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Abstract

The use of geoengineering techniques for phosphorus management offers the promise of greater and quicker chemical

and ecological recovery. It can be attractive when used with other restoration measures but should not be considered a

panacea. The range of materials being proposed for use as well as the in-lake processes targeted for manipulation

continues to grow. With increasing political imperatives to meet regulatory goals for water quality, we recommend a

coordinated approach to the scientific understanding, costs, and integration of geoengineering with other approaches to

lake management.
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Introduction

Lakes are vulnerable to human impacts because of the
links to their catchments and the sensitivity of biotic
communities to changes in hydrology, water chemistry,
and morphometry. As well as being globally important
habitats, lakes provide ecosystem services such as water
supply, recreation, commercial fisheries, angling, conser-
vation, and amenity, many of which have long been under
pressure from changes in both the catchments and the

lakes themselves. Lakes, and the freshwater system in
general, are also important in the maintenance and
regulation of global biogeochemical cycles (e.g., carbon,
nitrogen), and local human impacts may collectively have
implications on a wider scale.

A range of pressures, competing requirements, and the
complexity of these systems complicate the management
of lakes. First, improving lake quality to retain or restore
lake ecosystem services to achieve local goals, especially
in amenity, conservation, and angling, may differ from the
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greater goals of meeting national and regional policy re-
quirements (van der Veeren and Lorenz 2002). Second,
targets for improvement reflect the time scales of the
public, government, and administrators, while ecological
problems and their solutions often operate over longer
periods. Third, there is an inherent tension between food
production and economic activity in the catchment and
ecological quality in downstream waters. Finally,
catchments and their freshwater systems are complicated
and, in some cases, scientific evidence to support the most
effective course of action is unclear.

An attractive solution to these problems is the use of
geoengineering, defined here as the deliberate manipula-
tion of lake processes using natural and engineered
amendments to induce a desired chemical or ecological
outcome. It offers the promise of rapid effects, although
the wisdom of its use in isolation is questionable. Given
the deadlines imposed by environmental legislation for
improving water resources, such measures have received
increasing attention, resulting in a growing “green
industry”’; however, the approach is contentious, being
criticised by some as a distraction when better understand-
ing of the management of extrinsic pressures on lakes is
most critical.

Using a set of simple questions, we highlight the
conflicts and points of consensus on the use of geoengi-
neering in lake management and propose that use of geo-
engineering should be considered as part of a package of
measures following the high-level principles set by the
Convention on Biological Diversity (Secretariat of the
Convention on Biological Diversity 2004) as well as
following the guidance of the United Nations Environment
Programme (UNEP) on Water Quality for Ecosystem and
Human Health (UNEP 2007).

What does geoengineering do?

The premise of geoengineering in lakes is to manipulate
biogeochemical processes known to improve ecological
structure and function. It most commonly focuses on the
rapid reduction of phosphorus concentrations in the water
column, leading to reduction of phytoplankton biomass. In
shallow lakes, the approach is being tested as a means to
force a change in ecological state from a phytoplankton-
dominated, turbid state to a clear-water, plant-dominated
state through disruption of internal loading (Fig. 1). In
deeper lakes, where stratification occurs, materials can be
injected into the hypolimnion to target dissolved
phosphorus released from sediments but contained in
bottom waters by the thermocline.

Materials are commonly applied to the inflows, surface
waters, bottom waters, or sediments using a range of
slurry injection and spraying equipment. When added to

the water column, the materials strip out dissolved
phosphorus as they sink to the bed sediments, where they
may continue to act to reduce diffusion of dissolved
phosphorus from the lake bed to the water column (e.g.,
Robb et al. 2003, Reitzel et al. 2005, Pan et al. 20006,
2012a, Meis et al. 2012). The range of products used is
growing and includes engineered materials, commercially
available salts, modified local soils, and industrial
by-products (Hickey and Gibbs 2009). Substances are also
currently being developed to flocculate phytoplankton;
modify dissolved oxygen, carbon, and nitrogen concentra-
tions; and to encourage spread of desirable plants through
propagule dispersal (Pan et al. 2011a, 2011b, van de
Weyer et al. 2014). Manipulation of benthic bacterial
communities through increasing redox status, using
materials capable of delivering oxygen microbubbles, has
also been used (Pan et al. 2012b). Perhaps the most
widespread use of the approach, however, has been the
liming of lakes to reduce the effects of acidification
(Guhrén et al. 2007, Angelar and Goedkoop 2010).

The global market for geoengineering materials is
difficult to define because published data on the number
and size of treated lakes and ponds are limited. With
respect to phosphorus inactivation, however, about 50
lakes have been treated with aluminium-based compounds
in the United States over the last 5 years (B. Huser, pers.
comm.), while in 2013, Phoslock, a lanthanum-modified
bentonite clay product, was added to at least 30 lakes
across the world (S. Yaseri, pers. comm.), and modified
local soil materials were used in several waterbodies in
China (G. Pan, pers. comm.).

Why is the approach attractive?

Interest in the use of geoengineering in lakes is increasing,
partly owing to looming deadlines of several environmen-
tal policies. In Europe, the European Union (EU) Water
Framework Directive (WFD) has made achieving envi-
ronmental objectives (by default “good status”) for
waterbodies by 2027 a legal requirement. In addition, the
EU Bathing Waters Directive calls for “real-time” targets
to meet public health standards associated with potentially
toxic cyanobacteria. There are similar intentions on other
continents.

These tasks are challenging, and so are estimates for
the cost of meeting them using geoengineering (Fig. 2). In
addition to the WFD, the EU Biodiversity Strategy
includes targets to halt deterioration and achieve a
significant improvement in habitats and species covered
by the Habitats and Birds Directives by 2020 (European
Commission 2011). The Chinese government is planning
a national “10 target water program” (€240 million) to
improve water quality by 2020. In addition, under section
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Fig. 1. Alternative stable states in shallow lakes and action of geoengineering products to disrupt stabilising feedback mechanisms.

DOI: 10.5268/1W-4.4.769 Inland Waters (2014) 4, pp. 349-356



352

Eleanor Mackay et al.

303d of the Clean Water Act, US states are required to
“list” impaired water bodies and develop maximum
allowable pollutant limits (e.g., phosphorus) to safely
meet water quality standards (Clean Water Act of 1972).
Pressure from these policies is likely to increase the
impetus for improvements in lake systems over the next
decade, although the likelihood of success is still
debatable (Moss 2008, Hering et al. 2010). In addition, the
European Commission is encouraging the creation of new
technologies through a pilot scheme designed to accelerate
market entry (the EU Environmental Technology Verifica-
tion Scheme). This scheme provides verified evidence that
innovative environmental technologies are credible, scien-
tifically sound, and perform as they claim.

Geoengineering promises quick results (days to years)
compared with the recovery times from reduction of
catchment nutrient load alone (years to decades; Jarvie et
al. 2013). It targets the internal nutrient source, which
reflects the historical pollution received by the lake, and is
the main driver behind self-perpetuating poor water
quality conditions following catchment management. The
approach appears relatively straightforward, where the
necessary dose is calculated from “available phosphorus”
pools in the sediment and the water column. Although
significant advances have been made in dose estimation
and product application in recent years (e.g., for
aluminium; Huser and Pilgrim 2014), significant
uncertainty still remains (Meis et al. 2013, Hamilton et al.
2014).

Experimental treatments with these materials, both in
situ and in the laboratory, may help in understanding lake
processes, in particular, measuring ecological resilience to
environmental change in lakes (Carpenter and Cottingham
1997, Batt et al. 2013, Carpenter et al. 2014). Ecological
responses caused by geoengineering may provide insight
into the feedback mechanisms that maintain shallow lakes
in their turbid, phytoplankton-dominated state or clear,
macrophyte-dominated state (Scheffer et al. 1993, Mehner
et al. 2008).

What are the problems and
risks associated with the use of
geoengineering?

“Quick fix” environmental management is not new, with
many examples of both successes and failures being
reported in the literature (Sterner et al. 2006). In addition,
“goal oriented” management is short-sighted, such as that
focussing solely on achieving phosphorus reductions
alone by arbitrary deadlines, with little consideration of
socioecological responses. Geoengineering risks being
viewed as a “silver bullet” to rapidly solve water quality
problems in lakes and to achieve legal compliance without
proper consideration of whether sustained ecological
improvements can be achieved. Geoengineering should
not be viewed as a solution in isolation or a panacea for
eutrophication problems. Rather it is a tool that can be
used with other approaches (Robertson et al. 2000) but
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Fig. 2. The impact of using geoengineering to facilitate water quality improvements at the EU scale, where 38% of lakes fail water quality
targets (indicated by grey box). Plot is based on costs reported by Spears et al. (2013b) for use of Phoslock. All data for EU WFD were
extracted from http://www.eea.europa.eu/data-and-maps/data/wise_wfd. This hypothetical analysis assumes that (1) all failing lakes require
phosphorus reduction; (2) the cost of Phoslock is consistent (at €2750 per tonne) across countries; (3) that 100 kg of Phoslock will bind 1 kg of
phosphorus; and (4) that Phoslock is composed of 5% lanthanum by weight. Estimates of aerial Phoslock load (5", 50" and 95" percentiles

displayed) taken from data from 16 case study lakes (Spears et al. 2013c).
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should be carefully designed for the specific conditions in
each lake and its catchment. Unless external nutrient
sources and other contributing problems in the receiving
waters are adequately managed and local communities are
involved in decision-making, geoengineering techniques
will deliver only transient benefits without repeat
treatments (Egemose et al. 2011). The cost of such
maintenance management should be assessed against the
cost of doing nothing; for example, the cost of closure of a
site of high recreational value may be greater than the cost
to implement geoengineering techniques to reduce human
health risk associated with cyanobacteria.

It is critical that the materials proposed be used
correctly and applied only to target lakes that are likely to
respond to treatment (Spears et al. 2013a). In-lake factors
including water chemistry are known to limit the phos-
phorus-binding capacity of geoengineering materials and
may limit applicability in some lakes (de Vicente et al.
2008, Douglas et al. 2012, Reitzel et al. 2013a, 2013b,
2013c, Lirling et al. 2014). With continued external
loading and sedimentation, capping products are likely to
become buried beneath fresh, nutrient-rich sediment,
reducing their efficiency, or binding sites for nutrients
may become saturated, leading to persistent nutrient
release into the overlying water column (Lewandowski et
al. 2003, Gibbs et al. 2010).

Unintended or unforeseen consequences may be
associated with the approach, which can be viewed as
either positive or negative with respect to the desired
ecological outcomes. At the sediment—water interface,
higher oxygen concentrations and reduced ammonifica-
tion can lead to reduced concentrations of ammonium in
the water column (Vopel et al. 2008, Egemose et al.
2011). Phosphorus removal may also cause a shift from
nitrogen-limited to phosphorus-limited growth of phyto-
plankton, resulting in higher concentrations of in-lake
nitrate (Egemose et al. 2011, Wendling et al. 2013).

Such alterations of biogeochemical cycles could affect
greenhouse gas emissions from lakes, for example, by
altering the balance of methane or carbon dioxide
production or through reductions in denitrification rates
leading to reduced nitrous oxide and nitrogen gas
production. Materials (including gypsum) have been
proposed to limit such emissions from lakes
(Varjo et al. 2003).

Changes to greenhouse gas emissions may also be
expected following eutrophication management utilising
catchment management alone, albeit over longer time
scales (Finlay et al. 2013). Other potentially negative
effects associated with the application of geoengineering
materials include the increased risk of ecotoxicological
effects caused by chemical components of the materials
used, increases and decreases in water column pH,

increased turbidity and decreased potability, and
increased risk of invasion by nonendemic macrophyte
species (Hickey and Gibbs 2009, Gunn et al. 2013, Spears
etal. 2013c).

Is there a socioeconomic drive for
geoengineering?

A better understanding of the costs of achieving policy
goals such as those in the WFD is needed to assess the
cost-effectiveness ~ of  large-scale  geoengineering
programmes. Little information has been provided to the
EU from member states on the costs associated with
implementing River Basin Management Plans (Tucker et
al. 2013). Where costs do exist, they are often uncertain,
not linked to estimates of effectiveness, are difficult to
compare between countries, or do not specify the extent of
measures included (Hart et al. 2011, European
Commission 2012). Costs of implementing the Urban
Waste Water Treatment Directive (which preceded the
WEFD and concerned improvements in sewage disposal,
including nutrient removal) are not well known (COWI
2010). The estimated costs for use of geoengineering
materials in the EU range from €0.3 million to €0.8
million km™ (cost estimates provided by manufacturers;
Spears et al. 2013b) and could mean substantial
investment for some EU member states (Fig. 2).

Costs reported in the literature from various case
studies are variable (reviewed by Hamilton et al. 2014).
Vinten et al. (2012) presented a cost analysis for Scottish
lochs to meet WFD targets assuming phosphorus
management. The cost of using Phoslock was relatively
high (about €200 kg™' phosphorus removed) compared
with catchment measures (e.g., about €15 kg' for
phosphorus removed from sewage treatment works and
about €35 kg' for phosphorus removed from septic
tanks). The targeted phosphorus reduction in the sewage
works relates to historic in-lake nutrients and is therefore
theoretically needed only once, while septic tanks
concern current catchment inputs and will be needed for
the duration of the pressure, irrespective of the use of pre-
cipitants in the lake. A product application cost of
€0.8 million km™ loch surface area (Spears et al. 2013b)
would mean about €80 million to treat all 105 km? of
Scottish lochs currently failing WFD total phosphorus
standards (Vinten et al. 2012).

A further issue is the public perception of geoengineer-
ing. The costs, the addition of chemicals to manipulate the
natural environment, and the unpredictability of the results
will all contribute to informing public attitudes.
Discussions are needed among scientists, the public,
regulators, and policy makers to better communicate the
uncertainties and experimental nature of lake restoration
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projects utilising relatively novel management approaches
(Phillips et al. 1999, Moss et al. 2002). Failure to do so
could result in loss of public trust in the science of lake
management and the case for pursuing restoration,
analogous to the current mismatch between public
perceptions on the existence and causes of climate change
versus the strong scientific consensus (Cook et al. 2013,
Poortinga et al. 2013). Appropriate engagement with all
those interested in a particular lake where measures are
proposed is vital.

Conclusion

Substantial uncertainties remain with the use of geoengi-
neering in lakes in terms of scientific understanding, costs,
and integration with other lake management measures.
Given careful management of these risks, however, the
approach may allow improvements, for example, where
phosphorus stores strongly hinder the effectiveness of
nutrient management focused only on the catchment.
More time is needed to produce scientific evidence to
underpin wide-scale use of the approach; however, policy
and political programmes are operating on ambitiously
short time scales. Consensus within the scientific
community on the levels of confidence in the approach
required to support wide-scale use remains elusive, and
open debate on this issue is critical. The issue of scientific
consensus and the need for open debate could also be
argued for many other lake restoration measures.

Uncertainties, unintended consequences, and the costs
of treatment mean that the use of geoengineering, along
with other management measures, should be considered
within a broader context of catchment management and
public consultation. At present, although the approach is
routinely used across some countries, others would benefit
if standard, theory-driven experimental protocols could be
implemented in future applications. Standardised
protocols would aid comparability of data to facilitate
meta-analyses. The potential to test scientific theory at the
field scale using these tools is clear. Every new case study
contributes new insights into lake structure and function,
which underpin our ability to restore impacted lakes and
increase the provision of desirable services.
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