brevetoxin from Karenia sp. in shellfish, aerosolized 

toxins
saxitoxin from Alexandrium sp. and other species 

in shellfish
microcystins and other toxins from Microcystis and 

other cyanobacteria in water 
gambiertoxins/ciguatoxins from Gambierdiscus sp. 

that accumulate in reef fish

short-term memory loss; vomiting, 
cramps

diarrhea, vomiting, cramping 
nausea, diarrhea, respiratory 

distress, eye irritation 
numbness around lips and 

mouth, respiratory paralysis, death 
skin irritation, respiratory irritation, 

tumor promotion, liver cancer, failure 
gastrointestinal distress, numbness 

around mouth, reversal o f hot and 
cold sensations, hypotension

response to  food quantity  and  quality  (Keas and  Esch 
1997, Sandland and  M inchella 2003).

Results from  various unplanned “na tu ra l” experi­
m ents fu rther support links between nu trien t enrichm ent 
and  elevated infection by complex life cycle parasites. 
F o r example, Coyner et al. (2003) found a  strong 
assoc ia tion  betw een sewage trea tm en t ru n o f f  and  
infection by the nem atode Eustrongylides ignotus, which 
can increase nestling m ortality  in w ading birds. Inputs 
o f N  and  P  were positively correlated w ith the density of 
first interm ediate hosts (a tubificid w orm ) and  w ith 
infection in second interm ediate hosts (mosquitofish). 
Following diversion o f the sewage and  a  corresponding 
reduc tion  in  n u trien t concen tra tions, infections in 
m osquitofish declined from  54% in 1990 to  0% in 1998 
(Coyner et al. 2003; see also W eisberg et al. 1986 and 
M uzzall 1999 fo r ad d itio n a l exam ples). Sim ilarly, 
sewage inputs into G ull Fake, M ichigan, were linked 
to  a  fourfold increase in infection o f mayflies by the 
trem atode Crepidostomum cooperi (M arcogliese et al. 
1990). D eep-w ater hypoxia caused by nutrient-m ediated 
eu trophication  o f the lake altered the d istribution  of 
oxygen-sensitive mayflies, forcing them  into shallower 
w ater and  into closer proxim ity w ith sphaeriid clams, 
w hich are the first interm ediate hosts o f Crepidostomum. 
A fter the lake’s sewage system was im proved in 1984, 
infection prevalence in mayflies declined by 70% within 
five years (M arcogliese et al. 1990), presum ably owing to  
the m ovem ent o f mayflies into deeper water.

Noninfectious diseases

Finally, environm ental nu trien t enrichm ent can influ­
ence levels o f noninfectious diseases. N oninfectious 
disease represents a b road  category of health  conditions 
ranging from  cancer to  hypoxia; etiological factors can 
include chemical exposure, tem perature, oxygen avail­
ability, and  biotoxins produced by algae, plants, fungi, 
and  bacteria. In  aquatic  systems, the m ost com m on 
noninfectious condition associated w ith environm ental 
nu trien t enrichm ent is hypoxia, w hich can result from  
nutrient-induced eutrophication. Excess fertilizer runoff 
in to  rivers and  coastal systems has been linked to  
expanding “dead zones” in the E a rth ’s oceans, w ith

serious consequences fo r fisheries p ro d u c tio n  and  
ecosystem process (see D iaz and  R osenberg 2008). 
U n like  w ith  in fec tious d iseases, the dynam ics o f 
“ p a thogens” responsible fo r noninfectious diseases 
m ay have lim ited or no dependency on the dynamics 
o f the species experiencing pathology. Some allergic 
diseases, for example, have exhibited substantial in ­
creases in recent decades, and  currently affect millions of 
peoples in developed countries (e.g.. Sly 1999). H igh 
pollen counts cause hayfever, allergenic rhinitis, and 
allergenic asthm a, and  for those already suffering from  
o ther pulm onary  ailm ents, these pollen-induced re­
sponses can be especially serious (N ational Institutes 
o f H ea lth  1993). Pollen counts have increased in 
m ultiple highly popu la ted  regions (e.g.. C lot 2003, 
Spieksma et al. 2003), for reasons th a t m ay be related 
clim ate change, shifts in species com position , and  
increased atm ospheric C O 2 and  environm ental nu trient 
enrichm ent (W ayne et al. 2002). Pollen production  in 
m any weedy species frequently  increases follow ing 
nu trien t enrichm ent (Fan  et al. 1995). F o r example, N  
fertiliza tion  caused substan tia l increases in  pollen 
production  o f ragweed, one of the m ost problem atic 
sources o f allergenic pollen (Tow nsend et al. 2003), and 
recent evidence suggests th a t pollen grains in polluted 
atm ospheres— to w hich reactive N  is an  im portan t 
con tribu tor— display an altered surface structure and 
chemistry th a t led to enhanced allergenicity (M ajd et al. 
2004).

Increased inputs o f nutrients into aquatic  ecosystems 
can also cause pronounced changes in harm ful algal 
bloom s (HABs), w hich are proliferations o f algae and 
cyanobacteria th a t can cause massive fish kills, m arine 
m am m al kills, contam inate seafood or drinking w ater 
w ith toxins, o r a lte r ecosystems in ways th a t are 
detrim ental (G libert and  Pitcher 2001, Backer and  
M cG illicuddy 2006). Algae produce a  wide range of 
toxins (Table 1) which m ay accum ulate in p redators and 
organism s higher in the food web, ultim ately affecting 
hum ans when seafood is consum ed, when toxin-laden 
aerosols are inhaled, or w hen contam inated  w ater is 
consum ed. Toxic syndromes include paralytic, amnesic, 
diarrheic, neurotoxic, and  cyanotoxic shellfish poison­
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ing, am ong others. Evidence is also m ounting th a t 
HABs can elicit subtle effects on fish and  wildlife (Fig. 
ID ). F o r example, dom oic acid, a  neurotoxin  produced 
by the d iatom  Pseudo-nitzschia spp., induces seizure and 
m em ory loss in  labo ra to ry  anim als (Tiedeken and  
R am sdell 2007). Toxins from  dinoflagellates can cause 
reproductive dysfunction in whales (e.g., D oucette et al.
2006), and  em bryonic deform ities in oysters (G libert et 
al. 2007a). In  addition , aerosolized red tide toxins can 
exacerbate resp irato ry  sym ptom s am ong asthm atics 
(M ilian  et al. 2007). E xposure to  pep tide toxins 
produced by cyanobacteria have also been suggested 
as contributing to  increased rates o f liver cancer in 
populations consum ing w ater from  nutrien t rich lakes 
(Grosse et al. 2006).

T hroughou t m any parts o f the w orld, m arine and 
freshw ater HABs are increasing in geographic extent, in 
dura tion  of occurrences, in num bers o f toxins and  toxic 
species identified, in num bers o f fisheries affected, and  in 
econom ic costs (A nderson  1989, H alleg raeff 1993, 
A nderson et al. 2002, G libert et al. 2005). W hile m any 
factors likely influence these increases, nu trien t runo ff in 
freshw ater and  m arine ecosystems is likely an  im portan t 
con tribu to r (N ational R esearch Council 2000, V. H. 
Sm ith et al. 2006). F o r example, in the G ulf o f M exico, the 
sedim entary record o f potentially toxic d iatom s {Pseudo- 
nitzschia spp.) has increased in parallel w ith increased 
n itrate  loading over the past several decades (T urner and 
R abalais 1991, Parson et al. 2002). Similarly, bloom s of 
toxic HABs off the coast o f C hina have expanded in  recent 
years in geographic extent (square kilom eters to  tens of 
square kilom eters), du ra tion  (days to m onths), and  in 
harm ful im pacts. These changes are strongly correlated to 
increases in fertilizer use over the past two decades (Fig. 
2D; A nderson et al. 2002, Z hou  et al. 2003, F i et al. 2009). 
M oreover, the Baltic Sea, A egan Sea, N orthern  A driatic, 
and  Black Seas have all experienced increased HAB 
occurrences in relation  to  nu trien t loading (e.g., Farsson 
et al. 1985, B odeanu 1993, M oncheva et al. 2001, Heisler 
et al. 2008).

Changes in the type of nutrients o r their relative 
p ro p o rtio n s  can  also influence the frequency and  
severity o f HABs. O ff the coast o f G erm any, time series 
analysis o f nu trien t concentrations over several decades 
has revealed th a t a  fourfold increase in the ratio  of 
nitrogen: silicate (N:Si) coincided w ith an  increase in  the 
HAB Phaeocystis (R adach et al. 1990). The specific 
form s o f available N  and  P, particularly  w ith respect to 
organic nutrients, also play an  im portan t role in the 
nu trition  of m any H ABs (G libert and  Fegrand 2006). 
F o r example, bloom s of the H AB species Aureococcus 
anophagefferens, w hich have been linked to  reductions in 
shellfish reproduction  (Tracey 1988, G allagher et al. 
1989), correlate w ith increases in organic com pared to 
inorganic loading (FaR oche et al. 1997, G libert et al. 
20076). O ther w ork has show n th a t nu trien t availability 
or com position m ay even alter the toxin content of 
individual species w ithout altering their to ta l abun ­

dance. F o r the d iatom  Pseudo-nitzschia australis, the 
form  of N  influences b o th  the grow th rate  as well as the 
toxin content. Cells grow n on urea, for example, had  
h igher levels o f the toxin, dom oic acid, relative to  those 
grow n on n itra te  o r am m onium  (A rm strong-H ow ard et 
al. 2007). Similarly, the toxin content o f urea-grow n cells 
o f the dinoflagellate Alexandrium  tamarense, which 
causes paralytic shellfish poisoning, was significantly 
h igher than  cells grow n on n itrate (Feong et al. 2004).

Sum m ary o f  nutrients and disease

W hile the effects o f nutrients vary w ith enrichm ent 
levels, the types o f host and  pathogen, and  the character­
istics o f ecosystems, the above examples illustrate th a t 
eu trophication  can have im portan t indirect effects on 
hum an and  wildlife diseases. R ecent experim ents have 
shed new light on the mechanism s underpinning the 
observed links between nu trien t enrichm ent and  disease. 
D epending on the m ode o f transm ission, these m echa­
nisms m ay affect the pathogen , the host, o r their 
in terac tion , and  include changes in the density  or 
d is tribu tion  o f suitable hosts/vectors, a lterations in 
physical h ab ita t, increases in  p aras ite  p ro d u c tio n , 
selection fo r m ore virulent o r toxic pathogens, and  the 
provisioning o f pathogens w ith supplem ental resources.

I t is im portan t to  note th a t the effects o f nu trien t 
enrichm ent vary am ong pathogens and  do no t always 
elicit higher disease risk; exacerbation of a b road  suite o f 
diseases does app ea r possible, b u t the decline o r 
e lim ination  o f  o thers is also  possible. M oreover, 
increases in parasite species richness o r abundance do 
n o t always reflect an  increase in disease risk, as disease is 
also a  function o f the host’s response to infection. 
C urren t evidence suggests th a t nu trien t inputs will favor 
generalist o r opportunistic pathogens w ith direct or 
simple life cycles. Im portan tly , however, because these 
pathogens are generalists w ith little dependency on the 
dynam ics o f any one host species, they m ay cause 
sustained epidemics or host extirpations w ithout suffer­
ing a reduction in transm ission. N oninfectious diseases 
such as HABs, pollen allergies, and  avian botulism  
represent the extreme position in this gradient in  th a t the 
dynam ics o f the “pathogen” (e.g., a  harm ful alga) are 
com pletely divorced from  the species experiencing 
pathology. Thus, declines in “hosts” do no t necessarily 
lead to  declines in the pathogen. Parasites w ith complex 
life cycles th a t depend on multiple, interacting species 
w ithin a  com m unity to  complete transm ission are often 
m ore sensitive to environm ental disturbance, as losses in 
any one host can reduce or eliminate the infection cycle 
(see H udson  et al. 2006). However, if interm ediate hosts 
are to leran t o f (or thrive under) elevated nu trien t 
conditions, such as some hypoxia-to lerant snails and  
tubificid worm s, infection and  pathology can respond 
positively to  inputs o f N  and  P. Such situations can lead 
to  increased disease w ithin o ther hosts in the life cycle 
(e.g., am phibian  m alform ations).
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A lthough m any examples discussed here focus on 
wildlife diseases, we argue th a t the same patterns, 
interactions and  controls are relevant for understanding 
the effects o f nu trien t enrichm ent on m any zoonotic 
hum an diseases. F o r example, as discussed for m alaria 
and  W N V, nu trien t runoff into freshw ater habitats can 
increase m osquito  oviposition, larval grow th rate, and 
a lter the vector com m unity to  favor disease transm ission 
in  hum ans. W hile vector abundance is an  im portan t 
p redictor o f disease transm ission, m ore w ork is needed 
to  definitively link  n u tr ie n t inpu ts w ith  in fection  
incidence in hum ans from  endemic areas. Similarly, in 
addition  to  affecting wildlife, H ABs can cause significant 
disease in hum ans and  costly econom ic losses. Collec­
tively, there are > 60000  incidents o f hum an exposure to  
algal toxins annually  in  the U SA, resulting in ~6500 
deaths (H oagland et al. 2002). Costs associated w ith 
public health, shellfish recalls, and  decreased tourism  
approach  US$50 m illion annually. (H ubbard  et al. 
2004). Finally, complex life cycle parasites o f medical 
a n d  veterinary  im portance  m ay  be influenced by 
changing nu trien t levels. In  livestock, the rum inan t liver 
fluke (Fasciola hepatica) has caused m ore th an  US$2 
billion in livestock industry losses (Boray and  M unro 
1998). Infected snail hosts respond strongly to  food 
quality  and  quantity , altering the ou tpu t o f infectious 
p aras ite s  by nearly  sevenfold over sta rved  snails 
(K endall 1949). Infections by some schistosomes (hu­
m an  b lood flukes), w hich continue to  afflict 200 million 
people in Africa, South  Am erica, and  Asia, have also 
been associated w ith increased algal grow th and  organic 
n itrogen in w etland habitats (G arcia 1972). Considering 
the strong response o f Ribeiroia infection to elevated 
nu trien t conditions and  the ecological parallels between 
the life cycles o f Ribeiroia and  Schistosoma, these results 
m ay have im portan t epidem iological implications.

A look to the fu ture

M any diseases th a t affect bo th  hum ans and  wildlife 
have increased in incidence or severity in recent decades, 
frequently  resulting  from  changes in the ecological 
in terac tions am ong a  pathogen , its hosts, an d  the 
environm ent in w hich they co-occur (D aszak et al. 
2000). The im portance o f incorporating  ecology into the 
study o f parasites and  em erging diseases has been 
em phasized w ith  increasing urgency in  recent years 
(N ational Research Council 2001, M illennium  Ecosystem 
A ssessm ent 2005). In  the ir synthesis o f the G rand  
Challenges in E nvironm ental Sciences, the N ational 
R esearch Council (2001) listed infectious disease as one 
o f the eight m ost pressing environm ental issues, advocat­
ing a “ systems-level” approach  to  understanding disease 
emergence. Nevertheless, the ecology o f zoonotic diseases 
is often rem arkably complex, rendering predictions o f 
their responses to  anthropogenic change notably  difficult 
(D aszak et al. 2000, Patz et al. 2004). Such challenges are 
exacerbated by the fact th a t hum an-induced changes to 
the environm ent rarely occur in isolation; for example.

nu trien t loading to  surface w aters is nearly  always 
com bined w ith substan tia l land  use changes in the 
su rrounding  w atersheds, w ith  concom itan t shifts in 
species abundances. Thus, parsing ou t the potential 
effects o f a single factor such as nu trien t loading is often 
a  tall order, one w hich typically requires controlled, 
m echanistic studies to begin the construction  of m ore 
prognostic models. F o r example, lim ited evidence has 
linked cholera to  coastal eu trophication  and  seasonal 
p lank ton  bloom s. The bacterium  responsible. Vibrio 
cholerae, can become concentrated in fishes, shellfishes, 
and  especially in biofllms on the surface o f crustacean 
zooplankton  (Epstein 1993, Colwell 1996). However, 
patterns o f hum an behavior, climate, and  ocean circu­
la tion  also influence infection  dynam ics, m aking  it 
difficult to  identify the relative im portance o f nu trient 
inpu ts (Colw ell an d  H uq  2001, R odo  et al. 2002, 
C ottingham  et al. 2003).

W e have sum m arized a  few experim ental studies th a t 
focused on nu trien t effects, bu t such experiments rem ain 
rare and  are thus a p riority  in advancing our ability to  
forecast the future o f bo th  hum an and  wildlife infectious 
disease (M cKenzie and  Tow nsend 2007, Johnson and 
C arpenter 2008). Based on the evidence to  date, we 
expect th a t environm ental nu trien t enrichm ent will 
rem ain an  im portan t factor in the etiology of hum an 
and  wildlife diseases for decades to  come. A lthough 
awareness and  technological innovations have slowed 
the problem  in some regions, ongoing patterns of 
atm ospheric deposition o f reactive nitrogen, losses o f 
w etland and  riparian  areas, increasing use of fertilizers 
in developing nations, growing livestock populations, 
and  an increasing hum an population  all suggest th a t 
eutrophication  will continue to  expand (M illennium 
Ecosystem A ssessment 2005). M oreover, even if the 
contributing  drivers are reversed, eu trophication  tends 
to  be a  persistent condition  because o f feedback loops 
and  the internal recycling o f nutrients (e.g.. C arpenter 
2005, V. H. Sm ith et al. 2006).

The disease-related outcom es of nu trien t enrichm ent 
are likely to  exhibit p ronounced regional variation. O ur 
growing understanding of spatial and  tem poral patterns 
in bo th  emerging infectious diseases (e.g., Jones et al. 
2008) and  in rapidly changing nu trien t cycles (Galloway 
et al. 2004) allows a focus on regionally targeted efforts 
th a t m ay pose the greatest risks. F o r example, in heavily 
industrialized regions such as the U nited  States, Europe, 
and  parts o f Asia, an thropogenic inputs o f N  and  P to  
the env ironm ent have been exceptionally  high for 
decades, resulting in ecosystems already dem onstrating 
significant change in response to  such disturbance. F rom  
the perspective o f hum an infectious diseases, the overall 
risk o f nu trient-d isease interactions m ay be lower in 
these tem perate regions simply because the diversity o f 
infectious diseases responsive to  nutrients is lower than  
th a t in tropical regions (e.g., G uernier et al. 2004). 
H ow ever, a  w arm ing climate and  global tran sp o rt 
systems continue to  increase the potential for a  suite o f
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vector tran sm itted  diseases to  expand  in to  higher 
latitude zones (Patz and  O lson 2006, Sm ith et al.
2007). N oninfectious diseases, including H ABs and  
pollen-based allergies, are already intensifying in tem ­
perate regions w ith ongoing nu trien t deposition. In  the 
short term , some of the m ost pressing threats from  
elevated  n u trien ts  m ay be to  w ildlife: in  heavily 
industrialized tem perate regions, m any critical habitats 
are already greatly reduced in size and  subject to  a  suite 
o f o ther disturbances from  invasive species to  acidic 
precipitation; here, increased disease prevalence from  
nutrien t loading m ay further complicate conservation 
efforts.

C onservation challenges are also rising in  tropical 
regions, w hich in recent decades have exhibited the m ost 
d ram atic increases in land  clearing and  industrialization. 
Following the precedents observed in higher latitudes, 
such changes are causing rap id  increases in the loading 
o f excess N  and  P to  the environm ent; over the next 50 
years, the tropical latitudes will see the m ost significant 
increases in fertilizer use and  atm ospheric deposition of 
N  (G alloway et al. 2004, D entener 2006). A t the same 
time, these regions support the highest diversity of 
hum an pathogens w ith the potential to  respond to 
nu trien t enrichm ent (see G uernier et al. 2004, M cKenzie 
and  Tow nsend 2007). G iven this high degree o f overlap 
in tropical regions, the potential for nutrients to  affect 
patterns o f hum an disease in the fu ture is predicted to  be 
very high (M cKenzie and  Tow nsend 2007). Some o f the 
m ajor plagues o f low latitudes, such as m alaria  and 
schistosomiasis, show w orrisom e signs o f elevated risk in 
m ore eutrophic conditions, suggesting th a t forecasted 
increases in environm ental nu trien t enrichm ent could 
incur increases in hum an disease risk. T aken as a  whole, 
the intersection o f a  high diversity o f hum an parasitic 
and  infectious diseases w ith rap id  changes in the en­
vironm ent, including those to  nu trien t cycles, suggests 
th a t some o f the greatest nutrient-driven risks to  hum ans 
from  infectious diseases are likely to be in low latitude 
countries. In  a recent analysis o f global trends in 
emerging infectious diseases, Jones et al. (2008) em pha­
sized bo th  the risks and  challenges o f the tropics by 
pointing ou t th a t no t only are such zones a  likely 
ho tspo t fo r emerging diseases of hum ans and  wildlife, 
bu t are also typified by poo r heath  infrastructures and 
lim ited reporting of disease outbreaks.

Thus, while a better understanding o f links between 
nutrients and  disease is needed on a global basis, we 
emphasize its particu lar im portance in tropical and 
subtropical Africa, Asia, and  L atin  A merica. All three 
co n tin en ts  co n ta in  reg ions experiencing  explosive 
grow th and  developm ent, while still contending w ith 
ram pan t poverty, w idespread environm ental damage, 
and  a huge disease burden. W ithout question, increases 
in fertilizer application and  food production  in these 
regions will likely have substantially positive effects on 
hum an health  by reducing m alnutrition  and  im proving 
quality  o f life. However, a  significant concern lies w ith

the unintended side effects o f such efforts: will increases 
in the alteration  o f environm ental nu trien t concentra­
tions incur and  increased risk of disease? Ecologists, 
epidem iologists, and  agronom ists are collectively chal­
lenged to  determ ine (1) under w hat conditions nu trien t 
enrichm ent will enhance disease risk and  (2) through 
w hat strategies agricultural intensification can be ac­
com panied by careful m anagem ent o f disease-related 
outcomes.
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