
‘barcodes’ for the identification of individ-
ual bacterial species. Bacterial identities are 
simultaneously assigned through monitor-
ing by spectral imaging and classification of 
microbes in the images using a machine-learn-
ing algorithm. HiPR-FISH bypasses the previ-
ous financial constraints by simplifying the 
encoding sequence to cheaply synthesized 
DNA sequences and requiring only ten differ-
ent types of fluorophore.

Using an automated program to delineate a 
multitude of single cells in a dense crowd, Shi 
and colleagues used HiPR-FISH to locate and 
determine the species identity of individual 
bacteria in samples from the mouse gut and 
in samples of oral microbes in human plaque. 
These different microbial ecosystems are both 
examples of bacterial communities that can 
contain hundreds of distinct species. 

This demonstration of a previously impos-
sible level of analysis of complex communi-
ties using single-cell level mapping, enables 
the quantitative study of bacterial spatial 
organization, such as the determination 
of the distance between specific microbial 
species residing in a host. Such high-res-
olution data are important to answer key 
questions concerning the behaviour of 
microbial communities, such as who inter-
acts with whom, and where those interactions 
take place. Interactions are theoretically 
possible between microbes in close spatial 
proximity, so HiPR-FISH opens a new era in 
the study of microbial ecology by enabling 
micrometre-scale mapping of the spatial dis-
tance between hundreds of microbial species 
in complex communities. 

Shi et al. assessed the distance between 
different bacterial species normally resident 
in the mouse gut and measured how these 
distances changed after antibiotic treatment. 
Such therapy is known to alter the assort-
ment and abundance of bacterial species in 
the gut11. The largest distance changes due 
to antibiotic treatment observed by Shi and 
colleagues were between Oscillibacter and 
Veillonella, which are microbes that are both 
individually associated with health benefits 
in the human gut12,13. Whether and how these 
bacteria interact functionally remains to be 
uncovered. However, the fourfold increase 
in spatial distance between these bacteria 
after antibiotic use raises the possibility 
that the antibiotic treatment might disrupt 
an interaction that aids the host. Identify-
ing such interactions and deciphering the 
underlying mechanisms will boost our under-
standing of how microbial communities 
respond to, and recover from, environmental 
perturbation.

By shedding light on microbial biogeogra-
phy, this work charts new paths for exploring 
microbial interactions in complex ecosys-
tems. Exciting next steps to anticipate include 
the elucidation of mechanisms by which 

environmental disturbances alter bacterial 
spatial organization, and how altered organi-
zation affects community function. For exam-
ple, how does antibiotic exposure result in an 
increase in distance between Oscillibacter and 
Veillonella? Is the spatial proximity between 
specific bacteria important for community 
recovery after disturbances such as antibiotic 
exposure? 

Finally, expanding on this technology to 
access the spatial organization of transcrip-
tional responses would enable maps to be 
generated that reveal the spatial gradients of 
bacterial species and their functions. These 
future applications will truly revolutionize 
our understanding of complex microbial 
communities and the spatial diversity that is 
so fundamental for life.
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Human activities have increased the amounts 
of reactive nitrogen compounds — forms of 
nitrogen that can be used by organisms for 
growth  — in the environment. The result-
ing overabundance of reactive nitrogen has 
far-reaching consequences for ecosystems, 
climate, and human health and well-being1. 
Fertilizers are the largest global source of 
anthropogenic nitrogen inputs2, and so inten-
sive efforts have been made to reduce nitrogen 
transport from agricultural land to ground and 
surface waters, but with mixed results. On 
page 625, Cheng et al.3 report that sources of 
river nitrogen pollution in the United States 
are often spatially separated from existing 
wetlands (Fig. 1), which can remove nitrate 
from water, and show that wetland restoration 
targeted to nitrate sources would yield sub-
stantial benefits for downstream water quality.

The beneficial effects of wetlands on water 
quality are well documented, and wetlands 
are widely used both in urban and rural set-
tings to remove pollution arising from human 

activities4. The biogeochemical conditions in 
wetlands particularly favour the removal of 
nitrate, which is often the dominant form of 
nitrogen pollution in water. However, the 
global area of wetlands has reduced dras-
tically over the past two centuries5,6, and 
losses continue despite greater protections 
being established. The need for wetland 
restoration is clear, but it is difficult to cal-
culate the potential contributions that res-
torations could make to nitrate removal for 
large water catchment areas by scaling up the 
effects of individual wetlands. This is because 
water-quality outcomes are highly sensitive 
to the geographical distribution of wetlands 
relative to that of nitrogen sources7–9.

Cheng et al. tackle this problem by combin-
ing an inventory of US wetland distribution 
with models of nitrogen transport. Their analy-
sis affirms — with much greater precision than 
was possible in past studies — that remnant and 
restored wetlands in agricultural areas have 
a disproportionately large role in mitigating 

Biogeochemistry

Making the most of 
wetland restorations
Jacques C. Finlay

Wetlands remove nitrate pollution from water effectively. 
An analysis shows that this effect is constrained in the United 
States by the distribution of wetlands, and could be increased 
by targeting wetland restoration to nitrate sources. See p.625
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river nitrogen pollution. Without these wet-
lands, the negative impacts of nitrogen pol-
lution on coastal zones and on many inland 
waters would be much worse.

The authors then develop scenarios for 
expanding wetland coverage in the United 
States, taking into account the large mis-
alignment between current wetland distri-
butions and regions that have high nitrogen 
levels in water run-off. They estimate that an 
aggressive strategy that increases wetland 
area by 10% in agricultural areas that have the 
highest nitrogen run-off would almost dou-
ble nitrogen removal by wetlands, compared 
with current levels. Such a restoration effort 
would be costly, requiring investments of sev-
eral billions of US dollars annually to convert 
a modest amount of productive farmland to 
wetlands. However, as Cheng et al. discuss, 
current conservation spending is probably 
similar in magnitude, and so reprioritizing 
funds to target nitrogen sources more effec-
tively could help to pay some of the costs. The 
study makes a compelling case for better use 
of conservation investments to deal with the 
stubborn problem of nitrogen pollution. 

Many other challenges remain to be 
addressed before large-scale expansion of 
wetland restoration could begin. A more com-
prehensive accounting of the benefits, and 
of other costs, is needed to fully understand 
the economic implications of restorations 
along the lines described by the authors. For 
example, wetlands provide other important 
ecosystem services such as sequestering 
atmospheric carbon, supporting biodiversity, 

and reducing flooding and stream-bank ero-
sion6. Thus, the benefits of wetland restoration 
would extend to other ecosystem services. 

However, wetland disservices, such as the 
release of greenhouse gases10, could offset 
some of these benefits. Continued efforts 
to reduce the transport of agricultural pol-
lutants that cannot be effectively removed 
by wetlands, such as phosphorus, will also 
be necessary. Finally, substantial policy and 
legal uncertainties regarding US federal rules 
governing water management on private land11 
must be resolved to overcome barriers to con-
servation efforts. Despite these challenges, 
Cheng and colleagues’ work describes a way 
forward to achieve long-standing, but elusive, 
US policy goals.

The authors point out that the increasing 
availability of data and modelling tools will 
create further opportunities to use wetland 
restorations effectively within individual 
river catchment areas. For example, the ben-
efits of a downstream wetland might be less 
if an upstream wetland has already reduced 
the amount of incoming nitrate; Cheng et al. 
could not address this effect in depth in their 
nationwide study, but detailed studies at 
smaller scales (see refs 9 and 12, for example)
could help to further optimize the placement 
of restored wetlands to maximize the benefits 
for nitrate removal and other services13.

The costs of large-scale wetland restoration 
are sure to be a challenge given increased eco-
nomic pressure on US farming from global 
competition, trade policies and climate shifts. 
However, the lack of progress in meeting goals 

for reducing nitrogen pollution, and the like-
lihood that such pollution will worsen in a 
warming world, mean that new approaches are 
needed. Cheng and colleagues’ findings make 
a compelling case for a renewed emphasis on 
wetland restorations in the catchment-scale 
management of agricultural land. By identi-
fying current mismatches between sources 
and sinks of nitrogen pollution in the United 
States, the authors provide a road map for 
more effectively unleashing the potential of 
wetland restoration to help solve water-quality 
problems. 
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Figure 1 | Restored wetlands in the South San Francisco Bay Area. Cheng et al.3 report that wetland restoration targeted to the regions of the United States that 
contribute most to nitrate pollution could have a big effect on environmental water quality.
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