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1. Introduction
Ecological assessment of aquatic ecosystems is a growing area of research, and in
Europe in particular, this area is experiencing a rapid expansion since the ratification
of the European Water Framework Directive (European Commission 2000). In
contrast to earlier legislation pertaining to aquatic ecosystems, the European Water
Framework Directive (WFD) is probably the most significant piece of ordinance to
be assembled in the interests of preserving and restoring the biodiversity of inland
waters, wetlands and coastal areas. For instance, whereas previous statutes focused
on curbing emissions and monitoring using chemical indicators, the Directive
focuses on catchment planning and management, viewing aquatic ecosystems not as
isolated entities, but holistically as larger interconnected ecosystems. Indeed, a key
feature of the Directive is its focus on detecting ecological change (i.e. degradation
and recovery) and determining what human-generated pressures (or stressors) are
acting as drivers of change.

To accomplish this the Directive recognises that present and future pressures may
dictate different monitoring and assessment designs such as surveillance, operative
and investigative monitoring of ecological quality. These three types of monitoring
can be summarized as (i) assessment of regional pattern and trends (surveillance
monitoring), (ii) detection of ecosystem recovery (operative monitoring) and (iii)
assessment of putative stressor(s) (investigative monitoring). One caveat or
challenging aspect of all three of the assessment approaches is the need to establish a
benchmark, reference condition to anchor judgments of change (i.e. used in the
calculation of ecological quality ratios of observed and expected condition). In brief,
reference conditions are needed for defining a reference biological community to be
used in establishing the upper anchor for setting class boundaries and for identifying
departures from expected that may be caused by anthropogenic stress. However,
since the landscape of much of Europe has been altered for centuries, even finding
minimally disturbed sites, let alone true pristine sites, is difficult for the majority of
ecosystem types.

The objectives of this paper are (i) to give a short review of methods commonly used
to establish reference conditions (RC) of European inland surface waters, (ii) to
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provide examples of contemporary work with establishing RC (here focus will be on
comparing and contrasting methods that are currently being used in the EU
Intercalibration exercise), and (iii) to provide a state of the art report on the use of
palaeolimnology in defining reference conditions.

2. Definition of reference condition
A number of problems emerge when trying to define and use a reference condition
approach in monitoring and assessment programs. Although seemingly trivial, one
problem is that many definitions exist of what constitutes a reference condition and
another is that definitions are not always interpreted in the same way, both of which
may result in misunderstanding and contention. Common definitions range from a
“natural condition” where humans have no influence on the environment to the “best
attainable within a region” which recognises that humans are often an inherent part
of the ecosystem (e.g. Nowicki 2003). Depending on the ecosystem/region of interest
both definitions may be appropriate. According to the European Water Framework
Directive (Annex 5, section 1.2), the reference condition (or high ecological status) is
defined as having “no, or only very minor, anthropogenic alterations to the values of
the physico-chemical and hydromorphological quality elements for the surface water
body type from those normally associated with that type under undisturbed
conditions”. For biological quality elements “The values…for the surface water body
reflect those normally associated with that type under undisturbed conditions, and
show no, or only very minor, evidence of distortion.”.

Consequently, the Directive does not sanction the use of best attainable sites within a
region, unless these sites can be shown to reflect a natural state with no or only minor
human influence. Key issues in implementing the reference condition approach are:
(i) defining what is meant by no, or only minor, alterations, (ii) bettering our
understanding of the strengths and weaknesses of approaches used to establish a
reference condition, (iii) distinguishing between human-induced changes and
changes that are a natural, innate part of the ecosystem being studied (i.e. those
changes that are “normally associated with undisturbed conditions), and (iv)
determining what is meant by “normal” for the three (non-independent) ecosystem

4

descriptors: hydromorphological, physical-chemical and biological quality elements.
In this paper we will focus methods commonly used to establish reference conditions
of inland waters.

In an attempt to add clarity to the use of reference condition terminology used in
assessment Stoddard et al. (in press) have proposed a number of terms to be used
when referring to RC. These authors propose that the term “reference condition” be
reserved for “naturalness” or “biological integrity”, and when referring to reference
conditions that deviate from naturalness or integrity the authors propose the use of
four terms.

1. Minimally disturbed condition (MDC) is used to describe the condition in the
absence of significant human disturbance. The use of this term recognizes
that finding truly undisturbed sites even in relatively undisturbed areas like
the Nordic countries is not possible due to the influence of land use (e.g.
forestry) and airborne pollutants. An important aspect of the use of MDC in a
spatial context is the recognition that indicator metrics/variables will vary
naturally and that this natural variability (e.g. long term climatic and
ecological fluctuations) needs to be considered when describing MDC.

2. Historical condition (HC) is used to refer to a condition of a lake or stream at
some point in time. The use of HC may reflect the true RC if the point in time
chosen is before the influence of human disturbance. For example, the
REFCOND guidance document recommended the use of pre-intensive land
use (e.g. agriculture) as a past state corresponding to low anthropogenic
pressure (Anonymous 2003). Accordingly, REFCOND recognized that since
human-induced pressures vary across Europe a fixed-date HC was not
possible. For example, the HC may represent ca 1850 in parts of the UK but
may represent an even earlier epoch (e.g. 1600s) in other parts of Europe (e.g.
Germany).

3. Least disturbed condition (LDC) is defined as the sites in the landscape
having the best available physico-chemical and biological conditions. Often,
explicit criteria are used to describe as is “best”. For example, in some
5

regions the best may be defined as having < 1% of the landscape classified as
agriculture, whereas in another region a level of < 20% may be justified. As
land use varies both spatially and temporally, LDC will vary accordingly.

4. Best attainable condition (BAC) is equivalent to the expected ecological
condition (or LDC) if the best possible management practiced were in use for
some period of time. Since the upper and lower limits on BAC are site by
definitions of MDC and LDC, respectively, it is unlikely that the BAC will be
better than MDC nor worse than LDC, but it may be similar to either of these
depending on the prevailing level of human disturbance in a region (Figure.
1).

Biological Condition Gradient
Excellent

Native or Natural Condition

Biological Condition

Minimally
Disturbed

Least
Disturbed
Best
Attainable

Least
Disturbed

Poor

Severe Alteration of Structure and Function

Stream Group A

Stream Group B

Stream Group C

Increasing Stress

Figure 1. Conceptual model of how stream integrity may change with increasing
stress. Taken form Stoddard et al. (in press).
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3. Methods for establishing reference condition
A number of methods are currently used to establish reference condition and step-bystep protocols for selecting reference sites are readily available (e.g. Hughes et al.
1994; Hughes 1995). Reynoldson and Wright (2000) recommend, for example, a
three- step approach for establishing reference conditions. Firstly, sites are spatially
stratified to ensure that the full range of conditions is represented. In the second step,
local knowledge is solicited as it may provide invaluable information on the degree
of degradation not elucidated by the coarse screening criteria used in the first step.
Lastly, the in the third step, iterative data examination is used to select potential
reference sites. The use of map information and screening criteria in the first step to
identify (or screen for) “areas of interest” where pristine or minimally disturbed sites
may be located is strongly recommended as a cost-saving procedure. A similar
approach is also implicit in the European Water Framework Directive (e.g.
Anonymous 2003). For example, according to the Directive reference conditions are
to be linked to stream typologies and the population of reference sites should
represent, as well as possible, the full range of conditions that are expected to occur
naturally within the stream type. In the final data examination step, caution should be
exercised to avoid circularity. For instance, the use of the same biological element to
establish and validate reference condition is not advocated.

A number of time or space approaches are presently being used to establish reference
conditions (e.g. Stevenson et al. 2004). The most common methods can be grouped
into four categories: (i) temporally based approaches using historical data or
palaeoreconstruction, (ii) spatially based approaches using for example survey data,
(iii) modelling approaches such as hindcasting, and (iv) expert judgment (e.g.
Hughes 1995; Reynoldson et al. 1997; Anonymous 2003). In areas where land use
has not drastically altered the landscape the identification of reference conditions is
rather straightforward, and spatially based (e.g. survey) approaches are frequently
used as they include natural variability. In contrast, establishing a reference condition
in areas where potential reference sites are few or lacking is more complex and may
require

a

combination

of

approaches

(e.g.

data

borrowing,

modelling,

palaeoreconstruction and expert judgment) (e.g. Nijboer et al. 2003). A brief
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description of methods commonly used to define reference conditions as well as
some of their strengths and weaknesses is given below.

Expert judgment and/or the use of historical data - A reference can be thought of as
what is perceived (e.g. using expert judgment) or known (e.g. using historical data)
as being the former or original state of the environment in the absence of human
influence. Although undisturbed conditions may be defined as the conditions existing
before the onset of intensive agriculture or forestry and before large-scale industrial
disturbances, the actual time period will obviously vary across Europe due to
differences in anthropogenic stress. In many areas in northern Europe this time
period would correspond to the mid-1800s, whereas in the southern parts of Europe a
much earlier time period would be required to attain the same state of naturalness.
However, considering that the landscape of much of Europe has been altered for
centuries, identification of pristine or even minimally disturbed reference sites will
be difficult for many ecosystem types (in particular large rivers and lakes).

Expert judgment or historical data are seldom used as a single method to establish
reference condition, although either one or both may be used to complement other
approaches. One of the strengths of using expert judgment in defining reference
condition is that this approach may amalgamate historical data and/or opinion and
present-day concepts. A caveat, however, is that expert judgment often consists of a
narrative articulation of a perceived reference condition, and consequently this
approach may introduce subjectivity (e.g. the common perception that it was always
better in the past) and bias (e.g. experts may disregard sites having naturally low
diversity). Even the use of historical data, albeit less prone to subjective bias, is not
problem free. For example, similar to the use of present-day or extant data, the
interpretation of historical data can be complicated by a number of factors such as
the timing and frequency of sampling and the use of different field (sampling) and
laboratory (processing) methodologies. Another shortcoming in using historical data
for defining reference condition is that data availability is often limited (e.g. only
qualitative data are available). Finally, a weakness of using expert judgment,
historical data or many other methods in defining reference condition is that the
measure obtained is often a static measure that does not include the dynamic and
inherent variability often associated with natural ecosystems.
8

The use of survey data and space-for-time substitution – In areas that are not too
heavily affected by anthropogenic stressors (e.g. the Nordic countries) reference
condition (or MDC) can be relatively easily established using a survey approach.
One of the strengths of a survey approach is that it can either explicitly (sites are
sampled to include among-year variability) or implicitly (space-for-time substitution)
includes natural variability. Another reason for the popularity of using a survey
approach in areas where human influence is low is that this approach is relatively
transparent and hence one of the least contested methods. In short, in a survey
approach the reference condition is usually defined a priori using a set of clearly
outlined criteria (e.g. land use < x percent agriculture, deposition of airborne
pollutants < x kg/ha/yr, no dispersal barriers). Thus, the sites included in the survey
represent the natural variability of the response variable.

Survey data can be used to establish reference condition directly (e.g. using a
typology based approach as described in the European Water Framework Directive)
or indirectly (e.g. by calibrating predictive models, see below). The development of a
typology-based approach for establishing reference condition assumes that the
natural variability among sites can be partitioned with a parsimonious set of
descriptor variables (e.g. ecoregions or landscape attributes, altitude, habitat types).
Implicit in this approach is that if a substantial amount of ecological variance can be
partitioned, then these features can be used to estimate the ecological potential of a
new site with greater precision than if all sites were assumed to come from the same
population. If a typology-based approach is not able to adequately partition the
prevailing ecological variation (i.e. the approach has low statistical power to detect
human-induced change), a predictive approach may be more appropriate. This may
be true if the ecosystem attributes of interest (e.g. macroinvertebrate diversity) vary
continuously and not discretely in response to environmental gradients. Variables
used to partition natural variability or used in model calibration should be insensitive
to human-related disturbance. Geographic variables such as latitude, longitude and
altitude, as well as catchment land use and geology and habitat descriptors
(substratum type) have been successfully used in both typology- and modellingbased approaches (Wright 1995; Reynoldson et al. 1997; Simpson and Norris 2000;
Johnson and Sandin 2001; Johnson 2003).
9

The use of predictive models and hindcasting – In many areas of Europe humans
have extensively altered the landscape over long time periods and the expected
reference condition cannot be easily determined using survey- or historical data.
With this scenario, two modelling approaches may be used to establish a reference
condition. If reliable stress-response relationships are known the reference condition
can be predicted by modelling a stress-response relationship to a lower (or target)
stress level. Ideally, the expected reference condition is obtained by interpolation (i.e.
within the confines of the stress-response relationship) and extrapolation is done with
caution. A second modelling approach uses knowledge of relationships between
response- and predictor variables to predict the expected reference condition (e.g.
community assemblage). Often an empirical model is calibrated using reference sites
that allows the ecological attributes expected at a site (e.g. taxon richness or the
probability of taxon occurrence) to be predicted from a suite of environmental
variables (e.g. Wright 1995).

So as not to confound predictor – response relationships, predictor variables should
be insensitive to human-related disturbance. Sites included in the model calibration
may consist of a subset minimally disturbed sites within the region of interest or sites
“borrowed” from a nearby region. As in a survey approach, the use of
inclusion/exclusion criteria is recommended as an efficient way of screening for a set
of potential reference sites to be used in model calibration. Again, care should be
exercised to determine that the sites included in the calibration dataset represent the
expected natural variability of the population to be modelled. For example, to
establish the reference condition of streams, the particular river types and the range
of stream orders need be specified as well as the geographical limits of the system
(e.g. Reynoldsen and Wright 2000). Both modelling approaches assume that the
models used are truly representative of the relationships that exist in the undisturbed
condition. This assumption might not be valid since model calibration is generally
done using predictor-response relationships that lie outside the area of interest (i.e.
minimally disturbed sites with few or lacking within the region of interest). Hence,
care should be taken in calibration and prediction, and where possible validation of
the model predictions should be attempted. Since the identification of even
minimally disturbed sites is difficult due to large-scale alterations in landscape, the
use of models to predict community assemblage structure and composition (e.g. the
10

probability of taxon occurrence) has increased in popularity, in particular with the
widespread use of RIVPACS-type models (e.g. Wright et al. 2000; Johnson 2000).
Moreover, this is a promising direction of research as modelling approaches often deemphasize the expertise of the individual investigator and allow for inferences
regarding possible cause-and-effect relationships (Johnson et al. 1993).

Palaeoreconstruction

–

The

reconstruction

of

past

conditions

using

palaeoreconstruction either directly (by using the remains of taxa stored in the
sediment to reconstruct an assemblage) or indirectly (by using taxon information to
infer past water chemistry) have shown to be fruitful for lake ecosystems. This
approach is being developed in Euro-limpacs with respect to sediment infilling,
eutrophication, acdification, DOC and contamination by toxic substances. A state of
the art review is included below (Section 7).

4. Methods used by Member States to establish RC
The methods used to establish reference conditions for quality elements and
parameters was reviewed by the EU-funded project REFCOND. The type of
approach used by Member States to establish RC differs between lakes and streams
and with quality element/parameter (Figure. 2, Table 1). Spatial approaches are
commonly used in both lakes and streams (mean = 21% for lakes and 34% for
streams). The second most common approach for establishing RC is the use of expert
judgment (30% lakes, 27% streams), followed by historical (18% lakes, 21%
streams), models (9% lakes, 15% streams) and paleorecontruction (12% lakes, 3%
streams). The order of methods used seems to reflect the difficulty associated with
establishing RC for the various quality elements and habitat types. For example,
spatial approaches are commonly used to establish RC of phytobenthos in streams
(54%), whereas expert judgment is more commonly used for macrophytes (43%).
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Figure 2. Methods used by Member States to establish reference condition of quality
elements
and
parameters
(REFCOND
project,
http://wwwnrciws.slu.se/REFCOND/doc_rew2.html). Numbers show the number of Member
States.
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LAKES

RIVERS

*

Quality element
Phytoplankton*
blooms
Macrophyte*
Phytobenthos*
Invertebrate*
sensitive taxa
diversity
Fish*
sensitive taxa
age structure

Spatial
28
36
29
20
33
31
36
37
27
30

Paleoecology
21
0
8
30
24
8
9
5
9
10

Model
10
14
8
10
5
8
9
5
9
10

Historical
17
7
25
0
14
23
18
26
27
20

Expert
24
43
29
40
24
31
27
26
27
30

Phytoplankton*
blooms
Macrophyte*
Phytobenthos*
Invertebrate*
sensitive taxa
diversity
Fish*
sensitive taxa
age structure

14
0
38
54
40
42
45
35
30
38

14
0
0
0
3
0
0
4
5
8

29
33
5
8
17
12
9
17
15
8

29
33
14
0
17
23
23
22
25
23

14
33
43
38
23
23
23
22
25
23

abundance and/or composition

Table 1. Frequency (%) of methods used by Member States in Europe to establish reference conditions. Data are taken from the REFCOND
(http://www-nrciws.slu.se/REFCOND/doc_rew2.html).

5. Selected examples of methods used to establish RC
Use of screening criteria – A Swedish example
As mentioned above, the European Water Framework Directive defines a reference
community as that expected to occur with no or only very minor human disturbance. Striving
to make this definition more operable, Anonymous (2003) proposed that a reference condition
might be consider as “…a state in the present or in the past corresponding to very low
pressure, without the effects of major industrialisation, urbanisation and intensification of
agriculture, and with only very minor modification of physico-chemistry, hydromorpology
and biology.” This definition implies no fixed temporal or spatial benckmark, but does not
define what is meant by “low pressure”. Regardless of how a reference condition is defined,
the use of screening criteria is considered as a cost-effective way of identifying potential sites
(e.g. Hughes 1995; Anonymous 2003). Once potential reference sites have been identified
using screening criteria, field studies should be implemented and physico-chemical and
biological variables should be measured and used to corroborate a high ecological status. The
example given below shows how physico-chemical screening criteria and biological variables
were used to classify Swedish streams as potential reference sites (Johnson et al. 2003).

As part of the work to select potential intercalibration sites for the Swedish/European Water
Framework Directive intercalibration exercise (European Commission 2000), a number of
streams monitored annually as part of the Swedish national monitoring program were
assessed to determine their adequacy as potential minimally disturbed (reference) sites. At the
start, an expert panel consisting of aquatic ecologists decided on a number of criteria that
should be met for a stream site to be considered as fulfilling an expected MDC. Both land use
and water chemistry variables were included in the “pressure filter” (Table 2). For example,
streams with total phosphorus concentrations > 10 µg/l (after adjustment for humic P) and
having catchment land use classified as > 10% agriculture were considered to be affected by
nutrient enrichment and hence were not considered further as potential reference sites (i.e.
these sites would not pass through the pressure filter). For acidification, streams were required
to have pH ≥ 6.0 or if pH < 6.0 the sites should be classified as naturally acid according to
Swedish Environmental Quality Criteria (Anonymous 1999). Regarding urban effects, sites
were deemed as potential reference objects if the catchment was classified as having < 0.1%
as urban (or population centers). For trace metal pollutants, potential reference sites should be
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classified as not being affected (i.e. ≥ class 2) according to Swedish Environmental Quality
Criteria (Anonymous 1999). Finally, the expert panel considered that the negative effects of
both hydromorphology and introduced species could potentially jeopardise the quality of a
reference site and hence should be considered. However, few data are available for these two
parameters and therefore they were not considered further in this study.
Pressure
N and P from
agriculture

Streams/rivers
Concentration
TP < 10 µg/l

If TP > 10µg/l, then use
relationship between TP
(flow-weighted annual mean)
and water colour (slightly
modified from Swedish
Environmental Quality
Criteria*.
N and P from forestry TP < 10 µg/l

Acidification

If TP > 10 µg/l, then use
relationship between TP
(flow-weighted annual mean)
and water colour (slightly
modified from Swedish
Environmental Quality
Criteria*.
pH ≥ 6.0

Land use
< 10% agriculture in the
catchment.

< 10% clear cuttings (not older
than 5 years in Southern Sweden,
not older than 10 years in Northern
Sweden).
NB This quantifies effects of N
only.

If pH < 6.0, then use F-factor
according to Swedish
Environmental Quality
Criteria*.
Urbanisation

Metals

Alterations of
hydromorfology
Introduced species

< 0.1% population centres
according to digital maps (“red
maps”).
Status class 1 or 2 according
to Swedish Environmental
Quality Criteria*.
No criteria available.
No criteria available. Information can be obtained from
local/regional authorities

*Swedish EPA report 4913 (Anonymous 1999).

Table 2. Threshold criteria used in screening for potential minimally disturbed conditions.
Note that the pressures in grey are considered important, but due to incomplete data these
criteria were not used.
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Fourteen of 31 streams taken from the national stream database (www.ma.slu.se) failed to
meet the reference criteria given in table 2 (Figure. 3). Urbanisation and acidification were the
two most common causes for failure to be considered as possible reference sites. Six streams
were classified as being affected by urbanisation and six were classified as being acidified. Of
these 12 streams, one stream was classified as being both affected by urbanisation and
acidification, whilst only two streams were classified as being affected by eutrophication.
This latter finding was not too surprising, since the majority of streams in the national stream
database were selected to monitor the long-term effects (both degradation and recovery) of
acidification. Consequently, most of these stream sites are situated in forested catchments and
influenced only by airborne pollutants. Perusal of biological quality criteria supported the
conjecture that these streams are indeed impaired. The six streams that were classified as
acidified according to screening criteria had lower acidity indices (mean EQR for acidity
index = 0.39, p < 0.01) compared to the 19 stream sites that were classified as minimally
disturbed (mean EQR for acidity index = 1.01).

1)

River monitoring data
n = 31

2) Screening for potential
reference sites using a
”Pressure filter”
sites affected by nutrient
enrichment, acidification,
urbanization, metals

{

EQR 3

EQR 5
EQR 4

Sites remaining after
pressure filter
n = 19

3) Corroboration of potential

EQR 1 & EQR 2

EQR 3, 4 & 5

reference sites using
biological criteria
Considered as
reference sites
n = 13

Not considered as
reference sites
n =6

Figure 3. Schematic overview illustrating a screening processes for selecting potential
reference or minimally disturbed streams. In step 1 data from the national stream database
are compiled; in step 2 a “pressure filter” removes sites that are judged to be disturbed by
human-induced stress; in steps 3 biological criteria (e.g. invertebrate metrics) are used to
corroborate the site classification made with physico-chemical metrics. In this last step sites
with low ecological quality ratios (EQR ≤ 3) that passed the pressure filter are removed and
sites with high EQRs (1 and 2) are retained and considered as potential reference sites.
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The remaining 19 stream sites were assessed using biological criteria (Swedish Environmental
Quality Criteria, Anonymous 1999). Four macroinvertebrate metrics were used to corroborate
the MDC; namely, ASPT (Average Score Per Taxon, Armitage et al. 1983), Shannon
diversity (Shannon 1948), the Danish Stream Fauna Index (Skriver et al. 2000), and an
Acidity Index (Henriksson and Medin 1986). To be classified as a minimally disturbed
reference site a stream had to (i) fulfil both the reference criteria given in table 1 and (ii) be
classified as having high ecological quality ratio (EQR) ≥ 0.80 (i.e. EQR class ≤ 2,
Anonymous 1999) using stream-riffle macroinvertebrate communities. Invoking both of these
criteria resulted in the loss of six of the 19 streams that passed the pressure filter. Ecological
quality ratios for both ASPT and the Danish fauna index were > 0.80 and hence using these
two metrics alone would have resulted in all 19 streams still being considered as fulfilling
reference criteria. However, when diversity and acidity metrics were assessed, three and four
streams, respectively, had EQRs < 0.80. Further, when the results of all four metrics were
combined only 13 of the streams had EQRs ≥ 0.80. These findings indicate that screening
criteria may have misclassified sites as unperturbed; alternatively the biological metrics may
be indicating impairment when in truth the sites are not affected (i.e. false positive error).

Of the four streams classified as acidified according screening criteria, one had been studied
for two years (Fiskonbäcken), two had been studied for three years (Hångelån and
Pessisjåkka) and one had been studied for 11 years (Stormyrbäcken). Time-series analyses
support the conjecture that three of the four streams classified according to biological criteria
are indeed disturbed (acidity index values ≤ 6). Hångelån, on the other hand, had an acidity
value of 4 (indicating a disturbed condition) for the first year that the stream was studied and
values of 9 (indicating a non-disturbed condition) for the last two years, which may be the
result of biological recovery occurring. Of the three streams that were classified as disturbed
according to diversity, Läxtjärnsbäcken has been studied for 9 years and Stormyrbäcken has
been studied for 11 years. Time-series analyses showed that Läxtjärnsbäcken had EQR values
for diversity > 0.80 for all but one year (0.64 in 1996), while Stormyrbäcken had EQR values
> 0.80 during all but two years (0.52 in 1995 and 0.73 in 1997). These findings support the
conjecture that these streams can most likely be considered borderline reference or minimally
disturbed sites (i.e. screening criteria did not indicate an disturbed condition while a
biological measure did, but only during a few years). In summary, these findings indicate that
screening criteria can be useful in screening for potential reference sites, but also show that a
biological measure is needed to corroborate the classification using environmental variables.
17

Expert judgment vs. use of screening criteria to establish RC
Little is known of the errors or uncertainty associated with the use of “experts” to determine
reference conditions. In collaboration with a survey of stream integrity in the Ridge and
Valley ecoregion of the Mid-Atlantic, local monitoring boards were asked to proposed a
number of candidate least disturbed sites using their best professional judgment (BPJ)
(Stoddard unpublished). General guidelines were developed describing land type/use, riparian
vegetation, in-stream substrate and water quality. A total of 31 sites were suggested and
sampled in 1993, in conjunction with a probability sampling of streams in the region
(Stoddard et al. in press). The large samples size used in the probability sample (ca. 500
stream reaches) allowed researchers both to describe the range of conditions across the
population of streams in the region, and to check whether LDC sites identified through the
BPJ process actually represented the least-disturbed sites in the region.

Comparison of an invertebrate index of stream integrity (IBI) for both the expert and
probability samples showed clear differences (Figure 4). Distribution plots of the probability
sites, whose results can be inferred to represent the entire population of streams in the region,
exhibit a range of IBI scores from near zero to near 100%. The range of the BPJ sites was
similar (i.e. 0-100), but the distribution of sites was skewed to the right (high quality sites)
(Figure 4b). This result was expected, since the experts were asked to identify high quality
(LDCs) sites. However, the use of screening criteria on both the candidate and probability
sites revealed differences in expert judgment. Distribution plots of the screened BPJ and
probability sites showed that experts tended to underestimate LDC. This finding that the BPJ
process was not as successful as the use of screening criteria may be either because the
criteria used to pick the sites were not selective enough, or because the guidelines for site
selection were not followed or both. Regardless, this study shows that the use of expert
judgment as a stand-alone method should be used with caution.
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Figure 4. Macroinvertebrate IBI scores for (a) a regional population of streams in the MidAtlantic region of the U.S.; (b) a set of Least Disturbed Condition sites chosen through best
professional judgment; (c) a set of LDC sites identified a posteriori, by filtering the
probability data shown in Figure 4a; and (d) a set of LDC sites identified a posteriori, by
filtering the BPJ data shown in Figure 4b.
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Congruence between two spatial approaches to established least disturbed reference
conditions: comparison of System-A and biological-based typologies
A number of different approaches are currently being used to establish reference conditions
for lakes and watercourse across Europe (see above). According to the Water Framework
Directive, reference conditions that are “type-specific” are to be established for each surface
waterbody type (Annex II, 1.3):
For each surface water body type….type-specific hydromorphological and physicochemical conditions shall be established representing the values of the hydromorphological and physico-chemical quality elements specified….for that surface water
body type at high ecological status….Type-specific biological reference conditions shall be
established, representing the values of the biological quality elements…for that surface
water body type at high ecological status….
…. Type-specific biological reference conditions may be either spatially based or based on
modelling, or may be derived using a combination of these methods. Where it is not
possible to use these methods, Member States may use expert judgment to establish such
conditions.
Type-specific biological reference conditions based on modelling may be derived using
either predictive models or hindcasting methods. The methods shall use historical,
palaeological and other available data ….

Johnson and Goedkoop (unpublished) evaluated the utility of using the System-A fixedtypology for partitioning the natural variability of stream invertebrate assemblages. A
probability sample consisting of 700 streams sampled for water chemistry and benthic
macroinvertebrates in the autumn of 2000 (Wilander et al. 2003) was used to evaluate the
usefulness of a typology-based assessment system. Streams were classified into groups using
the cut-levels stipulated in the WFD, and the a priori screening criteria (see Table 2 above)
were used to establish MDC sites for each group. The majority of “impaired” streams were
situated in the southern parts of the country. In Illies region 14 only 67 of the 310 stream sites
(ca 22%) were classified as MDC according to the screening criteria (Table 3). The major
stressor in this region was urbanization (n = 119 sites), followed by eutrofication (n = 97),
liming (n = 84) and acidification (n = 16). Only sites situated in the boreonemoral and
nemoral ecoregions (Illies 14) are shown here.
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Illies region
total
MDC

14

22

20

310
67

350
247

40
39

92
9
3
38

1
0
0
0

Type of stress
liming
acidification
eutrofication
urbanization

84
16
97
119

Table 3. Total number of streams sampled for water chemistry and benthic
macroinvertebrates in the autumn of 2000 as part of the national lake and stream survey
(Wilander et al. 2003), number stream sites failing to meet the MDC screening criteria and
number of failed sites classified according to stress.

TWINSPAN (Hill 1979) of the MDC sites resulted in six groups, representing a latitude or
productivity gradient from north to south. For example, the majority of group 1 sites were
situated in the boreal highland ecoregion (Illies 20) (Figure 5a). Indicator taxa for streams in
groups 6 indicate low water velocity (e.g. Corixidae), while indicator taxa for group 1 streams
(e.g. Baetis vernus group) indicate “riffle” conditions. Discriminant analysis of TWINSPAN
groups and System A variables showed clear gradients in latitude, altitude and size (Figure
5b), thereby supporting the conjecture of a productivity gradient. Significant differences were
noted among all six TWINSPAN groups. Although groups 4 and 5 overlapped each other
along the 1st and 2nd discriminant axes, the groups were significantly separated along the 3rd
axis. Group 1 streams were situated at high altitude and had siliceous geology, in contrast,
group 5 streams were situated at low altitude (< 200 m a.s.l.) and in large catchments (10 –
100 km2). Earlier studies have shown the usefulness of using ecoregions to partition natural
variability of aquatic invertebrate assemblages (Sandin and Johnson 2000; Johnson 2000), and
these authors suggested that stream types nested with ecoregions might be a robust way of
partitioning natural variability. Hence we anticipated that a System A typology may be a
robust approach for partitioning variability and detecting ecological if/when change occurs.
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a)

Corixidae
Group 6, n =22 Cloeondipterum
Limnephilidae

b)
45

2.0

TWINSPAN
“reference”
streams
(n = 271)

Simuliidae
Group 5, n = 30 Limoniidae
Erpobdellasp.
Nigrobaetissp.

< 200 m a.s.l.

1.0

6
mixed

Rhyacophilasp.
Group 4, n = 14 Oligochaeta
Oulimniussp.
Glyphotaeliuspellucidus

10-100 km 2 ARO
0.0
siliceous

Group 3, n = 73

Rhyacophilasp.
Oligochaeta
Leuctrasp.
Amphinemurasp.
Isoperlasp.

Leuctrasp.
Group 2, n = 64 Heptageniasp.
Amphinemurasp.
Siphlonuridae
Sericostomapersonatum

Group 1, n = 68

3

organic

2 calcareous

1
-1.0

-2.0
-2.5

-1.0

.0

1.0

Canonical2

Apataniasp.
Baetis vernusgr.
Arctopsycheladogensis

Figure 5. TWINSPAN analysis of stream benthic macroinvertebrates (a) and discriminant
analysis of TWINSPAN groups and System A variables.

Although the System A typology was able to explain variability among the community types,
many sites were misclassified and prediction error was high (57.3%) (Table 4). For example,
only 10% of TWINSPAN group 2 (6 of 62) sites were correctly classified. “Correct”
classification was, however, generally to either of the two adjacent; 22 sites (35%) were
placed in group 1 according to the System A variables and 23 sites (37%) were placed in
group 3. These findings indicate that System A variables may perform poorly in predicting
macroinvertebrate assemblages. One explanation for the poor predictive power of these
variables may also be that categorical and not continuous data are used.
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TWINSPAN-group

Number
(% correct)

1

1
2

48
(73)
23

3

Predicted TWINSPAN-group
2
3
4
5

6

n

1

10

0

0

7

66

20

0

3

10

62

10

6
(10)
2

0

9

19

73

4

1

0

33
(45)
0

8

4

14

5

1

0

2

1
(7)
1

9

30

6

3

0

4

0

17
(57)
6

9
(41)

22

n

86

9

69

2

43

58

267

Table 4. TWINSPAN group and predicted TWINSPAN group according to discriminant
analysis with System A variables. The diagonal in red text shows the number of sites
“correctly” classified using the System A predictor variables.

6. The need to validate RC
Though a number of methods are currently being used for establishing reference conditions,
surprisingly little is known of the errors associated with the different methods. Table 5 gives
examples of different approaches that have been used to establish the reference conditions for
pH, total phosphorus and taxon richness in three Swedish lakes. In the first example, Lake
Härsvatten is an acidified lake (mean surface water pH = 4.6 – 4.8) located on the southwest
coast of Sweden. Both site-specific and regional models gave values of 6.7 and 6.8,
respectively. In contrast, paleoreconstruction of pH using one diatom-inference model gave
pH value of an order of magnitude lower (pH = 5.8) when a calibration dataset from in the
international acidification program was used (i.e. SWAP dataset, Birks et al. 1990). Using a
different calibration dataset (one taken from lakes in northern Sweden (Guhrén 2003)) a value
similar to that predicted using site- and regional-specific models was obtained (pH = 6.5).
Hence, depending on the approach used to establish reference conditions for lake pH the
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values varied from 5.8 to 6.8, or a factor of 10 for this lake. This example shows that the
choice of a calibration dataset that is representative of the conditions being modelled can be
critical.

In the second example, reference conditions for lake total phosphorus are given for a
mesotrophic lake (Lake Mälaren) in central Sweden. The regional model gave a reference
value of 6 µg/l, a value which was 1/2 to 1/3 of that predicted using a diatom transfer function
(a diatom-inference gave a value of between 10 to 20 µg/l). Although the regional model most
likely underestimates past conditions, using diatom transfer functions to infer past conditions
are not problem free. For example, diatom-inferred TP concentrations were estimated between
50 and 60 µg/l for present-day. However, this lake has been monitored for the past 30 years
and since the 1970s measured total phosphorus concentrations have been between 20 and 30
µg/l (i.e. predicted values overestimate true concentrations by 50 to 100%). Like the pH
example above, this example shows that the choice of a calibration dataset is important in
hindcast modelling.

In the third example, three methods are used to estimate taxon richness of a littoral
macroinverbrate assemblage. Both the site-specific and regional models gave similar values
(19.8 and 19.5 taxa, respectively). Both of these approaches underestimated, however, the
observed taxa richness (25 taxa in 1995). A RIVPACS-type model predicted a (constrained)
taxon richness value of 14.6 taxa (only taxa predicted to occur with a probability > 0.25 are
included). Although substantially less than the observed richness, the predicted value was
similar to the constrained number of observed taxa (15 taxa) (Johnson 2003). This example,
shows that model predictions may be more precise than regional and site-specific based on
simple regression.
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Expert opinion
Regional model
Site-specific model
Paleoreconstruction
SWEPAC model
Observed
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

pH
Total phosphorous
(µg/l)
6.0
6.8 ± 0.65(1)
6(2)
6.7(1)
5.8(3) – 6.5(4)
10 – 20(5)
50 – 60(6)
20 - 30(7)

Taxon richness
19.8(1)
19.5(1)
14.6(8)
25(9)

Johnson (unpublished)
Persson et al. (1990)
using the international, SWAP data set (Guhrén et al. 2003)
using a calibration data set from lakes in northern Sweden (Guhrén et al. 2003)
diatom-inferred pre-1800 (Bradshaw and Anderson, 2001)
diatom-inferred present-day (Bradshaw and Anderson, 2001)
monitoring data 1970 - 2000 (www.ma.slu.se)
predicted number of constrained taxa = 14.6 and observed number of constrained taxa = 15 (Johnson, 2003)
number of taxa recorded in 1995 national survey

Table 5. Comparison of different methods used to establish reference conditions for lake pH
(Lake Härsvatten), total phosphorus (Lake Mälaren) and littoral macroinvertebrate taxon
richness (Lake 581 sampled in the 1995 national lake survey).

7. Establishing reference conditions for lakes using palaeolimnological
methods
Introduction
One of the most powerful approaches for establishing reference conditions for lakes is a
palaeolimnological one (cf. Battarbee 1999; Smol 2002; Bennion et al. 2004). The sediment
of most lakes contains a fossil record that can be used directly to reconstruct past biological
communities for biotic groups such as diatoms, aquatic macrophytes, zooplankton,
chironomids and mollusca, and indirectly to reconstruct past chemical conditions using
transfer functions e.g. for pH and total phosphorus (Birks et al. 1990; Bennion et al. 1996a).
In addition analogue matching (Flower et al. 1997; Simpson and Bennion 2005) that
combines palaeo and contemporary data-sets in a time-space relationship, can be used to set
both chemical and biological reference conditions. A further advantage of the
palaeolimnological approach is the potential of using the dated sediment accumulation record
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itself to estimate the rate of lake infilling at different times in the past, both prior to and in
response to different human impacts.

Consequently using these various methods, palaeolimnology can help to establish reference
conditions for lakes undergoing change in response to many different stressors including
accelerated

sediment

accumulation,

eutrophication,

acidification,

changing

DOC,

contamination by toxic substances, salinisation and any other impact of human activity that
can be recognised in the sediment record. Moreover by analysis of sediments accumulated
prior to the onset of disturbance palaeolimnology can also contribute to an understanding of
the natural variability of lake ecosystems.

The biological approach is best illustrated by recent work on lakes that seeks to use the
complete fossil record to reconstruct past community structure, in terms of species
composition, habitat structure (e.g. planktonic versus benthic), and trophic levels. This multiproxy approach is especially suited to shallow lakes, rich in fossil material (e.g. Jeppesen et
al. 1996; Sayer et al. 1999; Jeppesen et al. 2001; Davidson et al. 2003). Deep lakes usually
have a poorer record in terms of the diversity of morphological remains, although the
morphological record at such sites can be expanded by using biochemical techniques, e.g. to
indicate the past occurrence and relative abundance of different plants and algal groups
(Leavitt and Hodgson 2001). In addition, some of the preserved material in sediments can also
be used by association to indicate the composition and abundance of non-preserved or not
well-preserved organisms, e.g. fish and aquatic macrophytes (Thoms et al. 1999; Jeppesen et
al. 2002; Odgaard and Rasmussen 2002).

Establishing chemical reference conditions using palaeolimnological techniques involves a
transfer function approach in which the chemical optima of taxa from contemporary samples
are characterised before applying to fossil assemblages of the same taxa in a sediment record.
The assumptions and statistical approaches involved in the use of transfer functions are well
documented (Birks et al. 1990). In acidification research (Euro-limpacs WP4) diatom-pH
transfer functions have been used very successfully to reconstruct the past acidification
history of lakes in Europe and North America (Battarbee et al. 1999). In eutrophication
research (Euro-limpacs WP3), interest has centred on diatom – total phosphorus (TP)
relationships (e.g. Bennion et al. 1996a; Hall and Smol 1999) and, to a lesser extent, on
chironomid-oxygen relationships (e.g. Quinlan and Smol 2001; Heiri 2004). Transfer
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functions for salinity are also well developed (e.g. Fritz et al. 2001) although this theme is not
covered by Euro-limpacs. For DOC there have been several attempts at developing diatomDOC relationships (Huttunen et al. 1988; Kingston and Birks 1990) but to date these have not
been robust, and in Euro-limpacs (WP1) we are developing a new approach (see below).

In the modern analogue methodology the fossil assemblage for a selected time period in the
past from a polluted site is matched statistically to the surface sediment assemblages of a
range of potential modern analogue (non-polluted) sites to find the best analogue or
analogues. The present day chemistry and biology of the modern analogue sites can then be
used to infer the reference status of the polluted site. So far this approach has only been used
for a limited range of acidified sites in the UK (Simpson and Bennion 2005). However, in
Euro-limpacs we are extending its application to acidified sites in Norway (WP4) and to
selected enriched sites across Europe (WP8, WP3).

Variability of the reference state
Reference states are not static. Depending on the lake type, lake systems vary both chemically
and biologically on seasonal, inter-annual and decadal time-scales in response to natural
climate fluctuations and other random events. Lake sediments can rarely capture the seasonal
and inter-annual variability but provide high quality evidence for the decadal-scale variance,
either from the analysis of sediments prior to human disturbance (i.e. in most cases prior to
1850 AD) or from more recent sediments from near pristine sites.

Skjelkvåle and Wright (1998) have argued that palaeolimnological analogues may be of little
use because future climate changes are likely to cause ‘conditions never previously
experienced on earth, such as high atmospheric CO2 levels and high UV-B radiation.’
(Skjelkvale and Wright 1998 pp. 285). A number of other studies have also described the
likely effects of a changing climate for acid lakes (e.g. Psenner and Schmidt 1992; Schindler
et al. 1996; Leavitt et al. 1997). Such changes would compromise the applicability of the
modern analogue approach and question whether targets for recovery from anthropogenic
acidification are realistic goals.
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To assess the impact or influence that fluctuations in climate have had upon lakes, long core
stratigraphies that contain past records of climate fluctuation are invaluable. Analysis of the
cores for changes in biological assemblages over time and dating of these changes can
determine whether lake ecosystems were chemically and ecologically stable prior to recent
disturbance or are continually changing, dynamic systems.

Psenner and Schmidt (1992) demonstrated a relationship between colder air temperatures and
lower pH of surface waters in two soft water, high-altitude lakes in the central Alps. The
inferred pH data from diatom analysis and correlation with the temperature record was also
supported by the results of loss-on-ignition (LOI) and Fe/Mn ratio analysis of the lake
sediment. LOI and Fe/Mn are surrogates for the organic content of the sediment.

Psenner and Schmidt (1992) found three distinct peaks in the LOI and Fe/Mn data that
corresponded to the temperature peaks of 1820, 1860, and 1900 in Austrian and Swiss
instrumental records. Prior to the onset of anthropogenic acidification in the late 19th and
early 20th centuries there was a distinct coupling between climate and biogeochemical
processes in the two alpine lakes. This coupling has progressively broken down over the last
100-150 years as the deposition of strong acids to surface waters has had greater influence on
the biogeochemical processes of the lakes than the fluctuating climate.

This has clear

implications for assessment of recovery in systems that have climate/biogeochemical
coupling. They suggest that recovery observed in some systems, by a levelling off of the
inferred pH decline, may be due to rising temperatures and global warming as much as that
due to decreasing acid deposition (Psenner and Schmidt 1992).

The example presented by Psenner and Schmidt (1992) raises the issue that the natural status
of sensitive acid lakes might include naturally acid conditions during periods of cooler
temperatures. Understanding the boundaries within which lake ecosystems fluctuate is clearly
important when attempting to establish reference conditions and palaeolimnological data are
one of the few ways in which information about the actual reference conditions in lakes can
be directly investigated.

As discussed by Skjelkvåle and Wright (Skjelkvale and Wright 1998), if climatic variability
and change both in the past and into the future is significant this poses considerable
challenges for the use of modern analogues in restoration-type work. This manifests itself via
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uncertainty in the suitability of a single sediment sample from the pre-disturbance phase to
represent natural background conditions.

For example, Jones et al. (1986) presented a diatom-based reconstruction of pH for a
Holocene sediment core from the Round Loch of Glenhead, Galloway, Scotland. The diatom
stratigraphy of that core showed little change other than that associated with the acidification
of the lake shortly after the end of the last glacial, and the recent, anthropogenic acidification.
Birks (1996) also demonstrated the stability in the Round Loch of Glenhead using rate-ofchange analysis to assess the degree of variability in diatom species throughout a Holocene
sequence. The only significant period of change was found to be in the last 200 years,
associated with the anthropogenic acidification of the loch (Allott et al. 1992), and the
immediate post-glacial where base cation rich soils began to leach, thus influencing the ionic
composition of run-off.

Given the relative stability of UK upland acidified sites it may be reasonable to assume that
the pre-acidification status of a given lake is an attainable target for restoration measures to
attempt to recreate. However, the apparent stability of UK upland surface waters may be
misleading. Only a few sites have been studied in the UK and the resolution of the studies
has been biased towards detecting disturbance in the upper layers of the sediment record.
There has been little high-resolution analysis of pre-1800AD sequences for example (c.f.
Flower and Battarbee 1983; Battarbee et al. 1985; Flower et al. 1987; Battarbee et al. 1988).

Measuring variability in sediment cores records using standard statistical techniques is fraught
with problems – related in part to the irregular sampling in time present in most, but not all
(e.g. varved cores), sediment cores and the errors inherent in core chronologies. Often the data
are multivariate in nature, containing information on many species or proxies. These data are
also often presented as percentage abundance data, which are closed summed having a
constant sample sum, a feature which further complicates the use of standard time-series
statistical methods.

If we are prepared to accept certain assumptions then modern time series methods, based
around the Kalman filter, may be applicable to high resolution sediment core records and
allow us to model the series, or aspects of the series. The aim of this modelling would be to
identify periods where the ability of the model to predict the observed series declined. In these
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periods the underlying processes operating within the series are likely to be changing or
becoming more variable. Once these periods have been identified then it may be possible to
construct quantitative measures of the variability of the series before and after change. The
identification of periods where the system is becoming more unstable may also be a valuable
indicator of disturbance prior to the damage becoming apparent

using standard

palaeolimnological techniques.

Any modelling will need to be run on many species where the sediment core records contain
biological proxy data. An important first step therefore, will be the identification of the major
patterns of variation in the multivariate series and those species associated with these patterns.
This will be undertaken using multivariate ordination methods such as Canonical
Correspondence Analysis. Furthermore, rate-of-change analysis may be used to identify
periods of rapid biological change and also periods of stability. The rate-of-change in the
biological community present in pre-disturbance core sequences may also be taken as a
measure of the variability of the system at these times.

Detailed sediment core records consisting of one or more biological proxies are time
consuming to prepare, however, and depending upon the rate of sedimentation within systems
could involve the analysis of hundreds of samples to achieve sufficient sampling resolution
over the time scale of interest, and to reduce the effects of irregular sampling within time.
Clearly it will be impossible to work on a wide range and number of cores within Eurolimpacs, so priority must be given to those sites with high quality, high resolution records,
with collaboration between partners to work up a number of proxies on a single sequence
within a single site if records of sufficient quality are to be produced. An alternative approach
can be taken at a wider range of sites where other proxies, such as sedimentological proxies
(sediment loss on ignition values, grain size analysis or stable isotope analysis for example)
can be analysed relatively cheaply and are less time-consuming to work with. It will be
particularly important, however, to identify those other proxies that may be linked in some
way to biological processes.
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Sediment accumulation
Many lakes, especially shallow lakes, are threatened by accelerating sediment accumulation,
either as a result of catchment soil erosion or eutrophication, often both in combination. By
dating sediment cores using 210Pb and related techniques it is possible to calculate the rate of
sediment accumulation of individual cores through time with reasonable accuracy for
approximately the last 100 years. However, extarpolating the rate of sediment accumulation
from one core to the whole basin requires the assumption that one core is representative of the
whole lake.

In Euro-limpacs we have, so far, gathered radiometric dates for over 290 cores from 239 sites
in 22 European countries. Only eight of these sites have three or more dated cores and hence
information on within-site variability is currently very limited. Despite this, it seems apparent
that there is considerable variability in sediment accumulation rates across a full lake basin
but considerably less between cores taken within the deep area of the lake. Consideration of
two sites with multiple cores illustrates this point. At Lochnagar sediment accumulation rate
data are available for three cores as shown in Table 6.

NAG3
NAG6
NAG8

SAR 1875
0.0068
0.0095
0.012

SAR 1900
0.0068
0.0095
0.038

SAR 1925
0.0068
0.0095
0.015

SAR 1950
0.0083
0.01
0.018

SAR 1975
0.157
0.019
0.017

Table 6. Sediment accumulation rate in three cores from Lochnagar (units: g cm-2 yr-1)

These cores were all taken from the deep area of the loch and the percentage increase in
sediment accumulation rate in 1975 with respect to 1875 ranges between 142% and 231%.
However, in Lough Neagh where more cores have been dated from across the whole basin
(Table 7) sediment accumulation rate increases are more variable, ranging from 142 – 472%
in 1975 with respect to 1900 (little 1875 data were available).
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SAR 1875
LN1
LN3
LN4
LN5
LN6
LN7
LN9

0.0213

SAR 1900
0.0341
0.0183
0.0548
0.0386
0.0258

SAR 1925
0.0421
0.1788
0.0218
0.0418
0.0573
0.0465
0.062

SAR 1950
0.0475
0.1534
0.0253
0.0595
0.0749
0.0771
0.0776

SAR 1975
0.1609
0.1816
0.0372
0.0809
0.0924
0.091
0.0729

Table 7. Sediment accumulation rate in seven cores from Lough Neagh (units: g cm-2 yr-1)

Consequently, as most of the data are from cores taken from deep areas, it is expected that we
will be able to use these multiple core studies to determine a relationship between deepwater
accumulation rates and mean sediment accumulation rates for lakes of various types. This will
enable the full dataset to be employed in regional assessments of sediment accumulation rate
variability. Lakes will be divided into classes based on morphological and chemical data and
then into geographical regions dependent on the number of lakes present within each lake
class. The aim is for a minimum of 10 lakes and optimally 20 lakes in each class with, ideally,
one multi-core study in each.

It is within these classes that the reference condition for sediment accumulation rate will be
assessed. Already it appears that some lake types show shorter radiometric chronologies than
others, such that reliable dates only extend back 50 – 75 years. This appears to be a particular
problem in lowland, shallow (and often eutrophic) lakes, where accumulation rates are more
rapid. In upland lakes, many chronologies extend back to the limit of 210Pb, c. 150 years ago.
Consequently, reference conditions will have to be set based on the earliest available data
within each lake class. Thus, for lowland lakes this might be a reference condition for 1925 or
1950, and for upland lakes it could be 1850 or 1875.

It is highly unlikely, especially in lowland systems, that these reference conditions will
represent a ‘natural’ state prior to any impact. However, of the 291 cores in the dataset so far,
211 (72.5%) show a higher sediment accumulation rate at the surface compared with the
earliest available data for that site, while 91 cores (31.3%) have a maximum sediment
accumulation rate at the surface. Hence, while data from 1925 or 1950 may not be ‘natural’
accumulation rates they may well represent a more natural condition than the present and in
that sense they may be a realistic target for an accumulation rate reference condition.
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A further aim of Euro-limpacs is to attempt to determine, for those lakes most at risk from
sediment accumulation rate acceleration (i.e. shallow lakes), which fraction(s) of the sediment
are driving this increase and hence the likely impact of future climate change. To this end,
detailed sediment analyses of cores from shallow lakes identified as having significant
accumulation rate increases, will be undertaken in order to ascertain the source of the
increased sediment load.

Eutrophication
Establishing reference conditions for lakes suffering from eutrophication can be approached
in several different ways, from diatom-inferred total phosphorus (TP) transfer functions,
micro and macro-fossil analysis of pre-eutrophication sediments and by analogue matching. A
particular success has been the development of diatom transfer functions for quantitatively
inferring lake TP concentrations in lakes around the world including northwest Europe (e.g.
Bennion et al. 1996a), central Europe (e.g. Wunsam and Schmidt 1995; Lotter et al. 1998),
Canada (e.g. Reavie et al. 1995), the United States (e.g. Dixit et al. 1999) and New Zealand
(Reid 2005). Similarly, chironomid transfer functions have been developed for inferring past
oxygen conditions (Quinlan et al. 1998; Clerk et al. 2000; Little et al. 2000; Ruiz et al. 2001)
and TP concentrations (Lotter et al. 1998; Brooks et al. 2001) in lakes. The transfer function
approach can provide not only estimates of reference nutrient concentrations in lakes but also
the timing, rates and possible causes of enrichment at a particular site if the sediment cores
are dated (e.g. Bennion et al. 1996b, 2004; Anderson 1997) – Figure 6.
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Figure 6. Diatom inferred TP reconstructions for a number of Scottish lakes (from Bennion et
al. 2004)
The hydrochemical transfer function approach is not appropriate for all lakes, however,
especially small, shallow, waterbodies where, in addition to nutrient effects, top down factors
such as predation influence the ecological structure and functioning of the system. An
alternative is to examine micro and macro-fossils in pre-enrichment sediments of a range of
food-web components such as diatoms, zooplankton, aquatic pollen, plant macrofossils,
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chironomids, and fish-scales to determine ecological reference conditions (e.g. Jeppesen et
al.1996; Sayer et al. 1999; Brodersen et al. 2001; Davidson et al. in press). For example,
Bennion (2004) carried out multi-proxy analysis of fossil remains (diatoms, chironomids,
cladocera, plant macrofossils and pollen) in reference samples (~1850 AD) and surface
samples of two lakes. The data for the reference samples of the Lake of Menteith cores
indicated a healthy ecosystem at ~1850 AD with diverse communities of diatoms,
chironomids, cladocera and aquatic macrophytes, and assemblages typical of a relatively
nutrient poor, circumneutral system. Eutrophication has had a cascading effect through the
whole system. The plant macrofossil and aquatic pollen records suggest a reduction in plant
abundance in the open water and a shift towards more nutrient tolerant plants. This is reflected
in the cladocera community where a decline in plant associated taxa in the open water was
observed. The system is now plankton dominated with greater abundance of planktonic
cladocera and diatoms, and a less diverse chironomid community.

A further method for establishing reference conditions for enriched lakes is to employ
analogue matching. The technique has, to date, been developed largely for identifying
restoration targets for acidified lakes based on diatom analogues (Flower et al. 1997) or a
combination of diatom and cladocera assemblages (Simpson 2001). This is proving to be a
powerful technique for identifying site-specific ecological reference conditions in these
waters, and is now being extended to lowland waters spanning the full trophic gradient from
oligotrophic to hypertrophic to establish pre-disturbance communities in enriched lakes.
Bennion (2004) applied an analogue matching training set comprising 30 UK lakes, 266
diatom taxa and 41 Cladocera taxa to the reference samples (~1850 AD) of three enriched UK
lakes to test the value of the analogue matching approach for identifying appropriate reference
sites for lakes impacted by eutrophication. Validation of the choice of reference sites for two
of the lakes using the fuller palaeoecological record suggested that the selected analogues
were appropriate for these lakes. More recently, Simpson and Bennion (2005) applied a
diatom surface sediment training set of 219 UK lakes to the reference condition samples of 14
sites spanning the major lake types in the UK. Close modern analogues were identified for
five of the 14 sites. The results suggest that the analogue matching technique does have the
potential to be a useful tool for identifying appropriate reference sites for lakes impacted by
eutrophication, although a larger training set with a greater number of reference lakes is
required to improve the diatom analogues. Future work within Euro-limpacs WP8 will further
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develop these techniques, including an extension of the analogue matching approach to lake
types across Europe.

Acidification
As for eutrophication, reference conditions for acidification can be derived directly from the
fossil record, and indirectly from transfer functions and analogue matching. Diatoms are the
biota mainly used (e.g. Battarbee et al. 1990; Charles and Smol 1990). Diatom preservation in
the sediments of acid lakes is usually excellent, and the diatom record can in most cases be
assumed to faithfully reflect the changing composition of the contemporary diatom
assemblages in the different lake habitats from which record is derived (cf Cameron et al.
1999) . In acidification research, the diatom record has been used more for hydro-chemical,
especially pH, reconstruction than for direct biological reconstruction.

Considerable effort has been applied in developing the transfer function methodology needed
to reconstruct past lake water pH (cf. Birks et al. 1990). Although the basic approach is secure
and robust, uncertainties arise especially related to the use of different training sets needed for
model calibration. In Euro-limpacs we have attempted to identify the best training set for use
with UK lakes by comparing the performance of three different training sets with respect to
(i) their RMSEP and (ii) their skill in matching direct pH measurements, in our case from
sites in the UK Acid Waters Monitoring Network and in particular from the Round Loch of
Glenhead (Battarbee et al. in press). In our evaluation we have used pH reconstruction from
diatoms collected annually from sediment traps rather than from sediment cores to enable a
precise year-to-year match between measured and reconstructed pH.

The three different training sets are: (i) the SWAP training set, representing 138 acid-sensitive
lakes from across the UK and Scandinavia, using weighted averaging with inverse
deshrinking (Stevenson et al. 1991); (ii) a 163-sample UK acid waters training set (Simpson
2004) using a 2-component weighted averaging partial least squares model; and (iii) a
European training set of 693 samples derived form the European Diatom Database EDDI
(Battarbee et al. 2000, http://craticula.ncl.ac.uk). Because of the large size of the latter we
have used a dynamic approach that creates a weighted-averaging transfer function based on
the 50 closest analogue samples to each sediment sample assemblage.
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Figure 7. Inferred vs measured pH for 118 UK lakes using (a) the SWAP training
set(RMSEP0.38); (b) the UK training set (RMSEP 0.31); and (c) the EDDI training
set(RMSEP 0.25).

The evidence from the comparison of RMSEPs for the relationship between inferred and
measured pH for the 118 sites (figure 7) suggests that of the three transfer functions the
SWAP method is least accurate with a tendency to underestimate throughout the pH range.
The EDDI method performs best in terms of its RMSEP, a not unexpected result as the
method draws upon a very large data-set of 693 sites with a wide range of pH and lake type.
However, there is an indication of bias in inferred pH across the measured pH gradient in
comparison with the UK method with a tendency to over-predict in the range pH 4.5 – 5.2 and
under-predict in the range 5.8 – 6.5. These are the most relevant ranges in assessing the
reference pH status of the Round Loch of Glenhead. Consequently, as the UK dataset has less
bias it may be more accurate than EDDI in predicting the background pH for the Round Loch,
despite its poorer RMSEP.
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Figure 8. Round Loch of Glenhead time series of quarterly outlfow pH, mean annual pH, and
diatom-inferred pH of annually retrieved sediment trap samples (1991-2002) according to the
three transfer functions, SWAP, UK and EDDI.
Comparison of the diatom-inferred pH of the sediment trap samples with measured pH
(Figure 8) supports the observation above of a tendency for the SWAP model to under-predict
pH. The EDDI and UK reconstructions always fall within the annual range of measurements,
with the exception of 2001 when no March sample (normally the most acidic of the year) was
taken. Both reconstructions normally fall within 0.1 pH of the annual mean, although the UK
model is better at replicating inter-annual variability.

Reference conditions for acidified sites can also be inferred using analogue matching
techniques. The modern analogue matching approach was introduced into palaeolimnology by
Flower et al. (1997). They matched diatom assemblages from the pre-acidification sediments
of acidified Scottish lochs to the surface sediments of a range of potential analogue sites
throughout the UK. The approach was only partially successful as some of the “good”
analogue sites identified were inappropriate matches due to their high base cation
concentration. Consequently, in a modification of this approach Simpson (2004) carried out a
similar study but added more sites to the contemporary data set and included Cladocera as a
second biological group to constrain the matching routine. The success of this modification
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has enabled more confidence to be placed in this approach that can now be used to derive
reference conditions for a full range of chemical and biological variables.

Figure 9. Comparison of nine diatom-inferred pH reconstructions (three cores x three
transfer functions) for the Round Loch of Glenhead with pH for 1800 AD inferred using the
analogue technique and mean annual pH from 1988-2000 from direct measurement.
For pH we have now compared MAT-derived pH values for the Round Loch of Glenhead for
1800 AD with the results of the diatom-pH transfer function results (Figure 9). MAT
identifies nine good analogues for the 1800 reference sample and these give a weighted
average pH of 5.82, a value slightly higher than the transfer function based methods.
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DOC
There is abundant evidence that DOC levels in north-west European lakes have increased
considerably over the last 15 years (e.g. Freeman et al. 2002; Skjelkvåle et al. 2005) (Figure
10). This has lead to increased DOC removal costs for the water industry, changes in the light
regime of lakes and streams, and, potentially, major changes in energy and nutrient dynamics,
not only for these freshwater systems but also for the recipient marine environment. While the
reasons for this regional scale trend are not yet clear, principal hypotheses relate to recovery
from acidification and the impact of climate change. Proposed mechanisms include the effects
of changing soil water pH and/or ionic strength in response to declining acid deposition,
increased atmospheric CO2 concentration raising primary production rates, and the effects of
long term changes in air temperature, precipitation and drought frequency (Evans et al. 2005).

The appropriate apportionment of these potential influences is important. If changes result
principally from reductions in acid deposition, these can be viewed as a natural part of the
recovery process with concentrations reverting toward natural or “baseline” conditions.
However, if related to recent changes in climate, for example the long-term increase in air
temperature which has been linked to “global warming”, the implication is that recent DOC
concentrations and DOC fluxes to the oceans may be unprecedented and will become yet
more extreme in the light of most climate change forecasts. Furthermore, deposition induced
change would suggest a substitution of strong mineral acidity with weaker organic acidity
with a net reduction in free hydrogen ions (i.e. recovery from acidification), whereas a climate
induced change would imply a net increase (i.e. a further acidification).
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Figure 10. Dissolved Organic Carbon concentrations in the outflows of 6 lakes in the UK
Acid Waters Monitoring Network (1988-2003). No reference in text

This problem is the focus of research being conducted in Work Package 1.5. In addition to
field experiments and the statistical analysis of time series data, we aim to explore the use of
palaeoecological techniques to determine pre-industrial DOC reference concentrations and
examine the relationship between acidification, climate variability and DOC variability over
the last 200 years.

There have been numerous attempts to reconstruct DOC concentrations using the sediment
record, both chemically (Engstrom and Hansen 1984) and by biological inference (e.g. Davis
et al. 1985; Huttenen et al. 1988; Kingston and Birks, 1990). Diatom based Weighted
Averaging approaches have indicated a close temporal relationship between inferred pH and
inferred DOC in anthropogenically acidified lakes (e.g. Kingston and Birks, 1990, Figure 11)
and are thus supportive of acid deposition hypotheses. However, as both inferences are based
on the relationships between diatom assemblages and water chemistry in a training set, within
which pH and DOC are correlated to some extent, the approaches are not strictly independent.
As DOC tends to be a weaker explanatory variable in the training set there are concerns about
the accuracy, precision and replicability of the reconstruction procedure.
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Figure 11. Diatom inferred reconstructions of Dissolved Organic Carbon concentration and
pH in the Round Loch of Glenhead based on a Weighted Averaging technique applied to a
210
Pb dated sediment core.

In Work Package 1.5.3 it intended to investigate existing methods of DOC reconstruction and
develop alternative approaches based on the theoretical impact of changing DOC
concentration on the light environment and consequent impact on lake basin scale diatom
assemblages. Using a training set of approximately 40 lakes, a DOC – light attenuation
coefficient has been determined. This, in conjunction with precisely surveyed bathymetric
data for each lake, is being used to determine the proportional irradiance of dominant diatom
habitats with the lakes, such as rock and mud surfaces, against which the surface sediment
diatom assemblages may then be related. While it is currently unclear to what extent this
method might yield quantitative reconstructions the approach should, at least, provide a
qualitative indication of variability in light climate against which existing methods may be
compared.
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Toxic substances
Lake sediments are excellent archives for tracking the history of lake contamination by toxic
trace metals and persistent organic pollutants (POPs). Temporal trends extending back
centuries or millenia can be identified, and at sites remote from direct human influence,
related to atmospheric deposition. Further, with sediment dating over the last 150 years via
210

Pb or over the longer scale by 14C, rates and directions of change as well as input fluxes can

be determined.

In terms of establishing reference conditions for toxic substances using the lake sediment
record, different approaches must be considered for contaminants with natural sources and
those without. If a toxic contaminant is wholly synthetic (such as organochlorine pesticides)
then its reference concentration must be zero and the date for that reference condition for any
site is prior to its first production. The sediment record can then be used to determine the
temporal trend from first contamination to maximum and contemporary inputs (if these are
different) and the concentration at any point represents the ‘gap’ between contamination and
reference condition and hence the target for reduction. The only complication is where some
mixing has occurred within the sediment record such that the synthetic contaminant appears
to have occurred at dates prior to first production. However, such instances are readily
identifiable and do not affect the targets for ‘gap closure’.

For toxic contaminants with natural sources, for example, metals such as Hg, Pb, Cd, Ni, Cu,
Zn and POPs such as polycyclic aromatic hydrocarbons (PAHs) and even dioxins and furans
(PCDD/Fs) (e.g. Silk et al. 1997; Sakai et al. 2001; Meharg and Killham 2003) the setting of
reference conditions is more complicated. Pre-industrial inputs of elements and compounds
identified as ‘toxic’ may be of two main forms. First, episodic inputs as a result of events such
as forest fires and second, inputs from non-episodic sources such as long-term human
impacts. The former may be identifiable as peaks in the record and can be dismissed from
considerations of reference conditions, but the latter are more insidious. Pb, Cu and Zn have
been used and smelted for over 5000 years whilst the impact of more intensive use, such as
during the Roman period has been observed on a hemispherical scale. Hence, pre-industrial
levels do not necessarily equate to ‘natural’ levels and the date at which impact over and
above a natural base-line occurs will vary from site to site dependent on underlying geology.
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Dates and levels for reference conditions are therefore difficult to set and must be done on a
site by site basis.

However, setting a reference condition target to the point at which impact is first seen may be
impractical as it may represent low-level impact over a period of millenia. Certainly, Pb
pollution from atmospheric deposition has been identified over a millenial scale (Brännvall et
al. 2001; Renberg et al. 2000), whilst evidence from Lochnagar in Scotland may indicate Hg
contamination over a similar period (Yang and Rose 2003) (see Figure 12).
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Figure 12. Sediment record of Hg from Lochnagar. Pollen and
covers over 6000 years (from Yang and Rose 2003).

14

C data suggest this record

Therefore, a pre-industrial reference condition may be more practical and obtainable, although
it does permit a level of anthropogenically-derived damage. The sediment record therefore has
a very important role to play here, as only by observing the long-term trends can the impact
over (i) natural, (ii) long-term but low level and (iii) ‘recent’ pre-industrial inputs be
determined and distinguished. A ‘top and bottom’ approach where contemporary and a ‘preindustrial’ level are used to assess the difference between the current and desired (asumed
reference) state, should be avoided as the earlier sample could be affected either by an
episodic input or a peak in pre-industrial anthropogenic emissions.
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Perhaps a more important approach, but one which is not currently sufficiently developed, is
to determine the levels (concentrations, fluxes) at which any biological impact is observed
and use this as the reference condition. The Critical Loads approach for metals in freshwaters
is still in its early stages of development and further work is required to take this to the next
stage of using the sediment record to determine temporal trends of impact and recovery.
Critical Loads for POPs are even less well developed than those for metals.

Finally, evidence from the sediment record is beginning to reveal that inputs to lakes is not
being reduced despite major reductions in toxic pollutant emissions. This appears to be due to
inputs from previously deposited contaminants stored in catchment soils and now being
released. Generally, the catchment area of lakes are considerably larger than the lake area and
hence catchment storage is huge compared to deposition directly to the lake surface itself.
Release from catchment soils may be enhanced by climate change and this is being
investigated in Euro-limpacs WP5. Consequently, there is potential for continued and
possibly increasing inputs of toxics from catchments that will effect attempts at returning
inputs of these contaminants to reference levels.
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