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SUMMARY

1. Stream ecosystems are increasingly impacted by multiple stressors that lead to a loss of

sensitive species and an overall reduction in diversity. A dominant paradigm in ecological

restoration is that increasing habitat heterogeneity (HH) promotes restoration of

biodiversity. This paradigm is reflected in stream restoration projects through the common

practice of re-configuring channels to add meanders and adding physical structures such

as boulders and artificial riffles to restore biodiversity by enhancing structural heterog-

eneity.

2. To evaluate the validity of this paradigm, we completed an extensive evaluation of

published studies that have quantitatively examined the reach-scale response of inverte-

brate species richness to restoration actions that increased channel complexity ⁄HH. We

also evaluated studies that used manipulative or correlative approaches to test for a

relationship between physical heterogeneity and invertebrate diversity in streams that

were not in need of restoration.

3. We found habitat and macroinvertebrate data for 78 independent stream or river

restoration projects described by 18 different author groups in which invertebrate taxa

richness data in response to the restoration treatment were available. Most projects were

successful in enhancing physical HH; however, only two showed statistically significant

increases in biodiversity rendering them more similar to reference reaches or sites.

4. Studies manipulating structural complexity in otherwise healthy streams were generally

small in scale and less than half showed a significant positive relationship with

invertebrate diversity. Only one-third of the studies that attempted to correlate biodiver-

sity to existing levels of in-stream heterogeneity found a positive relationship.

5. Across all the studies we evaluated, there is no evidence that HH was the primary factor

controlling stream invertebrate diversity, particularly in a restoration context. The findings

indicate that physical heterogeneity should not be the driving force in selecting restoration

approaches for most degraded waterways. Evidence suggests that much more must be

done to restore streams impacted by multiple stressors than simply re-configuring

channels and enhancing structural complexity with meanders, boulders, wood, or other

structures.

6. Thematic implications: As integrators of all activities on the land, streams are sensitive to a

host of stressors including impacts from urbanisation, agriculture, deforestation, invasive

species, flow regulation, water extractions and mining. The impacts of these individually

or in combination typically lead to a decrease in biodiversity because of reduced water
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quality, biologically unsuitable flow regimes, dispersal barriers, altered inputs of organic

matter or sunlight, degraded habitat, etc. Despite the complexity of these stressors, a large

number of stream restoration projects focus primarily on enhancing HH; we show that this

is not a wise investment. Managers should critically diagnose the stressors impacting an

impaired stream and invest resources first in repairing those problems most likely to limit

restoration.

Keywords: diversity, habitat, heterogeneity, invertebrate, restoration, river, stream

Introduction

Ecological science has a long history of using theory to

guide and advance knowledge. Alongside prominent

theories such as those related to island biogeography

and trophic cascades, the role of habitat heterogeneity

(HH) in promoting species diversity is one of the most

often cited concepts in ecology (Ricklef & Schluter,

19931 ). Theoretical and empirical work on species

diversity dates to the early days of ecological icons

such as Hutchinson (1959) and MacArthur & MacAr-

thur (1961), and there is a large body of research on

the link between species diversity and HH or com-

plexity (McCoy & Bell, 1991; Tews et al., 2004). Species

diversity has been shown to increase with HH for a

variety of species ranging from birds and mammals to

insects and demersal fish (MacArthur & MacArthur,

1961; Murdoch, Peterson & Evans, 1972; Kaiser,

Rogers & Ellis, 1999). The mechanisms are numerous

and not necessarily mutually exclusive: HH may

provide greater surface area, more physical refugia,

and higher or more varied supplies of limiting

resources. Thus, areas that in all other respects are

ecologically equivalent but have a greater habitat

variety may provide more ecological niches for

members of a community, thereby promoting diver-

sity (Warfe, Barmuta & Wotherspoon, 2008).

The assumption that high HH promotes biodiver-

sity in stream ecosystems began appearing in the

published literature over 30 years ago, and research

directly comparing levels of species diversity across

streams or stream reaches that differ with respect to

geomorphic and ⁄or in-stream HH began appearing

regularly by the 1970s and continues today (e.g.

Hynes, 1970; Allan, 1975; Williams, 1980; Muotka &

Syrjanen, 2007; Jähnig, Lorenz & Hering, 2008).

Stream ecologists recognised early on that the term

heterogeneity was being used very loosely by ecolo-

gists (Erman & Erman, 1984) – it could refer to habitat

complexity (technically the spatial arrangement of

patches), habitat diversity (the number of types of

habitats in an area), or even environmental variability

within a habitat over time (Li & Reynolds, 1995).

Attempts were made to go beyond correlative field

studies in which it is difficult to separate heterogene-

ity from other confounding parameters that may also

influence diversity such as average substrate particle

size or food availability (Wise & Molles, 1979). Thus, a

number of experimental studies began to emerge in

which the diversity of particle sizes or their spatial

arrangement was manipulated (e.g. O’Connor, 1991;

Downes, Hindell & Bond, 2000). Despite mixed results

from these studies, which we briefly review later, the

assumption that HH promotes biodiversity in streams

persists and has even been incorporated as a funda-

mental principle into textbooks (e.g. Allan & Castillo,

2007).

In addition to its theoretical basis, HH has received

a great deal of attention in the environmental man-

agement arena because influencing habitat structure

seems more tractable than influencing many other

factors believed to support or enhance biodiversity

(e.g. productivity, disturbance regime; Bell, Fonseca &

Motten, 1997; Palmer, Hakenkamp & Nelson-Baker,

1997). Furthermore, arguments that species diversity

may contribute to community stability and ecosystem

function have increased the focus on biodiversity in

the restoration context (Naeem et al., 1994; Tilman,

1996 2). While the relationship between diversity and

ecosystem function has been hotly debated, there is a

general consensus that ecosystem function probably

does decline as species are lost (Hooper et al., 2005;

Cardinale et al., 2006). Indeed, a meta-analysis of work

in eight different European grasslands suggests that

different species have a disproportionate impact on

different functions so that maintenance of multi-

functional ecosystems may require maintenance of

high species diversity (Hector & Bagchi, 2007). If both

2 M. A. Palmer et al.
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functional diversity and response diversity within

functional groups are high, an ecosystem may exhibit

a great deal of resilience in the face of environmental

changes (Elmqvist et al., 2003) while species poor

assemblages may have a reduced capacity for com-

munity adaptation to compensate for changes in

environmental conditions.

Given this theoretical backdrop, it is not surprising

that today a central tenet of restoration ecology is that

an ecosystem’s ability to withstand disturbances (i.e.

be more stable) may be critical to its long term

survival following restoration, and that this ability is

enhanced when species diversity, and thus functional

redundancy, is high (Falk, Palmer & Zedler, 2006;

Lake, Bond & Reich, 2007). The desire to restore

biodiversity in streams and rivers that have been

degraded by land use change, agriculture, or other

environmental stressors has primarily emerged over

the last decade as the emphasis has shifted from

restoration of single species (typically salmonid fish-

eries) to restoration of entire stream ecosystems and

the suite of services they provide (Palmer et al., 2007).

Along with this shift has come a strong focus on

restoration of HH beyond the simple restoration of

specific flows or habitats used by fish (Roni, Hanson &

Beechie, 2008). Concordant with the shifted focus on

HH was the increased usage of various measures of

benthic invertebrate diversity, particularly of sensitive

taxa, as indicators of stream health and restoration

outcome (Karr & Chu, 1999; Allan & Castillo, 2007).

In 2000, field experiments were initiated to inves-

tigate the link between HH and restoration of biodi-

versity in streams. To our surprise, we found no

change in invertebrate diversity in response to mas-

sive reach-scale manipulations of substrate heteroge-

neity (D84 : D50) as a restoration treatment for

experimentally disturbed stream reaches (Brooks

et al., 2002). At the time, we attributed this ‘negative’

finding to a lack of statistical power or an experimen-

tal scale that was inadequate. However, a few years

later, Pretty et al. (2003) and Lepori et al. (2005)

published complementary results indicating that

increasing physical HH as part of restoration efforts

on a number of European rivers did not result in

increased biodiversity of fish or invertebrates. These

papers were published at about the same time that the

first comprehensive database on river and stream

restoration was developed for the U.S. (Bernhardt

et al., 2005; Palmer et al., 2005). This database showed

that channel re-configuration and in-stream habitat

improvements that increased heterogeneity were

among the most common goals of U.S. stream resto-

ration (Fig. 1). Similar databases were not available

for other parts of the world, but literature from

European projects clearly suggested a similar trend:

river and stream restoration projects were relying

heavily on channel re-configuration that added mean-

ders and physical structures such as boulders and

artificial riffles to enhance the structural heterogeneity

of stream channels (Brookes, Knight & Shields, 1996;

Harrison et al., 2004). As evidenced by interviews

with project managers across the U.S. (Palmer et al.,

2007), the focus on HH in river restoration is quite

common and clearly reflects the assumption that

habitat complexity promotes biotic recovery and

particularly biodiversity (Harper et al., 1997; Palmer

et al., 1997; Gerhard & Reich, 2000).

Because the prevalence of projects that manipulate

stream channels remains high despite the costs

(Bernhardt et al., 2007; Tullos et al., 2009), we felt it

was time to revisit the links between geomorphic and

in-stream HH and biological diversity in the context

of restoration. Thus, we ask what evidence is there

that stream restoration projects designed to enhance

channel complexity or heterogeneity lead to an

increase in aquatic biodiversity? To address this

question, we synthesised the results of published

studies that quantitatively evaluated invertebrate

responses to the physical restoration of a degraded

river or stream.

Methods

We conducted literature searches that included pub-

lications for the period 1975–2008. We did not restrict

our searches to any particular journals, and we began

by using the ISI Web of Science to search by crossing

the following keywords: [Restoration OR Rehabilita-

tion] AND [Stream OR River] AND Invertebrates.

This search resulted in 113 articles (through December

2009). Each paper was scanned to assess its relevance

to the motivating question and in a few cases authors

were contacted to clarify issues and ⁄or obtain original

data. The criteria we used for relevance were: (i)

the paper must describe results from monitoring the

restoration of a degraded river or stream; (ii)

the paper must provide quantitative data on inverte-

brate species richness; (iii) the paper must provide
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data on HH or else explicitly state that one of the

restoration goals was to enhance habitat or channel

complexity ⁄heterogeneity; (iv) papers were not in-

cluded that reported only on single habitats within a

stream (e.g. invertebrate diversity on aquatic plants or

wood with no information on the rest of the stream-

bed) or that reported on a river or stream that was

seriously polluted by mining or some other non-

diffuse source. A number of papers were eliminated

immediately based simply on the abstract; all other

papers were read in full. We also evaluated the

literature cited of every paper from the culled ISI

search and found >30 potentially relevant articles that

were not identified in the initial ISI search.

We extracted information from each paper on

why, how and when the restoration was done, how

channel or HH was assessed, the number of inde-

pendent restoration projects that were evaluated, and

the outcome of each project with respect to inverte-

brate species richness. In most cases, authors

reported results of statistical analyses, and in all

cases, we were careful to use the author’s written

conclusions in evaluating project outcome with

respect to invertebrate taxa richness (S = restoration

significantly affected richness; NS = restoration had

no significant impact; Inc = inconclusive results).

Some of the papers reported on more than one

project (e.g. Harrison et al., 2004; Tullos et al., 2009)

but we only counted these as separate projects in our

tally if they were truly independent of one another

(i.e. in a different stream and part of a separate

restoration project). In three cases, we had to use

more than one publication by a group of authors to

obtain all the needed information, and in two cases,

original data on species richness were provided

directly by the author (Muotka; Tullos). Our evalu-

ation was meant to serve as a qualitative assessment

of the effects of restoration of heterogeneity on

biodiversity. A quantitative evaluation using some

form of statistical meta-analysis to determine the

magnitude of the response to heterogeneity was not

attempted because only a subset of the studies

provided all the information required for such an

analysis (e.g. sample sizes, variance).

Finally, to provide ancillary information, we com-

pleted the same literature search without the keyword

‘restoration’ and examined all papers that specifically

tested for a relationship between physical heteroge-

neity in streams and invertebrate taxa richness (i.e.

presumably in ‘healthy’ streams or rivers). The search

produced 113 articles, a surprisingly similar number

to the earlier search, but the articles did not overlap

extensively. We also found a number of older papers

that did not turn up in the ‘restoration’-excluded ISI

Pacific NW
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Bank stabilization

Water quality

Riparian
management
Other

In-stream habitat
improvement
Channel
reconfiguration

Fig. 1 Pie charts 10showing that channel

re-configuration and in-stream habitat

enhancements are among the most

common restoration actions throughout

the U.S. Data from Alexander & Allan

(2007), Hassett, Palmer & Bernhardt

(2007), Rumps et al. (2007) and Sudduth,

Meyer & Bernhardt (2007).
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search but were in the literature cited of some of the

papers from that search. We used a similar process as

described earlier to cull projects that were irrelevant;

the criteria were the same except that no mention of

restoration was necessary. We classified the relevant

papers into two groups: studies that manipulated HH

in an otherwise healthy stream and studies that

attempted to correlate invertebrate diversity with

existing HH. From each paper, we extracted informa-

tion on the location of the study, what was measured,

and the outcome.

Results

We found 78 independent restoration projects de-

scribed by 18 different studies that met our criteria

(Table 1). In all cases, efforts were made to enhance

HH through restoration actions, and invertebrate taxa

richness was measured in the restored reaches and ⁄or

at reference reaches upstream or in the watershed;

some of the studies sampled pre- as well as post-

restoration, but only a few did so at both restoration

and reference sites (Table 1). Various anthropogenic

stressors motivated the restoration efforts. Thirty-two

of the projects were completed in the U.S. because of

impacts from urbanisation or agriculture, while the

remaining projects were performed in European,

Australian, or Asian rivers to correct past practices

of channelisation. Most of the projects involved

geomorphic reconfiguration in the form of altering

the channel, re-grading banks, creating more pool-

riffle complexes, and adding in-stream structures such

as boulders and wood (Table 1). In some cases, HH

(also termed complexity) was quantitatively evaluated

by measuring attributes such as reach-scale variance

in particle size or current velocity in the restored

versus unrestored reaches (as in Gerhard & Reich,

2000; Negishi & Richardson, 2003; Harrison et al.,

2004; Lepori et al., 2005; Jähnig, Lorenz & Hering,

2009); however, in many cases only qualitative state-

ments were made regarding enhanced heterogeneity

as a desired project goal or outcome (as in Biggs et al.,

1998; Friberg et al.,1998; Larson, Booth & Morley,

2001).

In three of the studies, biological monitoring was

completed <2 years following the restoration treat-

ment (Tikkanen et al., 1994; Biggs et al., 1998; Nakano

& Nakamura, 2006; Walther & Whiles, 2008); how-

ever, some of the studies monitored projects that had

been completed up to 16 years previously (Laasonen,

Muotka & Kivijärvi, 1998). The study that examined

the largest number of independent projects (in 24

streams), completed monitoring 2–10 years post-res-

toration with only one sampling visit per project

(Tullos et al., 2009). Half of the studies involved

monitoring invertebrates in the same stream multiple

years following restoration (Table 1).

Of the 18 studies, two reported on one project in

which the investigators measured significant increases

in taxa richness post-restoration (Edwards et al., 1984;

Jungwirth, Moog & Muhar, 1993); one study (Gerhard

& Reich, 2000) reporting on two restoration projects

found higher taxa richness in one of these projects,

while the other showed no significant change in

response to the restoration. We report the results of

Nakano & Nakamura (2008) as inconclusive because

taxa richness increased within one sub-habitat type of

the restored reach (‘edge habitats’) but was not

significantly higher at the reach-scale 15–27 months

following restoration and their papers make different

statements about the restoration outcomes (footnote 3,

Table 1). The most comprehensive study in terms of

number of projects monitoring, methodological rigour

and statistical analysis (Tullos, Penrose & Jennings,

2006 3; Tullos et al., 2009) reported no significant effect

in sixteen restoration projects in agricultural or rural

areas; for eight urban projects, they report a slight

increase in taxa richness in restored reaches but

largely the same taxonomic composition as in unre-

stored reaches.

The remaining 13 studies representing 66 separate

restoration projects reported no significant change in

taxa richness in the restored versus reference reaches

(Table 1). In every case, we examined findings for the

last post-restoration date provided since biotic re-

sponse could take time and projects varied greatly in

terms of how long after restoration they were sampled

(1–16 years).

Our search also found 15 studies that manipulated

HH in otherwise ‘healthy’ streams (i.e. streams not

slated for restoration) and measured biodiversity

following the manipulation (Table 2). Six of these

studies reporting on nine independent manipulations

found no significant effect of their manipulation on

invertebrate species richness, seven found significant

results and one was inconclusive. For all except one

study that involved whole-riffle manipulations

(Brooks et al., 2002), the spatial scale at which the

River restoration and heterogeneity 5
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biotic response was measured was 1 m2 or less; most

studies measured invertebrate diversity on ceramic

tiles, blocks, colonisation trays or small patches of

streambed in which habitat complexity had been

manipulated using wood, stones, grooves, or artifi-

cially created roughness.

Twelve comparative survey studies measured

ambient HH and invertebrate species richness in

streams that were mostly forested (many in national

parks or reserves) (Table 3). Of these, four found a

statistically significant relationship, while eight failed

to find such a relationship.

Table 2 Studies manipulating habitat heterogeneity (HH). Studies reporting on projects in which invertebrate species richness was

tracked after enhancing physical HH in a stream not designated for restoration. All projects occurred in streams with forested buffers

except three: Stewart et al. (2003), Arrington et al. (2005) and Schneider & Winemiller (2008). When significance levels for statistical

tests were provided, they are reported along with the conclusion of S, NS, or Inc (significant, non-significant, inconclusive, respec-

tively)

Study

Location and

land use Heterogeneity manipulation Significance of effect

Allan (1975) CO, U.S.A. Mixed stream substrate of different sizes in

colonisation pans placed in riffles

NS – Concluded that sampling and

colonisation trays with mixed substrates

‘suggestive’ of a heterogeneity effect but

no consistent results

Wise & Molles

(1979)

NM, U.S.A. Mixed stream substrates of different sizes in

colonisation baskets put in riffles

NS – Concluded that increasing substrate

heterogeneity did not increase species

richness

Williams (1980) ON, Canada Mixed four sizes of stream substrates in

wire baskets and placed in riffles

Not heterogeneity driving species diversity

and composition

Erman & Erman

(1984)

Three

independent

experiments:

two in CA,

U.S.A.

California: mixed stream substrates of

different sizes but held median size

constant

California – NS, P > 0.05

– NS, P > 0.05

One in CO,

U.S.A.

Colorado: filled colonisation trays with

natural substrates of differing surface

complexity

Colorado – NS, P > 0.05

Clifford et al.

(1989)

AB, Canada Rough versus smooth tiles S – P < 0.05

O’Connor (1991) Vic., Australia Blocks of wood with and without grooves S – P < 0.0001, higher species richness on

grooved wood

Douglas & Lake

(1994)

Melbourne,

Australia

Bricks, grooved in various ways S – P < 0.0001, species richness increased

with surface complexity

Death (2006),

unpubl. data 7

North Island,

New Zealnd

Bricks, grooved or not NS

Downes et al.

(1998)

Vic. Australia Bricks with added pits and cracks NS ⁄S – P = 0.094 on day 14; P = 0.048 on

day 28

Downes (2000) Vic., Australia Roughened versus smooth bricks S – P < 0.001

Brooks et al.

(2002)

VA, U.S.A. Manipulated substrate size in 12 reaches of

a stream so that D84 : D50 was high,

medium, or low but median size held

constant

NS – P = 0.314

Stewart et al.

(2003)

VA, U.S.A. Attached varying numbers of stones to

concrete slabs and placed these in the river

S – P < 0.006

Taniguchi &

Tokeshi (2004)

Reihoku-Machi,

Japan

Stone plates with variable numbers of

cavities

S – in three of four seasons, P < 0.05

Arrington et al.

(2005)

Plains region,

Venezuela

High versus low complexity patches created

using ceramic blocks

Inc – significance unresolved; invertebrate

results not analysed separately in the

paper (contacted author who believes

there was a difference)

Schneider &

Winemiller

(2008)

TX, U.S.A. High versus low complexity patches created

using sticks

S – Higher family richness on more complex

patches
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Discussion

Regardless of the type of stressors that have impacted a

stream or river, a focus on physical HH persists as a

driving force in the motivation and design of many

restoration projects – almost half of the individual

projects we found were reported on in 2006–08 alone.

Diverse reasonswere given for the restorations ranging

from past channelisation, various urban impacts, agri-

cultural run-off, flow diversion, or culvert placement;

yet, all restoration projects involved some form of

channel reconfiguration and enhancement of in-stream

structural complexity (Fig. 2). Across all of the studies

we evaluated, only three reported significant increases

in species richness and one was inconclusive (Table 1).

Further, one of these studies found this result for only

eight of the 24 restoration projects they evaluated and

all eight of those were in urban streams in which there

was only a marginal increase in the number of taxa, all

of which were typical opportunistic, urban taxa (Tullos

et al., 2009). The taxonomic composition was no differ-

ent from what was found in the unrestored ‘control’

reaches despite the extensive nature of the restoration

projects; the authors concluded that restoration was

minimally effective in urban settings (Tullos et al.,

2006). This means that across the 78 independent

restoration projects monitored by the 18 sets of studies

we evaluated, only two of the 78 projects resulted in

increases in invertebrate diversity sufficient for the

authors to conclude that the project was a biological

success.

What can explain this finding? One might conjec-

ture that increases in diversity in response to

enhanced heterogeneity were not found because the

studies were not sufficiently rigorous in a design or

statistical sense. This explanation is particularly

appealing given the increased emphasis on effective-

ness monitoring in the last 5 years and the number of

publications on monitoring practices (e.g. Bernhardt

et al., 2005; Falk et al., 2006). However, the best

example of a rigorous study of those we reviewed

(Tullos et al., 2009) reported results that are very much

in line with our conclusions; these authors used

replication, had control sites, and used multiple

metrics to evaluate biotic outcome yet still found that

the majority of projects did not result in increased

species diversity.

Perhaps then, the lack of response to heterogeneity

was simply because restoration project evaluationsT
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were conducted without allowing sufficient time for

biological recovery; however, many of the studies

sampled multiple years following restoration includ-

ing several for 8–10 years. It is also not possible to

uniformly blame the lack of response to a lack of real

increases in HH because many of the studies quan-

tified an increase in heterogeneity. Lepori et al. (2005)

reported an eightfold increase in heterogeneity in the

restored versus unrestored reaches, and the projects

evaluated by Harrison et al. (2004) had significantly

higher heterogeneity (quantified with coefficient of

variation) in flow and depth (Pretty et al., 2003).

However, at least one study reported that increases in

HH did not necessarily persist a long time even

though restoration designs suggested they should;

many variables describing habitat complexity and

stability did not differ between restored and unre-

stored sites (Tullos et al., 2009). This is an interesting

result in itself because it suggests that aside from

biological outcome, restoration practices may have

limited effectiveness geomorphically in some settings.

In previous evaluations of in-stream enhancement

projects, Roni et al. (2005) have also emphasised that

the durability of in-stream enhancements is highly

variable.

Perhaps, invertebrates do not respond to the types

or spatial scale of HH enhancements (Brooks et al.,

2002), while other aquatic biota do. In-stream habitat

enhancement projects are very common for freshwa-

ter fish and some studies have shown that salmonids

respond to additions of in-stream structures (largely

wood) particularly if the restoration includes re-

connection of critical habitats (Roni et al., 2008).

However, Steward et al. (2009) formally synthesised

empirical evidence for the effectiveness of in-stream

structural additions in restoring salmonids and con-

cluded that the wide-spread use of these structures is

not supported by the data. Structures may attract fish

(aggregate them) but this does not mean fish commu-

nities are restored.

Is it possible that ecological theory on HH and

biodiversity is simply lacking and should not be

guiding restoration efforts? To address the basic

theory aspect of this question, we went back to the

literature and evaluated research that tested for a

relationship between HH and invertebrate diversity in

healthy streams, i.e. streams not in need of restoration.

We found that about half of the studies (9 ⁄16) that

experimentally manipulated heterogeneity in streams

found statistically significant evidence that taxa rich-

ness increased (Table 2). For studies that asked if

natural variation in HH explained variation in inver-

tebrate diversity, about a third (4 ⁄12) reports a

significant relationship (Table 3). Thus, despite strong

evidence from many terrestrial systems and some

aquatic systems that more heterogeneous habitats

support higher levels of biodiversity (MacArthur &

MacArthur, 1961; McCoy & Bell, 1991; Kerr & Packer,

1997; Tews et al., 2004), the evidence that geomorphic

and in-stream HH strongly influence invertebrate

Fig. 2 Photographs of restoration projects

in progress or completed to enhance

habitat heterogeneity. Upper left: large

equipment is typically used to re-config-

ure and create artificial pools and habitat

structures such as the wooden framework

that will be used to create under-bank

openings for biota. Upper right: rock

weirs placed in the channel to deflect

flows and add variable flow habitats.

Lower right: artificial meanders created by

re-configuring the channel. Lower left:

in-stream rock structures to create shallow

pools downstream.
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diversity in healthy streams remains an open ques-

tion.

With respect to the question of whether physical

heterogeneity should be the primary factor guiding

stream restoration efforts, our findings clearly indi-

cated it should not. Our results show that for the

majority of restoration studies to date, biodiversity

was not increased following attempts to enhance

heterogeneity, and, only a subset of studies in healthy

streams have demonstrated a positive biotic response

to high levels of channel or in-stream heterogeneity.

We do not entirely dismiss the idea that heterogeneity

may play an important ecological role in streams but

suggest that because so many other factors influence

stream biodiversity, focusing solely on habitat struc-

ture as the basis of restoration efforts makes little

sense. Heterogeneity may act in concert with factors

such as disturbance regime, food resources and

regional species pools (Lake, 2000; McCabe & Gotelli,

2000; Ward & Tockner, 2001) to influence diversity

(Menninger & Palmer, 2006; Muotka & Syrjanen, 2007;

Warfe et al., 2008), but there is little evidence that HH

is a primary determinant of macroinvertebrate diver-

sity. In fact, for many restoration sites, water quality

may not be sufficient to restore invertebrate diversity

even if heterogeneity were restored – i.e. heterogene-

ity may not have a ‘chance’ to play an important role

in promoting diversity when other constraints such as

high pollutant loads, degraded hydrological regimes,

or lack of a colonist pool exist.

We did not set out to identify which of the many

factors may have influenced restoration success or

lack thereof in the studies we evaluated – the

information in the studies is not sufficient to under-

take such a task. However, from attempts by others to

identify the most important factors influencing stream

invertebrate diversity in watersheds with varying

levels of impact, it is clear that HH does not rank

highest on the list. Urban et al. (2006) report that

habitat was not as important a predictor as riparian

vegetation and watershed landscape structure, while

Kiffney & Roni (2007) point towards the importance of

food availability. In general, studies show that the

diversity and composition of biotic communities in

streams depend strongly on factors at multiple scales

with catchment-scale variables such as land use being

most important (Townsend et al., 2003; Walsh, Fletch-

er & Ladson, 2005). Roni et al. (2008) emphasise the

important role of larger-scale factors in promoting

restoration success and advise the following sequence

of actions for rehabilitating streams and rivers: protect

critical habitats, improve water quality, restore wa-

tershed processes (e.g. habitat connectivity, hydrol-

ogy), and then improve in-stream habitat. This

suggests that if water quality, flow and riparian

conditions are adequate then biota may indeed

respond to heterogeneity. Thus, first and foremost,

restoration efforts must target the most limiting factor,

i.e. the factor that must be corrected before biota can

return. Most often that factor is altered water quantity

and quality that can only modestly be improved with

local (reach-scale) interventions, if at all. Practitioners

recognise this constraint and water quality improve-

ment is the primary goal of many river restoration

projects (Bernhardt et al., 2007), yet practitioners

assume that structural improvements will promote

water quality – an assumption even more tenuous

than the link between HH and macroinvertebrate

diversity.

Given the large number of projects that rely on

reach-scale, structural approaches, our findings have

serious implications for future restoration efforts.

Much more must be done to restore streams than

simply re-configuring channels and enhancing struc-

tural complexity with meanders, boulders, wood, or

other structures. The studies we evaluated suggest

little to no improvement or perhaps even a decline in

stream health because the restoration actions involved

in these projects may act as a disturbance (Tullos et al.,

2009). Further, research that is ongoing in our own

labs indicates that restoration involving traditional

channel manipulations often result in a decline in

invertebrate and plant diversity. If these restoration

approaches are not working, this begs the question:

what are the alternatives? First, ‘softer’ restoration

approaches that do not involve full-scale manipula-

tion of a channel or its riparian corridor are prudent.

Second, larger-scale actions such as storm-water

management, changes in forestry or agricultural

practices, and preservation of land and riparian

vegetation may be the best hope for mitigating the

impacts of anthropogenic activities in streams (Larson

et al., 2001; Fletcher & Ladson, 2005; Muotka &

Syrjanen, 2007; Saunders & Fausch, 2007).

Given the lack of evidence to date that the costs of

channel re-configuration and addition of in-stream

structures (Bernhardt et al., 2005) are offset by biolog-

ical recovery, we suggest that resources should be put
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into other actions (Lave, Robertson & Doyle, 2008).

Not only are watershed-scale actions known to lead to

significant improvements in the ecological health of

streams, but whole-watershed perspectives can pro-

vide insight into the probability of success of a specific

project in a specific place. The extent and position of

degraded land, the spatial arrangement of tributaries

and the connectivity of suitable habitat all act to

determine restoration outcome at individual reaches

(Palmer, 2009). While we are far from identifying the

relative importance each of multiple factors plays in

limiting the success of restoration, we can apply a

logical, data-driven approach to choose among vari-

ous restoration methods and to prioritise sites for

restoration. Data such as those presented in the

papers we evaluated are critical to making progress

in restoring our waterways.

Acknowledgments

This paper was presented at the September 2008

multiple stressors symposium in Windermere, U.K.

We wish to thank: the sponsors and organisers of the

meeting, most particularly the Freshwater Biological

Association of the U.K.; an anonymous reviewer, and

constructive comments from J.D. Allan. This work

was supported by a grant from the David and Lucille

Packard Foundation as well as support from the EPA

Collaborative Network for Sustainability (Award #

8832206). This is contribution number 4314 from the

University of Maryland Center for Environmental

Science.

References

Alexander G.G. & Allan J.D. (2007) Ecological success in

stream restoration: case studies from the midwestern

United States. Environmental Management, 40, 245–255.

Allan J.D. (1975) Distributional ecology and diversity of

benthic insects in Cement Creek, Colorado. Ecology, 56,

1040–1053.

Allan J.D. & Castillo M.M. (2007) Stream Ecology: Struc-

ture and Function of Running Waters. 436 pp. Springer,

Dordrecht, the Netherlands.

Arrington D.A., Winemiller K.O. & Layman C.A. (2005)

Community assembly at the patch scale in a species

rich tropical river. Oecologia, 144, 157–167.

Beisel J.N., Usseglio-Polatera P., Thomas S. & Moreteau

J.C. (1998) Stream community structure in relation to

spatial variation: the influence of mesohabitat charac-

teristics. Hydrobiologia, 389, 73–88.

Bell S.S., Fonseca M.S. & Motten L.B. (1997) Linking

ecological restoration and landscape ecology. Restora-

tion Ecology, 5, 318–323.

Bernhardt E.S., Palmer M.A., Allan J.D. et al. (2005)

Synthesizing US river restoration efforts. Science, 308,

636–637.

Bernhardt E.S., Sudduth E.B., Palmer M.A. et al. (2007)

Restoring rivers one reach at a time: results from a

survey of US river restoration practitioners. Restoration

Ecology, 15, 482–493.

Biggs J., Corfield A., Gron P., Hansen H.O., Walker D.,

Whitfield M. & Williams P. (1998) Restoration of the

rivers Brede, Cole and Skerne: a joint Danish and

British EU-LIFE demonstration project, V – short-term

impacts on the conservation value of aquatic macro-

invertebrate and macrophyte assemblages. Aquatic

Conservation: Marine and Freshwater Ecosystems, 8, 241–

255.

Boyero L. & Bosch J. (2004) The effect of riffle-scale

environmental variability on macroinvertebrate assem-

blages in a tropical stream. Hydrobiologia, 524, 125–132.

Brookes A., Knight S.S. & Shields F.D. (1996) Habitat

enhancement. In: River Channel Restoration – Guiding

Principles for Sustainable Projects (Eds A. Brookes & F.D.

Shields), pp. 76–101. Wiley & Sons, Chichester, UK.

Brooks S.S., Palmer M.A., Cardinale B.J., Swan C.M. &

Ribblett S. (2002) Assessing stream ecosystem rehabil-

itation: limitations of community structure data. Res-

toration Ecology, 10, 156–168.

Brown B.L. (2003) Spatial heterogeneity reduces temporal

variability in stream insect communities. Ecology Let-

ters, 6, 316–325.

Buffagni A., Crosa G.A., Harper D.M. & Kemp J.L. (2000)

Using macroinvertebrate species assemblages to iden-

tify river channel habitat units: an application of the

functional habitats concept to a large, unpolluted

Italian river (River Ticino, northern Italy). Hydrobiolo-

gia, 435, 213–225.

Cardinale B.J., Srivastava D.S., Duffy J.E., Wright J.P.,

Downing A.L., Sankaran M. & Jouseau C. (2006)

Effects of biodiversity on the functioning of trophic

groups and ecosystems. Nature, 443, 989–992.

Clifford H.F., Gotceitas V. & Casey R.J. (1989) Roughness

and color of artificial substratum particles as possible

factors in colonization of stream invertebrates. Hydro-

biologia, 175, 89–95.

Craig L.S., Palmer M.A., Richardson D.C. et al. (2008)

Stream restoration strategies for reducing river nitro-

gen loads. Frontiers in Ecology and the Environment, 6,

529–538. 4

River restoration and heterogeneity 15

� 2009 Blackwell Publishing Ltd, Freshwater Biology, 55 (Suppl. 1), 1–18

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49



Douglas M. & Lake P.S. (1994) Species richness of stream

stones – an investigation of the mechanisms generating

the species–area relationship. Oikos, 69, 387–396.

Downes B.J., Lake P.S., Schreiber E.S.G. & Glaister A.

(1998) Habitat structure and regulation of local species

diversity in a stony, upland stream. Ecological Mono-

graphs, 68, 237–257.

Downes B.J., Hindell J.S. & Bond N.R. (2000) What’s in a

site? Variation in lotic macroinvertebrate density and

diversity in a spatially replicated experiment Austral

Ecology, 25, 128–139.

Edwards C., Griswold B., Tubb R., Weber E. & Woods L.

(1984) Mitigating effects of artificial riffles and pools on

the fauna of a channelized warmwater stream. North

American Journal of Fisheries Management, 4, 194–203.

Elmqvist T., Folke C., Nystrom M., Peterson G., Bengts-

son J., Walker B. & Norberg J. (2003) Response

diversity, ecosystem change, and resilience. Frontiers

in Ecology and the Environment, 1, 488–494.

Erman D.C. & Erman N.A. (1984) The response of stream

macroinvertebrates to substrate size and heterogeneity.

Hydrobiologia, 108, 75–82.

Falk D.A., Palmer M.A. & Zedler J.B. (2006) Foundations of

Restoration Ecology. 364 pp. Island Press, Washington,

DC.

Friberg N., Kronvang B., Hansen H.O. & Svendsen L.M.

(1998) Long-term, habitat-specific response of a macr-

oinvertebrate community to river restoration. Aquatic

Conservation: Marine and Freshwater Ecosystems, 8, 87–

99.

Gerhard M. & Reich M. (2000) Restoration of streams

with large wood: effects of accumulated and built-in

wood on channel morphology, habitat diversity and

aquatic fauna. International Review of Hydrobiology, 85,

123–137.

Harper D., Mekotova J., Hulme S., White J. & Hall J.

(1997) Habitat heterogeneity and aquatic invertebrate

diversity in floodplain forests. Global Ecology and

Biogeography Letters, 6, 275–285.

Harrison S.S.C., Pretty J.L., Shepherd D., Hildrew A.G.,

Smith C. & Hey R.D. (2004) The effect of instream

rehabilitation structures on macroinvertebrates in low-

land rivers. The Journal of Applied Ecology, 41, 1140–

1154.

Hassett B., Palmer M.A. & Bernhardt E.S. (2007) Evalu-

ating stream restoration in the Chesapeake Bay

watershed through practitioner interviews. Restoration

Ecology, 15, 463–472.

Hector A. & Bagchi R. (2007) Biodiversity and ecosystem

multifunctionality. Nature, 448, 188–190.

Hutchinson G.E. (1959) Homage to Santa Rosalia or why

are there so many kinds of animals? American Natu-

ralist, 93, 145–159.

Hynes H.B.N. (1970) The Ecology of Running Waters. 555

pp. University of Toronto Press, Toronto.
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Törnlund E. & Östlund L. (2006) Mobility without

wheels: the economy and ecology of timber floating

in Sweden, 1850–1980. Journal of Transport History, 27,

48–70.

Townsend C.R., Doledec S., Norris R., Peacock K. &

Arbuckle C. (2003) The influence of scale and geogra-

phy on relationships between stream community

composition and landscape variables: description and

prediction. Freshwater Biology, 48, 768–785.

Tullos D., Penrose D. & Jennings G. (2006) Development

and application of a bioindicator for benthic habitat

enhancement in the North Carolina Piedmont. Ecolog-

ical Engineering, 27, 228–241.

Tullos D., Penrose D., Jennings G. & Cope W. (2009)

Analysis of functional traits in reconfigured channels:

implications for the bioassessment and disturbance of

river restoration. Journal of the North American Bentho-

logical Society, 28, 80–92.

Urban M.C., Skelly D.K., Burchsted D., Price W. & Lowry

S. (2006) Stream communities across a rural–urban

landscape gradient. Diversity and Distributions, 12, 337–

350.

Walsh C.J., Fletcher T.D. & Ladson A.R. (2005) Stream

restoration in urban catchments through redesigning

stormwater systems: looking to the catchment to save

the stream. Journal of the North American Benthological

Society, 24, 690–705.

Walther D.A. & Whiles M.R. (2008) Macroinverte-

brate responses to constructed riffles in the Cache

River, Illinois, USA. Environmental Management, 41,

516–527.

Ward J.V. & Tockner K. (2001) Biodiversity: towards a

unifying theme for river ecology. Freshwater Biology, 46,

807–819.

Warfe D.M., Barmuta L.A. & Wotherspoon S. (2008)

Quantifying habitat structure: surface convolution and

living space for species in complex environments.

Oikos, 117, 1764–1773.

Williams D.D. (1980) Some relationships between stream

benthos and substrate heterogeneity. Limnology and

Oceanography, 25, 166–172.

Wise D.H. & Molles M.C. (1979) Colonization of artificial

substrates by stream insects – influence of substrate

size and diversity. Hydrobiologia, 65, 69–74.

(Manuscript accepted Xx Xxxx 200x 6)

18 M. A. Palmer et al.

� 2009 Blackwell Publishing Ltd, Freshwater Biology, 55 (Suppl. 1), 1–18

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49



Author Query Form

Journal: FWB

Article: 2372

Dear Author,

During the copy-editing of your paper the following queries arose. Please could you respond to these queries by

making the necessary corrections and/or additions directly on the page proof, making the correction using the

mark-up conventions listed on the final page of this PDF. Please only use the ‘Remarks’ column on this query

form for clarification or comments, where necessary. When adding your corrections to the proof, please write
in the margins in strong and legible handwriting, using a fine-tipped dark blue or black pen (avoid Biro
ink if possible), and not in capitals unless these are intended.

Please help us to publish your article quickly and accurately by following these instructions. We regret that
illegible mark ups may delay the publication of your paper and/or introduce publication errors.

Many thanks for your assistance.

Journal Production, Blackwell Publishing

Query
reference

Query Remarks

Q1 AUTHOR: Ricklef & Schluter (1993), Hooper et al. (2005), Fletcher &
Ladson (2005), Nakano & Nakamura (2006) and Downes (2000) have not

been included in the Reference List, please supply full publication details

(format these according to journal style).

Q2 AUTHOR: Tilman et al., 1996 has been changed to Tilman, 1996 so that

this citation matches the Reference List. Please confirm that this is correct.

Q3 AUTHOR: Tullos 2006 has been changed to Tullos et al., 2006 so that

this citation matches the Reference List. Please confirm that this is correct.

Q4 AUTHOR: Craig et al. (2008), Kail et al. (2007) and Törnlund & Östlund
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USING E-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION 

Required Software 

Adobe Acrobat Professional or Acrobat Reader (version 7.0 or above) is required to e-annotate PDFs. 
Acrobat 8 Reader is a free download: http://www.adobe.com/products/acrobat/readstep2.html 

Once you have Acrobat Reader 8 on your PC and open the proof, you will see the Commenting Toolbar (if it 
does not appear automatically go to Tools>Commenting>Commenting Toolbar). The Commenting Toolbar 
looks like this: 

 

If you experience problems annotating files in Adobe Acrobat Reader 9 then you may need to change a 
preference setting in order to edit. 

In the “Documents” category under “Edit – Preferences”, please select the category ‘Documents’ and 
change the setting “PDF/A mode:” to “Never”.  

 

Note Tool — For making notes at specific points in the text  

Marks a point on the paper where a note or question needs to be addressed. 

 

Replacement text tool — For deleting one word/section of text and replacing it  

Strikes red line through text and opens up a replacement text box.   

 

Cross out text tool — For deleting text when there is nothing to replace selection  

Strikes through text in a red line. 

 

 

How to use it: 

1. Right click into area of either inserted 
text or relevance to note 

2. Select Add Note and a yellow speech 
bubble symbol and text box will appear 

3. Type comment into the text box 

4. Click the X in the top right hand corner  
of the note box to close. 

 

How to use it: 

1. Select cursor from toolbar 

2. Highlight word or sentence 

3. Right click 

4. Select Replace Text (Comment) option 

5. Type replacement text in blue box 

6. Click outside of the blue box to close 

 

How to use it: 

1. Select cursor from toolbar 

2. Highlight word or sentence 

3. Right click 

4. Select Cross Out Text  

 

http://www.adobe.com/products/acrobat/readstep2.html�
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Approved tool — For approving a proof and that no corrections at all are required. 

 

 

Highlight tool — For highlighting selection that should be changed to bold or italic. 

Highlights text in yellow and opens up a text box. 

 

Attach File Tool — For inserting large amounts of text or replacement figures as a files.  

Inserts symbol and speech bubble where a file has been inserted. 

 

 

Pencil tool — For circling parts of figures or making freeform marks 

Creates freeform shapes with a pencil tool. Particularly with graphics within the proof it may be useful to use 
the Drawing Markups toolbar. These tools allow you to draw circles, lines and comment on these marks.     

 

 

 

 

 

 

 

 

 

 

How to use it: 

1. Click on the Stamp Tool in the toolbar 

2. Select the Approved rubber stamp from 
the ‘standard business’ selection 

3. Click on the text where you want to rubber 
stamp to appear (usually first page) 

 

How to use it: 

1. Select Highlighter Tool from the 
commenting toolbar 

2. Highlight the desired text 

3. Add a note detailing the required change 

 

How to use it: 

1. Select Tools > Drawing Markups > Pencil Tool 

2. Draw with the cursor 

3. Multiple pieces of pencil annotation can be grouped together 

4. Once finished, move the cursor over the shape until an arrowhead appears 
and right click 

5. Select Open Pop-Up Note and type in a details of required change 

6. Click the X in the top right hand corner of the note box to close. 

How to use it: 

1. Click on paperclip icon in the commenting toolbar 

2. Click where you want to insert the attachment 

3. Select the saved file from your PC/network 

4. Select appearance of icon (paperclip, graph, attachment or 
tag) and close 
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