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■ INTRODUCTION

The effective management of lakes suffering from eutrophica-
tion is confounded by a mosaic of interactions and feedbacks
that are difficult to manipulate. For example, in lake processes
can delay the relinquishment of legacy phosphorus (P)

manifested within bed sediments for decades, even after
effective catchment management. This recovery time is often
deemed unacceptable and researchers have explored many in-
lake management measures designed to “speed-up” recovery.
The manipulation of biogeochemical processes (commonly
targeting P) using materials to achieve a desired chemical and/
or ecological response has been termed geo-engineering in lakes,
and is becoming a commonly considered eutrophication
management tool (Figure 1). Although this approach has
been employed for many years it remains contentious largely
due to variable results reported in the literature. This
uncertainty risks ineffective management based on poorly
designed or inappropriate applications. To address this, it is
important that current levels of confidence in the approach be
effectively communicated and that methods of increasing
confidence are clearly demonstrated. We draw here on
experiences of researchers and water managers at a global
scale to demonstrate recent advances and consensus on
recommendations (numbered below) for best practice. This
information, although vital to underpinning successful manage-
ment, has not been available in the peer reviewed literature.
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■ THE USE OF HIGH-FREQUENCY MONITORING OF
TARGET PROCESSES CAN SUPPORT EFFECTIVE
USE OF GEO-ENGINEERING

Successful manipulation of biogeochemical processes requires
comprehensive site specific understanding. Traditional seasonal,
monthly, or even weekly monitoring of lakes can detect
seasonal and long-term changes, but cannot capture the hourly
to daily changes that frequently occur. High-frequency events
(e.g., storms) can influence the effectiveness of geo-engineering
materials through, for example, bed sediment disturbance
associated with high winds and the delivery of high magnitude
“pulses” of catchment nutrients following high rainfall events.
Researchers now have access to near real-time data across a
range of sentinel lakes documenting the effects of such events
(e.g., http://www.gleon.org/). The power of high frequency
monitoring has yet to be fully harnessed in the assessment of
candidate lakes. In addition, monitoring systems when applied
across multiple treated lakes will provide greater insight into
responses at the meta-lake scale.

(1) Protocols should be developed combining traditional
long-term data with high frequency monitoring pro-
grammes to provide the process-based understanding
necessary to assess the candidacy of lakes for this
approach.

(2) Evidence of responses following treatment should be
combined across case studies to provide a meta-analysis
against which the generality of responses in individual
case studies can be assessed.

■ THE DEVELOPMENT AND APPLICATION OF NEW
MATERIALS HAS WIDENED THE SCOPE OF THE
APPROACH

The ideal amendment to lakes will remain geomorphologically
stable, will interact only with the physicochemical environment

through target processes, will be cost-effective, and will not
negatively interact with ecological processes. To this end, the
development of materials for nutrient, and in particular P-
removal, has recently focused on three types (1) aluminosilicate
minerals (e.g., modified zeolites), (2) existing catchment soils
amended with natural materials (e.g., chitosan), and (3)
mineral-based byproducts.
The use of aluminum (Al; Al2(SO4)3), and to a lesser extent

iron (Fe; FeSO4), based salts has been relatively common in
North America and parts of Europe.1 In the case of Al
applications, data from multiple case studies are available and
form the basis of the evidence in this field. More recently the
clay mineral in most widespread use has been Phoslock, a
lanthanum-modified bentonite which was specifically developed
as a P-absorbent.2 However, other P-absorbent clays (e.g.,
hydrotalcite-clay nanohybrid) have recently been developed to
provide more generic anion-exchange potential. Many mineral
byproducts and catchment soils, by virtue of their often high Ca
and/or Fe content represent attractive alternatives. In an
attempt to limit the impact of exogenous materials on lake
ecosystems, researchers in China have applied local soils
modified with naturally occurring flocculants (e.g., chitosan) to
lakes to disrupt both cyanobacterial blooms and sediment
nutrient release, leading to recovery in submerged macro-
phytes.3 However, successful macrophyte recovery will be
dependent on the existence of macrophyte propagules in the
lake bed or local soils. Additives including macrophyte
propagules and oxygen nanobubbles are being developed to
enhance ecological recovery further. There is an ever increasing
arsenal of geo-engineering materials available to water
managers; however, comprehensive understanding of their
behavior in receiving waters is limited.

(3) An assessment of all reported target and nontarget effects
associated with all available products should be
conducted.

Figure 1. Application of Aqual-P to Lake Okaro, New Zealand, August, 2009.
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(4) Decision support systems should be designed to assist
material selection across a range of receiving water types.

■ BETTER UNDERSTANDING OF
PRODUCT-ENVIRONMENT INTERACTIONS CAN
MITIGATE NONTARGET EFFECTS

The operational performance of geo-engineering materials can
be retarded by a range of physicochemical conditions in
receiving waters. This can lead to potential ecotoxicological
effects, reduction in operational performance, and alteration of
coupled biogeochemical cycles (e.g., carbon and nitrogen). A
range of analytical techniques has been applied to develop
evidence with which these effects can be mitigated. Chemical
equilibrium modeling has been demonstrated to be a useful tool
for the prediction of metal leaching from materials.4 Sequential
sediment extractions continue to provide the necessary,
standardized information on site specific material-P binding
ratios.1,5 Powerful analytical techniques (e.g., X-ray absorption
spectroscopy) are being utilized to provide insights into specific
binding mechanisms of the materials with the target chemical
species in the presence of confounding constituents (e.g.,
humic materials). Collectively, these studies highlight the
importance of humic substances, Si, pH, alkalinity, and material
aging processes in receiving waters and sediments in reducing
the binding efficiency and geomorphological stability of various
materials.

(5) Standard protocols for dose determination should be
developed based on published literature5 and knowledge
of the likely behavior of the amendment material in the
receiving water.

(6) The application of materials should be assessed in the
context of “dose−response” (i.e., repeated smaller doses)
as opposed to the common “single pill” (i.e., single large
dose) approach to minimize the risk of unintended
consequences.

Geo-engineering in lakes offers flexibility in the management
of multiple pressures. However, researchers and water
managers must work together to increase confidence in the
application of this approach. We hope that our recommenda-
tions will help to increase the likelihood of management success
and limit the risk of potentially costly unintended con-
sequences.
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