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Abstract Matched chemical and ecological monitoring

data were used to assess the effects of iron on benthic

macroinvertebrate communities. Three measures of iron

exposure: dissolved, total, and particulate iron were

assessed. Ecological responses were normalised to an

unimpacted reference condition to make site-specific pre-

dictions of the reference condition. Ecological data were

expressed as an Ecological Quality Index (EQI), indicating

quality relative to the reference condition. Quantile

regression analysis was used to derive thresholds as an EQI

value equivalent to the cut-off between good and moderate

ecological status for water quality classification. Thresh-

olds for Good Ecological Status ranged from 1.25 to

2.46 mg L-1 depending on the measure of exposure and

ecological response.
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Ecological monitoring data can be a valuable source of

information on toxicant effects. The effects of iron on

benthic macroinvertebrate assemblages were previously

assessed in two studies (Linton et al. 2007; Crane et al.

2007). Crane et al. (2007) analysed monitoring data from

the UK and derived water quality criteria between 43 and

250 lg L-1 on the basis of dissolved iron, for comparison

against a Predicted No Effect Concentration (PNEC) of

16 lg L-1 derived from laboratory ecotoxicity test data

and an assessment (Environment Agency 2007). A com-

parable study in the USA (Linton et al. 2007) derived a

criteria value of 210 lg L-1 on the basis of total iron for

the most sensitive taxon assessed (Leptophlebiidae-a

mayfly [Ephemeroptera] family) and 1,740 lg L-1 for

overall community protection.

Assessments of ecological monitoring data (such as

measurements of benthic macroinvertebrate communities)

should preferably be expressed relative to a reference

condition. Crane et al. (2007) included assessments based

on an Ecological Quality Index (EQI). The EQI used in the

UK is an example of such a metric, and is calculated using

monitoring data and a prediction of the community that

would be present at the site if it were in an unstressed

condition (Wright et al. 2000; Clarke et al. 2006).

Assessment in this way normalises the data for differences

in habitat which result from the presence of different

ecological assemblages at different sites. It also takes

account of the fact that many high scoring (but relatively

rare) taxa are not expected to be present in significant

numbers at the majority of sites. Assessments which are not

normalised in this way will always be limited to some

extent by uncertainties about whether a particular taxon

would have been present at a site regardless of contaminant

concentrations.

In the UK the EQI values for macroinvertebrates used

by environmental regulatory agencies are based on the

Biological Monitoring Working Party (BMWP) scoring

system, and may be expressed in several ways (Clarke et al.

2003a). There are 85 BMWP scoring macroinvertebrate

families and within this system each family is assigned a

specific score. A few of the BMWP scoring taxa include

more than one family, and whole community metrics are
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calculated based on the presence of a taxon in the sample,

not its abundance. There are typically between 15 and 35

different taxa present at unimpacted sites, depending upon

habitat. Prediction of the expected presence or absence of

particular taxa for a habitat in an unimpacted state allows

several metrics to be calculated. The number of scoring

taxa (N-Taxa) is the number of BMWP scoring taxa

present in the sample, and the BMWP score is the sum of

the BMWP scores for all scoring taxa. N-Taxa and the total

BMWP score which would be expected for a site if it were

in an unimpacted condition can both be calculated from

River Invertebrate Prediction and Classification System

(RIVPACS) software and compared with field observations

to calculate EQI values (Clarke et al. 2003b). The EQI

values are calculated as the ratio of the Observed and

Expected scores. A further metric, the Average Score Per

Taxon (ASPT), may also be calculated as the total BMWP

score divided by N-Taxa. The EQI values are calculated as

the observed score, divided by the RIVPACS predicted

score, for each of the three indices.

Previous assessments of the toxicity of iron to aquatic

organisms in laboratory tests (e.g. OECD 2007) have been

unable to identify definitively whether chemical toxicity or

precipitate formation is responsible for the observed

effects. A key advantage of deriving a PNEC or Environ-

mental Quality Standard (EQS) from field data is that both

chemical toxicity and physical effects can be taken into

account (Linton et al. 2007). The specific objective of this

study is to define a threshold for iron concentrations above

which good ecological status is unlikely to be achieved,

without constraining the analysis to a single measure of

iron exposure.

Methods

A set of monitoring data with comprehensive ecological

survey information for benthic macroinvertebrates and

associated water chemistry parameters for river and stream

sampling sites in England and Wales was provided by the

Centre for Intelligent Environmental Systems (CIES),

Staffordshire University, UK, from work they had under-

taken for the Environment Agency of England and Wales.

The dataset contains 1,830 samples with monitoring data

for both total and dissolved iron concentrations, and EQI

BMWP, EQI N-Taxa, and EQI ASPT from 1995 to 2004.

The analyses of the dataset considered three different

metrics of iron exposure: total iron, dissolved iron, and

particulate iron (which is defined as the difference between

the total and dissolved iron concentrations). Dissolved

iron was defined as the fraction passing a 0.45 lm filter

membrane. Given the behaviour of iron in freshwaters it

is likely that the operationally defined ‘‘dissolved’’ and

‘‘particulate’’ iron both include suspended particles. Mon-

itoring data for benthic macroinvertebrate fauna are

reported in the dataset as log abundance values on an

individual taxon basis. Summarised results, such as the

number of taxa (N-Taxa), BMWP scores, and ASPT, are

calculated by RIVPACS (Version 3?).

Quantile regression was used to derive field-based limit

values. The quantile regression approach can be used to

derive a limiting function and is particularly useful in cases

where it is not possible to remove all of the potentially

confounding factors (e.g. Cade et al. 1999). The approach

taken in this study was similar to that applied in previous

assessments of field data (Linton et al. 2007; Crane et al.

2007), although in this case all assessments were made

using ecological data expressed relative to a reference

condition. The statistical analyses were performed using R

(Version 2.9.1; http://cran.r-project.org). Quantile regres-

sion was applied to the 90th quantile of the data using a log

linear model (log(response) = a ? b.(exposure)). Higher

quantiles are potentially more susceptible to outliers in the

data and may also be subject to greater uncertainties

(Pacheco et al. 2005), although both 90th quantiles (Linton

et al. 2007) and 99th quantiles (Crane et al. 2007) have

been successfully applied to analyses of iron. The principle

of the quantile regression approach to derive a limiting

function is illustrated in Fig. 1. Data that show unimpacted

responses at low exposures to the substance of interest

serve as ‘‘controls’’, and impacted responses at low expo-

sures are not considered in the analysis, because a limiting

function is derived which describes the 90th percentile of

the maximum achieved ecological quality at a given iron

exposure concentration. A decline in the 90th percentile

response with increasing exposure is assumed to be due to

the substance of interest, although other toxicants which

Fig. 1 Illustration of the interpretation of combined chemical and

ecological field data. Ecological quality is not affected at sites above

the horizontal dashed line, and is limited by iron exposure at sites to

the right of the vertical dashed line
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co-vary with iron would result in a steeper decline. If this

were the case it would lead to more stringent thresholds

derived by this approach than if they were derived from

controlled exposures in laboratory tests.

Thresholds for the effects of iron on benthic macroin-

vertebrate communities were defined as a decline in the

maximum EQI score, based on the 90th quantile regression

model to a level which represents the cut-off between Good

and Moderate ecological status under the water quality

classification system used in the UK. This threshold is set

at an EQI value of 0.7 for EQI BMWP and EQI N-Taxa,

and 0.9 for EQI ASPT. EQI thresholds were calculated

after setting the maximum predicted response to a value of

1. Confidence intervals were calculated by bootstrapping

using 2,000 iterations.

Results and Discussion

All three measures of ecological quality (EQI BMWP, EQI

N-Taxa, and EQI ASPT) showed a significant decline in

response to increasing exposure to each form of iron

(dissolved, total, and particulate) at the 90th quantile

(Fig. 2). The EQI threshold values are shown in Table 1. In

all of the analyses the sensitivity of the ecological metrics

to iron exposure is similar. EQI BMWP is slightly more

sensitive than either EQI N-Taxa or EQI ASPT, and this is

most pronounced where the exposure is expressed as par-

ticulate iron. The fact that the thresholds derived on the

basis of both total and ‘‘dissolved’’ iron are very similar

suggests that total iron may be the most appropriate basis

for assessing compliance against an EQS for iron.

This approach to deriving quality standards from field

data may not be able to identify effects on particularly

sensitive taxa if their absence does not result in a signifi-

cant difference in the EQI metrics, because these are based

on summaries of the whole benthic macroinvertebrate

community. Taxa-specific assessments, such as those

undertaken by Linton et al. (2007) may be able to identify

particularly sensitive species or groups of species. How-

ever, relatively rare families, such as Leptophlebiidae,

would only be expected to occur at a relatively small

fraction of the sites, so their presence or absence at a

particular site may be affected to a greater extent by the

local habitat than by iron concentration. The exclusion of

locally rare taxa from ecological assessments has been

suggested (Van Sickle et al. 2007), although this does

result in a reduction in the sensitivity of the overall

assessment (Clarke and Murphy 2006). The approach taken

in this study, where the ecological data are expressed rel-

ative to a reference condition, should be able to take

account of this issue to some extent, whereas taxa-specific

analyses similar to those of Linton et al. (2007), which are

expressed relative to a predicted reference condition, may

identify any taxa which are more sensitive to iron expo-

sures than the whole community (when expressed as EQI

metrics).

Leptophlebiidae were identified by Linton et al. (2007)

as being particularly sensitive to iron, although their

assessment was based on their abundance, and was not

expressed relative to a reference condition. A criterion

value of 0.21 mg L-1 total iron was derived for this taxon,

on the basis of a 20% decline in the 90th quantile of the

data (EC2090th%ile). This criterion value is considerably

lower than any of the threshold values derived on the basis

of community metrics for the UK dataset considered in this

study. Three other taxa identified by Linton et al. (2007) as

sensitive to total iron exposure also had EC2090th%ile values

below the lowest EC1090th%ile value derived on the basis of

total iron exposures in this study. This suggests that there

may be some sensitive taxa which would not be adequately

protected by quality standards based on whole community

responses.

Correlations were analysed between the different met-

rics of iron exposure used in this study and some other

potential chemical pressures, such as trace metals and

indicators of sanitary pollution. Both dissolved iron con-

centrations and particulate iron concentrations were closely

correlated with total iron concentrations, with r2 values of

0.82 and 0.90 respectively. Positive, although weaker,

correlations were also observed between dissolved iron

concentrations and the concentrations of dissolved copper,

nickel and zinc, with correlation coefficients (r2) of 0.44,

0.39, and 0.42 respectively. The relationships were statis-

tically significant (p \ 0.001 in all cases). The bioavaila-

bilities of these metals are known to vary with dissolved

organic carbon (DOC) concentrations (De Schamphelaere

and Janssen 2004; Deleebeeck et al. 2008; Heijerick et al.

2005), with higher concentrations of DOC resulting in

reduced toxicity. Although no information on DOC con-

centrations at the sampling sites was included in the data-

set, matched data for dissolved (0.45 lm filtered) iron and

DOC concentrations (also 0.45 lm filtered) in a variety of

surface waters throughout Great Britain were positively

correlated (r2 = 0.74, p \ 0.001, Fig. 3).

Some studies have suggested that the effects of iron may

be influenced by water quality parameters such as DOC

(Vuorinen et al. 1999; Peruanen et al. 1994). Recent chronic

studies with Ceriodaphnia dubia have shown the bioavail-

ability of iron to be significantly reduced by both DOC and

hardness (Patricio Rodriguez, Centre for Investigation of

Metals and Minerals, Santiago, Chile, pers. comm.).

Ionic forms of iron (Fe2? and Fe3?) are unstable in the

environment and are rapidly converted to corresponding

hydroxides, especially at pH values greater than 7.0. In this

pH range any toxicity would be due to the presence of
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polymeric iron hydroxides. The majority (approximately

80%) of sites within the dataset have pH values which are

above 7.0. In order to assess the influence of pH on the

derivation of EC10 values the dataset was split into sam-

ples with pH values below and above either pH 6.5 or 7,

and data for total iron and EQI BMWP were reanalysed.

This analysis revealed that the threshold values derived for

the separate portions of the data were not significantly

different from each other, suggesting that pH in natural

surface waters for the existing data set may have only a

limited influence on the response of benthic macroinver-

tebrate communities to iron exposure. The thresholds

derived here are appropriate for iron exposures at pH val-

ues of above 7, but may not be appropriate for exposures

under lower pH conditions.

The EQI threshold values derived here (Table 1) are

aligned with current ecological assessments of water

quality in the UK, although are not entirely consistent with

guidance under the Water Framework Directive. There

may be sensitive species or taxonomic groups potentially

affected at lower levels of iron exposure. Future studies

should aim to identify and assess the effects of iron on such

sensitive taxa, and any effects of water quality conditions

on ecological responses. These studies should also, where

possible, express the ecological responses relative to a

reference condition in order to minimise the effects of any

potentially confounding factors, such as habitat differences

between sites. The use of field evidence for the derivation

of chemical quality standards which are more closely

aligned with ecological quality standards should ensure a

Fig. 2 Effect of iron exposure (expressed as dissolved, total, or particulate iron) on ecological responses (expressed as EQI BMWP, EQI

N-Taxa, and EQI ASPT)
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more consistent level of environmental protection under

the Water Framework Directive in Europe.
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Table 1 Summary of EQI threshold values (mg L-1) for different

measures of iron exposure and ecological response

Exposure

metric

Ecological

metrica
EQI

threshold

LCLb UCLb

Dissolved Iron BMWP 1.37 1.22 1.87

Dissolved Iron N-Taxa 1.89 1.34 2.13

Dissolved Iron ASPT 1.85 1.56 1.93

Total Iron BMWP 1.25 1.12 1.41

Total Iron N-Taxa 1.65 1.34 2.08

Total Iron ASPT 1.59 1.24 2.05

Particulate Iron BMWP 1.73 1.68 1.92

Particulate Iron N-Taxa 2.46 2.19 3.25

Particulate Iron ASPT 2.23 1.83 2.67

a BMWP, total Biological Monitoring Working Party score; N-Taxa,

number of BMWP scoring taxa; ASPT, average score per taxon
b lower (LCL) and upper (UCL) 95% confidence limits

Fig. 3 Dissolved iron and dissolved organic carbon concentrations in

407 samples from the United Kingdom
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