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Summary
Introduction
Catchment wide integrated basin management requires knowledge on cause-effect and recovery
chains within water bodies as well as on the interactions between water bodies and categories. In
the WISER WP6.4 recovery processes in rivers, lakes and estuarine and coastal waters were
evaluated. The major objectives were:
• To analyse and compare (cause-effect and) recovery chains within water categories
based on processes and structural and functional features.
• To detect commonalities among different chains in different water categories. Thus, to
compare recovery chains between water categories.
• To link recovery chains to over-arching biological processes and global change.
• To develop a method to combine recovery effects in a summarising ‘catchment’ metric.
The main stressors studied to reach these objectives were acidification, eutrophication and
hydromorphological changes.

Methods
To compare recovery-chains within water bodies and between water categories information was
extracted from published reports and peer-reviewed papers. Apart from a variety of about 20
major reviews, three major sources of information were included. For rivers 370 papers were
reviewed and 168 papers were analysed by Feld et al. (2011). For lakes 302 lake-equivalent
recovery case studies for which eutrophication was the major stressor were analysed in detail by
Spears et al. (2011). Also, 30 peer-reviewed publications reporting on the management of 41
eutrophic lakes were reviewed in more detail. For estuarine and coastal waters the review of 51
studies by Borja et al. (2010) was the major information source.

Results
Degradation
Rivers integrate the adverse effects of various activities on land and are, therefore, often
simultaneously affected by multiple stressors arising from agriculture, deforestation,
urbanization, storm water treatment, flow regulation and water abstraction (Palmer et al. 2010).
Globally, lake ecosystems are mainly being affected by eutrophication (intensive agricultural
land use) and physical habitat modification of their shoreline, while estuaries and wetlands
constitute the ultimate sink for nutrients and other sources of pollution and contaminants
originating from entire river basins. Furthermore, many estuarine and coastal waters are being
physically modified, for instance, for flood protection purposes and navigation. The conceptual
models (DPSIRR-chains) of the different water categories are hard to compare. Striking is the
difference in the level of detail between rivers and lakes (high) on the one hand and the marine
5
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ecosystems (low) on the other. This difference probably has to do with the scale of degradation
in rivers and lakes, where it is easier to find/deduct pathways of ecosystem response.
Recovery Concepts
The Driver-Pressure-State-Impact-Response-Recovery (DPSIRR) scheme provides a framework
to link socio-economy with ecology. Literature was searched for existing DPSIRR-chains for the
three water categories. Such conceptual models on the recovery of river, lake and estuarine and
coastal ecosystems were scarce and fragmented. Such models lacked for the marine systems
were quite one-sided, focusing on eutrophication, for lakes and quite specific for certain
measures in rivers. Comparison and integration of DPSIRR-chains is up date impossible.
Restoration Measures
In rivers most measures target the morphology of the stream stretch or the instream habitats.
Few only are related to reduction of nutrient input. On the contrary, in lakes the most common
measure targeted is the reduction of nutrient levels, especially phosphate. For acidification of
streams and lakes, liming is commonly used in some countries (e.g. Sweden) for mitigating the
effects of acidification, while decreased emission and deposition of acidifying compounds is a
more cost-effective, long-term measure of remediation. Measures are not often taken directly in
estuarine and coastal waters, these much more relate to measures taken inland through
legislation on nutrient reduction. These observations supported our initial hypothesis that “at a
catchment scale, nutrient stress affecting functional (production/decomposition) processes will
be more important in lakes and marine systems, while hydromorphological stress affecting
habitat availability will be more important in rivers”.
Recovery: Data availability and processing
In rivers and lakes a substantial amount of monitoring data are available. In estuarine and
coastal waters such data are scarce. Despite the number of monitored recovery cases, each one
seems to stand alone, as monitoring schemes were set-up for local situations and to answer
partial questions. By contrast, for acidification liming efforts often target individual lakes or
streams, but even large-scale liming of catchments has been performed. Furthermore, in many,
many cases data on recovery just lack and this is quite alarming! Not only is the amount of
available data surprisingly low, the composition of the available data is often very limited and
does not allow the evaluation and generalisations of improvements and eventually of successes.
The huge investments in recovery of surface waters require control of the ecological effects.
Therefore, restoration monitoring should become mandatory. Only by frequent monitoring of
biological and abiotic changes after restoration will restoration practitioners and scientist be able
to evaluate the success of the restoration measure and eventually of the investment done.
Recovery: Organism groups
The majority of restoration studies in rivers and in estuarine and coastal ecosystems have
focused on macroinvertebrates. In rivers also fish are important indicators. In lakes
phytoplankton is the BQE studied most extensively. The difference in indicator groups used
goes back to the causes of degradation. In lakes eutrophication is most important and
6
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phytoplankton best reflects the nutrient status of the lake over time. In rivers most degradation
goes with hydromorphological change. Macroinvertebrates and fish respond strongly to these
types of changes. The choice of macroinvertebrates as indicators of degradation in estuarine and
coastal waters is less obvious as eutrophication and organic load are most common causes of
degradation along with bottom disturbances. The latter would best be reflected in
macroinvertebrate responses, while for tracking responses due to elevated nutrients a primary
producer like phytoplankton is probably the most sensitive. The confounding factor in estuarine
and coastal waters for phytoplankton is water movement, i.e. water movement reduces the
indicative value of phytoplankton.
Recovery: Time-scale
Although, analyses in the different reviews do not address full recovery’, authors do give
indications on ‘full recovery’ based on estimates. Marine ecosystems may take between 35 and
50 years to recover. Recovery after weir removal may take as long as 80 years. Recovery after
riparian buffer installment may take at least 30-40 years. Recovery after liming can be rapid (< 1
year) for some response indicators like water chemistry and organisms with resting stages and/or
with high dispersal (phytoplankton, zooplankton), whilst recovery of other groups such as fish
can take much longer (> 10 years), Despite the fact that they do not indicate ‘full recovery‘ we
compared recovery times between the three water categories as mentioned in the different
reviews. In marine ecosystems benthic invertebrates and macrophytes have the potential to
recover within months (in two studies on recovery of sediment disposal) and fish within one
year. When only marine studies that recover from eutrophication are included, recovery times
for macroinvertebrates varied between >3 years and >6 years. Although in some cases recovery
can take <5 years, especially for the short-lived and high-turnover biological components, full
recovery of estuarine and coastal ecosystems from over a century of degradation can take a
minimum of 15–25 years for attainment of the original biotic composition, diversity and
complete functioning may lag far beyond that period. In lakes recovery time from eutrophication
for macroinvertebrates varied between 10 and 20 years. As in marine ecosystems recovery of
macrophytes (2 to >40 years) and fish in lakes (2 to >10 years) be relatively fast. Response
times for organism groups in rivers are lacking, because the literature rarely includes post hoc
monitoring of more than 5 years. Also, the fact if biological response in rivers occurs within
short term is undecided. The potential benefits of most in-stream structures will be short-lived
(<10 years) unless coupled with riparian planting or other process-based restoration activities
supporting long-term recovery of key ecological and physical processes.
In both rivers and lakes the success rate of restoration measures appears to be much higher for
the abiotic conditions than for the biotic indicators. Since eutrophication is considered to be the
most important pressure in rivers and lakes, only this is not addressed in rivers, this might be a
major cause. Especially, the response of macroinvertebrates in rivers is questionable; some
studies mention recovery times, while others question recovery of macroinvertebrates
completely. In lakes internal nutrient loading often delays recovery. By contrast, responses to
liming are often rapid, with some indicators responding almost immediately. For example,
7
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following the “shock” effect of liming on phytoplankton biomass, production and species
richness, within only a few months new phytoplankton species were observed (Svensson et al.
1995). For lakes recovering naturally from acidification, responses are much slower and results
often equivocal. For example, Stendera and Johnson (2008) showed that responses indicatorspecific, with chemical changes occurring very rapidly, followed by phytoplankton, and littoral
benthic invertebrates. Sublittoral and profundal benthic invertebrate assemblages did not show a
response to decreased deposition of acidifying compounds.
Recovery: Failure or delay in response
Several major reasons return in many publications on recovery failure or delay:
 Spatial scale must be large enough (catchment).
 Temporal scale: there is time needed for recovery.
 Multistressors present: mostly only one or a few stressors were tackled, others forgotten.
 Confounding abiotic processes affect recovery, such as upstream ‘hidden’ stressors,
internal P loading, and biological interactions, like the early arrival of non-native
species, but also climate change effects, effects of management and maintenance.
 Distance from source populations and lack of connectivity results in dispersal limitations
and colonisation barriers.
 There is no guiding monitoring that makes evaluation along the development and
redirection of measures possible.
Recovery: Shifting baselines
It is difficult to judge whether the concept of shifting baselines is part of the reality of
ecosystems developments as proof is hard to find. Even in the coastal and estuarine examples it
is questionable whether the responses are due to alternative states or due to overlooked other
stressors. Often in many lake examples the latter is the case. For lakes the sediment record
provides a valuable tool for establishing reference conditions. Sub-fossil assemblages of
organisms such as diatoms which are sensitive to environmental stress can be used to determine
both the degradation and the recovery process. In terms of lake management, while the baseline
reamains an important concept, it should also be recognised that the recovery trajectory may not
simply represent the reverse process of the degradation pathway and that the reference state may
perhaps never be achievable in some lakes.
Recovery: Effects of biological interactions
Restoring the appropriate habitat (both structural and chemical) is still the main component of
aquatic ecosystem restoration efforts. Although the importance of establishing the suitable
abiotic conditions is stressed by a multitude of studies, the awareness that other factors should
be considered as well is apparent in recent recommendations on freshwater restoration. There
are several, more or less connected issues that are repeatedly stressed in a multitude of studies:
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•

Incorporating the spatial and temporal scale (i.e. maximum and minimum) of the habitat
and the connectivity between the various habitat patches, including both abiotic and
biotic components;

•

Incorporating the knowledge of source populations and dispersal ability or constraints in
predicting restoration outcome. However, few studies attempt to match this ecological
background with empirical data.

•

Incorporating mitigating measures to prevent non-native species to colonise and set
priority effects.

Recovery: Impacts of climate and global change
A range of biological management practices (especially fishery management) and extreme
weather events were identified as key factors that were responsible for slowing down or
contradicting recovery processes. Alterations in nutrient concentrations and biogeochemical
cycling at the sediment-water interface, following nutrient management, can influence the
magnitude and timing of nutrient delivery to downstream ecosystems. This phenomenon is
likely to be highly sensitive to changes in local weather conditions associated with climate
change.
Research gaps
In summary, there is need for the following research efforts;
•

Need for empirical understanding of ecological responses.

•

Need for more comprehensive and long-term monitoring to underpin quantitative
assessment of management measures. Indeed, when robust BACI studies are not
available, most studies must rely on correlative data. Here having access to data from
restored sites, unperturbed reference sites (the target of restoration) and unrestored
perturbed sites (the lower anchor to include effects such as climate-induced change)
are generally needed to best assess the efficacy of restoration effort.

•

Need to quantitatively assess cause-effect relationships during the recovery process.

•

Need to test if indicators/metrics calibrated to detect degradation are sensitive to
detect improvement.

•

Need for case studies relevant to WFD targets.

•

Need for specific knowledge on certain BQEs in certain water categories.

•

Need for knowledge on maintenance, and recurring management.

•

Need for knowledge on the most important factor(s) for recovery and their
interactions.

•

Need for knowledge on shifting baselines and thresholds.
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Conclusions
Restoration ecology is just evolving. The huge amount of literature evaluated brings up one
major conclusion. Restoration is a site, time and organism group specific activity.
Generalisations on recovery processes are up to date hard to make. Despite the multitude of
studies that provided theoretical frameworks, guidelines, research needs and issues that are
important for freshwater restoration, only few studies provide evidence of how this ecological
knowledge might enhance restoration success.
Goals of restoration projects typically encompass a multitude of objectives (species groups,
ecological, cultural and landscape values) and a multitude of measures. Thus, evaluation of the
response of a single factor to a single measure tends to be difficult.
Another major bottleneck is the lack of sufficient monitoring allowing for insufficient learning
from both successful and unsuccessful restorations. However, the frequently occurring general
recommendation in proposed guidelines for restoration projects, including appropriate
monitoring and publishing of the results, could help to gain insight into the processes important
to successful restoration.
Another problem is related to the many detected effects that occur only in the short-term and at
the local (site) scale, which raises the question of appropriate scaling for restoration. Knowledge
of which spatial or temporal scales are relevant is for the most part lacking, but several review
studies supported the hypothesis that the local scale is inappropriate to achieve long-term
measurable improvements.
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Chapter 0. Introduction

Context
Module 6, “Integration and Optimisation”, addresses the question how different Biological
Quality Elements (BQEs) and water categories respond to degradation and to rehabilitation or
restoration. Ecological assessments frequently use several BQEs collected from a number of
systems (lakes, streams, coastal areas) and habitats within these systems (e.g. pelagic and
benthic, littoral and profundal or riffles and pools). Two innovative aspects of the WFD are:


the recognition that aquatic systems are not isolated entities, but are nested within a
catchment,



that the use of multiple BQEs may increase our understanding of the effects that humans
are having on aquatic resources.

The use of complementary indicator variables can strengthen inference-based assessments (see
WP6.1) of human-generated effects as well as help to distinguish the effects of multiple
stressors. This latter conjecture implies that different BQEs may respond similarly to some
stressors (e.g. high redundancy used to strengthen the inference model) but differently to other
stressors (low redundancy, but indicating the presence of other stressors). To design and
implement cost-effective management programmes and to scientifically underpin conceptual
models of aquatic ecosystem responses to human-induced changes more knowledge of the
response signatures of BQEs is required (see WP6.3), as well as an understanding of the
uncertainties (see WP6.1) associated with the use of different BQEs. Moreover, in designing
robust monitoring programmes consideration should be given not only to the selection of BQEs
(see WP6.2) to test specific hypotheses of change (i.e. stress-response relationships) but also to
the system and the habitat that may provide the most robust measure (high precision/low error)
of change.
More in detail Work Package 6.4 “Comparison of recovery processes between water
categories” will focus on comparing the cause-effect-recovery chains for lakes, rivers and
marine ecosystems, taking into account processes and functional features in different
ecosystems and over-arching biological processes of connectivity and metapopulation dynamics.
Special focus will be placed on the use of species traits and functional information in crosswater category comparisons.

Objectives
Catchment wide integrated basin management requires knowledge on cause-effect and recovery
chains within water bodies as well as on the interactions between water bodies and categories.
11
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Approaches include processes related to biology (connectivity, metapopulation and dispersal)
and global change (climate change, land and water use). The main stressors studied in this WP
were acidification, eutrophication and hydromorphological changes. The WP 6.4 objectives
were:


To analyse and compare (cause-effect and) recovery chains within water categories
based on processes and structural and functional features.



To detect commonalities among different chains in different water categories. Thus, to
compare recovery chains between water categories.



To link recovery chains to over-arching biological processes and global change.



To develop a method to combine recovery effects in a summarising ‘catchment’ metric.

The concept: DPSIRR-chain
The Driver-Pressure-State-Impact-Response-Recovery (DPSIRR) scheme provides a framework
to link socio-economy with ecology (EEA 2007, Feld et al. 2011). The framework can best be
illustrated by an example of reasoning: population growth resulting in an increasing food
demand is a Driver of agricultural land use. The intensive application of fertilisers in agricultural
crops is linked with eutrophication and morphologically modified and hydrologically regulated
water flows (Pressure). The first has a stimulating direct effect on the growth of macrophytes
and algae and also indirectly and negatively affects the aquatic fauna (fish, benthic
invertebrates) as soon as decomposers start depleting oxygen and causing water quality
deterioration (State). As a consequence, the aquatic ecosystem is being disrupted, sensitive taxa
disappear and a few tolerant taxa become dominant in the system (Impact). To reverse
degradation and to improve the ecological status, restoration and mitigation measures are
required. Best-practice agriculture (Response), for instance, might reduce the amount of
fertilisers and hydromorphological conditions might be actively restored (Response) to a more
diverse habitat and flow regime. These measures in turn should have a positive Impact on the
biota (Recovery).

Method
In WP6.4 three major tasks were defined:
1. Comparison of cause-effect and recovery-chains within water bodies
2. Comparison of cause-effect and recovery-chains between water categories
3. Linking catchment scale processes and global change to cause-effect and recoverychains

12
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At first, the ideas at the start of WISER were that this WP would build on the results of Module
5 and also incorporate knowledge from analyses of data collected in Modules 3 and 4 and
complete water body assessment in WP6.2. In the end, this was especially the case for the link
between WP5.1 and WP6.4 for Rivers, for Module 4 and WP6.4 for Marine waters and to a
limited extend for Module 3 and WP6.4 for Lakes.
To compare cause-effect and recovery-chains within water bodies and between water categories
(Tasks 1 and 2) WP6.4 started to collect metadata for lakes, rivers and transitional/coastal
waters for the BQEs diatoms, macroinvertebrates, fishes and macrophytes from literature and
existing databases. The original idea was to use metadata analysis, functional traits, metrics, and
multivariate and statistical techniques to make cause-effect and recovery chains for different
drivers of change comparable between water categories. The analysis would follow the
hypotheses: At a catchment scale, we anticipate that nutrient stress affecting functional
(production/decomposition) processes will be more important in lakes and marine systems,
while hydromorphological stress affecting habitat availability will be more important in rivers.
After several attempts and meta data analysis and comparisons it became clear that the data were
far too incomplete and incomparable to perform the task based on existing data. The original
idea was to compare the parameters selected in the previous step for cause-effect and recoverychains within water bodies and between different water categories.
The new approach chosen for rivers, lakes and coastal waters was to extract the information
needed from published reports and peer-reviewed papers. With this adapted approach we tried to
keep the original line of reasoning but selected the parameters from literature sources.
The key words or items in this literature study were:
Water category:

river, lake, transitional/coastal water, estuary/estuarine

Stressor:

acidification, eutrophication, hydromorphological change (water level
change, water flow, bank profile, bottom substrate), shoreline
modification, nutrients

Recovery process:

recovery chain, habitat availability, restoration, rehabilitation, trajectory
improvement, biology, nature of interaction between multiple stressors
(antagonistic, neutral, additive or synergistic), long-term effects, reduced
S/N deposition

Organism group:

macroinvertebrate, fish, macrophyte, algae/diatoms

Global change:

climate change, land use, water use

Biology:

connectivity, interaction, dispersal, metapopulation,
production, decomposition, biological processes,

functioning,

Community characteristic: functional information, functional/trait indices, metrics,
diversity/evenness indices, community indices, assessment techniques,
structural community, assemblage
13
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Methodology:

before/after, control/impact, space-for-time substitution, time series,
palaeolimnology

Strength of relation: characterize each relation between restoration method / recovery time and
biotic response by statistical parameters (r, r2 or whatever) to enable a
meta-analysis
The first results on the comparison of cause-effect and recovery-chains within water bodies
(Task 1) were incorporated in the second Deliverable 6.4.2 “Report on the differences between
cause-effect-recovery chains of different drivers”.
For Task 3 a separate study was performed that defined the relevant biological processes of
connectivity and metapopulation dynamics. The results of this study were described in
Deliverable 6.4.1 “Literature report on biological processes on catchment scale, such as
connectivity, dispersal and metapopulation dynamics”. The effect of these overarching
processes of biological interactions and also of global change on cause-effect and recoverychains will be incorporated in this Deliverable.
The overall synthesis of WP6.4 was based on the foregoing literature inventories and studies.
The current third Deliverable 6.4.3 provides the “Final report on impact of catchment scale
processes and global change on cause-effect and recovery-chains”.
To compare recovery-chains within water bodies and between water categories information was
extracted from published reports and peer-reviewed papers. Apart from a variety of about 20
major reviews, three major sources of information were included. For rivers 370 papers were
reviewed and 168 papers were analysed by Feld et al. (2011). For lakes 302 lake-equivalent
recovery case studies for which eutrophication was the major stressor were analysed in detail by
Spears et al. (2011). Also, 30 peer-reviewed publications reporting on the management of 41
eutrophic lakes were reviewed in more detail. Three lakes were included more than once in the
literature (maximum of 3 occurrences) resulting in 46 lake equivalent case studies (LECs). The
publications were not selected randomly. Instead effort was taken to ensure that at least 3
publications were reported for a range of eutrophication management measures. These predefined management measures, along with the number and percentage of LECs for which data
on each measure was reported in the meta-dataset, are reported (Figure 1). The LECs reported
data from 9 countries (Figure 2) and were dominated by very shallow (56 % LECs < 3 m mean
depth) and shallow (41.3 % of LECs 3-15 m mean depth) WFD lake types. For acidification, 30
published manuscripts were reviewed focusing on biological recovery at previously acidified
lakes and streams (21 papers on lakes only, 7 on streams only and 2 covering both). Most papers
assessed recovery following reductions in atmospheric deposition of acidifying compounds but
several reported on the outcome of liming manipulations. A total of 419 lakes and141 streams
were included in the 30 publications although numerous papers featured the same sites. For
estuarine and coastal waters the review of 51 studies by Borja et al. (2010) was the major
information source.
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Chapter 1. Degradation

Driver-Pressure-State-Impact-Response chains
Growth of the human population inevitably results in greater use of natural resources and
emission of pollutants, which in turn puts more pressure on the environment. Furthermore, the
magnitude and spatial reach of human alterations of the land surface are continuously increasing
(Turner et al. 1990, Lambin et al. 1999). However, the control of drivers (e.g. population
growth) is commonly not the focus of specific water management programmes due to
socioeconomic interests at the national and catchment scales.
More attention is given to primary and secondary pressures, as illustrated by some marine, lake
and river examples.

Rivers
Rivers are strongly influenced by their surroundings at multiple scales (Allan et al. 1997, Fausch
et al. 2002, Schlosser 1991, Townsend et al. 2003). River ecologists have long recognized that
rivers and streams are influenced by the catchment(s) through which they flow (Hynes 1975,
Vannote et al. 1980). Human activities at the catchment scale are a principal threat to the
ecological integrity of river ecosystems, impacting habitat, water quality, and the biota via
numerous and complex pathways (Allan et al. 1997, Strayer et al. 2003, Townsend et al. 2003).
In addition to its direct influences, land use interacts with other anthropogenic drivers that affect
the integrity of river and stream ecosystems, including climate change (Meyer et al. 1999),
invasive species (Scott & Helfman 2001), and dams (Nilsson & Berggren 2000). Furthermore,
there is a widespread recognition of the extent and significance of changes in land use and land
cover worldwide (Meyer & Turner 1994) on the river state (Table 1).
Rivers are also affected by airborne pollutants affecting whole regions, exemplified by the
deleterious effects of acidifying compounds (N and S) emitted in the burning of fossil fuels on
biodiversity. In particular, waters running through poorly buffered catchments are most strongly
affected; the most serious effects have been found in coniferous regions with lime-deficient
soils. Moreover, since catchments with poorly buffered soils are not productive for agriculture,
acidification is often the most important (single) affecting the integrity of streams.
Table 1. Principal mechanisms by which land use influences stream ecosystems (Allan 2004).
Environmental
factor

Effects

References

Sedimentation

Increases turbidity, scouring and abrasion; impairs

Burkhead & Jelks 2001,
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substrate suitability for periphyton and biofilm production;

Hancock 2002, Henley et al.

decreases primary production and food quality causing

2000, Quinn 2000,

bottom-up effects through food webs; in-filling of interstitial

Sutherland et al. 2002,

habitat harms crevice-occupying invertebrates and, gravel-

Walser & Bart 1999, Wood &

spawning fishes; coats gills and respiratory surfaces;

Armitage 1997

reduces stream depth heterogeneity, leading to decrease
in pool species
Nutrient enrichment

Increases autotrophic biomass and production, resulting in

Carpenter et al. 1998,

changes to assemblage composition, including proliferation

Delong & Brusven 1998,

of filamentous algae, particularly if light also increases;

Lenat & Crawford 1994,

accelerates litter breakdown rates and may cause

Mainstone & Parr 2002,

decrease in dissolved oxygen and shift from sensitive

Niyogi et al. 2003

species to more tolerant, often non-native species
Contaminant pollution

Increases heavy metals, synthetics, and toxic organics in

Clements et al. 2000, Cooper

suspension associated with sediments and in tissues;

1993, Kolpin et al. 2002,

increases deformities; increases mortality rates and

Liess & Schulz 1999, Rolland

impacts to abundance, drift, and emergence in

2000, Schulz & Liess 1999,

invertebrates; depresses growth, reproduction, condition,

Woodward et al. 1997

and survival among fishes; disrupts endocrine system;
physical avoidance.
Hydrologic alteration

Alters runoff-evapotranspiration balance, causing increases

Allan et al. 1997, Paul &

in flood magnitude and frequency, and often lowers base

Meyer 2001, Poff & Allan

flow; contributes to altered channel dynamics, including

1995, Walsh et al. 2001,

increased erosion from channel and surroundings and less-

Wang et al. 2001

frequent overbank flooding; runoff more efficiently
transports nutrients, sediments, and contaminants, thus
further degrading in-stream habitat. Strong effects from
impervious surfaces and stormwater conveyance in urban
catchments and from drainage systems and soil
compaction in agricultural catchments.
Riparian clearing/canopy opening

Reduces shading, causing increases in stream

Bourque & Pomeroy 2001,

temperatures, light penetration, and plant growth;

Findlay et al. 2001, Gregory

decreases bank stability, inputs of litter and wood, and

et al. 1991, Gurnell et al.

retention of nutrients and contaminants; reduces sediment

1995, Lowrance et al. 1984,

trapping and increases bank and channel erosion; alters

Martin et al. 1999, Osborne &

quantity and character of dissolved organic carbon

Kovacic 1993, Stauffer et al.

reaching streams; lowers retention of

2000

benthic organic matter owing to loss of direct input and
retention structures; alters trophic structure
Loss of large woody debris

Reduces substrate for feeding, attachment, and cover;

Ehrman & Lamberti 1992,

causes loss of sediment and organic material storage;

Gurnell et al. 1995, Johnson

reduces energy dissipation; alters flow hydraulics and

et al. 2003, Maridet et al.

therefore distribution of habitats; reduces bank stability;

1995, Stauffer et al. 2000

influences invertebrate and fish diversity and community
function
Afforestation

Drainage patters, enhanced deposition through

Mayer & Ullrich, 1977, Miller

scavenging, base cation depletion from uptake and loss

1981, Monteith & Evans

through harvesting

2000, Larssen, T. & Holme,
J., (2006)
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Lakes
A range of driver-pressure scenarios are known to operate in especially eutrophic lakes (Table
2). The control of primary and secondary pressures arising from these drivers is more commonly
conducted. For example, phosphorus (P)-stripping measures in waste water treatment works and
reduced nutrient inputs from agricultural fertilisers are now common across Europe leading to a
marked reduction in catchment P loading to eutrophic lakes in developed countries (mainly
through improvements in sewage treatment and agricultural practices), although, fertiliser
applications and P loading in developing countries continues to rise (Withers & Haygarth 2007).
For acidification, international agreements and actions to protect and restore natural resources
threatened by acidification have resulted in marked reductions in emissions and deposition of
acidifying compounds across western Europe and eastern North America (Stoddard et al.
1999).
Table 2. Drivers and pressures checklist for nutrient enriched freshwater lakes that were used in
the analysis of pressure-impact relationships. Drivers are underlined and pressures are in
italics.
Eutrophication drivers and pressures
Primary
Agricultural intensification
Fertiliser run-off
Animal waste run-off
Soil erosion and losses
Industrial intensification
Textiles discharges

Secondary pressures
Garden waste

Sediment dredging

Fertiliser run-off from
gardens

Sediments disturbance by boats

Inputs from feeding/roosting
waterfowl

Invasion by non-native species

Population growth

Metal pollution from mining

Pesticide discharges
Climate change

Food manufacturing dicharges

Sewage discharges

Fish stocking

Paper mill discharges

Waste disposal

Fish removal

Mining discharges

Construction discharges

Acidification

Distillery discharges

Transport/road run-off

Macrophyte harvesting

Aquaculture discharges

Detergent and soap
discharges

Water level management

Tourism and recreation
Food waste

Other pressures

Fish stocking

Atmospheric deposition

Sediment disturbance by
boats

Internal nutrient loading

Waterfowl introduction
Extreme weather events
Industrial thermal-regulation
inputs

Cyanobacterial N2-fixation
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Estuarine and coastal waters
Borja et al. (2010) provided an overview of pressures in the estuarine and coastal ecosystems
reported in a number of case studies and related those to the different organism groups (Table
3). In total 25 stressors were detected in the literature (Table 3). The most common stressors
dealt by restoration were eutrophication and wastewater discharge (24%) and dredging,
sediment disposal and sand extraction (22%).
Table 3. Pressures in the marine environment (from Borja et al. 2010).
Number of case studies
Pressure
Eutrophication/Pollution by organic matter
Oxygen depletion
Wastewater discharge
Sewage sludge disposal
Mine tailings
Fish farm
Pulp mill
Eutrophication
TBT
Oil-refinery discharge
Hydrological-morphological modification
Land claim
Sediment disposal
Dyke and marina construction
Dredging
Realignment of coastal defences
Physical disturbance
Fish trawling
Lagoon isolation
Marsh and tidal restoration
Sand extraction
Aggregate dredging

Benthic invertebrates
1
6
3
2
3
1
3
1
2
1
2
1
3
1
1
1
1
1
1
1

Fishes

Macroalgae &
seagrasses

1

1

1
1

1
1
1

1
1
1
1

1
1

2

Conceptual models of cause-effect chains following restoration in marine ecosystems are
lacking in peer-reviewed literature. In some cases Driver-Pressure-State-Impact-Response
chains describing degradation of marine waters are available (e.g. Pironne et al. 2005; Figure 1).
Most DPSIR-chains deal with the influence of legislation on marine ecosystems and are very
general (no empirical evidence).
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Figure 1. The Driver-Pressure-State-Impact-Response (DPSIR) approach for integrated
catchment-coastal zone management: Integrated qualitative approach of different pathways
affecting the transport of nutrient from point and diffuse sources in the Po catchment (Adriatic
Sea coastal zone system) (from Pirrone 2005).

Summary
Rivers integrate the adverse effects of various activities on land and are, therefore, often
simultaneously
affected
by
multiple
stressors
arising
from
agriculture,
deforestation/afforestation, urbanization, storm water treatment, flow regulation and water
abstraction (e.g. Palmer et al. 2010). Globally, lake ecosystems are mainly being affected by
eutrophication (intensive agricultural land use) and physical habitat modification of their
shoreline, although regionally acidification is still considered as a major threat affecting the
biodiversity and ecosystem function (e.g. Johnson et al. 2003). While estuaries and wetlands
constitute the ultimate sink for nutrients and other sources of pollution and contaminants
originating from entire river basins (Cloern 2001, Diaz and Rosenberg 2008), many estuarine
and coastal waters are being physically modified, for instance, for flood protection purposes
(e.g., Pollard and Hannan 1994) and navigation (e.g., van der Wal et al. 2002). The conceptual
models (DPSIR-chains) of the different water categories are hard to compare. Striking is the
difference in the level of detail between rivers and lakes (high) on the one hand and the marine
ecosystems (low) on the other. This difference probably has to do with the scale of degradation
in rivers and lakes, where it is easier to find/deduct pathways of ecosystem response.
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In general, the degradation scheme for all water categories looks as follows:
population
growth &
demands

run off
discharge
dynamics

water level
current
dynamics

climate / global
change

agricultural urbanisation
land use

industry

loss of
riparian zone

bank / profile
change

turbidity
siltation

nutrient /
substances
surplus

eutrophication
acidification
toxification

warming

species
diversity

There is a hierarchy in scale of degradation going from global/supra-regional level of world
population growth, climate change and drivers and pressures of land use, urbanisation and
industrial development, to (sub)catchment scale were run-off, riparian zones, longitudinal
profiles and substances flows are decided, to finally the scale of the lake, stretch or habitat were
in-stream, in-lake and in-sea processes operate and organisms find their niches.
Implementing restoration measures implies having knowledge of this hierarchy. At high scale
level only legislation measures can be taken, though these tackle the problems at their core
source! At the (sub)catchment level both source and effect oriented measures as well as regional
legislation can be effective. Measures here are mostly external from the individual water
ecosystem. At the lowest local scale level only effect oriented measures are taken. Such
measures operate in the aquatic environment itself and are as such internal measures.
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Chapter 2. Recovery: Concepts

Rivers
The Conceptual Models presented by Feld et al. (2011) are the most sophisticated ones up to
date for streams and rivers. These models show all relationships of management (Response)
measures, its effects on different environmental State variables and eventually the Recovery of
in-stream organisms (Figure 2, 3 and 4). Feld et al. (2011), however, stressed that no reference
in the literature provided statistically significant evidence of an entire cause-effect chain from
the Response measure via one or several environmental States to the biological Impact, and this
highlights an obvious gap in the currently piecemeal, rather than holistic, understanding that
clearly needs to be addressed in future studies. The majority of studies were limited to
measuring environmental effects of a Response measure, while comparatively few studies
measured the biological Recovery. Moreover, studies on biological effects often missed to
attribute their findings to changing environmental States, which renders the construction of
cause-effect relationships from these studies difficult.

Figure 2. Conceptual model of the effects of riparian buffer restoration as reported in the
restoration literature. Boxes on the right 3 represent benthic algae (PB), aquatic macrophytes
(MP), benthic macroinvertebrates (MP) and fish (FI). Arrow numbers allow the relation to the
references listed in Feld et al. (2011) Annex 2.1.
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Figure 3. Conceptual model of the effects of in-stream mesohabitat enhancement as reported in
the 1 restoration literature. Boxes on the right represent benthic algae (PB), aquatic
macrophytes (MP), benthic macroinvertebrates (MP) and fish (FI). Arrow numbers allow the
relation to the references listed in Feld et al. (2011) Annex 2.2.
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Figure 4. Conceptual model of the effects of weir removal as reported in the restoration
literature. Boxes 1 on the right represent benthic algae (PB), aquatic macrophytes (MP),
benthic macroinvertebrates (MP) and fish (FI). Arrow numbers allow the relation to the
references listed in Feld et al. (2011) Annex 2.3.

Lakes
Thirty peer-reviewed publications, reporting on the management of 41 eutrophic lakes, were
evaluated. Three lakes were included more than once in the literature (maximum of 3
occurrences) resulting in 46 lake equivalent case studies. The publications were not selected
randomly. Instead effort was taken to ensure that at least 3 publications were reported for a
range of eutrophication management measures. These pre-defined management measures, along
with the number and percentage of lakes for which data on each measure was reported in the
meta-dataset, are reported. The lakes the evaluation is based upon stem from 9 countries and are
dominated by very shallow (56 % lakes < 3 m mean depth) and shallow (41.3 % of lakes 3-15 m
mean depth) lake types. By far the most common management objective reported in lakes was
the reduction of in-lake phosphorus concentrations in an attempt to reduce phytoplankton
biomass, either through the control of P loading from the catchment or through controlling
internal P cycling (i.e. P capping, hypolimnetic aeration and sediment dredging). However, other
management objectives included the control of grazer communities to reduce algal biomass
through trophic cascades (e.g. biomanipulation), increasing the resilience of lakes to
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eutrophication pressure effects by increasing habitat diversity (e.g. installing artificial habitats),
and enhancing biodiversity and system resilience through the introduction of desirable
organisms (e.g. macrophytes and zooplankton).
Additionally, control of the symptoms of nutrient enrichment (e.g. hypolimnetic aeration;
biomanipulation) is commonly conducted, especially when drivers or primary pressures cannot
be manipulated. In a recent review of 40 years of literature at Loch Leven, a shallow lake in
Scotland, a wide range of feedbacks were identified that demonstrate the diversity of drivers,
pressures and changes in ecological state associated with the control of various primary and
secondary eutrophication pressures (Figure 5). This is a suited example for a more general lake
conceptual model.

Climate
change

Industry

Temp.

Wind

Eutroph.

Hydromorph.

Water
level

TP

TN

Prec.

Fishery
management

Fish abund.

Biodiv.
enhance.

Raptor
abund.

Flush.

Waterfowl

Pesticides
Zooplankton
Fish
Phytoplank.

Bacterioplankton

Sed. disturb.

Water clarity

Organic
deposition

Macrophytes

Benthic
algae

Macroinv.

Benthic
bacteria

Sediment nut. processing
Downstream nutrient transport

Figure 5. Inter-relationships reported/hypothesised in the literature between primary
(eutrophication) and secondary pressures [dark blue], changes to environmental state [red] and
impacts on biological quality elements (BQE) [light blue] in Loch Leven between 1968 and
2010.
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A review of 30 published manuscripts was undertaken focusing on biological recovery at
previously acidified lakes and streams. Of the 30 papers, 21 were concerned with lakes only, 7
focused on streams and 2 covered both lakes and stream sites. A total of 419 lakes and 141
streams were included in the 30 publications although numerous papers featured the same sites.
Many papers reported on the results of regional surveys of large numbers of sites while a
number of single site studies were also included. The majority of papers papers assessed 'natural
recovery' following reductions in atmospheric depsostion of acidifying compounds but several
focused on the outcome of liming manipulations. Liming is commonly used in some regions
(e.g. Sweden) to mitigate the effects of acidification on biodiversity and ecosystem function of
poorly buffered lakes. Liming of sites directly affected by acid deposition is commonly done
(e.g. using a helicopter or boat), however some measures have also included liming of wetlands
adjacent to lakes and over-liming of lakes to treat watercourse originating as lake outflows.
Most managers see liming as a short-term, mitigating measure, although liming has been
ongoing for more than 30 years in some regions. International measures agreed upon some 20
years ago have been associated with improved water chemistry and to some extent recovery of
lake biology.

Estuarine and coastal waters
Borja et al. (2010) provide a synthesis on the knowledge of recovery patterns in marine
ecosystems (based on 51 studies), which it should be possible to construct conceptual models
(Table 4).

Table 4. Summary of knowledge on recovery patterns in marine ecosystems (based on 51
studies) (from Borja et al. 2010).
Mechanisms for recovery

Recovery features

Recovery

From sediment modification

Usually in areas of high sediment turnover and
sediment influx, with or without organisms
colonising
Create the appropriate physical environment and
then allow organisms to colonise
Recovery occurs once the excess organic matter is
broken down (in the case of sewage and oil), any
toxic pollutants have evaporated (from oil spills),
and the excess of nutrients is removed; this is more
difficult in fine sediments than coarse sediments
and in low-energy areas than in high energy areas
The ability of the system to sequester/bury the
persistent pollutants or disperse them to reach low
background levels

A function of the ease of sediment influx
and the organism influx

By habitat creation
By
organic
matter
degradation and reduction of
nutrient load

From persistent pollutants

A function of the ease of creating the
A function of the original amount of
organic matter stored in the system and the
conditions for its breakdown; shown by an
absence of symptoms of eutrophication
(algal blooms, oxygen depletion, etc.)
A function of the original amount and
toxicity of the pollutants, their degradation
potential by physical, chemical or
biological methods and thus the speed of
sequestration
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From excessive biological
removal
From
hydrological–
morphological modification

The ability of the system either to replenish stocks
naturally or with human interference through
restocking
The ability to remove barriers and restore water
flow, current patterns, salinity balance, etc.

A function of the severity of the biological
removal (overfishing) and the rate of
recolonisation/recruitment and reproduction
A function of the ease with which these
hydromorphological conditions can be
restored naturally or with human
interventions

Summary
The Driver-Pressure-State-Impact-Response-Recovery (DPSIRR) scheme provides a framework
that links socio-economy with ecology (EEA 2007, Feld et al. 2011). Literature was searched for
existing DPSIRR-chains for the three water categories. Such conceptual models on the recovery
of river, lake and estuarine and coastal ecosystems were scarce and fragmented. Such models
lacked for the marine systems were quite one-sided, focusing on eutrophication, for lakes and
quite specific for certain measures in rivers. Comparison and integration of DPSIRR-chains is
until today quite impossible.
Still, more in general some lessons can be extracted:
 Degradation ≠ Restoration
 Knowledge progress is limited and is mainly qualitative descriptive
 Little quantified knowledge appeared available on recovery processes
 (Some) knowledge can be extracted from degradation processes
What at least is needed at this stage of restoration ecology are:
 Well designed BACI monitoring of restoration (few stressors)
 Monitoring over a long time after
 Quantified knowledge on thresholds

26

Deliverable D6.4-3: Recovery water categories

Chapter 3. Recovery: Measures

Rivers
Feld et al. (2011) reviewed existing knowledge regarding three frequent types of restoration
measures including re-establishment of riparian buffer strips, in-stream habitat improvements
and weir removal. Water quality improvement by riparian buffers primarily aims at buffering
the adverse impacts of intensive agricultural land use adjacent to streams and rivers. A
sufficiently wide and ideally mixed riparian vegetation strip at both sides of a stream is
considered to retain plant nutrients (e.g., nitrogen and phosphorous components), fine sediments
and toxic substances (e.g., pesticides) that enter streams via surface runoff from adjacent
agricultural areas (Barton et al. 1985; Castelle et al. 1994). Riparian trees provide shade and
organic material (leaf litter, wood) and thus food and shelter for in-stream biota (Parkyn et al.
2005; Davies-Colley and Quinn 1998; Davies-Colley et al. 2009).
The enhancement of in-stream mesohabitat structures aims at increasing structural diversity and
is often considered to promote biological diversity (Palmer et al. 2010). In particular the
introduction (or omission of the removal) of LWD provides a key habitat for fish and benthic
macroinvertebrates (Roni and Quinn 2001; Kail et al. 2007) and also stimulates habitat diversity
(e.g., creation of pools) by diversifying hydraulic conditions (Baillie et al. 2008). Besides LWD,
we evaluated the mitigation effects of the introduction of boulders, deflectors, fish spawning
substrates and the removal of bank enforcement (e.g., sheet piling or rip-rap).
The removal of weirs and dams primarily aims at restoring the longitudinal connectivity of
streams and rivers. Weir removal is considered to promote the migration of fish and benthic
macroinvertebrates (Gregory et al. 2002; Doyle et al. 2005), and there are effects on flow
conditions and sediment particle size upstream and water temperature up- and downstream
(Bednarek 2001; Hart et al. 2002).
Another more common technique for rehabilitating rivers and reconnecting them to their
floodplains is to construct a new meandering channel (Roni et al. 2005). This intervention has
been used frequently in rehabilitation projects in the lowlands of the European plain. As a result,
re-meandering interventions are also seen important in rivers.

Lakes
The state-of-the-art reviews on restoration of shallow, eutrophic lakes in Europe (Gulati and
Van Donk, 2002; Søndergaard et al., 2007) have drawn several generalisations about the
progress of lake rehabilitation works in NW Europe and all focus around biomanipulation.
These reviews are based on numerous studies on temperate lakes carried out mostly in Denmark,
the Netherlands, Germany and Sweden (Gulati et al., 1990; Lammens et al., 1990; Jeppesen et
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al., 1990; Hansson et al., 1998; Meijer et al., 1999; Benndorf et al., 2002; Mehner et al., 2002;
Van de Bund and Van Donk, 2002; Jeppesen et al., 2005). Many of these studies covered both
whole-lake, enclosure and laboratory scale experiments and advanced our knowledge of theory
and mechanisms behind the food-chain processes.
Søndergaard et al., 2007 evaluated data from more than 70 restoration projects conducted
mainly in shallow, eutrophic lakes in Denmark and the Netherlands. Special focus was again
given to biomanipulation, the removal of zooplanktivorous and benthivorous fish, by far the
most common internal lake measure.
In the 46 lake equivalent case studies a range of single (63%) and combined (37%) management
measures were reported (Figure 6).
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Figure 6. Summary of management measures targeted in the meta-analysis and the distribution
of lake equivalent case studies (LECs) in which each of the measures was conducted.
The use of combined management approaches was also conducted both consecutively and
simultaneously. However, reductions in in-lake P concentrations were commonly reported,
although the wide range of pre- and post-management annual mean TP concentrations estimated
from reported data was large, the latter commonly well exceeding WFD lake type specific TP
targets (Figure 5). Only 11% of lakes reported post-management annual mean TP concentrations
below 0.1 mg TP l-1. The range of pre- and post-management annual mean TP concentrations
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reported for catchment nutrient load reduction alone (n = 7) were 0.1 to 1.6 mg TP l-1 and 0.03
to 0.25 mg TP l-1, respectively (delta TP range 1.35 to 0.05 mg TP l-1). For this management
measure, only 4 lakes reported complete recovery in annual mean TP concentration with
transient recovery periods estimated between 1 and 15 years. It is highly likely that the
confidence associated with such estimates is low due to the low number of lakes reporting both
single management measure scenarios and resulting changes in TP in the meta-dataset. The only
other management measure with more than 3 lakes reporting pre- and post-management TP
concentrations (ranges of 0.55 to 0.15 mg TP l-1 and 0.73 to 0.08 mg TP l-1, respectively; delta
TP range of -0.4 to 0.1 mg TP l-1) was biomanipulation of fish stocks by removal (n = 5) where
effects appeared to be highly variable. An analysis of variance between the pre-management and
post-management TP concentration data populations, using non-parametric Kruksal-Wallis test,
indicated post-management TP concentrations were significantly lower than pre-management
TP concentrations (p < 0.01).
Liming of lakes and watercourse began in earnest in the early 1980s in Sweden. Henriksen and
Brodin (1995) edited a book summarizing about 20 years of experience of lake liming practices
in Sweden. A number of different liming strategies have been used, such as the liming of
individual lakes to treatment of whole or large parts of a catchment. For long-term effects,
catchment liming practices are considered the best. However, due to the high costs and lagphase responses from slow processes of soil neutralization, this method is often considered too
expensive by managers. As an alternative, liming of wetlands is considered the second-best
strategy. A problem with this type of management was the effects that liming may have on
wetland fauna and flora. In contrast to whole catchment and wetland liming, lake liming is
comparatively inexpensive, but this management strategy requires frequent treatments to
alleviate the episodic effects of acidic water from snowmelt or heavy rainfall. Dosage
concentrations are adjusted for water pH and lake retention time, which often results in 10-75
g/m3 lake water. It is recommended that treatments be repeated periodically to keep water pH
above 6.0. For wetland liming, 10-30 g of limestone per m3 has been recommended. In Sweden,
some 7000 lakes and 11 000 km of watercourses are limed at a yearly cost of ca. 1.8 million €,
in order to restore biodiversity (i.e. facilitate the recovery of acid sensitive biota) and create
conditions for recreational fishing (i.e. protect and enhance existing fish populations; Appelberg
& Svensson 2001; SEPA 2007).

Estuarine and coastal waters
A clear overview of measures taken in the coastal and estuarine environments lacks. Most
measures deal with inland legislation.

29

Deliverable D6.4-3: Recovery water categories

Summary

Proportion of lit. references

In rivers most measures target the morphology of the stream stretch (mainly remeandering) or
the instream habitats. Few only are related to reduction of nutrient input (Figure 7).
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Figure 7. Proportion of literature references related to hydromorphological restoration
measures taken in rivers.
In acidified rivers out of 141 sites 131 endured external pressures and at 8 sites liming is
considered as a secondary measure as it is underaken within the context of reduced amospheric
depsostions.
On the contrary, in lakes all measures target to reduce nutrient levels, especially phosphate
(Figure 8). Others mainly focus on acidification (out 419 sites 371 endured external pressures
and 2 toxic substances).
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Figure 8. Proportion of literature references on additional measures included in nutrient
reduction projects in lakes.

Proportion of lit. references

Measures are not often taken directly in estuarine and coastal waters, these much more relate to
measures taken inland through legislation on nutrient reduction (Figure 9).
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Figure 9. Proportion of literature references related to restoration measures taken in estuarine
and coastal waters.
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These observations support our initial hypothesis that “at a catchment scale, nutrient stress
affecting functional (production/decomposition) processes will be more important in lakes and
marine systems, while hydromorphological stress affecting habitat availability will be more
important in rivers”. Surprisingly little information on other stressors is available but these
hamper full recovery!
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Chapter 4. Recovery: Data availability and processing

Rivers
Although, river restoration is getting increased attention in many parts of the world (Palmer et
al. 2007), the lack of proper monitoring data seems to be a general problem. Bernard et al.
(2005) stated that of 37.000 river restoration projects in the United States, only 10% included
some form of monitoring and of this information little was either appropriate or available. Feld
et al. (2006) conducted a study on the effectiveness of several hundreds of ecological river
restoration projects in Germany. They found that for less than a quarter of the studies (23%),
post-project evaluation of measures had been conducted (Keizer-Vlek et al. 2011).
An overview of European papers on river restoration, studied by Reitberger et al. (2010),
showed that none of the studies did look at time series. They all reflected cases of controlimpact studies. In most case space-for-time substitution is used to study recovery times;
although only 8 years after restoration was the longest monitored series. In most studies controlimpact design was common. In some studies groups of streams with different times after
restoration were used (another form of space-for-time substitution). Striking was that almost no
pre-restoration data were available. Some exceptions are given in a study by Louhi et al. (2011).

Lakes
The general data analysis approaches employed in the 46 lake equivalent case studies are
summarised (Figure 10). The majority of the lakes employed ‘before and after’ and ‘time series’
approaches. The majority of lakes employed multiple data analysis approaches (4 lakes used 1
approach; 34 lakes used 2 approaches; and 8 lakes used 3 approaches). The use of statistical
analyses to validate the data analysis approaches across the 46 lakes is summarised (Figure 11).
The majority of the 21 lakes in which statistical analyses were used to test some aspect of the
recovery process used ANOVA or regression analyses. 26 % of the 46 lakes considered longerterm recovery effects (i.e. > 10 years; Figure 12).
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Figure 10. Number and proportion of 46 lake equivalent case studiesin which space for time,
control/impact, time-series and before/after data analysis approaches were used.
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Figure 11. Number and percent of 46 lake equivalent case studies in which statistical analyses
were conducted to test the effects of management measure scenarios.
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Figure 12. Distribution of lake equivalent case studies (n = 36) for which monitoring was
conducted in excess of the estimated maximum transient recovery period.

The majority of lake liming studies lack robust pre-liming conditions. Indeed, most liming
projects were started simply if lake water pH dropped below 6.0. Knowledge of biological
conditions was seldom measured as were other water chemistry variables. Analyses to determine
the effects of liming are generally based on time-series data of surface water chemistry and
comparison of lake biology with nearby reference lakes. Palaeolimnology has proved an
important means of assessing the timing, extent and causes of acidification since the midninteenth century. In particular the development of the diatom-pH transfer function and the use
of sub-fossil material from lake sediments to identify pollution from long-range sources have
provided valauble information in the absence of historical / monitoring data over this period.
Palaeolimnological data can now be compared with observational time series data from
monitored sites to provide a means of validating the sub-fossil based reconstructions. Diatoms
and the remains of other organism groups stored in lakes sediments have been used to track both
degradation and recovery phases.

Estuarine and coastal waters
Data availability and processing is low in estuarine and coastal waters (Borja et al. 2006).
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Summary
In rivers and lakes quite an amount of monitoring data are available. In estuarine and coastal
waters such data are scarce. Despite the number of monitored recovery cases, each one seems to
stand alone as monitoring schemes were set-up for local situations and to answer partial
questions. Furthermore, in many, many cases data on recovery just lack and this is quite
alarming! Not only is the amount of available data surprisingly low, the composition of the
available data is often very limited and does not allow the evaluation and generalisations of
improvements and eventually of successes. This can be due to several reasons. First, an
overwhelming majority of restoration measures is not being monitored at all, probably because
there is no legal requirement that designates restoration monitoring mandatory. And second, if
restoration measures are monitored, the methods and time-scales applied rarely fit the state-ofthe-art in freshwater monitoring but are based on common state and trend monitoring. Third,
most water authorities do not focus on long term ecological success but focus on getting the job
done, thus taking the measures intended.
Before-After-Control-Impact monitoring would be the only best option to monitor recovery. As
can be seen this was only done in a limited percentage of river restoration studies (solely
experiment). Most focus on Before-After approaches. Time series lack in rivers but are available
for lakes. The marine monitoring is less well described.
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Figure 13. Proportion of literature references that refer to specific data evaluation techniques
as applied in river, lake, estuary and coastal water restoration projects.
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The huge investments in recovery of surface waters require control of the ecological effects.
Therefore, restoration monitoring should become mandatory. Only by frequent monitoring of
biological and abiotic changes after restoration will restoration practitioners and scientist be able
to evaluate the success of the restoration measure and eventually of the investment done.
Restoration monitoring requires a tailor made sampling design that allows of sound statistical
analysis according to state-of-the-art methods. First, in order to monitor changes, the status
before restoration must be recorded at least once. Second, the status after restoration must be
recorded several times in order to account for the development of a restored site after
restoration. And third, a control (non-restored) site similar to the restored site before restoration
must be monitored in order to detect the effect of natural variability (and climate change) and
subtract them form pure restoration effects. This before-after-control-impact (BACI) design is
standard in scientific research and allows the statistical testing of restoration effects and
recovery.
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Chapter 5. Recovery: Successes

Rivers
Feld et al. (2011) conclude that: “The huge body of restoration literature verifies that restoration
does show effects on both the environmental variables that make up aquatic habitats and the
biological communities that recover and occupy these habitats. Riparian vegetation can
effectively buffer nutrients and sediments with various positive effects on the in-stream fauna
and flora. The placement of (natural) in-stream habitat structures does lead to measurable effects
on the in-stream fauna. Finally, the removal of weirs and other small barriers does restore the
longitudinal connectivity and habitat diversity upstream.” This conclusion by Feld et al. (2011)
is completely opposite to the conclusions drawn by Palmer et al. 2010. Palmer et al. reviewed
the results from 78 different restoration projects that quantitatively examined the reach-scale
response of invertebrate species richness to restoration actions that increased channel
complexity⁄habitat heterogeneity. In contrast to Feld et al. (2011), they report that while “most
projects were successful in enhancing physical habitat heterogeneity; only two showed
statistically significant increases in biodiversity rendering them more similar to reference
reaches or sites”. On the other hand, Feld et al. (2011) considered all BQEs and more response
parameters, thus comparing reviews in this case is flawed by the different targets of the reviews.
Besides the study by Palmer there are several other recent studied that did not provide very
encouraging results when restored stream channel biological conditions were compared to
reference sites (e.g. Jähnig et al. (2010), Louhi et al. (2011), Sundermann et al. (2011) and
Violin et al. (2011)).
According to Miller et al. (2010), who published a comprehensive meta-analysis of the effects
of mesohabitat enhancement on benthic macroinvertebrates, there is a “myriad of weakly
replicated, inconclusive, and even conflicting published studies”. The authors point at some
general flaws in restoration science (e.g., lack of sound study design including inappropriate
replication, or publication bias) and question the methods to evaluate treatment effects (see also
Shields 2003). Study designs lacking pre-restoration data render impacts on macroinvertebrates
questionable as these communities vary naturally at small spatial scales. Furthermore,
conclusions about restoration significance remain unrelated if only unrestored, but not
undisturbed controls are being used to detect the effects (Feld et al. 2011). Apart from this
effectiveness or success can only be defined if initial criteria are specified with which the recovering
system can be measured against. This may be a historical reference, a comparable river section that is
considered to be in a reference state or aims and goals such as a particular sinuosity or the colonization of
certain species. A large proportion of projects do not define any criteria or give an indication if the
changes seen following restoration interventions indicate progress towards recovery. The concept of
success suggests a positive end point where a dynamic equilibrium is achieved in the newly modified
system. However, rate limiting factors such as floods, droughts, dispersal will mean that population,
community and ecosystem responses to the addition of habitat will often take considerable lengths of
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time (Lake, 2001). These sorts of delays do not cause restoration to fail, but instead, may push response
times beyond those over which monitoring is typically funded (Bond & Lake 2003). Projects were
therefore analysed in terms of their progress towards rehabilitation goals rather than their outright
‘success’.
An evaluation of the indicators that responded positively to restoration showed that the indicator groups
‘river banks’ and ‘riparian & floodplains’ demonstrate the largest positive response to stream restoration
(100% and 85%, respectively)(Reitberger et al. 2010). Morphology, macroinvertebrates, diatoms &
algae, and bed load showed positive responses on 59%, 57%, and 50% of occasions respectively.
Macroinvertebrates, fish, and hydraulics as the most frequently used indicators in this study, scored
surprisingly low positive response rates compared to the rarely used indicator groups ‘river bank’ and
‘riparian and floodplains’. Water quality and chemical indicators showed least effects. Unexpectedly,
also indicator species mainly failed to show positive response to restoration within the first years after
project implementation (Figure 14).

Figure 14. Positive short-term indicator response per indicator group (n=total number of
indicators analysed within each group (Reitberger et al. 2010)).
The majority of abiotic indicators applied in the reviewed literature by Reitberger et al. (2010)
did not reliably respond to the restoration efforts made (Table 5), which may indicate either that
indicators were ‘unsuited’ or that the measures did not show the desired effects at all, i.e.,
restoration was not successful. Solely the amount of large woody debris (LWD) following
restoration seems to be an unambiguous indicator of improvement. Similarly, changes in
channel form or instream habitat are often due directly to restoration actions (manipulations of
channel morphology or addition of in-stream structures) and they may not remain intact over the
long-term. This is particularly true if the stream reach that was ‘restored’ exists within a broader
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watershed context that is degraded (Palmer, 2009). Further, increases in fish abundance that
have been found when in-stream structures or LWD are added may simply be due to local
aggregations of fish and not an increase in fish production.
Table 5. Indicators of physical structure and water quality and their response to restoration
efforts. Indicators reported in >10 studies are indicate in bold. Again, positive response means
that the indictor changed post-restoration toward the desired direction. Negative suggests the
ecological conditions worsened (with respect to the indicator) and no response means there was
not a significant change (after Reitberger et al. 2010).
Indicators
Positive response
Physical structure
Bed particle size
Sedimentation
Bed erosion/scour
Bank erosion
Width:Depth ratio
# pools/length
‘habitat’ score
Habitat heterogeneity
Large woody debris
Temperature
Velocity
Light
% Organic matter (sediment0
Water quality
pH
DO
NO3 or total N
DOC
SO4
Conductivity
PO4
Suspended sediment

Negative response
2
3

10
8
3
2
7
11

1
4

No response
2
4
3
4
5
3
8
3
1
1

Response unclear

1
25
2
16
35
16
17
8
3
2
5

1
1
1
1
2

1
1

2
1
1
2
1

1

Lakes
In 82% of the lakes in the 46 lake equivalent case studies a reduction in annual mean TP
concentration was achieved of the lakes for which pre- and post-management TP concentrations
were reported. However, the reported end-point recovery TP concentrations were commonly
high (i.e. > 0.3 mg TP l-1) in relation to lake type specific WFD TP targets. Many of the lakes
did not, however, provide evidence of recovery of multiple BQEs following TP reduction.
Jeppesen et al. (2005) concluded in an evaluation of 35 long-term data series:
 Summer mean TP concentration declined in 76% of the shallow lakes and in all deep
lakes. Reductions in annual mean TP concentration occurred in 86% of the shallow lakes
and nearly all deep lakes.
 Summer TN concentrations declined in 83% of the shallow lakes, whereas no consistent
pattern was found in N loading reductions in the deep lakes.
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The TN : TP ratio in the lakes was positively related to the TN : TP ratio in the lake
inflows, both during summer and annually, and was also positively related to depth.
With decreasing TP concentration, the TN : TP ratio increased markedly in both deep
and shallow lakes. An increase in the summer TN : TP ratio could be seen in 80% of the
lakes receiving water with an increased TN : TP ratio, but the TN : TP ratio even
increased in a few lakes for which the TN : TP ratio of the inflowing water decreased.
 In all lakes except one, the summer SRP concentration declined with decreasing TP
concentration, while no changes or even increases were found in lakes with no changes
or increases in summer TP concentration.
 No clear pattern was observed for DIN in individual lakes. However, the summer DIN :
TN ratio increased in 76% of the shallow lakes, and in 82% of the deep lakes.
 In 80% of the shallow and 91% of the deep lakes, the summer DIN : SRP ratio increased
with decreasing TP loading and TP concentration in the lake.
 In 71% of the shallow lakes and in 69% of the deep lakes, a decline was found in
summer chl a concentration with decreasing summer TP concentrations. These were
76% and 64%, respectively, when chl a values were averaged on an annual basis.
 In 77% of the shallow and 82% of the deep lakes, the Secchi depth increased as nutrient
loading decreased.
 In most cases fish responded strongly to the reduction in nutrient loading. In 82% of the
lakes with available fish data, decreases were noted in the catch of fish by either
commercial fishermen, anglers or in fish surveys.
 The total zooplankton biomass increases with TP concentration and decreases with
depth.
 Phytoplankton biomass followed the pattern for chl a concentration; it declined in 71%
of the shallow lakes and 70% of the deep lakes. For shallow lakes, the contribution of
diatoms to the total biovolume increased in 69% of the lakes, and the contribution of
cryptophytes and chrysophytes in 63% and 64% of the lakes, respectively. No significant
pattern was found for the remaining phytoplankton groups. The contribution of
chrysophytes also increased in 82% of the deep lakes. In addition, an increase in
dinophytes was found in 75% and a decline of cyanobacteria in 80% of the cases.
 The response of macrophytes to reductions in nutrient loading was not uniform across
lakes. In most lakes for which data were available, signs of macrophyte spread were
apparent, either as an increase in macrophyte abundance, coverage, plant volume
inhabited and/or, in the case of submerged macrophytes, depth distribution.
Widespread increases in surface-water pH have been attributed to international actions to
improve air quality (Stoddard et al. 1999). Since surface-water chemistry exerts a major control
on aquatic biodiversity (Resh and Rosenberg 1993), improved surface-water quality (e.g.
increased pH) should result in biological recovery, albeit with inherent time lags (Evans et al.
2001). For example, chemical recovery from acidification is characterized by marked increases
in pH and alkalinity and decreases in SO42– concentration, whereas biological recovery can be
characterized by decreased predominance of acid-tolerant taxa and recolonization of acid41
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sensitive taxa. A growing body of literature documents improvement of surface-water pH.
However, records of biological recovery are scarce, and results are equivocal (Skjelkvåle et al.
2000, Alewell et al. 2001, Stendera and Johnson 2008, Angeler and Goedkoop 2010).

Estuarine and coastal waters
Borja et al. (2010) surveyed the current literature and identified 51 long-term estuarine and
coastal restoration cases. Most showed recovery after a shorter or longer period of time. In a few
cases, recovery was not at all evident. From four well-studied coastal ecosystems, Duarte et al.
(2009) did not observe a return in simple biological variables (such as chlorophyll a
concentration) following the assumed reduction of nutrient loads during two decades. In the
Chesapeake Bay, despite extensive restoration efforts (including point-source reductions,
fisheries management, sea grass plantings and oyster bed restoration), nutrient concentrations
and associated ecological health-related water quality and biotic metrics have generally shown
little improvement and, in some cases, large decreases since 1986 (Williams et al. 2010),
keeping the submersed aquatic vegetation coverage below restoration targets (Orth et al. 2010).
This may be reflected by the hysteresis term in the model proposed by Elliott et al. (2007) which
indicates that the trajectory of degradation may be different from the trajectory of recovery; that
difference can be regarded as a degree of ‘memory’ in the system (Peterson 2002) which may be
related to the type of stressor and the ability of it to be assimilated.

Summary
In rivers, the environmental improvement (positive response) was on average the case in 33% of
the projects (Figure 15). The biological positive response accounted for 50% of all projects
evaluated.
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Figure 15. Percentage positive response reported in river restoration literature.
In lakes these numbers were higher (Figure 16). In total, 66% of the eutrophication restoration
projects showed positive responses for phosphorus and/or nitrogen and related parameters. 64%
of the biological organism groups included in the studies showed positive responses.
For marine waters data were not available.
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Figure 16. Percentage positive response reported in lake restoration literature.
Successful restoration is hard to define as end points and goals are often hardly described. Still,
for each of the water categories studies are available that showed some indication of restoration
success. But a number of studies also showed that ecological recovery takes time, can be
delayed or even can fail. What restoration ecology needs is (see also Reitenberger et al. 2010):
 Definition of clear goals for restoration at catchment scale that are based on recent
biological monitoring results and the actual distribution of targeted species or
communities.
 Identification of best-practice restoration measures to address the specific pressures.
 Balancing all measures within a catchment in order to reach the best possible synergy
effects of single component measures, and ultimately to achieve recovery of the entire
catchment.
 Knowledge of indicators that can be monitored at large scale and be relevant for the
measure taken.
 A monitoring design extracted from an experimental design that addresses the goals
defined for restoration and that is likely to be successful at the large scale and in the long
term.
 Pre-restoration monitoring as a basis for monitoring of progress, and ultimately of
success.
 Indication of the time span for each measure to become successful.
 Monitoring of the post-restoration (abiotic) hydromorphological and biological
developments based on before-after-control-impact surveys.
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Analysis of monitoring data according to state-of-the-art statistical techniques to identify
potential shortcomings and to help to develop new indicators that also cover restoration
effects on processes and community functions.
 Development of predictive models to support the design of future restoration projects
and to assess their potential to become successful.
Over the next decades, annually, much money will be spent on restoration in order to improve
and maintain the ecological status of rivers, lakes and estuarine and coastal waters. Whether
these investments have the desired effect will depend on the quality of restoration measures
taken and monitoring to adjust during the recovery process. Only a small fraction of the
investment would be initially required to test the hypotheses defined on forehand and thereby, to
establish a sound scientific and applicable basis for future restoration.
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Chapter 6. Recovery: Organism groups

Rivers
Remeandering
Of the Biological Quality Elements (BQEs), macroinvertebrate (macrozoobenthos (MZB))
indicators were the most often applied during monitoring exercises (Figure 17). Following
macroinvertebrates in descending order of frequency of use are fish, macrophytes and
phytobenthos. Questions have been raised, however, about the reliability of macroinvertebrate
indicators, particularly in the initial few years following river rehabilitation by various authors
(Sporka et al., 2006, Blocksom & Flortmersch, 2008; Haase et al., 2008). In a study by
Matthews et al. (2010), all types of rehabilitation intervention and the ability of different
indicator groups to reveal progress towards restoration goals within five years were examined.
The macro-invertebrate group were seen to perform relatively poorly compared to other
indicators (Figure 18). Fish and macrophytes performed better but lagged behind other nonecological indicators analysed. Of all biological indicators, terrestrial indicators monitored away
from the river channel revealed early progress towards project goals the best.

Figure 17. Percentage representation of BQE elements within monitoring schemes.
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Figure 18. Positive indicator response per indicator group within the first five years of monitoring
(Matthews et al, 2010).

Removal of weirs and dams
The biological impact of weir removal has been studied most often for benthic invertebrates (83% of all
references), whereas aquatic macrophytes and fish were also frequently addressed (58 and 50%,
respectively); phytobenthos has been rarely addressed (Figure 19).

Figure 19. Number of references on weir removal addressing the community attributes
composition/abundance (C/A), sensitivity/tolerance (S/T), age structure (Age), diversity (Div),
biomass and function of fish (FI), benthic macroinvertebrates (BI), macrophytes (MP) and
phytobenthos (PB). (after Feld et al. 2011)
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Riparian buffers
The majority of studies on riparian buffers adressed effects on benthic macroinvertebrates and
fishes (Figure 20).

Figure 20. Number of references on riparian buffers addressing the community attributes
composition/abundance (C/A), sensitivity/tolerance (S/T), age structure (Age), diversity (Div),
biomass and function of fish (FI), benthic macroinvertebrates (BI), macrophytes (MP) and
phytobenthos (PB). As a study may refer to more than one community attribute, the overall
number of references exceeds the number of 38 restoration references reviewed. (from Feld et
al. 2011).
Enhancement of in-stream habitat stuctures
By far, most ecological effects on enhancement of in-stream habitat structures development
were reported for the fish community attributes (21 references) followed by benthic
macroinvertebrates (7), macrophytes and phytobenthos (2 each) (Figure 21).

48

Deliverable D6.4-3: Recovery water categories

Figure 21. Number of references on enhancement of in-stream habitat structures improvement
addressing the community attributes composition/abundance (C/A), sensitivity/tolerance (S/T), age
structure (Age), diversity (Div), biomass and function of fish (FI), benthic macroinvertebrates (BI),
macrophytes (MP) and phytobenthos (PB). As a study may refer to more than one community attribute,
the overall number of references exceeds the number of 75 restoration references reviewed.

Lakes
The literature review returned 333 lakes in which the recovery of at least one BQE was reported
following external nutrient load reduction alone, 130 lakes in which only in-lake management
was conducted and 51 lakes in which in-lake and external nutrient load management measures
were conducted (Figure 22). Reports on phytoplankton were most common (44% of case studies
reporting ecological recovery) followed by macrophytes (15%), zooplankton (14%),
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macroinvertebrates (13%), fish (12%), waterfowl (2%) and bacterioplankton (<1%).
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Figure 22. Number of lakes returned in the literature review for three management scenarios
(external nutrient load reduction only, in lake management coupled with external nutrient load
reduction, and in lake management only) for each of the 7 BQEs.
The study did not separate the individual restoration measures taken.
A number of studies have analyzed post-liming conditions of lakes and watercourses. As
mentioned, chemical response is almost immediate, while response of different organism groups
is taxon-specific. Fish, phytoplankton and benthic invertebrate assemblages are often monitored
to determine the effects of liming on lake communities. Response times varying considerably
and are often site-specific, but in general phytoplankton respond > benthic invertebrates > fish.
Post-liming biological restoration has often focussed on two areas of study; namely, measures to
facilitate natural recolonization and re-establishment of locally extinct populations and
reintroduction of locally extinct species by restocking (Bergquist 1995). For example, removal
of migration obstacles and improvement of habitat are two measures used to facilitate
recolonization and establishment.
In contrast to assessing the effects of liming, fewer studies have looked at natural recovery of
acidified lakes and watercourses. For lakes, fossil remains of diatoms and other organism groups
(e.g. chironomid midges) have been frequently used in the Nordic countries, the UK and
Canada. Although seemingly costly and requiring a substantial amount of taxonomic expertise,
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paleo approaches have been shown to be extremely good at establishing pre-acidified conditions
as well as for tracking long-term changes in assemblage composition. More recently these
approaches have been used to determine if recovery trajectories follow degradation pathways.
By contrast, use of contemporary data is someone limited by the scarcity of long-term
monitoring data. Recent studies have shown that assessment of recovery is dependent on the
response variable chosen, and that factors other than improved water quality can confound
interpretation. Stendera and Johnson (2008) analyzing a dataset consisting of 10 boreal lakes
and 16 years of continuous time-series data showed that several of the chemical and biological
metrics showed positive trends over time, supporting the biological recovery. For example,
phytoplankton diversity indicated signs of recovery. Findings from invertebrate assemblages
were equivocal; littoral invertebrate assemblages showed positive trends, but similar trends were
also evident in the circumneutral reference lakes, indicating that other factors than improved
water quality might be driving these shifts in assemblage composition. In a similar study,
Johnson and Angeler (2010) found that acidified lakes (n=4) had more pronounced shifts in
assemblage composition than did reference lakes (n=4), indicating recovery over the 20 year
time series. Similar to the findings of Stendera and Johnson (2008), the most marked differences
were noted for phytoplankton assemblages. However, while trends in water chemistry showed
unequivocal signs of recovery, responses of phytoplankton and invertebrate assemblages,
measured as between-year shifts in assemblage composition, were correlated with interannual
variability in climate (e.g. North Atlantic Oscillation, water temperature) in addition to
decreased acidity. The finding that recovery pathways and trajectories of individual acidified
lakes and the environmental drivers explaining these changes differed among assemblages
shows that biological recovery is complex and the influence of climatic variability on recovery
is poorly understood.

Estuarine and coastal waters
Borja et al. (2010) surveyed the current literature and identified 51 long-term cases where (1)
actions were taken to remove or reduce human pressure effects; (2) information on the responses
of biological elements was available; and (3) medium or long-term monitoring of the recovery
occurred. In 38 out of these 51 cases benthic invertebrate were studied. Fish were studied in 8
out of 51 cases and macrophytes in 7 out of 51 cases. Macro-(algae) were studied in only two
cases (Table 6).

Table 6. Overview of the number of references adressing the diffrent BQEs based on a review by
Borja et al. (2010).
BQE
Benthic invertebrates
Fishes
(Macro)algae

Number of studies
38
8
2
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7
1

Macrophytes/marsh
Birds

According to the literature review the most common BQE used to asses recovery are the benthic
invertebrates which has been used to address different kind of pressures (see Table 3).

Summary
The majority of restoration studies in rivers and in estuarine and coastal ecosystems have
focused on macroinvertebrates. In rivers also fish are important indicators. In lakes
phytoplankton is the BQE studied most extensively. The difference in indicator groups used
goes back to the causes of degradation. In lakes eutrophication is most important and
phytoplankton best reflects the nutrient status of the lake over time. In rivers most degradation
goes with hydromorphological change. Macroinvertebrates and fish respond strongly tot these
types of changes. The choice of macroinvertebrates as indicators of degradation in estuarine and
coastal waters is less obvious as eutrophication and saprobiphication are most common causes
of degradation along with bottom disturbances. The latter would best be reflected in
macroinvertebrate responses the first less. The confounding factor in estuarine and coastal
waters for phytoplankton is water movement. Water movement reduces the indicative value of
phytoplankton.
rivers
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estuaries/coastal waters
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Figure 23. Proportion of literature references that reported on specific biological quality
elements in river, lake and estuarine and coastal water restoration studies.
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Chapter 7. Recovery: Time-scale

Rivers
A significant confounding factor when considering the assessment of successful recovery is the
length of the post-management monitoring period in relation to the reported transient recovery
period for all indicator variables across all management approaches.
The majority of all 168 papers on river restoration studied by Feld et al. (2011) only deal with
short-term effects of restoration (<5 years). Per measure the following recovery or study periods
were noted:
Remeandering
Time-scales for recovery after remeandering could not be derived from the meta-analysis of
existing literature performed by Feld et al. (2011), due to limited data availablity. Although
limited data constrained the analyses, it was concluded that non-ecological indicator groups
(hydrology, morphology) react quickly giving a positive response to intervention within two
years follwing restoration. 90% of the non-ecological indicators responed positively to
restoration within the initial two years follwowing restoration. No trend indicating a particular
time period where ecological indicators demonstred a response could be observed.
Removal of weirs and dams
The findings presented here are consistent with the conclusions of Doyle et al. (2005): each
variable develops in a specific time scale after weir (dam) removal. The re-establishment of the
longitudinal connectivity that allows migratory fish to move is almost immediate. Many
environmental parameters such as substrate conditions and the overall water quality may
recuperate within a few years, while water temperature will change almost instantly. In contrast,
biological recovery in general requires several years or even decades after removal and is
expected to occur once the fine sediments have been transported farther downstream (e.g.,
Thomson et al. 2005). This effect strongly depends on the quantity of sediments that were
accumulated upstream of the barrier, on the water velocity, on the gradient of the riverbed and
eventually on the specific technique of weir (dam) removal (Bednarek 2001). According to the
author, full recovery may take up to 80 years, but the literature does rarely include monitoring
periods longer than five years after implementation of a measure. The time-scale of recovery
after weir removal continues to remain speculative unless long-term monitoring is being
conducted to provide evidence.
Riparian buffers
Time-scales for recovery after ripirian buffer re-establishment could not be derived from the
meta-analysis of existing literature performed by Feld et al. (2011), because two thirds of the
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studies were conducted less than 10 years after the measures were taken. Studies over longer
time spans are almost completely lacking (Figure x). This time-scale may be sufficient to detect
the direct effects of in-stream habitat improvements, but it is likely to be insufficient to detect
major indirect effects of riparian buffer restoration on the overall functioning, on important
processes such as wood recruitment and the supply of energy to the in-stream food web. But
some theoretical considerations imply the timescales required for riparian buffer management to
achieve maturity and to provide all relevant ecological functions. Riparian trees like black alder
and willow require 30–40 years to mature and eventually reach their final height and maximum
canopy cover (Jowett et al. 2009). This time frame is probably required to provide nutrient and
sediment retention, and temperature control. Longer time spans are needed to start providing
natural amounts of LWD and, hence, to gain the desired effect on the in-stream
hydromorphology (bed form processes and habitat improvement).
Instream mesohabitat enhancement
Feld et al. (2011) reported that the time span between restoration and monitoring of effects was
highly variable and ranged from 1 to 50 years (this included both biotic and abiotic response).
Feld et al. (2011) also concluded that the majority of restoration studies on in-stream
mesohabitat improvements are short-term and, thus, cannot provide insight in long-term effects.
Also, the few references including long-term monitoring results largely imply that habitat
enhancement and related biological effects of the most frequent restoration measures are prone
to environmental impacts beyond the scale of restoration. Irrespective of the many (short-term)
positive effects, in particular due to the introduction of large woody debris (LWD), roughly half
of the reviewed references imply failures of habitat improvement, biological recovery or both,
when it comes to long-term recovery. This does not mean these studies reported failures, but we
simply cannot judge the level of success of many studies because of their limited monitoring
efforts (Feld et al. 2011).

Lakes
Eutrophication reduction
The 46 lake equivalent case studies showed that only 45% of the 31 lakes reported postmanagement monitoring periods of 1 year or less in excess of the reported transient recovery
periods. Therefore, it is questionable whether or not true recovery had been reported in these
studies (Figure 24).
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Figure 24. Distribution of lake equivalent case studies (n = 36) for which monitoring was
conducted in excess of the estimated maximum transient recovery period.
More in detail, the responses of the bacterioplankton community following eutrophication
management (Table 7) were summarised from only 3 publications. The responses of the
macroinvertebrate community following a review of 68 publications, the responses of the
macrophyte, fish and zooplankton community following a review of 76, 61 and 71 publications
respectively.
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Table 7. Summary of the findings of 364 peer reviewed publications in terms of the timescales
and trajectories of structural and functional ecological recovery of lakes after eutrophication
management. References were retrieved from Web of Science using the search term
[Lake+Eutrophication+Recovery] in January 2011.
Organism group

Main changes in Impacts on ecological
environmental
structure
state

Impacts on
ecological function

Factors
confounding
recovery

Bacterioplankton
( <18 years)

Decrease in TP
leading to change
in zooplankton
community

Unclear – potential
increase due to DO
increase but potential
decrease due to higher
grazing rates by
Daphnia

Increase or decrease
in contribution to
energy transfer

Unknown

Overall reduction in
phytoplankton biomass
(especially in spring and
summer). Reduction
may be slower in
summer due to internal
loading

Decrease in quantity
and increase in
quality of food for
zooplankton

Increase/decreas
e in TN
concentration

Reduction in spring
diatom biomass

Decreased organic
matter deposition to
the sediment

Increase/decreas
e in Si
concentration

Increase in importance
of diatoms,
cryptophytes and
chrysophytes in shallow
lakes
Reduction in relative
contribution of
cyanobacteria to total
phytoplankton
community at mesooligotrophic end point
TP concentrations
Replacement of nonheterocystous
cyanobacteria with
heterocystous
cyanobacteria following
strengthened N
limitation at
mesotrophic end point
TP concentrations

Lower mass of
nutrients available
for internal nutrient
cycling

Sustained P
availability in
metalimnion of
stratified lakes
leading to
dominance of
metalimnetic
cyanobacteria
N limitation prior
to restoration
leading to no
response in
phytoplankton
community
Increase in Si
concentrations in
summer caused
by P limitation of
diatoms in spring
Increased
external loading
and persistent
internal loading

Phytoplankton
(2-20 years)

Increase in DO
Decrease in labile
DOC through
reduction in
planktonic
production
Reduction in TP
concentration

Increase in DO
concentrations at the
sediment surface

Increased resilience
to negative switches
from clear water
conditions

Natural and
human induced
changes in fish
stock leading to
trophic cascades
through
zooplankton
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Zooplankton
(1-17+years)

Reduction of TP
concentration

Increased
macrophyte cover
as refugia
Increase in edible
phytoplankton
relative to
cyanobacteria
Decreased
zooplanktivorous
fish abundance
relative to
piscivorous fish

Decrease in
cyanobacteria and an
increase in relative
contribution of
dinophytes and
chrysophytes in deep
lakes

Lower risk of
cyanobacterial toxin
production

Species richness
increase towards
mesotrophic TP end
point
Increase in Daphnia and
large cladoceran relative
abundances (e.g.
Daphnia hyalina and D.
galeata) in relation to
smaller taxa (e.g. D.
galeata, D. ambigua,
Ceriodaphnia pulchella),
and especially in
relation to rotifer
biomass, as nutrient
conditions change from
hypertrophic to
mesotrophic
Increase in
zooplanton:phytoplankt
on ratio
Increase in cladoceran
species richness

Higher overall genetic
diversity

Increase in cladoceran
body size

Decrease in total
zooplankton biomass.
Increase in oligotrophic
indicator species
including Ceriodaphnia
cornuta, Daphnia
gessneri, other small
cladocerans like Moina
micrura, Bosminopsis
deitersi, Notodiaptomus
cearensis and
oligotrophic calanoid
copepod species
towards oligotrophic
conditions

Feedback
mechanisms
between
buoyancy
regulating
cyanobacteria
and sediment P
cycling in poorly
flushed lakes

Increased relative
grazing pressure on
smaller “edible”
phytoplankton and
bacterioplankton

Presence of
predatory
zooplankton as a
result of top
down effects of
fish

Higher intensity
clear-water phase in
spring
Increased resilience
of ecosystem to
reverse switch
through control of
phytoplankton
Greater relative
importance as a
nutrient source at
low nutrient
concentrations
Higher overall genetic
diversity.

Fish stocking with
zoplanktivorous
fish
Recovery of
zooplanktivorous
fish following
biomanipulation

Decreased organic
matter deposition to
sediments

Inputs of
pesticides

Inputs of other
industrial
pollution.
Occurrence of
marine
macroinvertebrat
e grazers
following
salinisation
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Macroinvertebrat
es
(10-20 years)

Reduction in
organic matter to
sediment
Increased DO
concentrations in
benthos
Change in grazing
pressure related
to fish community
change

Expansion of
macrophytes into
deeper waters

Macrophytes
(2-40+ years)

Reduction in TP
and TN
concentrations

Reduction in
phytoplankton
biomass

Increase in water
clarity

Reduced overall
abundance.

High
benthivorous fish
abundance
Stratification
leading to anoxia
in benthos
Increase in
external loading
and/or persistent
internal loading

Increased species
richness and diversity
Plecoptera,
Ephemeroptera,
Coleopteran,
Trichoptera all
increased in relative
abundance
Increase in relative
abundance of indicator
taxa, e.g. Cladocera,
gastropods &
Hydracarina "oligotrophication".
More extensive
colonisation of deeper
water linked to
macrophyte recovery.
Increase in chironomid
to oligocheate ratio

Persistent organic
sediment loading

General shift from
macroalgae (e.g.
Cladophora and
Enteromorpha spp.) =>
tall angiosperms (e.g.
Potamogeton
pectinatus;
Myriophyllum spicatum
etc.) => short
angiosperms (e.g.
Eleocharis acicularis and
Littorella uniflora),
characean macrophytes
(e.g. Chara globularis
and Nitellopsis obtuse)
and mosses (e.g.
Fontinalis antipyretica)
as nutrient
concentrations are
reduced from
hypertrophic to
oligotrophic conditions
Increase species
richness towards
mesotrophic conditions.

Decrease in sediment
P release at lowmoderate biomass
leading to aeration of
sediments or an
increase in sediment
P release at high
biomass; this results
in hypoxia in benthos
or reduction in
sediment disturbance
leading to decrease
sediment P release

Increase macrophyte
colonisation depth
towards meso-

Increase in benthic
primary production

Partitioning of P from
phytoplankton to
macrophyte biomass

Invasion by
dreissenid
mussels
Increase in
external loading
and/or persistent
internal loading

Grazing by
herbivorous
waterfowl (e.g.
coot) and fish
(e.g. bream and
roach)
Habitat
disturbance due
to wave action
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oligotrophic conditions

Fish
(2-10+ years)

Improvement in
substrate quality

Increased frequency of
occurrence towards
mesotrophic conditions

Increase in refugia
for benthic and
planktonic organisms.

Reduction in
herbivorous
waterfowl and
fish

Macrophyte abundance
decreases above about
-1
2 mg N l due to
competition for light
with epiphytes

Decrease in water
column NO3-N
concentrations
through direct uptake
and enhanced
denitrification

Reduction in
periphyton
shading
Decrease in TP
concentrations

Increase in water
clarity

Waterfowl
(2-21+ years)

Shift from cyprinids to
percids to coregonids to
salmonids with
decreasing TP
Fish species richness
increases towards 0.1 to
-1
0.4 mg TP l

Increase in
macrophyte
abundance

Increase in littoral fish
species (e.g. gudgeon,
rudd, and pike) relative
to pelagic species (e.g.
pikeperch and ruffe)

Decrease in
zooplankton
biomass

Decrease in fish
abundance with
decreasing TP

Reduction in TP
concentrations

Increase in herbivorous
bird species including
coot, goldeneye, and
pochard
Increased benthivorous
birds

Reduction in
benthivorous fish
species

Increase in
macrophyte
abundance
Increased
abundance of
macroinvertebrat
es

Increase in food
supply for waterfowl
and fish
Competitive
advantage for visual
predators
Increased predation
pressure on
zooplanktovorous
fish
Increased energy
transfer through
littoral habitats

Increase in
chlorophyll:phosphor
us ration as a result
of trophic cascade
Increased energy
transfer to waterfowl

Increased grazing on
macrophytes

Increased nutrient
inputs to lakes

and water level
fluctuations
Macrophyte
control by
humans using
mechanical
harvesting or
herbicides.
Invasive species
ingress or
extinction of
regional seed
bank or blocked
distribution
pathways

Biomanipulation
and/or invasive
non-native
species
Persistent
internal loading

Climate change
related
temperature
increases,
especially in
winter and spring
Blocked
distribution
pathways
Competition for
food with bream

Persistence of
internal loading
delaying recovery
of macrophytes
and
macroinvertabrat
es
Extreme
fluctuations in
water level

Increased nutrient
cycling from
macrophytes through
waterfowl to water
column
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The time it takes for a lake to recover after reduction of nutrient loading varies considerable
between organism groups, but also within organism groups (Table 7). Phytoplankton responded
to reduced nutrient loading within two to 20 years. Similar recovery times were recorded for
zooplankton (1-17+ years) and waterfowl (2-21+ years). Recovery of the macroinvertebrate
community takes longer and varies between 10 and 20-years. Macrophyte recovery varied
between 2-40 years and fish recovery between 2 and 10 years. These numbers are based on the
analyses performed by Spears et al. (2011). The respective recovery times indicate that a rapid
recovery is possible for most organism groups, except for macroinvertebrates, but in many cases
recovery takes longer. The differences in recovery time between lakes for a single organism
group can have several causes. One major cause is the diffrences in internal P loading between
lakes. In shallow lakes, in-lake biogeochemical processes (Figure 11) can regulate reductions in
TP concentrations leading to changes at the seasonal, annual and decadal scales. Jeppesen et al.
(2005b) reviewed the recovery of 35 lakes following external nutrient load reduction and
estimated that internal P loading delayed the recovery of lakes between about 10-15 years.
However, examples are also available in the literature of lakes in which internal loading has
delayed recovery for up to 20 years (e.g. Lake Søbygård, Denmark; Søndergaard, 2007) post
external load reduction. Only submerged macrophytes seem to respond slowly to lake
restoration, which is in accordance with many other findings (Strand 1999; Jeppesen et al. 2005;
Hilt et al. 2006), although a fast response of the plants has occurred in other case studies
(Hansson et al. 1998, Søndergaard et al. 2007). In general, the timing of the transient period is
known to be driven by a range of factors including retention time, pollution history, sediment P
composition and concentrations, and depth (Sas, 1989).
Biomanipulation
In more than half of the 70 biomanipulation projects studied by Søndergaard et al. (2007), secchi
depth increased and chlorophyll-a decreased to less than 50% within the first few years. In some
of the shallow lakes, total phosphorus and total nitrogen levels decreased considerably,
indicating an increased retention or loss by denitrification. The strongest effects seemed to be
obtained 4–6 years after the start of fish removal. Søndergaard et al. (2007) state that the longterm effect of restoration initiatives can only be described for a few lakes, but data from
biomanipulated lakes indicate a return to a turbid state within 10 years or less in most cases. One
of reasons for the lack of long-term effects may be internal phosphorus loading from a mobile
pool accumulated in the sediment.
Recovery from acidification can be rapid with lake liming, but substantially longer when
catchment or wetlands are limed. Short-term post-liming effects are characterized by rapid
expansion of individual populations, attributed to low competition and predation and a surplus
of resources (e.g. nutrients). For example, changes in light regimes may result in increases in
phytoplankton biomass 1-2 months after liming, with even blooms occuring (e.g. Svensson et al.
1995 chapter 10), rapid development of macrophytes such as Myriophyllum alterniflorum,
whereas other species may take decades to recolonize (Larsson chapter 7) and rapid expansion
of certain fish populations (Degerman et al. 1992). Long-term effects have, however, been
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largely attributed to biotic interactions such as competition and predation. However, as
discussed above, liming needs to repeated periodically and if lapsed and buffering capacity falls
a single acidic episodes can eradicate years of recovery (Ormerod and Durance 1992). As
discussed by Angeler and Goedkoop (2010), repeated lake liming events may also be seen as a
form of pulse disturbance, resulting in less complex food webs compared to circumneutral lakes.
Time lags associated with natural recovery from decreased deposition of acidifying compounds
are much longer compared to lake liming. Although many lakes are showing improved water
quality, episodic acid events continue to occur in poorly buffered areas, since soils are still
affected by acidification. In contrast to regional improvement in water chemistry, studies
documenting changes in biota are scarce and findings equivocal. Moreover, although not tested,
response times appear to be dependent more on site-specific and regional factors such as
changes in wet-dry years driven by the North Atlantic Oscillation. In numerous cases the data
sets used to monitor ecological recovery are not of sufficient length, with a number only now
becoming long enough to assess the biological response. It is unclear to what extent the patchy
recovery observed reflects the availability of high quality records as opposed to real limits to the
recolonisation and re-establishment of sensitive organisms. A continuation of existing
monitoring programmes is essential together with a focus on how communities are responding
structurally and functionally to improved water chemistry and the effects that other confounding
factors may have on this.

Estuarine and coastal waters
Borja et al. (2010) reviewed 51 studies (Table 8). They concluded that meiofauna may need only
several months to recover, whereas hard bottom macroalgae and some seagrass species can take
more than 22 years. Birds may take even more time, until 70 years. Fish assemblages appear to
recover from most pressures in less than 10 years, although it may take several decades to
acquire a full species complement after starting from a state without any fish community. In all
cases the time to recovery will depend on the type of restoration.

Table 8. Time span of recovery per BQE after restoration or removing of pressure based on a
review of 51 studies by Borja at al. (2010).
BQE
Benthic invertebrates
Fishes
Macroalgae
Macrophytes/marsh
Birds

Recovery time
From months to 20 years
1- 20 years
14 - >22 years
2-20 years
15-70 years

When recovery times are related to pressures (Table 9) it seems severe impacts, whether acute,
such as large oil-spills, chronic (low level inputs) or persistent over time and space (such as
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sewage sludge disposal, extensive wastewater discharge or mine tailings), require periods up to
10-25 years for complete recovery. Conversely, restoration after physical disturbance (including
dredging and restoration of tidal inundation) that does not leave a “legacy” stressor such as a
persistent contaminant can take 1.5 years for recovery, although some sensitive organisms (such
as angiosperms) may take over 20 years to recover (Table 9).

Table 9. Time span of recovery after restoration or removing of pressure based on a review of
51 studies by Borja at al. (2010).
Source of stress

Recovery time (years) after
removal of stressor (*)

Physical - marsh restoration/land claim reversal
<5
Physical - navigation dredging, aggregate extraction
and material disposal
<5
Organic enrichment - sewage, oilspills, paper waste
5-15
Chemical pollution - sediment contamination
>15
(*) depending on the BQE

Borja et al. (2010) mention that the studies included in their review focus on an initial
reappearance of particular biological elements. Borja et al. (2010) noted that the presence of a
biological element following colonisation is not necessarily an indication that a fully functioning
ecosystem has been created (Mander et al. 2007, Mazik et al. 2007). Although the analysis
shows that in some cases recovery can take <5 years, the full recovery of many coastal marine
and estuarine ecosystems can take a minimum of 15–25 years from over a century of
degradation and attainment of the original biotic composition and diversity and complete
functioning may lag far beyond that, possibly at least another 25 years. Some ecosystems may
never attain the technical definition of being restored, but end up irreversibly in an alternative
state, as shown in the Nervión estuary (Borja et al. (2010).
The time-span of recovery after removal of the pressure is highly variable and depends on the
pressures and BQEs. Although in some cases recovery can take <5 years, especially for the
short-lived and high-turnover biological components, full recovery of coastal marine and
estuarine ecosystems from over a century of degradation can take a minimum of 15–25 years for
attainment of the original biotic composition, diversity and complete functioning may lag far
beyond that period.

Summary
Studies dealing with long-term recovery in rivers, lakes and marine ecosystems are scarce.
Despite this gap in data recovery times were evaluated (Figure 25). One important question that
also has to be answered before time spans of recovery can be compared between water
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categories is `How is recovery defined?´ In the review by Feld et al. (2011) recovery was in
most cases based on qualitative linkages, indicating the direction of a trend (e.g. an increase of x
causes y to decrease). For lakes recovery also seems to be an increase or decrease of aspects of
the biological community as a result of changes in environmental (state) variables due to
restoration. Johnson and Angeler (2010) defined recovery of lakes from acidification as when
the interannual variability of the acidified site falls within the uncertainty of undisturbed
reference sites. Borja et al. (2010) mention that the studies in estuarine and coastal waters
included in their review focus on an initial reappearance of particular biological elements. This
means none of the reviews actually addressed ‘full recovery’, including functional
characteristics, inter- and intra-specific interactions such as predator–prey relationships and
competition or the historical state or even an alternative good state. Remarkable, is that both
marine and riverine literature address the issues related to the definition of recovery, while in
lake literature this discussion seems to lack and there is a general consensus on shift from turbid
to clear water as major goal.
The proportion of references indicates that most monitoring did not yet last longer than about 5
to 10 years. Only few studies (one each) in rivers and marine waters extended 20 years.

rivers

lakes

estuaries/coastal waters

Proportion of lit. references

0.6
0.5
0.4
0.3
0.2
0.1
0
0-1

2-5

6-10

11-15

16-20

>20

Years

Figure 25. Proportion of literature references that indicated the time period of monitoring
recovery in river, lake and estuarine and coastal water restoration studies.
Although, analyses in the different reviews do not address full recovery’, authors do give
indications on ‘full recovery’ based on estimates (Table 10).
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Table 10. Estimates on the time required ro reach ‘full recovery’ of rivers (Feld et al. 2011),
lakes (Spears et al. 2011) and estuarine and coastal waters (Borja et al. 2010) after restoration.
Rivers
Bacterioplankton
Phytoplankton
Macroalgae
Zooplankton
Meiofauna
Macroinvertebrates
Macrophytes
Riparian veg.
Fish
Birds

Lakes
<18
2-20

Marine

14->22
1-17+
10-20
2-40+

Months
months-20
2-20

2-10+
2-21+

1-20
15-70

30-40

Marine ecosystems may take between 35 and 50 years to recover (Borja et al. 2010). Bednarek
(2001) suggest recovery after weir removal may take as long as 80 years. Recovery after
riparian buffer instalment may take at least 30-40 years.
Despite the fact that they do not indicate ‚‘full recovery‘ we compared recovery times between
the three water categories as mentioned in the different reviews. In marine ecosystems benthic
invetrebrates and macrophytes have the potential to recover within months (in two studies on
recovery of sediment disposal) and fish within one year. When only marine studies that recover
from eutrophication are included, recovery times for macroinvertebrates varied between >3
years and >6 years. Although in some cases recovery can take <5 years, especially for the shortlived and high-turnover biological components, full recovery of estuarine and coastal
ecosystems from over a century of degradation can take a minimum of 15–25 years for
attainment of the original biotic composition, diversity and complete functioning may lag far
beyond that period. In lakes recovery time from eutrophication for macoinvertebrates varied
between 10 and 20 years. As in marine ecosostems recovery of macrophytes (2 to >40 years)
and fish in lakes (2 to >10 years) be relatively fast. Response times for organism groups in rivers
are lacking, because the literature rarely includes post hoc monitoring of more than 5 years.
Also, the fact if biological response in rivers occurs within short term is undecided. Roni et al.
(2008) stated that the potential benefits of most in-stream structures will be short-lived (<10
years) unless coupled with riparian planting or other process-based restoration activities
supporting long-term recovery of key ecological and physical processes (Feld et al. 2011).
In both rivers and lakes the success rate of restoration measures appears to be much higher for
the abiotic conditions than for the biotic indicators. Since eutrophication is considered to be the
most important pressure in rivers and lakes, only this is not addressed in rivers, this might be a
major cause. Especially, the response of macroinvertebrates in rivers is questionable, some
studies mention recovery times of others question recovery of macroinvertebrates completely. In
lakes internal nutrient loading often delays recovery.
A different case is biomanipulation. Based on the results of Søndergaard et al. (2007) restoration
of lakes through biomanipulation (in particular fish removal) should be regarded as maintenance
rather than as restoration. Fish removal in shallow eutrophic lakes, has had marked short-term
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effects on lake water quality, secchi-depth and chlorophyll-a in many lakes in the Netherlands
and Denmark. However, Søndergaard et al. (2007) state that long-term effects (8–10 years) are
less obvious and a return to turbid conditions is often seen unless fish removal is repeated. As
such we confirm that fish removal should be seen as a form of maintenance instead of
restoration, because it has to be repeated every few years to maintain the effects previously
acquired. The same conclusions were drawn on restoration of acidified waters. When the
acidification sources are not tackled the measures need to be repeated.
The time-span of recovery after removal of the pressure/stressor is highly variable in all three
water categories and depends on the pressures/stressors, especially if some are still present, and
on the organim group(s) taken into account. Even the time span of recovery can range
enourmously for a single organism group. The ranges in recovery times can be attributed to
several factors delaying or confounding recovery. Especially, different water types exposed to
different combinations of stressors respond differently to recovery. Furthermore, there needs to
be agreement upon the restoration goals for the system and also what criteria will be used to
determine attainment of the desired or targeted system (Simenstad et al. 2006). For example, it
must be known whether a system is restored merely for its abiotic features, its structural
elements, i.e. the appropriate species, or if full functioning.
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Chapter 8. Recovery: Failure or delay in response

Rivers
Re-meandering
The first important reason for a failure or delay in re-meandering success was often that only
one intervention incorporated within a set of interventions applied to a project stretch.
Therefore, it was difficult to establish a direct link between re-meandering and observed
changes. This is further complicated by a lack of the use of a control in many monitoring
programs and a lack of standardization within monitoring. Other limiting factors such as floods,
droughts, dispersal will mean that population; community and ecosystem responses to the
addition of habitat will often take considerable lengths of time (Lake, 2001). These sorts of
delays do not cause restoration to fail, but instead, may push response times beyond those over
which monitoring is typically funded (Bond & Lake, 2003). External influences that were
identified to have influenced the ecological recovery of the rivers studied were the presence of
upstream source populations for colonisation, upstream management practices, water quality
with particular emphasis on nutrient enrichment, large scale hydrological change and associated
effects on sedimentation and erosion and project size. In general, factors such as water quality,
source populations and hydrological characteristics are examples of variables that influence the
predictability of river system recovery (Jähnig et al. 2010; Walsh et al. 2005).
Removal of weirs and dams
Many organisms are limited in their recovery by restricted habitat availability and potential
limitations to reach the restored habitats (e.g., barrier structures), both of which are considered
to be key limitations for recovery. A re-establishment of habitat variability requires
geomorphological processes similar to pre-damming conditions (Doyle et al. 2005). Such
natural geomorphological processes are required to enable fish reproduction, which is often
limited or even inhibited due to the absence of suitable habitats to complete their life cycle (i.e.
habitat for spawning, nursery, foraging). If geomorphological degradation, however, is
irreversible, ecological recovery will hardly be possible without controlling quasi-natural
geomorphological and hydrological processes. Even negative effects of weir and dam removal
have been reported to last at least up to 5 years, or even more (Bednarek, 2001). Another
limiting aspect refers to the size of a weir or dam. Orr et al. (2006) concluded that the effect of
the removal of small dams was rather small compared to the natural variability of the entire
system (Boulder Creek, USA). This finding suggests that small weir removal measures are not
likely to have long-term deleterious effects (see also Thomson et al. 2005) and is as such not a
limiting factor.
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In-stream mesohabitat enhancement
Several examples of non-effect studies ended their discussion with the assumption that the
absence of biological recovery was owed to continuing pressures at larger scales that were not
mitigated by restoration, such as water quality problems (e.g., Pretty et al. 2003) or fine
sediment entries due to intensive land use upstream (e.g., Larson et al. 2001; Levell and Chang
2008) that ‘spoiled’ and limited restoration effects. As Feld et al. (2011) stated “local habitat
enhancement measures are often swamped by reach- or watershed scale pressures upstream that
continue to affect the treated sites”. The same applies for hydrological and geomorphological
processes, which are often neglected (e.g. Beechie et al. 2010), but which constitute important
characteristics that determine the level of success of restoration (peak discharges due to a high
degree of imperious areas upstream).
River recovery failure or delay
The lack of biological recovery following river restoration measures has been attributed to
ecological constraints that may have limited or even inhibited recovery in restoration studies
(e.g. Jähnig et al. 2009a, Lorenz et al. 2009). Such constraints probably include meta population
dynamics of available source populations (e.g. Shields et al. 1995b, 2006) and the dispersal
capabilities of the community members to recover (e.g. Shield et al. 1995), although evidence of
the underlying mechanisms is still lacking from restoration studies. The presence of source
populations in the catchment and the absence of barriers blocking migration pathways are
crucial for the colonisation of recovering species. Finally, the establishment of populations at
restored sites is likely to be ruled by complex interactions between tolerant species already
present at a site, arriving targeted species and possibly also arriving invasive alien species not
targeted by restoration. These biotic interactions are poorly understood and currently render
prediction of restoration effects on species level almost impossible (Feld et al. 2011).
Another important confounding factor is the scale of restoration in rivers.The scale issue is very
often undrestimated. Stretches that are restored are often too short for processes to recover and
pressures and stressors are often acting at a much larger scale than the scale of the restoration.

Lakes
Eutrophication
The capacity for a lake to recover to its original state is not only dependent upon a sufficient
reduction in the primary pressure, but also on the occurrence of secondary pressures that may
confound the recovery process. An overview of all primary and secondary drivers and pressures
reported in 364 peer-reviewed manuscripts was given in Table 2. In 302 lakes (lake-equivalent
recovery case studies) eutrophication was the primary pressure and in 45 lakes also a secondary
pressures was reported (Figure 26).
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Figure 26. Number of lake equivalent case studies (LECs) reporting each of the secondary
pressures shown along the horizontal axis in combination with eutrophication.

Acidification, fisheries management, industrial pollution and climate change were the main
secondary pressures impacting on nutrient enriched lakes and, with the exception of industrial
pollution which covers a wide range of independent pollutants and practices, these are discussed
below. Surprisingly, the role of invasive non-native species was rarely reported as a secondary
pressure affecting ecological responses to eutrophication control in lakes, even though invasive
species (especially macrophytes) were commonly reported to occur during the recovery process.
It was concluded that multi-pressure scenarios may have been under represented in the literature
for a number of reasons, including:
 secondary pressures were not considered to alter the impact of the target BQE and,
therefore, were not reported,
 secondary pressures were not yet identified at the study site, and
 no data existed with which the secondary pressures could be quantified.
In contrast, a wide range of secondary pressures have been reported at Loch Leven (Scotland), a
shallow lake that is undergoing recovery from eutrophication following a significant (60%)
reduction in external nutrient load (May and Carvalho, 2010). It is likely that each of the
pressures has an impact on every BQE at this site at some level, either directly or indirectly,
through complex feedbacks within the system. Although current research aims to quantify the
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relationships between pressures and the BQEs in Loch Leven, no single article has reported on
all of these pressures in the context of lake recovery from eutrophication. Schindler (2006)
reviewed a range of factors known to confound the recovery of lakes from eutrophication and
stressed the need for better understanding of multiple pressures and identified the following
secondary pressures as being of particular importance: (1) the aggravation of eutrophication by
climate warming, (2) the overexploitation of piscivorous fishes and (3) changes in silica (Si)
supply from the catchment as a result of climate change. Schindler (2006) hypothesised that the
latter could lead to a reduction in Si concentrations in lakes leading to cyanobacteria
outcompeting diatoms within the phytoplankton community. Some other recovery confounding
factors are acidification, fisheries management, and non-native species.
Although lake acidification is expected to alter the recovery process and end-point biological
communities in lakes following eutrophication management, few studies report specifically on
this type of potentially confounding impact at the whole lake scale. Clearly, soft water lakes are
most sensitive to acidification pressures and inferences can be made with respect to the likely
impacts based on available literature. The effects of acidification on the phytoplankton are
generally considered to be a switch in community composition from chrysophytes, cryptophytes
and diatoms to non-N2 fixing cyanophytes or to dinoflagellates (Blomqvist, et al., 1993).
However, the combined effects of acidification and eutrophication on phytoplankton community
structure are still contested within the literature, with experimental studies showing either an
increase, or no change, in community structure as eutrophication and acidification increases
(Irfanullah & Moss, 2005; Reynolds et al., 1998). The impacts of acidification on macrophytes
in soft water lakes with a conductivity 1-2 meq l-1 are well reported (Arts, 2002; Brouwer &
Roelofs, 2001). In general, acidification causes a switch from an unimpacted community
dominated by acid intolerant soft water macrophytes (to a deteriorated end point that was
characterised by loss of all submerged macrophytes coupled with the development of
Sphagnum, other bryophytes, Juncus bulbosus and filamentous epiphytic and benthic algae. A
study by Havens et al. (1993) suggests that, in acidified lakes, the zooplankton community will
become dominated by smaller zooplankton and, therefore, the shift from small to large bodied
zooplankton observed during recovery from eutrophication may be unbalanced.
Fisheries management practices vary in scale from fish stocking to support recreational fishing
in small lakes to industrial fishing in large lakes. Any alteration to the fish community can result
in top-down impacts on lower trophic levels through an increase or reduction in grazing
pressures (Carpenter & Kitchell, 1996).
Non-native invasive species are defined by the GB non-native species secretariat as “any nonnative animal or plant that has the ability to spread causing damage to the environment, the
economy, our health and the way we live.” Many non-native invasive species are introduced by
humans for a specific purpose (e.g. aquaculture; Figure 17). However, by definition, they also
have the ability to spread via transport pathways throughout the environment and infest lakes.
This spread may operate with and without human intervention. A summary of the types of nonnative invasive species important in freshwater lakes and their vectors of infestation is outlined
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in Table 11. Depending on the invasive species lake recovery maybe either enhanced or
hampered. Some examples are:
 Rosenthal et al. (2006) reported a decrease in the germination of macrophyte species as a
result of invasion by crayfish;
 Matsuzaki et al., (2009) reported a decrease in macroinvertebrate abundance in the
presence of common carp;
 among others, impacts of invasive dreissenid mussels (e.g. Zebra mussel; Dreissena
polymorpha) include a reduction in phytoplankton biomass (up to 45% for more than 710 years post invasion; Higgins et al., 2011) and total P concentrations in the water
column (Hecky et al., 2004).
Table 11. Summary of organism groups, mode of introduction, environmental impacts and
examples for non-native invasive species considered to pose a high risk to the recovery of lakes
from eutrophication (Manchester & Bullock, 2000).
Type of organism
Fish and shelfish

Purpose
Angling, accidental
introduction

Invertebrates

Accidental introduction

Plants

Accidental introduction

Impacts
Competition, predaition,
habitat disturbance, disease
vector, increased sediment
P release, reduction of
macrophyte cover
Competition with native
species, grazing of
phytoplankton
Prolific vegetative growth,
forms dense matts leading
to deoxygenation,
outcompetes native flora.

Examples
Grass carp, common
carp, crayfish

Zebra mussel, alien
gammarids
Crassula helmsii,
Egeria densa and E.
Nutalii

Biomanipulation
Søndergaard et al. (2007) concluded that in general it is difficult to draw firm conclusions about
the reasons for unsuccessful restorations using biomanipulation. Apart from insufficient
reduction of the external phosphorus loading, a number of different internal mechanisms have
been suggested to contribute to the limited sustainability of restoration effects (Table 12).
Although the focus of the study by Søndergaard et al. (2007) was on biomanipulation, the study
also included other internal lake restoration measures as listed in Table 12.
Table 12. ‘Internal’ reasons for failure (excluding insufficient external nutrient loading
reduction) of lake restoration in Denmark and the Netherlands from Søndergaard et al. 2007).
Method
Fish removal

Pike stocking

Reason
Insufficient number of fish removed
Rapid return of strong cohorts of zooplanktivorous fish
Invertebrate predators (Neomysis/Leptodora) reduce the zooplankton
High resuspension rate of loose sediment
Internal P loading because of formerly high external loading
‘Instability’ because of low coverage of submerged macrophytes
Low survival of stocked fish, for example because of predation and
cannibalism
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Sediment removal
P-fixation
Oxygenation

Low pike consumption of young-of-the-year fish
Bad timing of pike stocking relative to the hatching of young-of-the-year
cyprinids
Low P sorption capacity of new sediment surface
Incomplete dredging
‘Ageing’ of alum and reduced P retention capacity
Reduction/binding of ferric chloride by carbonate or sulphide
No permanent effects achieved? Continued oxygenation
Increased mobile phosphorus pool because of mineralization

Insufficient external loading reduction, internal phosphorus loading and absence of stable
submerged macrophyte communities to stabilize the clear-water state are, according to
Søndergaard et al., 2007, the most probable causes for a relapse to earlier conditions after initial
recovery. Gulati et al. (2008) mention bottle necks similar to those mentioned by Søndergaard et
al. (2007) and put them in a schematic overview (Figure 27). In many cases it was not possible
to adequately reduce the available P in lake water resulting both from excessive external and
internal (release from sediment) P inputs (Gulati et al. 2008). Thus, it might be necessary to
reduce P load to a ‘‘biomanipulation efficiency threshold of P-loading’’ which may be in the
range of 0.6–0.8 g TP m_2 yr_1 as hypothesised by Benndorf and Miersch (1991). Only then a
sustained reduction of phytoplankton via top-down control might be possible due to both direct
(grazing) and indirect (top-down induced P reduction) mechanisms (Benndorf et al., 2002). Such
a ‘threshold’ level of P loading may however vary from lake to lake. Thus, both insufficient
reduction of external P load to the lake after the restoration measures, and an increased rate of P
release from the lake sediment into the overlying water would be crucial factors in offsetting the
success of measures.
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Figure 27. Schematic view of the bottlenecks (indicated from 1 to 5 small circles) in food webs,
that prevent the success of biomanipulation measures in the restoration of shallow lakes. They
are: (1) the inadequate reduction of allochthonous P and the increase of autochthonous P, (2)
the poor edibility of filamentous and colonial cyanobacteria to zooplankton, (3) an inadequate
coverage of the lake area by macrophytes due to predation by both waterfowl and herbivorous
fish, (4) the ineffective reduction of planktivorous fish biomass and the inability to maintain it at
low levels for longer periods, and (5) the failure of introduction of northern pike to develop a
population at the level that can control planktivorous fish. Lines with black arrow heads
represent a positive influence of one parameter on the other (e.g. zooplankton grazing has a
positive effect on light). Lines with white circles represent a negative (inhibitory) influence of
one parameter on another (e.g. waterfowl depress macrophytes through predation). CWP in box
for light = clear water phase, N = nitrogen, P = phosphorus. The lines and arrows from
Planktivorous fish to P and from N,P to Persistence of Cyanobacteria are thicker than other
lines because nutrient reduction and fish removal are the most severe bottlenecks (after Gulati
et al. 2008).

Thanks to biomanipulation research, we now know that macrophytes play a crucial role in
maintaining long, clear-water periods in lakes (Carpenter and Lodge 1986, Jeppesen et al. 1990,
Gulati & Van Donk 2002, Hosper et al. 2005, Gulati et al. 2008). Gulati & Van Donk (2002)
presented a schematic representation (Figure 28) of the mechanisms and factors causing
sediment resuspension and turbidity in shallow lakes in relation to macrophytes (submerged
plants). In 25 of these 34 lakes (see also Søndergaard et al. 2007), where the macrophyte
development was monitored, 18 lakes showed no increase in percentage of macrophyte cover.
Thus, the improvement in light climate may not per se be attributed to increase in macrophyte
biomass.
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Figure 28. Schematic representation of the mechanisms and factors causing sediment
resuspension and turbidity in shallow lakes in relation to macrophytes (submerged plants). After
lake restoration the increase in macrophytes plays an important role in reducing sediment
resuspension and turbidity and improving the underwater light climate. Feed-back mechanisms
and their strength are indicated with arrows (after Gulati & Van Donk 2002). (Allel. Subs.=
allopathic substances)
Acidification
Although acidification affects aquatic biota in a predictable way (Økland and Økland 1986,
Appelberg and Degerman 1991), the underlying processes and mechanisms governing recovery
are not always clearly understood (Hildrew and Ormerod 1995, Strong and Robinson 2004).
Many factors, such as habitat connectivity, dispersal abilities, food availability, and species
interactions, might individually or collectively affect the rates and trajectories (e.g. hysteresis) of
biological recovery. According to Yan et al. (2003), three main bottlenecks could impede
biological recovery: 1) inadequate water quality, 2) insufficient supply of colonists, and 3)
community-level interactions. Detection of biological recovery also might depend on the choice
of indicator (chemical, biological) and the choice of habitat (stream, lake; pelagic, benthic)
(Johnson et al. 2006; Johnson and Hering 2009). Furthermore, many site-specific factors, such
as latitude, altitude, catchment characteristics (e.g., soil/bedrock type, land use/cover),
ecosystem size, and nutrient status, might result in lag responses that differ among sites, and
thereby confound attempts to detect change, resulting in high levels of uncertainty.

Few studies have addressed the stability of aquatic communities following liming, despite the
fact that the ultimate goal of liming is to restore ecosystems to their pre-disturbed conditions
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(Appelberg 1995). Explanations for lack of long-term recovery have focussed on food web
complexity, impediments to recolonization and establishment (e.g. fish), variability in
environmental conditions resulting from liming, and biotic interactions. In a recent study of
long-term effects of liming on lake assemblages, Angeler and Goedkoop (2010) found that
associations between functional feeding groups indicated less connectivity and food web
complexity in limed lakes relative to circumneutral and acidified lake types. These authors
speculated that repeated lime applications comprise frequent pulse disturbances which offset the
establishment of stable trophic relationships in the food webs of limed lakes.
A review of 81 papers from the peer-reviewed literature included an examination of the factors
hindering or preventing recovery from acidification. Most papers reported that chemical
recovery had taken place following deposition reductions although there were exceptions. A
lack of chemical recovery was ascribed to insufficient reduction of sulphur deposition, the
effects of nitrogen deposition, soil acidification and increases dissolved organic carbon (one
paper in each case) with two papers each highlighting the acid episodes and failure of liming
measures. In many more cases limited or no biological recovery was reported. These were
divided between abiotic and biotic constraints and are listed below together with the number of
papers where each is cited.
Abiotic contraints
Nutrient nitrogen (6 papers), acid episodes (6), toxic metals (3), UV (3), site characteristics (6),
increases in DOC (3), climate (8) and calcium (3)
Biotic constraints
Community closure (6), recolonisation (8), decoupled food-web (7), functional shifts (2),
within-species adapatation (1), absence of fish predation (6), stable simplified food-web (2),
competetive resistence (4)

Estuarine and coastal waters
Much less references were available on failure or delay of recovery in estuarine and coastal
waters. Borja et al. (2006) suggested that contaminants in contact with oxic water, after reducing
eutrophication or organic pollution, can be released back into solution (Calmano et al. 1993),
causing toxic effects in the biota. For example, Trannum et al. (2004) have shown that high
copper levels in sediments (400 to 1500 mg kg ) had a distinct negative effect on benthic
colonisation. This observation would facilitate the management implementation of the extremely
costly remedial action plans to remove ‘hot spots’ of sediment contamination; otherwise, such
hot spots could delay or impede faunal recovery once dissolved oxygen conditions in the estuary
have improved (Sáiz-Salinas & González Oreja 2000, González Oreja & Sáiz-Salinas 2003,
Gorostiaga et al. 2004).
–1

Carstensen et al. (2011) noted that the response of chlorophyl-a to changing nitrogen conditions
differs between individual coastal areas. The authors suggest several ecosystem features that
could potentially account for this, e.g. differences in tidal ranges, secchi-depth, mixing and the
75

Deliverable D6.4-3: Recovery water categories

fraction of refractory TN. This suggests that ecosystem characteristics can play an important
role in the outcome of restoration projects. The same authors also suggested that shifting
baseline (as a result of global change), may explain the reported failure to revert eutrophied
coastal ecosystems to their previous state following reduction of nutrient inputs.

Summary
Several major reasons return in many publications on recovery failure or delay:


Spatial scale must be large enough (catchment).



Temporal scale: there is time needed for recovery.



Multistressors present: mostly only one or a few stressor were tackled, others forgotten.



Confounding abiotic processes affect recovery, such as upstream ‘hidden’ stressors,
internal P loading, and biological interactions, like the early arrival of non-native
species, but also climate change effects, effects of management and maintenance.



Distance from source populations and lack of connectivity results in dispersal limitations
and colonisation barriers.



There is no guiding monitoring that makes evaluation along the development and
redirection of measures possible.
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Chapter 9. Recovery: Shifting baselines

Rivers
Shifting baselines imply that the present state of the system is not an adequate reference to
evaluate the effectiveness of restoration effort, as the future status of the ecosystem would differ
from that at the present under a ‘do nothing’ scenario.
In all peer reviewed literature examined no references were made to shifting baselines nor to
(quantified) thresholds.

Lakes
The concept of regime shifts was apparent within the lakes although none of the studies
specifically set out to quantitatively assess response trajectories. The general approach was
instead to assess specific responses over a short time scale. The main reason for failure of
restoration in the case studies appeared to be insufficient control of catchment or internal TP
loading or through lack of sustained control of fish stocks. In terms of acidification there are
very few studies (and none included in the review) which address the concept of shifting
baselines. However, recent (unpublished) data show how the recovery trajectories in some lakes
are not tracking back towards the species communities found at the equivalent stage of the
degradation phase. Several reasons have been proposed for this including the effects of
atmospherically deposited nitrogen acting as a nutrient in N limited systems and the effects of
climate change driven increases in temperature. Although there is little direct evidence that
climate change has altered baselines so that new system equilibria have resulted, independent of
the effects of existing pressures, increasing numbers of studies have identified cases where,
despite measures taken to combat the effects acidification, the recovery trajectory is not
indicating a return to pre-impact reference conditions.

Estuarine and coastal waters
Carstensen et al. (2011) found a parallel trend towards increase in chlorophyl-a yield per unit
nitrogen in the past decade in all regions examined and they indicate this could be the result of
the major shift in the baselines for the functioning of coastal ecosystems resulting from the
combined effect of climate change, overfishing and, possibly, other components of global
change. The shift in the functional relationship between chlorophyl-a and TN over time reported
by Carstensen et al. (2011) helps to explain reported failure to revert eutrophied coastal
ecosystems to their previous state following reduction of nutrient input (Duarte et al. 2009).
Despite observed increases in chlorophyl-a concentrations it is still important to stress that
77

Deliverable D6.4-3: Recovery water categories

nutrient do release pressure on the ecosystem and improve conditions relative to what these
would have been under a ‘do nothing scenario’. The Nervión estuary is an example of shifting
baselines. In this estuary, recovery occurred with decreasing pressures but the system did not
return to its original state, since many ecosystems had been reduced or lost (e.g. intertidal areas,
salt-marshes, etc.). Hence, restoration has provided a new or ‘alternative stable state’ for the
Nervión estuary, and the net result will probably lead to a decreased abundance, richness and
biomass of some biological taxa (Borja et al. 2010).

Summary
It is difficult to judge whether the concept of shifting baselines is part of the reality of
ecosystems developments as proof is hard to find. Even in the coastal and estuarine examples it
is questionable whether the responses are due to alternative states or due to overlooked other
stressors. Often in many lake examples the latter is the case.
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Chapter 10. Recovery: Effects of biological interactions

Scale and biological interactions
As restoration efforts usually occur on a small scale (i.e. habitats), tailored to the important scale
for target species, and ecological processes subject to restoration on a large scale, there is a
discrepancy between the two (Bult et al. 1998; Jansson et al. 2007, Lake et al. 2007). This so
called scoping problem can lead to a mismatch between the requirements of individual species
and the scale at which habitat or connections are restored. Many scientists therefore stress the
need of large scale restoration efforts (Bond & Lake 2003, Lake et al. 2007, Palmer 2009),
advocating whole watershed and whole estuary restoration efforts. At the same time often
socioeconomic constraints (resources and conflicts of interest) will limit projects on a large
scale.
Processes related to metapopulation dynamics, dispersal and connectivity play a role on
different scales and the observed scale of importance is depending on scope of the study. For
example frequency of dispersal of invertebrates among lakes, depends upon perspective and
spatial scale (Havel & Medley 2006): When two adjacent lakes are observed, dispersal might
seem limited, since a single species is occurring in one lake, whilst being absent in another. On
the other hand when genetic markers are used to study a global set of lakes, this same species is
rapidly invading reservoirs in new regions indicating nearly unlimited dispersal capability.
A second example is the scale at which dispersal and colonization processes in stream
ecosystems are important for restoration. Within stream colonization of aquatic invertebrates
through drift is a well-studied phenomenon (Townsend & Hildrew 1976). On a larger scale, i.e.
catchment or even across catchments, other processes (e.g. insect flight) become important and
these are less frequently studied.
Freshwater ecosystems are typically embedded in a heterogeneous landscape and restoration
sites are not only influenced by activities in the target area, but also by processes around it
(Wiens 2002). Apart from ecological processes the right scale of habitat is important as well.
For many species habitat size is of central importance and largely predicts the viability of the
metapopulation (Bond & Lake 2003). Therefore, even if correct types of habitat are restored, but
at the wrong scale, still restoration may not be effective.
In restoration ecology another scaling issue occurs, when knowledge is to be extrapolated to a
different scale. It might not be possible to extrapolate knowledge on abiotic factors known to
work on a specific scale to a different scale since assumptions and generalizations are scale
specific. Therefore, it is difficult to incorporate all the required information at the right scale that
is needed to predict the processes by which restored ecosystems develop.
Determining the right scale for species, the extent of the required (different) habitats, the scale a
which processes like dispersal and connectivity occur in the context of restoration and even the
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scale at which large-scale processes that eventually influence habitat quality is an important
aspect of successful restoration. However the spatial scales that are most important often remain
poorly understood.
With regard to recovery from acidification, there are two keys measures operating at very
different scales. Reducing the source of the acidification through emission controls provides the
circumstances whereby 'natural' recovery can take place and acts at a regional scale. Liming is a
site specific measure that accelerates the timescale of the potential recovery but does not
necessarily mimic the natural recovery process. The bulk of the evidence to date indicates that
biological recovery may be is or will be delayed following chemical restoration. The notion
under acid conditions ecological niches vacated by acid-sensitive species can subsequently be
reinvaded by the same taxa when water chemistry is restored is over simplistic. The process of
biological recovery in chemically recovered freshwaters is not well understood and is subject to
hysteresis and stochasticity. Recovery rates and trajectories can be influenced by many different
factors, both biotic and abiotic. These include dispersal constraints (although some studies have
ruled out inter-basin dispersal and habitat as limits on recovery) and sporadic acid episodes. The
role of or ecological inertia leading to biological resistance to recolonisation has been examined.
The trophic structure of stream communities is changed by acidification and there is evidence
that acid-tolerant species fill the ecological roles of their acid-sensitive counterparts. This
‘community closure’ results in niches abandoned by sensitive species (for example the loss of
sensitive grazing species) being subsequently filled by more tolerant taxa (for example acid
tolerant shredding generalists), potentially obstructing the route to reinvasion. Thus internal
shifts in function (e.g. acid tolerant detritivores operating as herbivores replacing lost grazers)
can provide some biological resistence to recovery in terms of species composition. Biological
resistence can also lead to delays in the recovery of aquatic food webs when there are
differential rates of recolonisation. For example zooplankton community structure can remain
impacted following chemical recovery if lakes remain fishless due to low colonization rates,
resulting in a lack of top down control on macroinvertebrate predators.

Dispersal, connectivity and establishment
As outlined restoration projects often deal with more than one factor important for restoration
outcome. In many systems both the lack of landscape connectivity and sufficient local propagule
sources severely limit the regeneration of native species in degraded communities. Causes of
declines of source populations of native species can be habitat destruction and fragmentation,
which will limit the effectiveness of regional pools as a source of propagules for recolonisation.
This, combined with the absence of native species in the degraded site and the loss of a native
propagule bank, limit the regenerative ability of many native species in restoration projects
(Shurin et al. 1994). So in order to encourage re-establishment, not only local factors should be
restored, but measures to improve the quality of source populations or enhance connectivity
should be incorporated in restoration effort as well.
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Restoration success is dependent on the possibility of populations to colonize the new and
restored habitat. Due to knowledge gaps and scale discrepancies, both habitat and dispersal
constraints still restrict restoration outcome in many programmes (Lake et al. 2007). For
example, since most dispersal is known to occur over short distances and linearly in streams,
instream barriers can largely constrain the possibilities of colonization (Bond & Lake 2003). A
study by Blakely et al. (2006) revealed formerly unrecognized physical barriers to aquatic insect
colonization in urban streams. Road culverts acted as partial barriers to upstream flight with 2.5
x more individuals occurring downstream of road culverts than upstream. Apart from ‘hard
barriers’, like dams and weirs, soft barriers are associated with the isolation of restored habitat.
This isolation might be related purely to distance of the restored site to the source population, to
unfavourable intervening habitat or to dispersal constraints of the target species of interest,
resulting in unlikely colonisation of the restored habitat (Bond & Lake 2003). Even without
dispersal constraints, colonization that leads to actual establishment might be restricted due to
insufficient habitat quality (habitat limitation or establishment limitation) (e.g. minimal habitat
size, lack of oviposition sites) (Blakely et al. 2006).
Non-native species
Freshwater systems are suggested to be particularly prone to invasions by alien species, as they
are utilised intensively by people in ways that maximise opportunities for spread and
establishment of invaders (Schreiber et al. 2002). Invasion of exotic species after restoration
may play a role in the restoration process in the different ways (Table 13). Due to their life
history characterization as being both good colonizers after disturbance and persistent
community members, exotic species may respond rapidly to habitat restoration and are likely to
return after removal (D’Antonio & Meyerson 2002), thereby outcompeting native biota (Bond &
Lake 2003). Additionally, although native species often become demographically vulnerable as
a result of habitat fragmentation, invasive or otherwise undesirable species are often well
established in degraded lands. These species can thereby establish a dominant position in
degraded systems and, thus, management efforts can have the unintended effect of facilitating
the spread of these species (van Riel et al. 2006). Furthermore, formerly isolated ecosystems
could become connected due to restoration measures that enhance connectivity leading to
introductions exotic species. Often these exotic species are the first species to arrive, possibly
indicating a life history advantage. Once introduced invading species can largely alter the
(a)biotics of a restored site.

Table 13. Summary of organism groups, mode of introduction, environmental impacts and
examples for non-native invasive species considered to pose a high risk to the recovery of lakes
from eutrophication (Manchester & Bullock, 2000).
Type of organism

Purpose

Impacts

Examples

Fish and shelfish

Angling,
accidental
introduction

Competition,
predaition,
habitat disturbance, disease

Grass carp, common
carp, crayfish
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vector, increased sediment
P release, reduction of
macrophyte cover
Invertebrates

Accidental introduction

Competition with native
species,
grazing
of
phytoplankton

Zebra mussel,
gammarids

Plants

Accidental introduction

Prolific vegetative growth,
forms dense matts leading
to
deoxygenation,
outcompetes native flora.

Crassula
helmsii,
Egeria densa and E.
Nutalii

alien

Invading species have been shown to compete for resources (food and space) with native
species. Furthermore, they can change the recipient environment by acting as an ecosystem
engineer, or even by providing habitat for native species (Schreiber et al. 2002). Examples of
connectivity restoration leading to unintended spread of invasive species are numerous (Kondolf
et al. 2006). For example, Paillex et al. (2009) focused on the macroinvertebrate response
related to the increases in lateral connectivity of secondary channels. The effects of an increase
in the hydrologic connectivity on the biological characteristics of macroinvertebrate
assemblages were assessed with a model indicating gradient maximum colonization potential in
the most connected channels. Nevertheless, the post-restoration sampling showed a large
proportion of colonizers were favoured by the restoration operations and non-native species
occurred in the restored channels. In their recommendations the scientists state that in
restoration projects a diversification of the hydrologic connectivity of channels is to be preferred
over maximum hydrologic connectivity (Paillex, 2009 ).
Another example describes the invasion of zebra mussel Dreissena polymorpha to formerly
isolated basins that were connected via canals in North American Great Lakes. Zebra mussel
initially invaded via ballast water, and subsequently invaded through canals and lakes, as did
some species of fish (Mills et al. 1993). Additionally, inter-catchment connections in Australia
caused formerly isolated fish species to become introduced to new watersheds, thereby
threatening local species’ existence (Lintermans 2004).
In some recent cases, naturally connected systems are being intentionally fragmented to prevent
or hamper introduction of undesirable invasive fish species. For example, the use of dams to
prevent sea lampreys from reaching spawning grounds in Great Lake tributary streams (Porto et
al. 1999). Another example is the availability of only small scour pools for native fish, too small
to support larger-bodied exotic invaders (Bond & Lake 2003).
Although most effects of invading species are classified as negative and unwanted, some studies
indicate that invading species might positively influence native species (Rodriguez 2006). For
example, in a study by Schreiber et al. (2002) experiments were carried out in which the
densities of the invading aquatic snail P. antipodarum: were experimentally manipulated.
Results showed that there were no negative effects and even a positive relationship between P.
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antipodarum densities and native fauna abundance and densities was observed. More in general,
such positive mechanisms include habitat modification, trophic subsidy, pollination, competitive
release, and predatory release (Rodriguez 2006).
In the context of restoration both negative and facilitating effects of invading species should be
integrated, either to minimise invasions and their impacts or to modify the expected outcome of
restoration (Jannsson et al. 2007). Furthermore, connectivity is not always good, neither always
bad since like all changes, connectivity is likely to benefit some organisms at the expense of
others (Kondolf et al. 2006).
Other biological aspects
For macroinvertebrates the recovery is dependent on the constituent species, which have
different life-cycles, reproduction periods and patterns of larval dispersal. The dispersal of
reproductive stages of macroinvertebrates, due to storms in coastal areas or high flows in
streams or wave action in lakes, may hamper the recovery of this BQE. Recovery of fish
populations was found to be dependent on the previous recovery of benthic communities on
which they feed. In their review for recovery processes of marine animal populations (with
focus on long-lived mammals, birds, reptiles and fishes) and ecosystems, Lotze et al. (2011)
highlighted the several factors from which recovery depends (Table 14). For example, longlived animals have lower intrinsic rates of increase and will take longer to rebound to higher
abundance levels than will short-live species (Lotze et al. 2011).

Table 14. Population factors from which recovery depends (after Lotze et al. 2011).
Population factors

Ecosystem health

Diversity

Life history (time to rebound)

Water quality

Genetic diversity

Magnitude of depletion and Allee effects

Habitat availability

Species richness

Habitat range and occupancy

Species interactions

Population structure (e.g. juvenile:adult,
male:female and meta-population)

Primary production
Climate

The habitat and range of occurrence of a species might also have a role. Recovering species
often occupy a greater percentage of their historic range compared with non-recovering species
(Abbitt and Scott, J.M., 2001). An example is given by Lewison, R.L. et al. (2004) whom
observed that more coastal marine mammals and sea turtles have shown more recovery than
have offshore species, which face continued threats and less management
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Summary
Restoring the appropriate habitat is still the main component of aquatic ecosystem restoration
efforts. Although the importance of establishing the suitable abiotics is stressed by a multitude
of studies, the awareness that other factors should be considered as well is apparent in recent
recommendations on freshwater restoration (Bond & Lake 2003, Jansson et al. 2007). There are
several, more or less connected issues that are repeatedly stressed in a multitude of studies:
1) Incorporating the spatial and temporal scale (i.e. maximum and minimum) of the habitat and
the connectivity between the various habitat patches, including both abiotic and biotic
components;
2) Incorporating the knowledge of source populations and dispersal ability or constraints in
predicting restoration outcome. However few studies attempt to match this ecological
background with empirical data.
3) Incorporating mitigating measures to prevent non-native species to colonise and set priority
effects.
Most restoration projects incorporate the restoration of abiotic conditions to a fixed end-point,
i.e. an ideal average condition. However, communities tend to be shaped by abiotic extremes
and restoration planning should be shaped according to these extremes. Re-colonisation of a
species is only likely when the entire scope, i.e. the maximum and minimum spatial extent and
temporal duration of habitat use is restored. Furthermore, extreme events will amplify the
importance of the presence of refugia. Along with habitat enhancement, restoring refugia, in this
way enhancing the resistance and resilience to both natural and anthropogenic disturbances, may
be critical to survival and colonisation of target populations. Subject to many studies is the
importance of biological factors in determining ecosystem structure and function, providing
both habitat structure and biological interactions that shape community build up. In order to
create suitable habitat for some species other species, that affect the focal species’ habitat, need
to be involved in restoration efforts and planning. Furthermore the restoration target often
includes community build up, indicating the importance of incorporating the role of biological
interactions in restoration planning. This includes accounting for a long restoration period that
may be needed to restore ecosystem function, including biotic factors. Finally, our main aim was
to construct a driver – pressure – state – impact – recovery chain for the biological processes of
metacommunity dynamics and connectivity. As such, most review studies suggest that there is a
lack of quantitative data with which driver-impact relationships can be described. This is
apparent within the relatively short post-management monitoring periods for the majority of
restoration projects.
Information on dispersal, connectivity and metapopulation dynamics lacks in almost all
monitoring data. Especially, dispersal is extraordinarily difficult to study (Macdonald et al.
2002) and methods to study dispersal have many restrictions even when a combination of
techniques (direct and indirect) is used. In addition these techniques are mostly used to study
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dispersal and connectivity in existing ecosystems and are hardly ever used in restoration
projects. Furthermore, conclusions from studies on the effects of dispersal constraints and
connectivity constraints are almost never firm and hard to extrapolate to the restoration practice,
since results are confounded by the effects of environmental constraints, which cannot be
excluded.
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Chapter 11.

Recovery: Impacts of climate and global change

Rivers
Observed climate change over the last century is influencing European streams and rivers in
many ways. It affects running water ecosystems directly as well as indirectly through societal
and economic systems, such as agricultural practices and land-use. In many cases, climate
change is an additional stress factor. Biodiversity, for example, is primarily affected by factors
such as land-use changes, overexploitation of natural resources, invasive alien species, and air
pollution. But the role of climate change is expected to become more dominant, in particular if
the magnitude and rate of climate change is at the higher end of the projected range (EEA 2004;
Solomon et al. 2007).
The European Environment Agency (2004) summarised the impacts of Europe's changing
climate and listed three key messages for running waters:


Annual river discharge has changed over the past few decades across Europe. In some
regions, including eastern Europe, it has increased, while it has fallen in others, including
southern Europe. Some of these changes can be attributed to observed changes in
precipitation.



The combined effect of projected changes in precipitation and temperature will in most
cases amplify the changes in annual river discharge.



Annual discharge is projected to decline strongly in southern and south-eastern Europe
but to increase in almost all parts of northern and north-eastern Europe, with
consequences for water availability.

The hydrologic consequences all over Europe of most climate model results show a precipitation
decrease in summer and an increase in autumn-winter. Furthermore, extreme daily (especially
summer storm) precipitation may become more frequent (Räisänen et al. 2003). Consequently,
discharge may show a more fluctuating regime with more extremes (higher spates and longer
droughts), and lower predictability of the annual discharge regime (Arnell 1999).
A key concern, especially for stream ecosystems, is if and how such climate-induced
hydrological regime change will influence river channel morphology, channel and riparian
habitats, and species diversity. In large parts of Europe hydromorphological alterations, such as
channel straightening, weir and dam construction, disconnection of the river from its floodplain
and alteration of riparian vegetation, are major stressors affecting streams and rivers (Kristensen
& Hanson 1994; Armitage & Pardo 1995; Hansen et al. 1998). This poses the question what
additional role future climate conditions will play upon current and future land and water uses.
The climate induced changes in flow regime relate to four features, namely (i) high flows and
spates, (ii) low flows and droughts, (iii) rate of flow change or flow dynamics, and (iv) annual
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shift in the flow pattern. The effects of spates and droughts both depend on the magnitude,
frequency, duration, timing and rate of change (Poff et al. 1997; Gasith & Resh 1999). The main
hydromorphological effects of high flows and spates are:




Scouring of accumulated sediment and debris.
Redistribution of streambed substrate and organic matter in the channel.
Changing channel morphology and forming new erosion (runs and riffles) and
deposition (point and mid-channel bars, pools, sand accumulations) zones.
 Washing away in-channel and encroaching riparian vegetation.
 Homogenizing water quality conditions along the stream channel and adjacent water
bodies.
 Increased shear stress on organisms.
The major hydromorphological effects of low flows and droughts are:







Siltation of fine mineral and organic material.
Decrease in oxygen content and an increase of nutrients and minerals.
Mineralization of organic material in the stream bottom.
Drying of the banks, reducing their stability.
Absence of water.
Drought stress on organisms.

Lakes
The North Atlantic Oscillation (NAO) index is used as a proxy for weather conditions,
especially in North-Western Europe, and is calculated by comparing patterns of sea level
atmospheric pressures near the “Icelandic low” and the “Azores high” of the North Atlantic
Ocean (Jones et al. 1997, Jones et al. 2003). The main climatic variations associated with the
NAO are warmer temperatures from late-autumn to early-spring and stronger, more westerly
winds during years of strong positive NAO values (Slonosky et al. 2000). Past studies have
identified NAO as a good (although variable; Gerten & Adrian 2001) indicator of climatic
forcing of ecological and physical processes in European lakes (reviewed by Straile et al. 2003).
Some case studies showed that the NAO could confound lake recovery when external loads
were reduced by generating increased run-off and, consequently, higher nutrient inputs from
external sources. Coherent positive correlations have been observed between the indices of the
NAO and surface and hypolimnetic lake water temperatures (Livingstone 1999, Livingstone
2000, Livingstone & Dokulil 2001, Dokulil et al. 2006) as well as lake chemistry variables
(Monteith et al. 2000; Evans et al. 2001; Weyhenmeyer 2004) across a range of European lake
types. These drivers have, in turn, been linked to alterations in the ecological signatures of lakes,
most strikingly affecting plankton dynamics and the onset of the clear-water phase (Gerten &
Adrian, 2000; George, 2000; Straile, 2002).
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In shallow lakes, the temperature effects of the NAO have been shown to drive ecosystem
functioning through the regulation of steady state change (Scheffer et al. 2001, Rip 2007).
Regulation of wind intensity and direction may also have direct impacts on the depth of wind
induced turbulence and, therefore, habitat disturbance in the littoral zones of lakes (Spears &
Jones 2010).
The occurrence of extreme weather events is expected to increase as a result of climate change.
Shallow lakes appear to be particularly sensitive to such events, with changes in ecological state
being triggered by hurricanes (Havens et al. 2001, Scheffer 1998), high intensity rainfall (Rip
2007, Nöges et al. 2010), drought leading to water level decrease (Coops et al. 2003), severe
winter ice events leading to anoxia and winter fish kills (Scheffer 1998), and heat waves
(Schindler 2006).
Jeppesen et al. (2005) mention that the confounding effects effect of global warming have been
examined for some lakes included in their study (e.g. Straile & Adrian 2000, Anneville et al.
2002, Kangur et al. 2002, Nöges et al. 2004). According to Jeppesen et al. (2005): “These
analyses indicate an earlier onset of the clear-water phase (if any), stratification (if any) and fish
spawning, reduced mixing in stratified lakes, and higher surface water temperature promoting
higher internal P loading from sediment portions exposed to warm surface water. Moreover, in
shallow and some deep lakes cyanobacteria may be more abundant and blooms may persist
longer. However, the strong re-oligotrophication signals revealed by our analysis suggest that
the observed changes in the lakes included in our data set reflect primarily the impacts of lower
nutrient loadings rather than climate change. This conclusion is supported by results from
mesocosm experiments which likewise suggest a much stronger effect of changing nutrient
loadings than of changing temperatures in shallow lakes (McKee et al. 2003, Moss et al. 2003).”
In short, effects of global change are likely to run counter to reductions in nutrient loading rather
than reinforcing re-oligotrophication. The general re-oligotrophication response patterns can be
regarded only as a guideline when discussing the response of a particular lake. Each lake is
unique in many respects and may exhibit a specific trajectory (Jeppesen 2005, Moss et al. 2005).
In a warming climate, it is likely that N removal processes will be enhanced, potentially leading
to an increase in the resilience of cyanobacteria to oligotrophication measures (Schindler 2006,
Wehenmeyer 2007, Wehenmeyer et al. 2008). However, N loading may also be enhanced under
future climate change scenarios with regional-scale uncertainty in climate predictions leading to
uncertainty in the expectations of future N status in lakes (Jeppesen et al. 2011).
The trends in monthly dissolved inorganic N (DIN: i.e. NH4-N+NO3-N+NO2-N) concentration
in many recovering lakes indicate a reduction in DIN from winter through to late summer-early
autumn (Figure 12). This reduction has been attributed to a combination of denitrification and
biological uptake, both of which are expected to increase with temperature (Jensen et al. 1992,
Van Donk et al. 1993).
There has been recent controversy about the role of N- and P-limitation in lakes and estuaries
and the effectiveness of reducing only one of these nutrients to improve water quality (Pearl
2009, Schindler et al. 2008). In a Policy Forum Review in the journal Science, Conley et al.
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(2009) concluded that effective control of the negative impacts of nutrient enrichment ought to
involve controlling and reducing the availability of both nutrients.
The potential influence of climate change on surface-water acidity is now a central focus of
research, and studies in remote mountaiom regions have shown that temperature was probably
the key driver of pH in the period before industrialization and also that periods of increased pH
in the twentieth century could be attributed to climate warming, despite a trend towards
decreasing pH from acid deposition. (Psenner & Schmidt, 1992; Sommaruga-Wögrath et al.,
1997). As sulphur deposition continues to decrease, temperature may emerge as the strongest driver
of lake acidity at many sites. However, the potential effects of changing precipitation patterns are
also likely to be important as the increased precipitation and storminess predicted for some mid- to
high-latitude regions may cause more acid conditions in future through higher stream-flow episodes
(cf. Evans et al. 2008). In addition increased drought frequency may delay the recovery of acidified
lakes through drying and oxidation of sulphur-polluted catchment wetlands (cf. Faulkenham et al.
2003).
The NAO is an important regional-level driver of climate in southern Sweden (Weyhenmeyer
2004). Positive NAO values signify higher precipitation and, thus, more variable hydraulic and
chemical conditions. Johnson and Angeler (2010) showed that littoral invertebrate assemblages
responded more readily to the NAOwinter index than did phytoplankton assemblages. Lifehistory characteristics mediate the strength of biological responses to climate forcing (Adrian et
al. 2006). Much shorter generation times of phytoplankton relative to invertebrates could
uncouple phytoplankton responses from climate signals and could make these responses visible
only via indirect or integrated effects (Ottersen et al. 2001). These effects could be manifested
through responses to abiotic or biotic variables that are more strongly affected by the NAO.
Rusak et al. (2008) showed climate imprints on zooplankton dynamics, and these effects could
have at least some influence on phytoplankton. Durance and Ormerod (2007) found that the
imprints of the NAO on stream invertebrate assemblages were particularly strong in
circumneutral streams. They suggested that acidification stress in streams could override a
climate signal, possibly because of the complex interaction of the natural and anthropogenic
disturbance regimes to which stream organisms are exposed under the constraints set by climatic
conditions. The difference between the study of Durance and Ormerod (2007) and Johnson and
Angeler (2010) could be because lake ecosystems are much less affected by changes in surfacewater hydrology than are stream ecosystems, and hence, stream invertebrate assemblages
respond more readily to climatic variability regardless of acidification status.

Estuarine and coastal waters
The following text is fully based on Harley et al. (2006). Given their global importance,
estuarine and coastal environments are a major focus of concern regarding the potential impacts
of anthropogenic climate change. The basic predictions can be summarized as follows: as
temperature rises in the future, the distribution and abundance of species will shift according to
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their thermal tolerance and ability to adapt. However, a growing body of work is demonstrating
that these simplistic relationships between temperature and the biota are inadequate in predicting
many important aspects of future biological change. Patterns of temperature change in space and
time, and biological responses to them, are not as straightforward as once envisioned. More
importantly, temperature is only one of a suite of potentially interacting climatic variables that
will drive future ecological change in marine systems. Finally, studies conducted on populationand community-level processes suggest that climatic impacts on individual organisms do not
necessarily translate directly into changes in distribution and abundance (Harley et al. 2006;
Figure 29). Anthropogenic climatic forcing is mediated primarily by greenhouse gas
(predominantly CO2) emissions. Together, elevated CO2 and the resultant increases in global
mean temperature will result in a cascade of physical and chemical changes in marine systems.
Because warming trends will be stronger over continental interiors than over oceans, the
atmospheric pressure gradient, and thus wind fields, along ocean margins will intensify.
Stronger wind fields might lead to enhanced upwelling in eastern boundary currents (Bakun
1990), which could increase nutrient availability at the surface. Changes in atmospheric
circulation might also change storm frequency; an increase in the frequency of winter storms has
already been observed in coastal oceans (Bromirski et al. 2003), and the trend is expected to
continue (IPCC 2001). Continued uptake of atmospheric CO2 is expected to substantially
decrease oceanic pH over the next few centuries, changing the saturation horizons of aragonite,
calcite, and other minerals essential to calcifying organisms (Kleypas et al. 1999; Feely et al.
2004). Model estimates of pH reduction in the surface ocean range from 0.3 to 0.5 units over the
next 100 years and from 0.3 to 1.4 units over the next 300 years, depending on the CO2
emission scenario used (Caldeira & Wickett 2005).

Figure 29. Important abiotic changes associated with climate change. Human activities such as
fossil fuel burning and deforestation lead to higher concentrations of greenhouse gases in the
atmosphere, which in turn leads to a suite of physical and chemical changes in coastal oceans.
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The question mark indicates that the relationship between climate change and upwelling is
uncertain (after Harley et al. 2006).
Proximal ecological responses to changing environmental conditions are:
 Responses to temperature
 Responses to sea level rise
 Responses to changes in circulation
 Responses to CO2 and pH change
 Responses to UV
Emergent ecological responses comprise:
 Distributional shifts: zonation patterns
 Distributional shifts: biogeographical ranges
 Changes in species composition, diversity and community structure
 Changes in primary and secondary production
 Changes in population dynamics and evolution
Because stable populations and intact communities appear to be more resilient to climatic
disturbances such as episodic heat waves and storms, such protective measures may help to
minimize the risk of population collapses, community disruption, and biodiversity loss (Hughes
et al. 2003). The designation of protected areas should be based at least in part on known spatial
and temporal refuges that can act as buffers against climate-related stress (Allison et al. 1998).
Fisheries managers must also incorporate climate change into consideration when determining
fishery management plans (Jurado-Molina & Livingston 2002).

Summary
The direct effects of climate change on ecosystems (Figure 30) impact the performance of
individuals at various stages in their life history cycle via changes in physiology, morphology
and behaviour. Climate impacts also occur at the population level via changes in transport
processes that influence dispersal and recruitment. Community-level effects are mediated by
interacting species (e.g. predators, competitors, etc.), and include climate-driven changes in both
the abundance and the per capita interaction strength of these species. The combination of these
proximate impacts (upper box) result in emergent ecological responses (lower oval), which
include alterations in species distributions, biodiversity, productivity and microevolutionary
processes.
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Figure 30. Potential ecological responses to climate change. The life cycle of a generic species
is shown in green. Abiotic changes in the environment have direct impacts (yellow boxes) on
dispersal and recruitment, and on individual performance at various stages in the life cycle.
Additional effects are felt at the community level via changes in the population size and per
capita effects of interacting species (in blue). The proximate ecological effects of climate change
thus include shifts in the performance of individuals, the dynamics of populations, and the
structure of communities. Taken together, these proximate effects lead to emergent patterns such
as changes in species distributions, biodiversity, productivity, and microevolutionary processes
(after Harley et al. 2006).

A range of biological management practices (especially fishery management) and extreme
weather events were identified as key factors that were responsible for slowing down or
contradicting lake recovery processes. In contrast, the loss of dissolved nitrogen (N) through
denitrification and biological uptake, leading to a switch from P- to N-limitation of primary
production in summer/autumn, was identified as a potential recovery enhancing process.
Alterations in nutrient concentrations and biogeochemical cycling at the sediment-water
interface, following nutrient management, can influence the magnitude and timing of nutrient
delivery to downstream ecosystems. This phenomenon is likely to be highly sensitive to changes
in local weather conditions associated with climate change.
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Chapter 11. Research gaps

Rivers
In summary, there is sufficient evidence to develop best-practice guidance for riparian buffer
restoration and related in-stream habitat improvements, but there is only weak quantifiable
evidence for statistical or mechanistic relationships as a basis for quantifying and modelling the
effects of restoration and biological recovery.
Lack of long-term monitoring
Restoration measures should be monitored beyond the time-scale of typical experimental (PhD)
studies, i.e. >3–4 years, in order to detect long-term recovery, but also adverse effects. The
current knowledge on long-term restoration effects is scarce. Given the long history of river
basin degradation in large areas of Europe, ecologists, restorationists and water managers
probably need to be very patient, until better-designed and integrated restoration schemes will
show the desired effects in the future. Nevertheless, only a sufficiently frequent and long-term
monitoring scheme will help provide more insight into the spatial and temporal effects of
restoration. This knowledge is likely to be the key to design effective and successful ecological
restoration schemes in the future.
Lack of data on phytobenthos
Irrespective of the type of restoration measure studied. Aquatic phytobenthos were less
frequently addressed in the literature. Macrophyte data mainly for dam removal and remeandering for in-stream mesohabitat enhancement and riparian buffers data on macrophytes
are also sparse.

Lakes
Lack of statistical understanding of ecological responses
There is currently a lack of knowledge on the uncertainty surrounding ecological responses
following specific management practices. This is due in part to the use of multiple management
measures and a lack of data (see next bullet). A more targeted management approach would lead
to more scientifically sound case studies. In this respect, standard lake management guidance
documentation (i.e. ‘decision support systems’) at the EU level may result in a more useful data
set in the longer-term that is relevant to WISER targets and BQE metrics. Some of the lakes had
sufficient data to conduct statistical analyses (e.g. ‘before/after’) but did not do so. In the shortterm, a re-analysis of these data using a common statistical procedure would improve our
understanding of the effectiveness of specific management scenarios.
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Need more comprehensive and long-term monitoring to underpin quantitative
assessment of management measures
Many studies report recovery time scales based on monitoring scenarios that are very short.
Measures should be taken to conduct rigorous scientific assessments of lakes where single
management options have been conducted. This could involve a space for time approach where
ecological communities are compared across lakes with similar management histories (e.g.
Jeppesen et al. 2005 for external load reduction).
Need to quantitatively assess driver-impact relationships during the recovery process.
Most of the studies in which statistics were used determined whether there was or was not a
response in an indicator variable following a specific management scenario. However, little
effort was given to understanding the interactions and synergies between indicator variables. In
the first instance, models (e.g. PCLAKE, PROTECH) may be used to form a set of testable
hypotheses for a series of lakes in which management has been conducted before the collection
of contemporary data with which these theories can be tested. Specific areas of interest would
include (1) tipping points and regime shifts, (2) overriding pressures (e.g. temperature, wind
etc), (3) the role of ecosystem structure on resilience to restoration, and (4) commonality in
response trajectories across trophic levels for specific lake types and management scenarios. The
summarised BQE responses can also be used as hypotheses in this regard.
Lack of case studies relevant to WFD TP targets
The majority of the lakes reported post-management TP concentrations in excess of the WFD
TP targets (i.e. > 0.5 mg TP l-1). As such, it is unlikely that a meta-analysis of such case studies
will provide a comparison to expected recovery trajectories within the TP range of WFD targets.
For example, Spears et al. (2011) summarised the expected recovery trajectory of the
phytoplankton community with decreasing TP concentration. A large number of case studies did
not achieve post-management TP concentrations below 0.1 mg TP l-1, the effective
concentration for required changes in the phytoplankton community.
Lack of data on macroinvertebrates and fish.
Very few case studies report data with which the macroinvertebrate and fish community
responses can be assessed quantitatively. In the case of macroinvertebrates, this appears to be
due to a lack of studies concentrating on littoral or profundal community shifts at any time scale.
In the case of fish, case studies reporting fish data commonly have had biomanipulation work
conducted which confounds the assessment of ‘natural’ recovery trajectories.
Biomanipulation
Many difficulties arise when interpreting the results obtained from lake restoration projects, and
fundamentally lake restoration still involves a large proportion of trial and error, where the
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mechanisms for a successful restoration remain largely unclarified. Carpenter et al. (2001)
similarly found difficulty in predicting the conditions under which food web structure will
control pelagic primary producers. Restorations are often conducted primarily to improve water
quality and are not designed as a scientific experiment (Mehner et al. 2002). This implies that
multiple restoration measures are often used more or less simultaneously, rendering it
impossible to disentangle fully the impact of individual measures (amongst others Søndergaard
et al. 2007).

Estuarine and coastal waters
Lack of long-term monitoring
There are very few examples of long-term monitoring data, including different biological
elements (i.e. plankton,benthos, fishes, etc.) together with physico-chemical data from waters
and sediments, showing the recovery trajectories after remediation or restoration processes in
marine environments (see examples in Borja et al. 2009, Elliott et al. 2007, Jones & Schmitz
2009, Lotze et al. 2006, Simenstad et al. 2006, Stein and Cadien 2009, Yuksek et al. 2006) to
address this fundamental gap in our knowledge about recovery patterns and rates in estuarine
and coastal ecosystems (Borja et al. 2010).
Lack of information on the most important factor(s) for recovery
Multiple interacting forces are driving recovery in marine and estuarine ecosystems (e.g.
reduction of cumulative human impacts or any combination of reduced threats with favorable
environmental, ecological, social or economic factors (Lotze et al. 2011)), but little information
exists on which combination of factors is the most important for recovery.
Lack of knowledge on shifting baselines
Concerning the setting of conservation and management targets, it is crucial to identify
historical reference points, the carrying capacity for individual populations and ecosystems, and
to assess how changes in ecosystems or environmental conditions over time have altered such
baselines and, hence, recovery prospects (Lotze et al. 2011). Provided the importance of shifting
baselines for the setting and evaluation of actions to reverse eutrophication, it is fundamental
that our understanding of the causes of such shifts in baselines improves to allow forecasting the
trajectories of individual coastal ecosystems. A better understanding of the dynamics of coastal
ecosystems forced by both changes in nutrient inputs, derived from factors operating at the basin
scale, and shifting baselines derived from forces operating at various scales is fundamental to
achieve this goal. To gain this better understanding there is a need for physiological
experiments, experiments at the mesocosm scale, and large scale experiments conducted at
ecosystem level and sustained over long time scales, supported by modelling efforts (Carstensen
et al. 2011).
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Summary
In summary, there is need for the following research efforts;









Need for statistical understanding of ecological responses.
Need for more comprehensive and long-term monitoring to underpin quantitative
assessment of management measures.
Need to quantitatively assess cause-effect relationships during the recovery process.
Need for case studies relevant to WFD targets.
Need for specific knowledge on certain BQEs in certain water categories.
Need for knowledge on maintenance, and recurring management.
Need for knowledge on the most important factor(s) for recovery and their interactions.
Need for knowledge on shifting baselines and thresholds.
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Chapter 12. Conclusions
The main drivers of eutrophication, acidification and hydromorphological degradation are
population growth resulting continuous increases in urbanisation (changes in flows of water runoff and of nutrients and other substances), industrialisation (air pollution/acidification and flows
of substances), land use (agricultural intensification affecting flows of water, landscape
morphology and run-off of substances) and water use changes (e.g., drinking water, recreation).
These drivers are related to a wide range of pressures.
The key surface water pressures are related to agricultural land use (e.g., drainage run -off, water
inlet, organic waste and fertiliser inflow, salinisation, soil erosion and losses), discharges from
industry (e.g., acidification, waste and nutrient inflow, loading with heavy metals and others
toxic components, detergents and soaps, inflow of cooling water), urbanisation (e.g., waste
water treatment works, drainage networks, housing, paved surface and road run off, introduction
of invasive species) and water use (e.g., water level management, fishery management, boating
(sediment disturbance), sediment dredging, macrophyte harvesting).
The Driver-Pressure-State-Impact-Response-Recovery (DPSIRR) scheme provides a framework
to link socio-economy with ecology. Literature was searched for existing DPSIRR-chains for the
three water categories. Such conceptual models on the recovery of river, lake and estuarine and
coastal ecosystems were scarce and fragmented. Such models lacked for the marine systems
were quite one-sided, focusing on eutrophication, for lakes and quite specific for certain
measures in rivers. Comparison and integration of DPSIRR-chains is up date impossible.
There is a common agreement that drivers and pressures in general are the same in lakes, rivers
and estuarine and coastal waters. From the selection and availability of literature it is though
clear that eutrophication and acidification got most attention in lake studies,
hydromorphological changes were the focus of river studies and recovery studies in estuarine
and coastal marine waters were limited and diverse in drivers and pressures studied.
Although a multitude of studies provide theoretical frameworks, guidelines, research needs and
issues that are important for freshwater restoration, only few studies provide evidence of how
this ecological knowledge might enhance restoration success. Goals of restoration projects
typically encompass a multitude of objectives (species groups, ecological, cultural and
landscape values) and a multitude of measures. Thus, evaluation of the response of a single
factor to a single measure tends to be difficult (Roni et al. 2008).
In rivers most measures target the morphology of the stream stretch or the instream habitats.
Few only are related to reduction of nutrient input. On the contrary, in lakes all measures target
to reduce nutrient levels, especially phosphate. Others mainly focus on acidification. Measures
are not often taken directly in estuarine and coastal waters, these much more relate to measures
taken inland through legislation on nutrient reduction. These observations supported our initial
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hypothesis that “at a catchment scale, nutrient stress affecting functional
(production/decomposition) processes will be more important in lakes and marine systems,
while hydromorphological stress affecting habitat availability will be more important in rivers”.
Another major bottleneck is the lack of sufficient monitoring (Palmer et al. 2005), allowing for
insufficient learning from both successful and unsuccessful restorations (Jansson et al. 2007,
Palmer 2009). However, the frequently occurring general recommendation in proposed
guidelines for restoration projects (Palmer et al. 2005, Perrow & Davy 2002), including
appropriate monitoring and publishing of the results, could help to gain insight into the
processes important to successful restoration.
A third problem is related to the many detected effects that occur only in the short-term and at
the local (site) scale, which raises the question of appropriate scaling for restoration. There is not
yet evidence for the most appropriate spatial nor temporal scale, but several extended review
studies supported the hypothesis that the local scale is inappropriate to achieve long-term
measurable improvements. Local restoration measures are often ‘swamped’ by larger scale, e.g.
in rivers the reach scale or in rivers and lakes the watershed scale pressures that continue to
affect the treated sites. Such limitations imply that the spatial scaling of restoration schemes
must fit the scaling of degradation, e.g. the scale of the stressors impacting the system.
In rivers and lakes quite an amount of monitoring data are available. In estuarine and coastal
waters such data are scarce. Despite the number of monitored recovery cases, each one seems to
stand alone as monitoring schemes were set-up for local situations and to answer partial
questions. Furthermore, in many, many cases data on recovery just lack and this is quite
alarming! Not only is the amount of available data surprisingly low, the composition of the
available data is often very limited and does not allow the evaluation and generalisations of
improvements and eventually of successes. The huge investments in recovery of surface waters
require control of the ecological effects. Therefore, restoration monitoring should become
mandatory. Only by frequent monitoring of biological and abiotic changes after restoration will
restoration practitioners and scientist be able to evaluate the success of the restoration measure
and eventually of the investment done.
The majority of restoration studies in rivers and in estuarine and coastal ecosystems have
focused on macroinvertebrates. In rivers also fish are important indicators. In lakes
phytoplankton is the BQE studied most extensively. The difference in indicator groups used
goes back to the primary causes of degradation. In lakes eutrophication is most important and
phytoplankton best reflects the nutrient status of the lake over time. In rivers most degradation
goes with hydromorphological change. Macroinvertebrates and fish respond strongly tot these
types of changes. The choice of macroinvertebrates as indicators of degradation in estuarine and
coastal waters is less obvious as eutrophication and organic load are most common causes of
degradation along with bottom disturbances. The latter would best be reflected in
macroinvertebrate responses the first less. The confounding factor in estuarine and coastal
waters for phytoplankton is water movement. Water movement reduces the indicative value of
phytoplankton.
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Although, analyses in the different reviews do not address full recovery’, authors do give
indications on ‘full recovery’ based on estimates. Marine ecosystems may take between 35 and
50 years to recover. Recovery after weir removal may take as long as 80 years. Recovery after
riparian buffer installment may take at least 30-40 years. Despite the fact that they do not
indicate ‚‘full recovery‘ we compared recovery times between the three water categories as
mentioned in the different reviews. In marine ecosystems benthic invertebrates and macrophytes
have the potential to recover within months (in two studies on recovery of sediment disposal)
and fish within one year. When only marine studies that recover from eutrophication are
included, recovery times for macroinvertebrates varied between >3 years and >6 years.
Although in some cases recovery can take <5 years, especially for the short-lived and highturnover biological components, full recovery of estuarine and coastal ecosystems from over a
century of degradation can take a minimum of 15–25 years for attainment of the original biotic
composition, diversity and complete functioning may lag far beyond that period. In lakes
recovery time from eutrophication for macroinvertebrates varied between 10 and 20 years. As in
marine ecosystems recovery of macrophytes (2 to >40 years) and fish in lakes (2 to >10 years)
be relatively fast. Response times for organism groups in rivers are lacking, because the
literature rarely includes post hoc monitoring of more than 5 years. Also, the fact if biological
response in rivers occurs within short term is undecided. The potential benefits of most instream structures will be short-lived (<10 years) unless coupled with riparian planting or other
process-based restoration activities supporting long-term recovery of key ecological and
physical processes.
In both rivers and lakes the success rate of restoration measures appears to be much higher for
the abiotic conditions than for the biotic indicators. Since eutrophication is considered to be the
most important pressure in rivers and lakes, only this is not addressed in rivers, this might be a
major cause. Especially, the response of macroinvertebrates in rivers is questionable, some
studies mention recovery times of others question recovery of macroinvertebrates completely. In
lakes internal nutrient loading often delays recovery.
Several major reason return in many publications on recovery failure or delay:
 Spatial scale must be large enough (catchment).
 Temporal scale: there is time needed for recovery.
 Multistressors present: mostly only one or a few stressor were tackled, others forgotten.
 Confounding abiotic processes affect recovery, such as upstream ‘hidden’ stressors,
internal P loading, and biological interactions, like the early arrival of non-native
species, but also climate change effects, effects of management and maintenance.
 Distance from source populations and lack of connectivity results in dispersal limitations
and colonisation barriers.
 There is no guiding monitoring that makes evaluation along the development and
redirection of measures possible.
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It is difficult to judge whether the concept of shifting baselines is part of the reality of
ecosystems developments as proof is hard to find. Even in the coastal and estuarine examples it
is questionable whether the responses are due to alternative states or due to overlooked other
stressors. Often in many lake examples the latter is the case.
Restoring the appropriate habitat is still the main component of aquatic ecosystem restoration
efforts. Although the importance of establishing the suitable abiotic conditions is stressed by a
multitude of studies, the awareness that other factors should be considered as well is apparent in
recent recommendations on freshwater restoration. There are several, more or less connected
issues that are repeatedly stressed in a multitude of studies:
 Incorporating the spatial and temporal scale (i.e. maximum and minimum) of the habitat
and the connectivity between the various habitat patches, including both abiotic and
biotic components;
 Incorporating the knowledge of source populations and dispersal ability or constraints in
predicting restoration outcome. However few studies attempt to match this ecological
background with empirical data.
 Incorporating mitigating measures to prevent non-native species to colonise and set
priority effects.
A range of biological management practices (especially fishery management) and extreme
weather events were identified as key factors that were responsible for slowing down or
contradicting recovery processes. Alterations in nutrient concentrations and biogeochemical
cycling at the sediment-water interface, following nutrient management, can influence the
magnitude and timing of nutrient delivery to downstream ecosystems. This phenomenon is
likely to be highly sensitive to changes in local weather conditions associated with climate
change.
In summary, there is need for the following research efforts;
•
Need for statistical understanding of ecological responses.
•
Need for more comprehensive and long-term monitoring to underpin quantitative
assessment of management measures.
•
Need to quantitatively assess cause-effect relationships during the recovery process.
•
Need for case studies relevant to WFD targets.
•
Need for specific knowledge on certain BQEs in certain water categories.
•
Need for knowledge on maintenance, and recurring management.
•
Need for knowledge on the most important factor(s) for recovery and their
interactions.
•
Need for knowledge on shifting baselines and thresholds.
In conclusion, restoration ecology is just in its infancy. The huge amount of literature evaluated
brings up one major conclusion. Restoration is a site, time and organism group specific activity.
Generalisations on recovery processes are up to date hard to make. Despite the multitude of
studies that provided theoretical frameworks, guidelines, research needs and issues that are
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important for freshwater restoration, only few studies provide evidence of how this ecological
knowledge might enhance restoration success.
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