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Executive Summary

The identification of acid-sensitive waters currently uses
coarse methods of designation, i.e. pH (<5.5) and low
alkalinity (<10 mg/l CaCOj3). While these measures are
clearly indicative of low buffering capacity, they are
extremely variable within any one catchment, depending
on flow conditions and geology. The contribution of
sodium (Na*) to the sum of the major cations (Sodium
Dominance Index, SDI, or Weathering Index) in river
waters has been proposed as an indicator of the acid
sensitivity of rivers in upland Scotland, particularly where
sea-salt inputs dominate the base cation composition.
The extent of the SDI is considered a quantitative
indication of catchment weathering rate, incorporating the
effects of diverse geological composition. This project set
out to evaluate the efficacy of the SDI approach to site
designation under Irish conditions. Two hypotheses were
tested:

1. That the SDI is more stable across the range of
stream flows than the two most commonly used
indicators and is thus a better indicator of stream
sensitivity to acidification than pH or alkalinity, and

2. That there is a graded response by the stream
macroinvertebrates to values of the Index, and
hence some ecological underpinning of the chemical
relationship.

These hypotheses were tested by examining the water
chemistry of 257 sites across Ireland, encompassing a
range of underlying geologies, during base flow. A further
subset of 65 sites were sampled at both base and
elevated flow and a number of more detailed hydrological
events were monitored at a smaller number of sites. pH,

Vii

conductivity, hardness, alkalinity and the SDI were
determined for each site, together with a range of
variables, type,
presence or absence of forest, distance from the south-
west of Ireland and distance from the sea. The study

environmental including geology

found that the SDI varied less than other indicators of
sensitivity at the catchment scale among sites across a
range of geologies and land use. The SDI was highly
correlated with existing indicators and less variable when
compared at sites during base and elevated flow.
Therefore, when used alone, alkalinity readings could
allow grant aid and increased forestry plantations on
catchments, which could be deemed acid sensitive by the
SDI. Although the SDI showed some variation at the
beginning of a flood event, this variation seemed to
decline after about 5-6 h of elevated flow, when it again
showed less variation than pH or alkalinity. It appears that
a threshold level of the SDI of 50-60 is indicative of
sensitivity to acidification as measured by the acid-
neutralising capacity (ANC) and alkalinity. Some evidence
of a response in biology across the SDI bands was
detected with sites with SDI values >50 and those <20
showing distinct communities. However, there were no
consistent differences between the fauna from forested
and non-forested sites. Given the errors associated with
the measurement of pH, compared to base cations, the
SDI could perhaps provide a more reliable measure of
acid sensitivity; however, further work is required to
validate these data within each catchment in the context
of risk assessment under the Water Framework Directive,
before the SDI is implemented as an indicator of
sensitivity.






1 Project Background, Aimsand Objectives

1.1 Introduction

Plantation forests cover 10% of the Irish landscape, with
the planted area projected to reach 17% by 2010. This
has raised concerns as to the possible effects such new
plantations and associated forestry practices may have
on aquatic resources because of the direct links between
catchment land use and the ecology and functioning of
aquatic ecosystems (Hynes, 1975; O'Halloran and Giller,
1993; Giller and Malmqvist, 1998). Many Irish river
systems rise in or pass through forested catchments.

In the UK, coniferous forestry exacerbates the
acidification of soft waters draining geologically sensitive
areas which receive atmospheric pollutants (Hynes, 1975;
Giller and Malmaqvist, 1998). This anthropogenically
mediated acidification occurs where atmospheric
deposition of strong acid anions (SO;~ and NO3),
accompanied by H* and NHj;, exceeds the buffering
capacity of the soil resulting in the leaching of Ca%*, Mg?*
and AIP*. Whilst forestry-related hydrochemical changes
have been noted in the east and west of Ireland (Allott et
al., 1997; Kelly-Quinn et al., 1997a,b), it is considered that
plantation forests do not lead to acidification and the
related problems in the south of Ireland (Giller and
O’Halloran, 2004).

While the deposition of acidifying ions has declined by
40% in European Environment Agency (EEA)
membership countries (EEA, 2000), there is still
considerable concern about the impacts of acidifying ions
on surface water quality and its associated ecology.
Whilst plantation forests and their management can
influence water quality in a number of ways (e.g. nutrients
or energy inputs) and in different stages of the forest
cycle, it would be helpful to appraise the sensitivity of sites
to forestry prior to planting. The present study therefore
focused on an evaluation of the Sodium Dominance Index
(SDI) as a measure of stream sensitivity to acidification
and hence the identification and regulation of potential
sites for forest development.

The lIrish Forest Service introduced regulations that all
applications for grant aid in acid-sensitive areas required
an assessment. These regulations were largely targeted

at the protection of salmonid waters. The designation of
sensitivity was (and is currently) based on alkalinity values
from a minimum of four occasions at intervals not greater
than 4 weeks apart between February and May. Where
the minimum alkalinity of the run-off water is <8 mg
CaCOg/l no afforestation is permitted. In areas where
concentrations exceed 15 mg CaCOa4/l, afforestation is
permitted, and if the values fall in between, full, partial, or
no afforestation may be allowed.

The methods used for designating acid-sensitive sites are
currently coarse: alkalinity varies across flow conditions
and there is a poor relationship between peak acidity and
lowest alkalinity values (e.g. in Wicklow, Kelly-Quinn et
al., 1997a,b). In addition, many sites might be designated
as sensitive based on alkalinity, yet ecological data do not
show negative impacts (e.g. Munster area, Giller et al.,
1997; Giller and O'Halloran, 2004). What is needed is a
measure that is both relatively stable and independent of
season and flow. The contribution of sodium (Na™) in river
waters to the sum of the major cations (Sodium
Dominance Index or Weathering Index) has been
proposed by White et al. (1998, 1999) as an indicator of
the acid sensitivity of rivers of upland Scotland,
particularly where sea-salt inputs dominate the base
cation composition (as is the case in much of Ireland). The
SDI is calculated as the relative contribution of sodium to
the major cations as follows:

SDI = lNa+J *100
[Na+ ]+[C,‘az+ ]+[Mg2+ ]

Base cations (particularly Ca2+) may be derived from
weathering of the underlying geology (e.g. limestone).
Increases in their concentrations relative to sodium infer
an increased acid neutralising capacity to the catchment,
and conversely, high sodium dominance infers reduced
neutralising capacity. As weathering rates (mmol./
halyear) increase, the SDI value declines in response. As
such, the SDI provides a quantitative value of the
weathering upstream of the sampling point.
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1.2  Scaleof Approach

There are three spatial scales that are important in
examining the acidification issue, in terms of identifying
sensitive catchments and in developing tools for
amelioration of problems in this context. At the supra-
catchment or regional scale, the objective is to identify
potentially sensitive areas to help plan forest development
with minimum impact on water quality and ecology (e.g.
fisheries). Because of Ireland’s geographical position and
prevailing weather systems, the deposition of acidifying
compounds is low although local-scale ammonium
deposition may be very important in the future (EPA,
2000). In this context, national-scale evaluation of the SDI
has been undertaken in the present project.

At smaller scales, research efforts have been largely
focussed on preventing or mitigating against acidification
and ensuring that acidification is not exacerbated locally
(Hildrew and Ormerod, 1995). This can lead, for example,
to planting regimes being controlled in sensitive
catchments. This project examined a number of
catchments at low and high flow in an attempt to evaluate
the temporal responses of the SDI and to look at a range
of important variables which might influence the SDI
value, and hence its use as a tool in designating sites.

At the reach scale, there have been a number of recent
attempts to devise and implement methods of riparian
management to ameliorate the effects of forestry on
acidification (e.g. Ormerod et al, 1993; Mitsch and
Mander, 1997). At this scale, it is also possible to
investigate the stability of the SDI over a range of stream
conditions, an important approach that has been adopted
in the present study to evaluate further the efficacy of the
SDI as an indicator of sensitivity of the catchment.

According to White et al. (1999), the SDI is preferable to
base-flow measurements of pH for a number of reasons.
Firstly, pH is notoriously difficult to measure accurately in
low ionic strength waters (this has implications for
alkalinity tests). On the other hand, base cations are
relatively straightforward to measure and more variable
between catchments (but note that base cations are
highly variable with discharge due to dilution). Finally, the
expression of the results as an index based on ratios
‘smoothes’ out small variations. The values of the SDI
indicative of acid-sensitive conditions remain to be
defined however. The limited data analysed by Kelly-
Quinn et al. (1999) suggested that sites with low pH and
alkalinity would have SDI values greater than 40.

1.3  Objectives of the Sudy

The overall objectives of this project were to test if the SDI
offers a better approach to designating sites than current
methods employed, and secondly whether there is any
relationship between the SDI values and the ecological
character of streams. This was approached by
undertaking studies at a national scale at base-flow level,
a subset of sites at base and elevated flow and a series of
detailed studies at a number of intensive sites during the
course of several hydrological events.

Two key hypotheses were tested:

1. That the SDI is more stable than other potential
hydrochemical indicators across the range of stream
flows and is thus a better indicator of stream
sensitivity to forest-mediated acidity, and

2. That there is a graded response by the stream
macroinvertebrates to values of the Index.

These hypotheses were tested through a number of work
packages as detailed in Cruikshanks et al. (2005).
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2 Site Selection and M ethodology

2.1  Site Sdlection

Site selection for the extensive sampling was undertaken
in detailed consultation with the EPA/COFORD. A total of
257 potential sites were identified across Ireland (192
non-forested and 65 forested), which ranged in elevation
from 50 m to <300 m above sea level (Fig. 2.1). All sites
were of good water quality with a minimum EPA rating of
Q4 and above, indicating no evidence of organic pollution
or eutrophication based on macroinvertebrate fauna
(EPA, 2000). Site selection was also weighted, based on
the base cation weathering index map obtained from
Aherne and Farrell (2000). This weighted sampling

ensured that the required large-scale geographical
spread of sites was achieved along with sufficient
replication across the SDI scale. The finalised site
selection criteria are summarised in Table 2.1. Full site
details are available in Cruikshanks et al. (2005).

Following the completion of the extensive sampling phase
a subset of sites was selected, based on a range of SDI
values from the extensive sampling, and sampled at base
and elevated flow conditions to examine the temporal
stability in the SDI. The 65 sites were sampled with a wide
geographical spread between 12 February 2003 and 19
June 2005, during base and elevated flow conditions.

Forested sites

# Non-forested sites

Figure 2.1. Location of all sampled sites.
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Table 2.1. Summary of site selection criteria.

Aim
Total number of sites

Sampling basis

University sampling areas
Site sampling areas
Access to forested sites
Site details

Site altitude

Site length

Site quality
Stream order
Definition of ‘foreste d’ sites
Riparian zone
Water sample collection

Biological sample collection

Collect data from areas where a paucity of suitable data exists
192 non-forested and 65 forested

Base cation weathering index (Aherne and Farrell, 2000)
(molc/halyear) sites allocated to the following categories

200-500 (n = 80); 501-1000 (n = 60); 1001-2000 (n = 40); >2001 (n = 20).
Division of the country into two areas

No sites to be sampled in Northern Ireland

COFORD/Caoillte access enabled

>50 m and <300 m

50 m

Q value greater than or equal to Q4

Sites located on 2nd to 4th order streams (avoiding 1st and >4th order)
Presence of closed canopy forestry in catchment (>20% if possible)
Intact

Non-turbulent areas (glides)

Multi-habitat using kick sampling

The detailed sampling

several separate

In most cases, the pre-event level was 0.09 m and the

hydrological events at the reach scale was undertaken at
three forested and five non-forested sites (see
Cruikshanks et al., 2005 for details).

22 Water Sampling and Chemical
Analysis

Base-flow data collection was undertaken after 7 days of
little or no rainfall (<0.22 mm). Elevated flow samples
were collected from 65 sites, between February 2003 and
June 2005, following periods of heavy rain. The reach
sampling was undertaken using Sigma samplers that
were programmed to collect samples after flow actuation.

enabling level was 0.14 m: a stream rise of 5 cm. (Further
details are given in Cruikshanks et al., 2005.)

Measurements of pH and conductivity were made in the
field using meters and all other determinants were
measured in the laboratory, usually within 12 h following
collection (no later than 24 h after the event). A summary
of analytical methods is given in Table 2.2 and full details
are given in Cruikshanks et al. (2005).

Inter-calibration exercises involving an independent
accredited laboratory were conducted to ensure the
quality and standardisation of the water chemistry

Table 2.2. Summary of the analytical methods used and units of expression.

Parameter Method Unit
pH pH meter units pH
Conductivity Conductivity meter puS/cm @25°C
Alkalinity Depended on pH: mg/l CaCO3
Gran titration or standard titration
Calcium lon chromatography mg/l Ca2*
Magnesium lon chromatography mg/l Mg2*
Sodium lon chromatography mg/l Na*
Potassium lon chromatography mg/l K*
Chloride lon chromatography mg/l CI-
Colour Colorimetry mg/l Pt/Co
Organic carbon Colorimetry/conversion equation mg/| DTOC

Aluminium Colorimetry

mg/l Al
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analyses in the laboratories at UCD and UCC. The
subsequent results of a suite of analyses showed close
agreement (largely within the 95% confidence limits) and
any differences in the two results had a minor influence on
the values of the SDI. The data set was also scanned for
possible errors by testing ionic balance where a full suite
of ions was analysed. Data considered to be out of line
were tested, by plotting alkalinity against pH or the various
cations against conductivity and alkalinity. Some data
were rejected on this basis.

2.3 Biological Sampling

A subset of 65 of the extensive sites was selected for
macroinvertebrate sampling covering the following SDI
bands: 0-10, 20-30, 40-50, 60-70 and >80, with around
six paired forested and non-forested sites selected within
each range.

Macroinvertebrates were collected in both spring and
autumn 2003 using 3-min multi-habitat kick sampling
together with a 1-min hand search/stone wash. This
approach attempted to ensure that the maximum
biodiversity was sampled at each site. A 50-m reach was
surveyed for different habitat types — riffles, glides, pools,
backwaters, vegetated areas and margins. The time
allotted to sampling each habitat type was weighted
according to the percentage representation of each in the
50-m reach. Three replicate samples were taken at each
site together with descriptions of the respective habitats.
A complete list of the sites is presented in the electronic
database and sampling and sorting methods are given in
the full report (Cruikshanks et al., 2005).

Invertebrates were sorted and identified to species level
for all the major insect groups (except Diptera —
genus/family), as well as Mollusca (snails), Turbellaria
(flatworms) and Hirudinea (leeches). The total number of
taxa and their relative abundance were assessed for each
site.

24  Satistical Analysis

Summary statistics were calculated and standard tests
(including ANOVA and correlation analysis) were
conducted to compare hydrochemical values between
site types (e.g. forested and non-forested, geological
classes and SDI classes) and to examine for relationships
between parameters.

Two-Way Indicator Species Analysis (TWINSPAN) was
used to classify sites based on macroinvertebrate species
assemblages (Hill, 1979), while the Indicator Value
(Indval) method and the Multi-Response Permutation
Procedure (MRPP) (carried out using PC-ORD) validated
the Indicator Species and Cluster Groups derived from
TWINSPAN, respectively. The relationships between the
faunal data set and the physico—chemical parameters
(Ter Braak, 1991) was examined using Canonical
Correspondence Analysis (CCA) carried out using
Ecological Community Analysis™ 2.0 (ECOM™ 2.0).

For hydrological event calculations, the factors
contributing to loss of buffering during a selection of the
events were examined using the methodology outlined in
Kahl et al. (1992). Values of 100% indicate that only
dilution is affecting buffering (i.e. reducing alkalinity).
Lower values indicate titration by an acid anion.
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3 Resaults

3.1 Extensive Water Chemistry Survey

Full details of the hydrochemical results for the 257
extensive sites are presented in Cruikshanks et al. (2005).
Some analyses were confined to 248 of these sites. In the
following section, the major findings and relationships
only are highlighted.

3.1.1 pH and conductivity

The pH at base flow ranged from 4.9 to 8.8 with most
(84%) values in the circum-neutral range (pH 6.5-7.5).
The majority of sites with pH values <7 were located in the
west (north-west and south-west) and some in the east
(Fig. 3.1). Low conductivity values were associated with

poorly buffered areas (e.g. granite) whilst higher values

were linked with well-buffered areas (e.g. limestone).

Data for the cation composition of the extensive sites are
illustrated in Fig. 3.2. Calcium dominated the sites located
in well-buffered limestone areas whereas sodium
dominated those sites located in poorly buffered areas.
Most (90-100%) of the calcium was from non-marine
sources in over 98% of the sites. In contrast, 50% of the
magnesium recorded at 86 sites was of marine origin. At
the remaining sites, marine-derived magnesium
accounted for 10% (34 sites) to 40% (37 sites) of the total

pH Scale
O <5.99

6.00-6.99
7.00-7.99

@ >8.00

Figure 3.1. pH values (base flow) across the range of extensive sites.
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concentration. Potassium contributed less than 3% of the
major cation concentration at the majority (80%) of sites.

3.1.2 Sodium Dominance | ndex

Figure 3.3 shows the spatial distribution of SDI values for
all sites sampled. Values ranged from 10.1 (Yellow River,
Co. Meath) to 81.9 (Cashla River, Co. Galway). The
highest values of the Index were recorded in upland sites
in Wicklow, Donegal, Galway and Kerry.

Sites were assigned to one of 13 groups based on
dominant watershed geology. A strong relationship
between the SDI and geology is clear from Fig. 3.4.
Significant differences were detected (ANOVA Fy5 157 =
9.323, P < 0.001) across the geological groups for the
non-forested sites with the lowest values recorded on
limestone and values steadily increasing to the more
weather-resistant rocks such as granite. No significant
difference in the SDI was detected between the non-
forested and forested sites in any of the geological
groups.

A highly significant negative linear relationship was
evident between pH and the SDI (Fig. 3.5) for non-
forested and forested sites combined (r = —0.729, P <
0.01, R2=0.532,n = 248). There was no separation of

non-forested and forested sites and the slopes of the two
lines were not significantly different.

The SDI-alkalinity relationship (r = -0.826, P < 0.01, n =
248) is summarised in Fig. 3.6, and here again there was
no clear separation of forested and non-forested sites in
the overall pattern. The slopes of the two lines were not
significantly different. With the exception of two points, all
forested sites recorded alkalinity values below 50 mg
CaCoOa4l/l.

The relationship between the alkalinity of potentially acid-
sensitive sites and SDI values was also examined; a
significant correlation was found (r =—-0.721. P<0.01,n =
187), although considerable scatter was evident.. The
slopes of the lines for the forested and non-forested sites
were not significantly different.

The acid-neutralising capacity (ANC) was calculated for
117 sites from the present extensive study, using Gran
titration alkalinity values, total aluminium and DOC
concentrations according to the methodology outlined by
Foster et al. (2001). A significant relationship between
ANC and the SDI was evident (r = —0.671, R? = 0.594, P
<0.01, n =117, Fig. 3.7).
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3.2.  Influence of Flow on the SDI

SDI values increased during rainfall events at all sites
except ten. Generally there was less than a 15-unit SDI
difference between low and elevated water levels. Most of
the sites that did show a substantial increase in the Index
at elevated flow were located in catchments with mixed
geology. Overall, the variation in the SDI was substantially
less than that for alkalinity. No significant differences were
found in the SDI between base flow and elevated flow at

non-forested or forested sites when examined separately
within each geological type (one-way ANOVA, P > 0.05)
except for forested sites (F; 4= 10.75, P = 0.031) on schist
and felsite. Likewise, there was no significant effect of
forest cover on the SDI (P > 0.05, Mann—Whitney) on the
elevated and base-flow values.

Figure 3.8 illustrates the general nature of changes in the
SDI and alkalinity during rainfall events. Alkalinity fell
sharply and the SDI tended to rise as flow increases but
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as found in the more extensive comparison between base
flow and increased flow described above, the coefficient
of variation was highest for alkalinity (3.44-836%) and
least for the SDI (2.21-20.5% — the highest value related
to one event and most were significantly lower).

The greatest change in both the SDI and alkalinity
occurred within the first few hours of the event. The data
collected for the Cork sites included flow recording.
Spearman rank correlation analyses indicated significant
(r¢ = 0.7-0.78, P < 0.01) relationship between change in
flow and change in the Index. In fact this was the only
significant
examination of the underlying factors influencing the SDI
values during flow events is given in the full report
(Cruikshanks et al., 2005).

relationship detected. A more detailed

3.3 Biological Patterns

3.3.1 Taxon numbersand faunal composition

A total of 237 taxa were recorded over the two seasons
representing 75 families. The number of taxa recorded
per site ranged from 33 to 78. A total of 33 taxa were
present in over 50% of the 65 sites sampled. Trichoptera
was the most diverse group (48 species) followed by the
Coleoptera (41  species).
represented by 19 species while 18 plecopteran species
were recorded. There were 17 genera/subfamilies of

Ephemeroptera  were

Diptera, two crustacean orders, namely Malacostraca and

1004 -

Q08

Entomostraca, with four and two species recorded
respectively, while the Annelida were represented by six
Hirundinae species. Fourteen gastropod species and two
lamellibranch species were also recorded. (Full details
are available in the electronic data set.)

A number of general biological patterns were identified in
relation to water chemistry and SDI
Ephemeroptera constituted an increasing proportion of

values. The

the community with progression from sites with an SDI
>80 to those in the 30-40 SDI band (Figure 3.9). In
contrast, Plecoptera increased in proportion with
increasing acid sensitivity (particularly at highly forested
sites).

decreased predictably with increasing acid sensitivity, the

While crustacean and molluscan numbers

representation of dipteran larvae generally increased. The
pattern was similar for both seasons.

3.3.2 Multivariate analyses

TWINSPAN of the spring faunal data set (non-forested
sites only) resulted in seven validated groups (Groups 1—
7). Group 7 consisted mostly of acid-tolerant sites with a
mean SDI of 21.6 (SDI range 7.6 to 59.7). Groups 1-6
tended to have a higher mean SDI (50.1-74.9), reflecting
The SDI did not
distinguish between Groups 1-6. When all sites (spring
data) were included in TWINSPAN no distinctive patterns
between forested and non-forested sites were found.

largely acid-sensitive conditions.

Analysis of the autumn faunal data (non-forested sites)
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Figure 3.9. Spring macroinvertebrate community composition over the SDI gradient.
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yielded relatively similar results with again seven groups.
The mean SDI values in Group 7 were 23.8 (range from
12.7 to 35.5). Groups 1-6 consisted of moderately to
highly sensitive sites. Mean SDI values for Groups 1-6
ranged from 38.8 to 60.3. (Further details and
dendrograms are given in Cruikshanks et al., 2005.)

A significant correlation between the physico—chemical
parameters and the spring faunal data set for the non-
forested sites was demonstrated by CCA. However, the
eigenvalues were low, with the four axes explaining only
27.27% of the cumulative data variation. According to the
CCA plot (Cruikshanks et al., 2005), SDI, elevation, slope
and boulder substrate were all strongly associated with
the most acid-sensitive sites. Forward selection indicated
the SDI (% variance 9.06%, P < 0.01), slope (% variance,
8.76%, P < 0.01) and mud substrate (% variance, 4.86%,
P < 0.01) as the three most important variables in the
spring data set. The autumn data also showed low

eigenvalues with the total cumulative data variation
explained at 29.19%. The SDI, slope and elevation were
indicated as being important variables on the CCA plot for
the autumn analysis. Forward selection noted slope (%
variance, 8.05%, P < 0.01), SDI (% variance, 7.05%, P <
0.01) and magnesium (% variance, 3.53%, P < 0.01) as
the three most important variables in autumn.

3.3.3 Relationships between SDI and faunal data

Taxon numbers and abundances were examined over an
SDI and forestry gradient with all sites grouped into SDI
classes of 10-19, 20-29, 30-39, 40-49, 50-59, 60-69
and >70. The total taxon richness in the spring data set
was significantly negatively correlated with the SDI for all
sites combined and for forested sites alone (Table 3.1).
The trend did not hold for the autumn data (Table 3.2).
The correlations with ephemeropteran and trichopteran
richness (decrease) were only significant for the spring
period (non-forested site data) (Table 3.1). Plecopteran

Table 3.1. Correlations of taxon number and other biological metrics with SDI for spring.

Spring parameters Correlation Regression P value
Total taxa vs SDI Non-forested -0.792 R2=0.627 P =0.034*
Forested —0.790 R2=0.625 P =0.061
All sites —-0.859 R2=0.738 P =0.028*
Total number of Ephemeroptera vs SDI Non-forested —0.868 R2=0.753 P =0.011*
Forested —0.667 R2 = 0.445 P =0.148
All sites —0.795 R2=0.633 P =0.059
Total number of Plecoptera vs SDI Non-forested 0.214 R2=0.046 P =0.645
Forested —0.797 R2 =0.583 P =0.058
All sites -0.817 R2 = 0.668 P =0.047*
Total number of Trichoptera vs SDI Non-forested -0.743 R2=0.552 P =0.042*
Forested —-0.887 R2=0.786 P =0.018*
All sites -0.916 R2 = 0.840 P =0.010*
EPT vs SDI Non-forested -0.87 R2=0.875 P =0.011*
Forested -0.279 R2=0.117 P =0.593
All sites -0.939 R2 = 0.906 P = 0.005*
E/P vs SDI Non-forested -0.213 R2 = 0.0572 P =0.648
Forested —0.605 R2=0.3675 P =0.202
All sites —-0.230 R2 = 0.0706 P=0.611
C/D vs SDI Non-forested —0.825 R2=0.925 P = 0.004**
Forested -0.716 R2=0.565 P =0.110
All sites —0.846 R2 =0.823 P =0.016*

*Significant to 0.05 level.
**Significant to 0.01 level.
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Table 3.2. Correlations of taxon number and other biological metrics with SDI for autumn.

Autumn parameters Correlation Regression P value
Total taxa vs SDI Non-forested —0.392 R2 = 0.156 P =0.385
Forested —0.556 R2 = 0.526 P =0.252
All sites -0.677 R2=0571 P =0.144
Total number of Ephemeroptera vs SDI Non-forested —0.369 R2 =0.156 P =0.415
Forested —0.693 R2 = 0.526 P =0.127
All sites -0.755 R2 = 0.571 P =0.083
Total number of Plecoptera vs SDI Non-forested 0.823 R2=0.817 P =0.023*
Forested 0.138 R2 = 0.000 P =0.794
Al sites 0.753 R2 = 0.854 P =0.051
Total number of Trichoptera vs SDI Non-forested —-0.147 R2 = 0.022 P =0.753
Forested -0.707 R2 = 0.749 P =0.116
All sites —-0.765 R2 =0.844 P =0.076
Ephemeropteran abundance vs SDI Non-forested —0.525 R2 = 0.425 P =0.226
Forested -0.210 R2 = 0.060 P =0.689
All sites -0.503 R2 = 0.406 P =0.250
Plecopteran abundance vs SDI Non-forested 0.375 R2 = 0.508 P =0.407
Forested 0.401 R2=0.161 P =0.431
Al sites 0.573 R2 = 0.328 P=0.179
Trichopteran abundance vs SDI Non-forested -0.729 R2 = 0.531 P =0.063
Forested 0.526 R2 = 0.276 P =0.284
All sites —0.385 R2 =0.148 P =0.394

*Significant to 0.05 level.
**Significant to 0.01 level.

taxon richness increased with increasing SDI and this
relationship was the only significant one in autumn.

Analysis of variance (two-way) on the spring data showed
differences in total taxon richness between SDI bands
(Fg50 = 2.721, P = 0.023). This was not repeated in the
autumn. No significant effects of the SDI were found when
the analysis was run using spring and autumn
ephemeropteran taxon richness. Plecopteran species
richness demonstrated significant differences between
SDI bands in both seasons (spring — Fgs0 = 3.732, P =
0.004; autumn — Fg5, = 4.108, P = 0.002), generally
species richness increased with increasing SDI.
Trichopteran richness differed between bands in the
spring (Fg 50 = 3.749, P = 0.004) but was not repeated in
the autumn. There was no significant interaction between

forestry and SDI bands for these taxonomic groups.

In terms of abundance both the spring (two-way ANOVA,
Fg,50 = 2.721, P = 0.023) and autumn (Fg 5, = 3.354, P =
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0.007) data showed significant differences in total taxon
abundance between SDI bands. Neither forestry nor the
forestry SDI band interaction were significant. A similar
finding applied to the Ephemeroptera in both seasons
(spring — Fg 50 = 2.355, P = 0.044; autumn — Fg 5, = 3.233,
P = 0.009). Plecopteran and trichopteran abundances
showed no significant effect of forestry or SDI bands in the
spring. However, significant differences in plecopteran
(Fe,52 = 3.903, P = 0.003) abundance between SDI bands
were detected in the autumn data set.

In general, most of the significant differences in both taxon
richness and abundances could be attributed to
differences between the lowest SDI band (<20) and the
two highest, 60—-70 and >70.

A number of other biotic metrics were examined in relation
to the SDI. Mean EPT (the sum of ephemeropteran,
plecopteran and trichopteran abundance) and mean E/P
(ephemeropteran divided by plectopteran abundance)
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were both correlated to mean SDI within each band of
SDI. An additional metric, crustacean/dipteran (C/D), was
also tested. This new index was proposed based on the
trends in the representation of the Crustacea and Diptera
noted in the data.

The relationships between these metrics and the SDI for
spring and autumn faunal data are shown above in Tables
3.1 and 3.2. While the negative relationship between EPT
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and SDI was significant for all sites and non-forested sites
considered separately, it did not hold for forested sites in
spring. For the autumn data, the relationship was
significant for all sites combined. The negative
relationship between the SDI and C/D was significant for
all sites combined and the non-forested sites in both
seasons. There were no significant correlations between

the E/P and SDI in this study.



Evaluation of the use of the SDI as a potential measure of acid sensitivity

4  Discussion

The growing desire to develop plantation forestry further
in Ireland has led to questions as to how to designate sites
for future development. The protection of water quality,
and in particular salmonid water quality, has become an
important objective. In view of the ecological importance
of soft waters for salmonid production, it is critical that
measures are taken to avoid increased rates of
acidification, particularly those relating to changes in land
use. This necessitates the identification of acid-sensitive
waters. Currently, the Irish Forest Service uses alkalinity
readings in deciding whether to grant-aid afforestation on
potentially acid-sensitive catchments. Measures of
alkalinity, hardness and pH are known to be extremely
variable over time and are greatly influenced by stream
flow rate (as also found in the current study), and thus it
has become apparent that a more stable indicator of

acidification is required.

The SDI has previously shown great potential to deal with
varying geologies underlying catchments and adverse
temporal flows (i.e. spates or flooding) which occur
following periods of rainfall and snow melt (White et al.,
1999) and compares well with the Critical Load approach
(Smart et al., 2000). The base-flow relationships noted in
the present extensive study of over 200 sites have
confirmed these earlier findings and have indicated the
strong potential of the Index as an indicator of acid
sensitivity in Ireland.

A strong relationship was found between the SDI and
geology. The lowest SDI values were recorded on
with
progression on to the more weather-resistant rocks such

limestone, values steadily increasing with
as granite. However, within any geology type, no
significant difference was found in the value of the SDI
between the non-forested and forested sites, suggesting
that the Index does not detect acid impact. However, it is
important to note that despite the relatively large number
of sites sampled in this study, few of the forested sites
would be deemed impacted, based on their pH, alkalinity
or biology (especially in their absence of Ephemeroptera).
Accordingly, it might be difficult to detect such a forest

effect on the SDI.
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A negative linear relationship between pH and the SDI
was found for both non-forested and forested sites and
there was no difference in the relationship if the sites were
forested or not. Low SDI sites (i.e. well buffered) were
generally associated with high conductivities and vice
versa with no clear separation of forested and non-
forested sites in the overall pattern.

Not surprisingly, high alkalinity sites had low SDI values.
However, here again there was no clear separation of
forested and non-forested sites in the overall pattern.
Accordingly, the SDI is giving similar outcomes in terms of
sensitivity and as previously stated may not detect impact.

It was clear from the limited data available on the ANC
that the ANC values approached zero at an SDI value of
60. In terms of risk assessment, sites would fall within the
‘at risk’ category; however, some sites within an SDI value
of 50-60 lie close to zero ANC and would be considered
to be ‘probably at risk’. These figures are greater than the
value of 40 for the SDI previously reported on the limited
data set by Kelly-Quinn et al. (1999), but it appears to
represent an important threshold in relation to the ANC. In
the same way, when the SDI is plotted versus alkalinity an
SDI band of 50-60 seems to be the threshold for the
identification of sensitive sites.

In general, the SDI seemed stable in the face of flow
change compared to alkalinity and conductivity. However,
there was some evidence, at some sites, of a significant
percentage change in the SDI during high flow. Of
particular note are sites on mixed geology where low flow
is probably influenced by reach geology/soil, whereas
high flow is more influenced by watershed characteristics.
Changes in the SDI between base and elevated flow were
found to be unrelated to changes in pH, alkalinity,
hardness, calcium or sodium. The absence of clear
relationships may be in part due to the fact that the
majority of sites exhibited only small changes in the SDI.
For those sites showing stability of the Index, it is probable
that rainfall simply dilutes the base cations but maintains
the relative proportions of each.

The hydrological events were opportunistically sampled
and involved sites from both acid-sensitive and

moderately buffered areas. In general, the pattern of
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change in both alkalinity and the SDI during the monitored
events was fairly similar. As with the base and elevated
flow data, the coefficient of variation was highest for
alkalinity and least for pH and the SDI. The greatest
change in both the SDI and alkalinity occurred within the
first few hours of the event. Using the Cork site data, a
significant correlation was detected between change in
flow and change in the Index. The results overall
suggested that dilution of basic cations, particularly at the
commencement of the event, was driving changes in the
SDI.

The 237 taxa recorded in the study representing a total of
75 families, inclusive of both seasons, are broadly typical
of upland streams in Ireland and confirm that the quality
for the sites was good, in terms of EPA Q values. The
Ephemeroptera represented an increasing proportion of
the community as the SDI varied from >80 to those in the
30-40 SDI band. In contrast, Plecoptera demonstrated a
trend of increasing abundance with increasing acid
(particularly  at sites).
TWINSPAN analysis of the spring faunal data set yielded

sensitivity highly  forested
seven validated groups: those with a mean SDI of 21.6
(SDI range 7.6-59.7) depicting mostly acid-tolerant sites
(Group 7), and a second group (Groups 1-6) with higher
mean SDI values ranging from 50.1 to 74.9, largely acid-
sensitive conditions. Although these bands overlap in the
50-60 SDI range it is clear that, similar to the chemical
data, the macroinvertebrate community is showing a
broadly similar pattern of change around a threshold SDI

value of 60. Interestingly, an analysis of autumn faunal
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data for the non-forested sites yielded relatively similar
results, suggesting that this pattern may be applicable
year around.

A general trend of decreasing taxon richness with
increasing SDI was found throughout the data set in the
spring, but not for autumn data. However, there was some
variation across season and land use. For example, the
correlation with ephemeropteran richness and the SDI
was only significant for the spring period (non-forested
site data). The autumn sampling indicated the best
No
significant difference in ephemeropteran richness was

relationship with plecopteran taxon richness.
noted between SDI bands for non-forested sites but a
difference was significant for the forested sites. A
significant difference was detected between SDI bands
for trichopteran taxon richness again at non-forested site.
Significant differences were also noted in total abundance
of macroinvertebrates and Ephemeroptera along the SDI

gradient for both the non-forested and forested sites.

While the relationship between EPT and the SDI was
significant for all sites in spring and autumn and non-
forested sites in spring, for the autumn data the
relationship was significant for all sites combined. The
relationship between the SDI and C/D, a new index, was
significant for all sites combined and the non-forested
sites in both seasons. Pair-wise comparison of the C/D
values between classes suggested that C/D in SDI bands
>40 were significantly different from the values in the
lower SDI bands.
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5 Conclusions

In conclusion, based on the present large-scale study, the
SDI clearly offers a valuable and effective alternative
indicator of stream sensitivity to acidification and hence
for the assessment of possible sites for afforestation
(Cruikshanks et al., 2005). The variation in the SDI across
a range of geologies and land use and in relation to
changes in stream flow was significantly lower than found
with other indicators of sensitivity at the catchment scale.
The Index is more stable than alkalinity, in the majority of
hydrological events. However, at the beginning of
extreme events, the SDI can show some change and this
is the only stage in the hydrological event that should be
avoided. The SDI will diagnose the acid susceptibility of a
catchment or sub-catchment at base flow, whereas
alkalinity readings can sometimes indicate moderate
sensitivity (8—12 mg CaCOx3/l) at base flow. Therefore,
when used alone, alkalinity readings could allow grant aid
and increased forestry plantations on catchments, which
could be deemed acid sensitive by the SDI. There was,
however, some variation in the SDI at the individual site
scale. However, this variation seems to decline after
about 5-6 h of elevated flow, when it again shows less
variation than pH or alkalinity. It appears that a threshold

17

SDI of 50-60 is
acidification as measured by the ANC and alkalinity.

level indicative of sensitivity to

Some evidence of a response in biology across the SDI
bands was detected. TWINSPAN distinguished best
between those sites with mean SDI values >60 and those
<20; between these two extremes, the site groupings
were characterised by a mix of SDI values. However,
there were no consistent differences between the fauna
from forested and non-forested sites. Further work is
required to validate these data within each catchment in
the Water
Framework Directive. The links with the fauna will require

the context of risk assessment under

further analysis and more detailed consideration. In
particular the contribution of river typology (RIVTYPE
after Kelly-Quinn et al., 2004) may well help to elucidate
more fully the relationship between the SDI and fauna and
this may lead to the identification of indicator species,
ideally with a graded response to the SDI. Given the
errors associated with the measurement of pH, compared
to base cations, the SDI is perhaps a more reliable
measure of acid sensitivity.



R. Cruikshanks et al., 2000-LS-3.2.1-M2

References

Aherne, J. and Farrell, E.P., 2000. Acidification: Critical loads of
acidity for soils. In: Aherne, J. and Farrell, E.P. (eds) Critical
Loads and Levels: Final Report. Environmental Protection
Agency, Johnstown Castle Estate, Co. Wexford, Ireland.

Allott, N.A., Brennan, M., Cooke, D., Reynolds, J.D. and Simon,
N., 1997. Stream Chemistry, Hydrology and Biota, Galway—
Mayo Region. COFORD, Agriculture Building, UCD,
Belfield, Dublin 4.

Cruikshanks, R., Lauridsen, R., Harrison, A., Hartl, M.G.J., Kelly-
Quinn, M., Giller, P.S. and O’Halloran, J., 2005. Evaluation
of the Use of the Sodium Dominance Index as a Potential
Measure of Acid Sensitivity. Final Project Report (2000-LS-
3.2.1-M2) for the Environmental Protection Agency and the
Council for Forest Research and Development

EEA, 2000. Environmental Signals 2000. Environment
Assessment Report No. 6. Copenhagen. European
Environment Agency.

EPA, 2000. Ireland’s Environment: A Millennium Report.
Environmental Protection Agency, Johnstown Castle Estate,
Co. Wexford, Ireland.

Foster, H.J., Lees, M.J., Wheater, H.S., Neal, C. and Reynolds,
B., 2001. A hydrochemical modelling framework for
combined assessment of spatial and temporal variability in
stream chemistry: application to Plynlimon, Wales.
Hydrology and Earth System Sciences 5: 49-58.

Giller, P.S. and Malmagvist, B., 1998. The Biology of Streams and
Rivers. Oxford University Press, Oxford.

Giller, P.S. and O'Halloran, J., 2004. Forestry and the aquatic
environment: studies in an Irish context. Hydrology and
Earth System Sciences 8: 314—-326.

Giller, P., O'Halloran, J., Kiely, G., Evans, J., Clenaghan, C.,
Hernan, R., Roche, N. and Morris, P., 1997. A Study of the
Effects Of Stream Hydrology and Water Quality in Forested
Catchments on Fish and Invertebrates. An Evaluation of the
Effects of Forestry on Surface Water Quality and Ecology in
Munster. (HEIC Contract 91/304/A). COFORD, Dublin, 76.
pp.

Hill, M.O., 1979. TWINSPAN. A Fortran Program for Arranging
Multivariate Data in an Ordered Two-Way Table by
Classification of the Individuals and Attributes. Cornell
University, Ithaca, New York.

Hildrew, A.G. and Ormerod, S.J., 1995. Acidification: causes,
consequences and solutions. /n: Harper, D.M. and
Ferguson, J.D. (eds). The Ecological Basis for River
Management. John Wiley and Sons.

Hynes, H.B., 1975. The stream and its valley. Verhandlungen
der Internationalen Vereinigung fur Theoretische und
Angewandte Limnologie 19: 1-15.

Kahl, J.S., Norton, S.A., Haines, T.A., Rochette, E.A., Heath,
R.H. and Nodvin, S.C., 1992. Mechanisms of episodic
acidification in low-order streams in Maine, USA.
Environmental Pollution 78: 37-44.

Kelly-Quinn, M. and Ryan, M., 2001. COFORD Connects.

COFORD, Dublin. 4 pp.

Kelly-Quinn, M., Tierney, D. and Bracken, J.J., 1997a. A study of
the effects of stream hydrology and water quality in forested
catchments on fish and invertebrates. AQUAFOR Project.
Vol. 3 Stream Chemistry, Hydrology and Biota, Wicklow
Region. COFORD, Dublin. 92 pp.

Kelly-Quinn, M., Tierney, D. and Bracken, J.J., 1997b. A Study
of the Effects of Stream Hydrology and Water Quality in
Forested Catchments on Fish and Invertebrates, Stream
Chemistry, Hydrology and Biota, Wicklow Region. HEIC
Contract 91/304/A. COFORD, Dublin. 92 pp.

Kelly-Quinn, M., Farrell, E.P., Tierney, D., Bracken, J.J., Giller,
P.S., O'Halloran, J., Smith, C., Campbell, R., Allott, N.,
Brennan, M. and McElligott, A., 1999. The Potential
Application of the Sodium Dominance Index as a Measure
of Acid Sensitivity in Irish Rivers. Report prepared for
COFORD. Unpublished.

Kelly-Quinn, M., Dodkins, 1., Bradley, C., Baars, J.-R.,
Harrington, T., Ni Cathain, B., Rippey, B., O'Connor, M. and
Trigg, D., 2004. Characterisation of Reference Conditions
and Testing of Typology of Rivers (RIVTYPE). 2002-w-Isd/8.
Environmental Protection Agency, Johnstown Castle Estate,
Co. Wexford, Ireland.

Mitsch, W.J. and Mander, U., 1997. Remediation of ecosystems
damaged by environmental contamination: Applications of
ecological engineering and ecosystem restoration in Central
and Eastern Europe. Ecological Engineering 8:(4) 247-254.

O'Halloran, J. and Giller, P.S., 1993. Forestry and the ecology of
streams and rivers: lessons from abroad. Irish Forestry 50:
35-52.

Ormerod, S.J., Rundle, S.D., Lloyd, E.C. and Douglas, A.A.,
1993. The influence of riparian management on the habitat
structure and macroinvertebrate communities of upland
streams draining plantation forests. Journal of Applied
Ecology 30(1): 13-24.

Smart, R., Cresser, M.S., Billett, M.F., Soulshy, C., Neal, C.,
Wade, A., Langan, S. and Edwards, A.C., 2000. Modelling
water quality parameters for a major Scottish river. Journal
of Applied Ecology 37 Supplement 1: 171-184.

Smart, R.P., Cresser, M.S., Dahl, D. and Clark, M., 2003.
Assessment of the spatial heterogeneity of weathering rates
in upland catchments using the sodium dominance index
and its significance in integrated catchment management.
Proceedings of IWA DipCon 2003, 7th International
Specialised Conference on Diffuse Pollution and Basin
Management. University College Dublin, 17th-22nd August,
2003, 14-66-14-71.

Ter Braak, C.J.F, 1991. CANOCO version 3.12. Agricultural
Mathematics Group, DLO Box 100, 6700 AC, Wageningen,
The Netherlands. CANOCO is an extension of the Cornell
ecology program DECORANA.

White, C.C., Smart, R.P. and Cresser, M.S., 1998. Effects of
atmospheric sea-salt deposition on soils and freshwater in



Evaluation of the use of the SDI as a potential measure of acid sensitivity

northeast Scotland. Water, Air and Soil Pollution 105: 83— A., Ferrier, R., Neal, C., Jarvie, H. and Owen, R., 1999. A
94. novel index of susceptibility of rivers and their catchments to

White, C.C., Smart, R.P., Shutter, M., Cresser, M.S., Billet, M.F,, acidification in regions subject to a maritime influence.
Elias, E.A., Soulshby, C., Langan, S., Edwards, A.C., Wade, Applied Geochemistry 14: 1093—-1099.

19



	Evaluation of the Use of the Sodium Dominance Index as a Potential Measure of Acid Sensitivity
	ACKNOWLEDGEMENTS
	DISCLAIMER
	WATER QUALITY
	Details of Project Partners
	Table of Contents
	Executive Summary
	1 Project Background, Aims and Objectives
	1.1 Introduction
	1.2 Scale of Approach
	1.3 Objectives of the Study

	2 Site Selection and Methodology
	2.1 Site Selection
	2.2 Water Sampling and Chemical Analysis
	2.3 Biological Sampling
	2.4 Statistical Analysis

	3 Results
	3.1 Extensive Water Chemistry Survey
	3.1.1 pH and conductivity
	3.1.2 Sodium Dominance Index

	3.2. Influence of Flow on the SDI
	3.3 Biological Patterns
	3.3.1 Taxon numbers and faunal composition
	3.3.2 Multivariate analyses
	3.3.3 Relationships between SDI and faunal data


	4 Discussion
	5 Conclusions
	References

