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Abstract  

Episodic stream acidification associated with managed conifer forests in upland acid-sensitive 

subcatchments, sometimes referred to simply as ‘the forest effect’, is among the most 

scientifically complex water quality challenges facing Irish foresters and water quality 

managers today. The lack of adequate understanding of this evolving phenomenon has 

arguably stifled the emergence of a universally accepted set of mitigating management 

measures. This study addresses four general areas of the topic in which a further progression 

of understanding may advance efforts to reach a consensus on how and where to introduce or 

implement policy modifications. First, data from two previous studies are combined and 

supplemented with new data from this study and all are reanalysed to verify the existence of 

the forest effect in nearly all types of Ireland’s acid-sensitive subcatchments with substantial 

managed conifer forest cover. Second, the various mechanisms, or drivers, by which the 

streams are acidified, are explored in further detail. In contrast with the findings of studies two 

decades ago, no evidence of significant acidification effects from pollutant deposition from the 

atmosphere in the East of Ireland was found in more recent data. Third, the factors external to 

the forest potentially contributing to acidification are tested for associations with increasing 

stream acidity. In some cases, associations between stream acidity and subcatchment and 

meteorological variables were found to be the opposite of those found in studies of other 

northern European subcatchments. Finally, the question is answered in the affirmative as to 

whether such potentially causal variables, including per cent of subcatchment forested, could 

be used in regression analysis to allow geology and soil-specific forest cover thresholds critical 

to proper management of water quality to be predicted. Conclusions, some unprecedented in 

Ireland, are made about the extent of evidence for the forest effect and its associated drivers 

and the explanatory powers of potentially acidifying variables. Recommendations are offered 

consistent with continuing efforts to develop models to predict forest effect acidification at 

the subcatchment level. 
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Contribution to Knowledge 

Both the FORWATER and HYDROFOR project studies, the most immediate predecessors to this 

study, identified a number of knowledge gaps in their final reports. Among their 

recommendations were to:  

• Continue analyses of acidification-indicating water quality data from headwater 

streams in managed conifer forested subcatchments to further verify the existence of 

the conifer-associated acidification phenomenon in Ireland; and 

• Further identify and explain the mechanisms, or the key drivers, potentially causing 

acidification of headwater streams in managed conifer forested subcatchments in 

Ireland.  

The HYDROFOR study literature review and scope of work documents recognise a need to: 

• Characterise the relationships between stream acidity and the set of potential causal 

factors of stream acidification external to the managed conifer forest itself, including 

subcatchment characteristics (e.g., surface area of subcatchment) and meteorological 

conditions (e.g., antecedent wind direction). 

The author of this study, via participation in the HYDROFOR study, in conducting an original 

literature review and in assembling a unique dataset, identified another potential contribution 

to the knowledge of this topic warranting attention: 

• Answer the question as to whether stream pH in managed conifer forested 

subcatchments could be predicted with reasonable reliability, if properly resourced, 

using multivariate regression analysis with meteorological variables and/or 

subcatchment characteristics, including per cent of subcatchment forested, employed 

as independent variables.  

These four knowledge gaps are largely filled respectively via the contents of the four results 

and discussion chapters of this document. In the case of the latter three – driver identification, 

external factors associations, and predictive modelling feasibility – the contributions are made 

to what were mostly vacant knowledge bases. 
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Glossary 

Al – aluminium concentration (µg/l)   

Al³⁺ - aluminium ion concentration in microequivalents per litre 

Alk - alkalinity ion concentration in microequivalents per litre 

AlluvMIN - mineral alluvium soil 

ALT – variable for altitude at sample site in metres 

Amin - variable drained mineral soil derived from mainly acidic parent materials 

AminDW - deep well drained mineral soil derived from mainly acidic parent materials 

AminPD - deep poorly drained mineral soil derived from mainly acidic parent materials 

AminPD/PDPT - deep poorly drained mineral soil with peaty topsoil derived from mainly acidic 

parent materials 

AminPDPT - poorly drained mineral soil with peaty topsoil derived from mainly acidic parent 

materials 

AminSPPT - shallow poorly drained mineral soil potentially with peaty topsoil derived from 

mainly non-calcareous parent materials 

AminSRPT - shallow, lithosolic-podzolic type soil potentially with peaty topsoil derived from 

predominantly shallow soils 

AminSW - shallow well drained mineral soil derived from mainly acidic parent materials 

ANC – acid neutralising capacity 

AQUAFOR – a multi-institutional Irish stream quality and forestry study conducted in the 

1990’s 

BC – base cation 

BktPt - blanket peat soil 

Ca - calcium concentration (mg/l)   

Ca²⁺ - calcium ion concentration in microequivalents per litre 

Cl - chloride concentration (mg/l)   
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Cl⁻ - chloride ion concentration in microequivalents per litre 

CM - Coal Measures geology 

DAFM – Ireland’s Department of Agriculture, Food and the Marine 

DEADM - Dutch Empirical Acid Deposition Model, a water quality model 

DOC - dissolved organic carbon concentration (mg/l)   

DTM – digital terrain model 

EALK – variable for alkalinity concentration in microequivalents per litre 

EANC – variable for acid neutralising capacity concentration in microequivalents per litre 

ECHAM - European Centre Hamburg Model, a water quality model 

EDACS - Deposition of Acidifying Components in Europe, a water quality model 

EMMA - End Member Mixing Analysis, a type of ANC modelling 

EOC – variable for organic acidity (EOA) concentration in microequivalents per litre 

EPA – Ireland’s Environmental Protection Agency 

ESRI – Environmental Systems Research Institute, a California-based geographic information 

system software company 

FORWATER – a multi-institutional Irish water quality and forestry study conducted in 2007 and 

2008 

GF - Granite/Felsite geology 

GIS – geographic Information system 

H – variable for hydrogen ion concentration in micromoles per litre 

H⁺ - hydrogen ion concentration (µmol/l) 

HYDROFOR - a multi-institutional Irish water quality and forestry study conducted between 

2008 and 2016 

K - potassium concentration (mg/l) 

K⁺ - potassium ion concentration in microequivalents per litre 
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LAC - Lower Avonian/Carboniferous geology 

MAGIC - Model of Acidification of Groundwater in Catchments, a water quality model 

Mg - magnesium concentration (mg/l)   

mg/l - milligrams per litre 

Mg²⁺ - magnesium ion concentration in microequivalents per litre 

Na - sodium concentration (mg/l)   

Na⁺ - sodium ion concentration in microequivalents per litre 

NaCl – sodium chloride concentration (mg/l) 

NH₄⁺ - ammonium ion concentration in microequivalents per litre 

NH₄-N - ammonium nitrogen concentration (mg/l)   

NO₃⁻ - nitrate ion concentration in microequivalents per litre 

NO₃-N - nitrate nitrogen concentration (mg/l)   

NO₃-N – nitrate nitrogen in milligrams per litre 

O – Ordovician geology 

OA – organic acidity ion concentration in microequivalents per litre 

OLS – Ordinary Least Squares, a type on regression analysis 

ORS - Old Red Sandstone geology 

OSI – Ordnance Survey Ireland 

PCTF – variable for per cent of subcatchment forested 

PCTFmax - variable for maximum per cent of subcatchment forested without the receiving 

water falling below the 5.50 pH level 

pH – a measure of acidity/alkalinity (standard units) 

PH – variable for pH in standard units 

pHʙт - pH 5.50 threshold breach (below 5.50 pH) 
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ppm – parts per million 

Q – Quartzite geology 

R – Pearson’s Correlation Coefficient 

R² - coefficient of determination 

RAIN0 – variable for rainfall on sample date in millimetres 

RAIN2 – variable for rainfall over the two days prior to sample date in millimetres 

RAIN30 – variable for rainfall over the thirty days prior to sample date in millimetres 

RAIN7 – variable for rainfall over the seven days prior to sample date in millimetres 

S&G - Schist and Gneiss 

S.I. – Statutory Instrument, law promulgated pursuant to Irish legislation 

SA – variable for subcatchment surface area in square kilometres 

SAFE – process-based water quality model that predicts recovery of acidification in soil and 

freshwater streams 

SLPF – variable for average slope of forested portion of subcatchment in degrees 

SMART – water quality model that predicts recovery of acidification in soil and freshwater 

streams 

SO₄ - sulphate concentration (mg/l)   

SO₄²⁻ - sulphate ion concentration in microequivalents per litre 

SQ - Silurian Quartzite geology 

sq km – square kilometres 

TEMP0 – variable for average temperature on sample date in degrees Centigrade 

TEMP0H – variable for high temperature on sample date in degrees Centigrade 

TEMP0L – variable for low temperature on sample date in degrees Centigrade 

TEMP2 – variable for average temperature over the two days prior to sample date in degrees 
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TEMP30 – variable for average temperature over the thirty days prior to sample date in 
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TEMP7 – variable for average temperature over the seven days prior to sample date in 
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VIF - variance inflation factor, an index that quantifies the extent to which variance is 

increased by collinearity 

WATSUBGS – variable for waterbody/subcatchment geology and soil category 

WFD - Water Framework Directive 

WINDD0 – variable for predominant wind direction on sample date 

WINDD2 – variable for predominant wind direction over the two days prior to sample date 
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CHAPTER I. Introduction 

The impetus for the research presented in this document is an evolving issue that has gone 

unresolved amongst experts in Irish forestry and surface water quality for at least three 

decades. In question is the manner by which Ireland can best address the episodic acidification 

of headwater streams caused either indirectly or directly by managed conifer plantations, 

hereinafter referred to simply as ‘the forest effect’. The objectives of this research were to: 

• Show the magnitude of the forest effect phenomenon in Ireland from empirical 

evidence; 

• Progress the understanding of the nature by and extent to which each of the 

respective conifer forest processes or ‘drivers’ contribute to stream acidification;  

• Present data-based findings on the extent to which each of the potentially influencing 

meteorological variables and characteristics of the subcatchment affect stream acidity; 

and  

• Explore empirical modelling as a means of formulating the findings of evaluations of 

remedial alternatives so that they might more easily be incorporated into an analysis 

of marginal effectiveness and costs of alternative combinations of mitigation 

measures.    

This first chapter begins with a section that provides the background information needed to 

fully understand the context within which this research effort has been undertaken. The next 

section further clarifies the limits of this study’s scope. The chapter concludes with a detailed 

explanation of the document’s contents.   

A. Background 

This section aims to communicate some general points critical to fully comprehending the 

larger context of the forest effect issue and the manner by which this research project 

contributes toward progressing its understanding: 

• In response to centuries of dramatic deforestation, the Irish Government is 

aggressively implementing a policy that promotes afforestation of agricultural lands 

and reforestation of lands with acidic soils; 

• Managed conifer plantations can contribute to the degradation of certain aquatic 

ecosystems by acidifying streams to non-natural levels; 

• Notwithstanding multiple pieces of conflicting legislation and policy guidance 

documents that, when considered alone, suggest something to the contrary, the Irish 
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Government’s policy, when taken as a whole, is to incentivise or coerce holders of 

lands with acidic soils to maximise economic efficiency in the use of these lands; 

• In determining whether and how a clearfelled conifer forest stand will be replanted, 

the relevant authorities must make judgements in the absence of essential 

information on the entire sphere of internal and external costs and benefits associated 

with the various combinations of marginal measures to mitigate the acidification of 

the forest’s receiving waters;   

• Unlike discrete operations such as clearfelling or windrowing that can cause stream 

acidification, the forest effect results from multiple long-term interrelated processes in 

the atmosphere, subcatchment, and receiving stream, and this complicates immensely 

any experimental technique employed to evaluate its source-pathway-receptor 

relationships; 

• Although findings are available to estimate the extent to which a wholly replanted or 

afforested conifer forest stand on one of three geologies will change the acidity of the 

receiving stream to which it drains, this information is not in a format that can be 

readily integrated into the type of analysis needed to assess the relative effectiveness 

of alternative combinations of mitigation measures and the marginal costs to other 

stream users of foregoing these measures. 

1. Evolution of Irish Forestry 

When people first arrived in Ireland over 9,000 years ago, the landscape was blanketed with 

forests, and oak was the dominant tree (Little et al., 1997). Pine forests were limited to the 

lower slopes of some upland areas. Neolithic farmers arrived roughly 3.3 millennia later and 

began the process of clearing Ireland’s natural native woodlands for tillage and pasture. This 

process continued into the 17th century, at which time industrial-era activities such as ship 

building and smelting, coupled with the rising fuel and shelter demands associated with a 

sharp increase in population on the island, had the effect of greatly accelerating the rate at 

which Ireland’s indigenous trees were harvested. By the beginning of the 19th century, only a 

little over 130,000 hectares (less than 1% of total land area) of forest plantations remained in 

Ireland (Renou and Farrell, 2005) (Little et al., 1997).  

By the beginning of the 20th century, Ireland’s forested land had risen to 310,000 hectares 

(1.5% of total land area) due to afforestation incentives aimed primarily at the island’s large 

estate landlords. After the creation of the Irish Free State in 1922, the Irish government 

initiated a formal afforestation programme, but due to priorities to ensure an independent 

and adequate food supply, land that was ‘fit for agricultural purposes’ was excluded from the 
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programme. The effect of this was to direct afforestation to base-poor soils, and since non-

indigenous conifer species, in particular, grow so efficiently in these soils, conifer plantations 

began to dominate the Irish forest landscape (Renou and Farrell, 2005). 

It wasn’t until the Forestry Act of 1946 came into force that modern afforestation objectives 

(25,000 additional hectares of afforestation per year) were set and supported in earnest with 

government policy. But the national policy did not incentivise the replanting of oak woodlands 

(Bullock et al., 2012). As a result of this deforestation and reforestation evolution, semi-natural 

oakwoods occupied less than 1% of Ireland’s total land area at the turn of the 20th century 

(Little et al., 1997).   

The Irish Forest Service’s most recent estimate of the national total percentage of land area in 

forestry is 10.8% (DAFM, 2014). More than half of that is in public ownership via Coillte. Three 

quarters of this forestland is comprised of less than 30 year old conifers. Only 61,500 hectares 

of land is populated with broadleaf species, which represent a quarter of the total forestland 

area but still less than 1% of the country’s total land area (Forest Service, 2014).  

Given that Ireland’s forest cover is the lowest in the European Union (EU), and given the poor 

suitability of peatlands and other acidic soils for agriculture or for cultivating hardwoods 

(Renou and Farrell, 2005), there is significant political pressure to replant lands currently under 

forest cover. In fact, the Irish Government’s clearly stated main forestry policy focus is “to 

increase the level of annual afforestation to 15,000 ha” (DAFM, 2014). Adding to the pressure 

to attain large increases in net forest cover are other Irish policy objectives that depend upon 

achieving the afforestation goal, including creating greater rural employment, meeting the 

2020 carbon dioxide sequestration goals under the Kyoto Protocol, and improving upon 

Ireland's ability to expand upon its renewable energy production in line with the legally-

binding 16% renewable energy 2020 target under the EU Renewable Energy Directive (DAFM, 

2014). 

2. Efficient Use of Lands with Acidic Soils 

Although it may not be immediately apparent how the evolution of land use on base-poor soils 

in Ireland relates to stream acidification, the two are inextricably linked. Ireland’s past political 

economy transformed its vast expanses of natural hardwood forestlands into a patchwork of 

plantations dominated by non-indigenous conifers grown mostly on peatlands and acidic 

mineral soils. In more technical public policy parlance, stream acidification in Ireland is thus 

not a natural phenomenon but rather an unintended consequence of market failures 

associated with over-harvesting hardwoods and subsequent government interventions to 
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correct for the externalised costs by incentivising the afforestation and reforestation of 

conifers on acidic soils.  

The ultimate question this research is being undertaken to answer relates to these 

government interventions, and it is as follows: Is cultivating conifer forests on acidic soils in 

Ireland an economically efficient use of these lands? This question can be put another way if 

the premise is accepted that the Irish Government’s goal is to achieve the ‘economically 

efficient’ use of these lands: Should afforesting or replanting conifers on acidic soils be 

marginally incentivised or restricted by the Irish government?  

Given a proper interpretation of the term ‘economically efficient’, neither this nor any other 

single research endeavour of this scale can provide the answer to this fundamental question. 

This is because quantitative empirical observations of timber markets include mostly revenues 

on the benefits side, and they typically only include subsidies and production costs on the 

costs side. A proper assessment of the economic efficiency of creating or retaining lands in this 

type of commercial forestry land use would include monetised estimates of non-market or 

externalised costs such as those caused by impairments to aquatic ecological function due to 

conifer-induced acidification, which can translate into financial costs such as lost profits in the 

commercial and recreational fishing industries. Further, if an alternative product yielded from 

the same land, one that is traded in markets such as perhaps hardwood timber, would have 

had a higher total profit yield than that of conifer timber over a set time period, an 

opportunity cost would be counted. It would equal the difference between the conifer timber 

profit and the higher hardwood timber profit. 

Of course, equally important in such an assessment would be the inclusion of monetised 

estimates of benefits external to the timber market, such as the values these forests have in 

filtering pollutants from agricultural and urban runoff, providing terrestrial wildlife habitat and 

recreation opportunities, mitigating flood risks, and fixing carbon pursuant to addressing 

global climate change.  

The point of putting Irish managed conifer afforestation and replanting into the larger and 

arguably the only ultimately relevant context of economic efficiency of land use is to highlight 

the fact that the benefit of market profitability of conifer timber and the cost associated with 

damages to aquatic ecosystems from acidification are only two respective dimensions of an 

issue comprised of many other critical cost and benefit dimensions that warrant consideration. 

An analysis about whether or how to amend Irish policy to further incentivise or restrict 

(re)planting of managed conifers on acidic soils would be on a much larger scale than the 

analysis presented here. 
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The point that stream acidification by managed conifers is only potentially one among other 

(re)forestation costs, and only relevant to policymaking when analysed in the full context of 

(re)forestation benefits, is one that has arguably in recent years been somewhat overlooked. 

The reason for this is that the information available to policymakers has consisted mainly of 

conflicting language from competing legislation and piecemeal analyses of forestry revenues 

and national land coverage on the benefits side and non-monetised damages from stream 

acidification on the cost side.  

For instance, the Forestry Act of 1946 requires that afforested peatlands be replanted 

subsequent to felling without specified exceptions in relation to stream acidification (Renou 

and Farrell, 2005) (Forest Service, 2012). In contrast, Irish Statutory Instrument (S.I.) 722/2003 

effectively stipulates that if stream acidity is higher than natural levels due to anthropogenic 

sources, restoration to natural levels is required unless it can be demonstrated that the cost of 

doing so is in excess of the benefits that will be derived from the remedial measure(s). Given 

the evidence presented in past research of conifer-related stream acidification in Irish forested 

subcatchments with acidic soils, and in the absence of requisite cost-benefit findings, 

implementation of S.I. 722/2003 is in conflict with implementation of the Forestry Act of 1946.  

Ireland’s answer to this has been to publish guideline and policy documents that encourage 

wide-scale afforestation and reforestation on acidic soils on the one hand, whilst on the other 

hand committing to proceeding with forestry applications posing acidification risks only in 

consultation with the relevant Regional Fisheries Boards and Local Authorities (Forest Service, 

2000).  Essentially, the Irish Government’s policy regarding stream acidification from managed 

conifer plantations is to allow the Forest Service to make case-by-case judgements on which 

lands can be afforested, and to defer to the Minister of Agriculture on whether or not a felling 

license should have a replanting condition attached to it exempting the felled plot from being 

replanted (Forest Service, 2012). 

The 2014 final report from Ireland’s Forest Policy Review Group states that Ireland’s strategic 

goal with respect to forestry is to “develop an internationally competitive and sustainable 

forest sector that provides a full range of economic, environmental and social benefits to 

society and which accords with the Forest Europe definition of sustainable forest 

management” (DAFM, 2014). Put more succinctly, Ireland’s objective is to utilise its current 

and future potential forestlands, including its peatlands and other lands with acidic mineral 

soils, in an economically efficient manner – i.e., one that maximises their net benefits to Irish 

society. The obvious problem with this is that the individuals ultimately charged with taking 
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decisions on whether to afforest or replant these lands at the risk of acidifying streams are not 

equipped with the full suite of information required to make such judgements.  

The research presented in this document offers natural scientific findings in a format that can 

be perhaps more easily fed into an analytical process of monetising the non-market costs 

associated with conifer-induced stream acidification to support proper decision making. 

3. Stream Acidification by Conifer Plantations 

The findings of this research project, consistent with those of its predecessors, indicate that 

the acidification phenomenon generally coincides in time with flood conditions in streams 

rather than appearing during dry periods with low streamflow. Thus the forest effect in Ireland 

is generally ‘episodic’ rather than ‘chronic’. Davies et al. (1992) offer a definition of the term 

episodic acidification: 

“… the process by which lakes and streams experience a short-term decrease of acid 

neutralising capacity (ANC), usually during hydrological events (transient increases in 

discharge) and over time-scales of hours to weeks. An ‘episode,’ then, is any short-term 

decrease of ANC, and an ‘acidic episode’ is an episode in which ANC falls below zero 

microequivalents per litre.” 

In addition to occurring with temporal specificity, the forest effect in Ireland has also been 

shown to occur almost exclusively in low-order upland stream segments in subcatchments 

underlain with peatland or acidic mineral soils (Kelly-Quinn et al., 2008). Such subcatchments 

have come to be referred to by forestry and water quality managers and researchers as ‘acid-

sensitive’ areas. Forest Service (2000) sets out the criteria by which acid-sensitive areas in 

Ireland are designated: 

• the aquatic zone is part of a recognised salmonid fishery and is a spawning, nursery or 

angling area, and 

• the geology is base-poor, and 

• in water samples taken regularly between 1st February and 31st May, either 

- pH readings are equal to or less than 5.5, or 

- water hardness, in mg calcium carbonate/litre, is less than 12, or 

- water alkalinity, in mg calcium carbonate/litre, is equal to or less than 10. 

As late as the early 1990s, scepticism persisted that a forest effect from conifer forests was a 

true phenomenon because most studies to that time had failed to incorporate the full range of 

geologies, soils, topographical characteristics and deposition loading levels. The 
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comprehensive study of 113 Welsh catchments by Ormerod et al. (1989) was an exception, 

though, and as these results showing the relationships between forest cover and pH (and 

aluminium) were considered, agreement on the existence of a forest effect became nearly 

unanimous amongst most experts (Water and Jenkins, 1992). 

Inorganic aluminium, hydrogen ion concentrations and calcium ion concentrations are the 

primary factors affecting biological responses to acidification (Brewin et al., 1996). Also, an 

acid neutralising capacity (ANC) value less than zero, which roughly coincides with a pH of 

5.50, is considered by critical load assessors in the United Kingdom as a threshold for 

ecosystem damage (Chapman et al., 2008). Forest Service (2000) sets out the physio-chemical 

and biological criteria for characterising an Irish stream as acidified, and included are the 

respective authorising statutory instruments for each criterion: 

• Total aluminium critical limit: 0.2 mg Al/litre (S.I. 81 of 1988); 

• Labile monomeric aluminium critical limit: 0.04 mg Al/litre (S.I. 293 of 1988); 

• pH between 5.5 and 8.5 (S.I. 294 of 1989); 

• Macrophytes (lakes) critical limit: Presence of Lobelia and Isoetes spp.; 

• Macroinvertebrates critical limit: Presence of several specimens of any or all of the 

following: Baetis rhodani, Gammarus spp., Caenis spp., Centroptilum luteolum and 

Cloeon spp. (Raddum,1999); 

• Fish critical limit: Presence of 0+ salmonids. 

The accumulation of over three decades of research from study sites in the United Kingdom, 

Scandinavia and Ireland provide a preponderance of evidence for the occurrence of episodic 

stream acidification in the acid-sensitive subcatchments of Northern Europe. Most of these 

earlier studies, such as Laudon and Bishop (1999), found that episodic acidification of streams 

is typically a result of a combination of multiple phenomena within the stream’s 

subcatchment, including: 

• air pollution and sea salt deposition;  

• drainage of organic acids and leaching of mineral acid anions; and  

• depletion and dilution of base cations.  

It is important to note that all of these episodic acidification drivers are induced by 

precipitation and resulting flood waters and can occur in naturally forested and unforested 

subcatchments as well as in those populated with managed conifers. But there is also 

overwhelming evidence that conifer stands, as compared with moorlands and to a lesser 

extent native woodlands, can escalate these stream acidification processes. 
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Nisbet and Evans (2014) show that conifer stands can exacerbate these processes through at 

least six somewhat distinct but sometimes interrelated mechanisms or drivers: 

1. creating additional surface area and turbulent air mixing via tree needles, which causes 

scavenging of nitrogen and sulphur air pollutants;  

2. creating additional surface area and turbulent air mixing via tree needles, which  

magnifies sea salt deposition;  

3. consuming soil water via root uptake and increasing runoff via modified drainage, 

thereby drying soils and increasing oxidation of soil organic matter and sulphides;  

4. contributing to a larger top layer of acidic soil via the canopy’s additions of litterfall, 

which further acidifies stream-bound infiltrating soil water;   

5. removing base cations from stream-bound soil water via uptake by expanding tree 

roots; and  

6. diluting base cations via decreasing drainage water residence times due to 

modifications of drainways installed during planting. 

Aquatic ecological effects of stream acidification associated with conifer forests include 

diminished numbers and size of fish and macroinvertebrate populations and obstructed 

primary production (Ormerod et al., 1991). More specifically, as explained by Feeley (2012), 

primary producer assemblages in streams subjected to the forest effect tend to be diminished 

rather than eliminated and tend not to be affected directly by elevations in hydrogen ion 

concentrations but rather the high inorganic aluminium and carbon concentrations and low 

phosphorus that often coincides with low pH. Canopy shading in the forests also limits the 

amount of sunlight available to the photosynthetic organisms.  

Fish species in these environments are primarily affected by the higher levels of inorganic 

aluminium that coincide with elevated hydrogen ion concentrations. Impacts extend from eggs 

through developmental stages and into adulthood. Depending on the concentrations of 

inorganic aluminium and the species and life stage of the exposed fish, the toxicity can cause 

immediate mortality, developmental impairment or migratory redirection (Kelly-Quinn et al., 

1993) (Baker et al., 1996) (Ikuta et al., 2001). 

As compared with primary producers and fish, research into the forest effect’s impacts on 

benthic macroinvertebrate fauna is relatively extensive (Feeley, 2012). Affected streams 

commonly have diminished or eliminated populations of acid-sensitive taxa, including 

Ephemeroptera and Trichopteran species and certain crustaceans and molluscs (Sutcliffe and 

Hildrew, 1989). Elevations in both hydrogen ion concentration and associated inorganic 

aluminium concentration have been shown to inhibit these acid-sensitive species’ populations 
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in favour of more acid-tolerant species such as nemourid stonefly species. The species 

imbalance that is induced by the forest effect can alter the food web in these streams, which 

itself changes the extent to and nature by which stream-bound leaf litter is shredded and 

filtered by macroinvertebrates and decomposed by microbes (Jonsson et al., 2001). 

As noted previously, the ecological impacts from episodic stream acidification described here 

are not unique to subcatchments populated with managed conifer stands. Managed broadleaf 

forests and even mixed-species native woodlands can scavenge atmospheric pollutants and 

sea salts and can exacerbate anion surpluses and base-cation deficits. But there is evidence 

that indicates monoculture conifer stands acidify streams more than broadleaf-conifer-mix and 

exclusive-hardwood stands and of course more than native woodland plots and moorlands. 

For instance, Ovington (1953) compared the soil pH under several different conifer and 

hardwood species and concluded that, in general, conifers acidified upper soils to a greater 

degree than hardwoods. Follow-on studies stressed the importance of local conditions in such 

comparisons (Howard and Howard, 1984). Ormerod et al. (1989) report that general reviews 

indicate sulphate and chloride deposition can be increased by up to 150% by conifer forest 

canopies as compared with moorland. Sodium and aluminium are also relatively highly 

elevated by conifer canopies. Conifers have also been shown to consume more water than 

other tree species and shorter vegetation via evaporation losses. This is attributed to their 

greater aerodynamic roughness that enhances interceptive losses (Robinson et al., 2003). 

In considering the multitude of source-pathway-receptor relationships inherent in episodic 

stream acidification by conifers, it should become apparent that the forest effect is among the 

most complex water quality problems for managers and researchers to diagnose and 

ultimately remediate.  

First, the pollution source – the managed conifer stand – can acidify streams both indirectly 

and directly via at least six somewhat distinct processes or drivers (albeit these six can be 

interrelated). Arguably, the conifer stand is a mere pathway rather than a source in cases of 

nitrate and sulphate deposition from agricultural, transportation and industrial sources. 

Further, at least 13 impacting pollutants are measurable in streams as indicators of affecting 

acidification drivers (i.e., pH, aluminium, ammonium, alkalinity (acid neutralising capacity), 

nitrate, chloride, sulphate, dissolved organic carbon, organic acidity, sodium, potassium, 

magnesium, calcium).  

Second, the pathways these pollutants take as they move from source to receptor traverse air, 

land and water. There are at least four relevant atmospheric pathway variables: temperature, 
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precipitation, wind speed and wind direction. There are also at least 11 additional 

subcatchment characteristics that are pathway variables, including:  

• percent of subcatchment forested 

• percent of subcatchment with open canopy (immature forest) 

• percent of subcatchment with closed canopy (mature forest) 

• predominant tree species in subcatchment 

• slope of forested portion of subcatchment 

• subcatchment altitude 

• subcatchment primary geology 

• subcatchment primary soil 

• streambed/riparian primary geology 

• streambed/riparian primary soil 

• stream flow 

Depending on the driver(s) causing the acidification, forested parcel aspect and length of tree 

line exposed to unimpeded weathering can also be critical land-based pathway variables. 

Third and finally, receptors that can be evaluated for acidification impacts include multiple fish 

and benthic macroinvertebrate species and various species of aquatic vegetation. 

Identifying a stream that has been subjected to the forest effect can be done rather simply by 

measurement of stream pH and/or acid neutralising capacity and identification of tree species 

in the stream’s subcatchment. But making a definitive determination of the forest effect that 

specifies only the relevant drivers and influencing pathways and only the receptor responses 

caused by these drivers and pathways is a much more formidable task. The more difficult latter 

of the two diagnostic processes is the one that unfortunately is a necessary prerequisite to 

making a determination of how best to prevent or remediate the stream acidification. 

4. Stream Acidification Mitigation Measures 

Measures to mitigate episodic stream acidification generally include (Forest Service, 2012): 

• abating acidifying air pollutants at their source; 

• prohibiting or limiting afforestation or replanting; 

• mixing or replacing conifer stands with broadleaf species; and 

• supplementing base cation supply in soils via application of lime, ash or fertilisers. 
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Like the United Kingdom and other European countries, Ireland’s stream acidification 

reduction objectives are principally laid out in the United Nations Economic Commission for 

Europe’s Gothenburg Protocol of 1999 regarding source reductions to meet waterbodies’ 

critical load limits and the water quality standards required by the Water Framework Directive 

(Kernan et al., 2010). 

Pursuant to the European Union Water Framework Directive and Ireland’s statutory 

instruments ratified in transposition to it, namely S.I. 722/2003, the Irish Government is 

charged with the task of identifying the most cost-effective combinations of these measures 

available to reduce or prevent stream acidification such that the pH and aluminium 

concentrations in any given impaired or at-risk stream are at levels consistent with their 

natural conditions. As previously mentioned, streams in acid-sensitive subcatchments are 

considered acceptable in this regard when their pH is greater than 5.50 and their labile 

monomeric (inorganic) aluminium is less than 0.04 mg/l. Further, the Forest Service will only 

consider licensing a parcel of land to be afforested in an acid-sensitive area if the site run-off 

water has a minimum alkalinity value of greater than 8.00 mg/l calcium carbonate equivalents 

(Forest Service, 2012) (Forest Service, 2011).  

The enormity of the task of identifying the most cost-effective combinations of measures is 

apparent given a proper interpretation of the term cost-effective - the least-cost means of 

achieving some pre-specified objective, in this case a stream pH of greater than 5.50 and a 

stream labile monomeric aluminium value of less than 0.04 mg/l. There are biological metrics 

that serve as regulatory benchmarks as well, but these do not form part of this study.  

Thus, for each stream shown to have, or be at risk of having a pH value of less than 5.50, an 

analysis of the marginal effectiveness of each of the four types of measures, listed above, at 

elevating stream pH must be conducted. Ideally, such an analysis of one of the measures 

would show a graduated spectrum of the measure’s implementation with coinciding increasing 

stream pH values. For instance, for a replanting restriction measure, a series of values for per 

cent of subcatchment under conifer forest might be listed with a corresponding series of 

predicted stream pH values at each level of the reforestation. Matched to each of these per 

cent of subcatchment forested values could be estimates of the direct cost of each degree of 

replanting restriction. Those marginal cost estimates would equal the discounted (for time) 

profit that would be forgone at each reduced level of replanting. This exercise would produce a 

marginal cost curve for the replanting restriction measure. It is a marginal analysis in that it 

gives escalating cost estimates at increasing levels of replanting restriction.  
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If similar marginal cost curves are generated for each of the other three types of measures, the 

information from the four cost curves taken together in a constrained cost-minimisation 

calculation – where the constraint is a level of combined measure effectiveness that yields a 

stream pH of 5.50 or higher – could theoretically reveal the specific combination of one, some, 

or all of the four measures that minimises the cost of achieving the degree of de-acidification 

effectiveness commensurate with maintaining a 5.50 stream pH. 

In practice in Ireland, such a rigorous cost-effectiveness analysis is extremely unlikely to be 

undertaken in the foreseeable future due mainly to the current lack of data needed to perform 

the calculations. In fact, most of the forest effect mitigation measure research in Ireland to 

date has been structured to identify a ubiquitous threshold (or geology-based thresholds) of 

subcatchment per cent forest cover above which the forest effect is likely to occur. The results 

of this research suggest that the presumed specific binary threshold does not exist, but do 

establish a relationship between the relevant variables and acidity which can be used as part 

of a larger cost-effectiveness analysis with other measures (e.g., species mixing) and with 

varying levels of implementation for each measure (e.g., program of measures with 50% 

replanting restriction and 25% hardwoods replacement requirement).  

There is arguably merit in exploring research methodologies designed to inform the process of 

prescribing mitigation measures to address the forest effect that are at least congruent with 

the ultimate requisite regulatory objective of identifying cost-effective programmes of 

measures (e.g., conducting a marginal effectiveness analysis in which stream pH values are 

predicted based in part on the per cent of replanted forest in the stream’s subcatchment). 

There are at least two other relative advantages of pursuing this kind of marginal effectiveness 

analysis in addition to the fact that the results are usable in a broader cost-effectiveness 

analysis. 

First, the utility of the results is not dependent upon the existence of a ubiquitous per cent 

forest cover threshold. And second, the method is not premised on and thereby constrained 

by the assumption that a single program of measures will be commonly optimal to all 

subcatchments nationwide or even all subcatchments of a certain category (e.g., geology type 

or region). It is important to note in this regard that findings on the influence of pathway 

variables to date, including those presented in this document, and the high variability of these 

influencing factors amongst Irish subcatchments, indicate that a single threshold of 

subcatchment per cent forest cover common to all Irish subcatchments, or even to relevant 

geology types, seems unlikely to emerge from further enquiries of this nature. Similarly, these 

findings indicate that a single mitigation measure, or even a single combination of mitigation 
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measures, is not likely to emerge from more rigorous analyses as the commonly optimal 

solution to the forest effect problem across all subcatchments or even across any one category 

of subcatchments. 

These advantages are important in considering the current posture of the Forest Service with 

respect to addressing the forest effect. The Forest Service management and policy documents 

do not communicate any intention to address the forest effect with liming or other kinds of 

soil buffering, nor is there any mention of targeting sources of acidic air pollution exclusively 

for the purposes of mitigating conifer nitrogen and sulphur scavenging. The Forest Service has, 

however, expressed intent to more frequently mix monoculture conifer stands with broadleaf 

species upon afforesting and replanting. So it would appear the two measures that are being 

considered at licensing are the planting restriction and species mixing measures. Since neither 

of these measures are likely to be implemented wholly (i.e., planting prohibition or species 

replacement), the effective forest effect remediation strategy of the Forest Service would 

seem to be deducible to some degree of planting restriction or broadleaf mixing, or some 

degree of both in tandem. For the selection of implementation levels to be cost-effective, a 

method of estimating the marginal effectiveness of each in mitigating the forest effect is 

essential.  

B. Scope of Study 

The scope of this research project is limited to the examination of acidification-indicating 

hydrochemical data on a set of 909 grab samples from 268 streams in Ireland taken between 

2007 and 2011, along with the atmospheric data coinciding with these samples and the 

physiological subcatchment characterisation data associated with these sites. More 

specifically, these hydrochemical data are a compilation of samples taken from 2007-2008 as 

part of the FORWATER study and those taken from 2009-2011 under a work package of the 

HYDROFOR study. To allow proper interpretation of these data, the associated atmospheric 

data and the bulk of the subcatchment data required for the analyses done here were 

generated as original outputs of this research project. 

The data from which this study is drawn are extensive in some respects; however they are not 

comprehensive in covering all aspects of the topic. The following important elements of the 

broader forest-related stream acidification topic lay outside of the scope of this work, as no 

data related to them are included in this project’s dataset: 

• Forestry operations, such as planting and felling; 

• Mitigation measures, such as species mixing and liming; 
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• Receptor metrics other than acidification-indicating hydrochemical parameters 

included in the project’s dataset, such as all measurements of biological response 

and labile monomeric aluminium concentrations; 

• Water bodies other than low-order streams, such as lakes and lowland rivers; 

• Subcatchments not populated with conifer forest and not on acid-sensitive 

geology and soil combinations; and 

• Applications of empirical models to subcatchments outside of the Republic of 

Ireland. 

1. Research Objectives 

The following are the objectives of this research project: 

1. Consolidate, normalise, refine and supplement data from the FORWATER and HYDROFOR 

projects to create a single best-available dataset on stream acidification in conifer forested 

subcatchments in Ireland. 

2. Generate a best-available set of findings on whether managed conifer forests contribute to 

upland episodic stream acidification in acid-sensitive subcatchments in Ireland. 

3. Create the first comprehensive assessment of forest-induced stream acidification drivers in 

Ireland. 

4. Determine for the first time in recent years the extent to which subcatchment 

characteristics and atmospheric conditions affect stream acidification in conifer forested acid-

sensitive subcatchments in Ireland. 

5. Explore the issue as to whether subcatchment characteristics and atmospheric conditions 

data such as those employed in this research effort could be used to predict stream 

acidification in Irish subcatchments (if adequately resourced), thereby making results from 

mitigation measures evaluations usable in marginal cost-effectiveness analysis for their 

implementation under the Water Framework Directive.  

2. Research Questions 

The following are the questions this research aims to address: 

Research Question IV: Where is there evidence that managed conifer forests acidify upland 

Irish streams in acid-sensitive subcatchments? 
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Research Question V: Where is there evidence of managed conifer forest-induced acidification 

drivers in Irish acid-sensitive subcatchments? 

Research Question V.A.1: Where is there evidence that pollutant deposition is a driver? 

Research Question V.A.2: Where is there evidence that marine ion deposition is a driver? 

Research Question V.B.1: Where is there evidence that soil drying is a driver? 

Research Question V.B.2: Where is there evidence that litterfall decomposition is a driver? 

Research Question V.B.3: Where is there evidence that base cation uptake is a driver? 

Research Question V.B.4: Where is there evidence that base cation dilution is a driver? 

Research Question VI: How are factors apart from the presence of the managed conifer forest 

itself associated with acidification of upland streams in acid-sensitive subcatchments in 

Ireland? 

Research Question VI.A: Are there associations between subcatchment characteristics and 

stream acidification and between atmospheric conditions and stream acidification in upland 

managed conifer forested subcatchments on each of the three predominant streambed/ 

subcatchment geologies? 

Research Question VI.B: Is there an association between wind and stream acidification in 

upland managed conifer forested subcatchments in the East, South and West Regions of 

Ireland? 

Research Question VII: If properly resourced, could (Ordinary Least Squares (OLS) linear 

regression models, inclusive of per cent forest cover as an independent variable, be used to 

predict stream pH in upland managed conifer forested subcatchments on each of the 

predominant streambed/subcatchment geologies and in the East, South and West Regions of 

Ireland? 

C. Contents of Document 

Following this introduction are six multi-section chapters followed by a chapter offering bullet-

pointed final conclusions and recommendations. The document ends with a list of references 

and a series of appendices. 

The first of the six multi-section chapters is a literature review. Following the introduction to 

the review itself, a summary of the literature consulted in this endeavour, organised by the 
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various acidification drivers, is provided. The first set of drivers addressed consists of pollutant 

and sea salt deposition, or in other words acidification enhancers (as opposed to direct sources 

of acidification). The other set of drivers of episodic stream acidification from managed conifer 

plantations in Ireland are direct sources. They include soil drying, litterfall decomposition, base 

cation uptake and base cation dilution. A review of literature on these drivers concludes this 

chapter.  

The next chapter describes the methods employed in this research. After describing and 

showing a map of the study site subcatchments, a detailed accounting of the data used in the 

study is provided with explanations of how those data were ascertained. The next section of 

the methods chapter shows the calculations done to produce the study’s results. Regression 

modelling techniques and outputs follow. Finally, comments on the manner in which the 

results are presented in this document conclude the methods chapter. 

Following the chapter describing methods are four chapters of respective sets of results and 

associated discussions. The first of these chapters covers findings on the evidence of the 

extent to which the stream acidification forest effect is present in Ireland and the areas in 

which it is most prevalent. The following chapter details the findings of a more specific and 

systematic inquiry into the different mechanisms or drivers of managed conifer induced 

episodic stream acidification. Following on from the drivers inquiry is a chapter explaining the 

relationships between water quality indicators of acidification and subcatchment and 

meteorological variables. The final section of results and discussion shows a series of linear 

regression models with stream pH as a dependent variable and various combinations of 

subcatchment characteristics and meteorological conditions as independent variables. 

The document concludes with a series of appendices, including a description of the sample 

sites and the full outputs of several regressions. The final appendix lists the publications to 

which the author of this document contributed that were completed in tandem with this 

project and that are related to its themes. 
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CHAPTER II. Literature Review 

A. Introduction 

The two most recent literature reviews completed on episodic stream acidification associated 

with managed conifer forests in Ireland, Johnson et al (2008) and Feeley et al. (2010), were 

presented in a pressure-pathway-receptor format. These reviews concentrated on 

investigating the ultimate receptors of acidifying pollutants. In contrast to this, the research 

reported here focuses on the sources and the pathways through which these pollutants move. 

In addition, here, empirical models are developed to predict episodic stream acidification in 

conifer-forested Irish subcatchments. The structure of the literature review in this document 

thus reflects this more specific objective. 

This review’s introduction section starts by summarising the findings of the three main 

forerunner studies to this research (AQUAFOR, FORWATER and HYDROFOR) and is followed by 

an overview of current knowledge about the main factors influencing acidification in Ireland. 

The introduction concludes with an explanation of the six main drivers of the forest effect.  The 

following two sections first detail the literature on the two drivers that merely enhance the 

forest effect, which are the two about which most has been written.  Then reviewed are 

publications on the four drivers that directly cause the forest effect, respectively. This is 

followed by an overview of water quality models for predicting or explaining stream 

acidification in conifer-forested subcatchments, with special emphasis on spatially-based (GIS) 

empirical regression models that use characteristics of the subcatchment and meteorological 

data to formulate independent variables. The review concludes by identifying the knowledge 

gaps that require further research.  

1. Forerunner Studies 

There have been three large-scale river and stream water acidification studies in Ireland with 

specific reference to potential effects from conifer forests. The first, the AQUAFOR study, was 

a continuation of a smaller study of 25 poorly buffered subcatchments in Connemara and 

South Mayo (Allot et al., 1990). This smaller scale effort’s findings were consistent with results 

reported in Bowman (1986) and Bowman (1991), who concentrated on the acidification of 

lakes in Ireland. He reported a relationship between evergreen forest cover and surface water 

acidification, attributable, in part, to scavenging from the air of industrial pollutants from fossil 

fuel combustion. Allot et al. (1990) reported a relationship between upstream forest cover and 

elevated concentrations of hydrogen ions (i.e., decreases in pH), labile monomeric aluminium, 
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non-marine sulphate and dissolved organic carbon concentrations. Episodes of acidification 

from sea salt aerosols associated with severe storms were also reported in Allot et al. (1990).  

Building on the results of the AQUAFOR study and a number of less comprehensive studies 

conducted between 1992 and 2006, the FORWATER study commenced in 2007 and was 

followed up most recently with the HYDROFOR study, which concluded in 2015. The three 

studies are described in detail in the proceeding three respective subsections. 

a. The AQUAFOR study 

In the early 1990s, and in response to growing concerns about stream acidification and the 

potential contributing role of managed conifer forests, the water quality and aquatic biota of 

streams in forested and control subcatchments in the west of Counties Galway and Mayo, the 

Wicklow Mountains and throughout Munster were intensively monitored. These regions were 

chosen as they are characterised as acid-sensitive due to the relatively poor buffering 

capacities of their specific geology and soil combinations. The study concluded that deposition 

of acidic atmospheric pollution from industrial sources was the prevailing driver of stream 

acidification in the Wicklow Mountains and to a lesser extent in Galway-Mayo, where sea-salt 

deposition was also a driver. Water quality in the Munster subcatchments, subjected mainly to 

agricultural sources of atmospheric acidification, showed little evidence of acidification 

impacts (Farrell et al., 1997). 

The strongest evidence for the acidification effects of Irish conifer forests was produced in the 

analysis of water quality results for a subset of naturally acidic sites in the Wicklow Mountains. 

The relationship between per cent forest cover and hydrogen ion concentration at these sites 

was strong with an r² = 0.77 (Kelly-Quinn et al., 1996). Attribution of acidification due to 

canopy scavenging of airborne nitrogen and sulphur was based on the correlations between 

prolonged easterly air flows and hydrogen ion, sulphate and nitrate concentrations in the 

streams. However, the study did acknowledge evidence of acidification via soil oxidation and 

nitrification and via reduced buffering due to drainage alterations and steep slopes. 

Conclusions about the nature of acid deposition in the three study regions were also based in 

large part on samples of precipitation, throughfall, stemflow and soil water at three respective 

representative sample sites (Cloosh, Ballyhooly and Roundwood shown in Figure II.A.1.a-1).  
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Figure II.A.1.a-1. AQUAFOR Study Sites 

These findings were reported in Volume 1 of the AQUAFOR Report series (Farrell et al., 1997). 

At the Ballyhooly site, representative of the Munster region, with Norway spruce on old red 

sandstone under orthic podzol soils, ammonia emissions from agriculture caused elevated 

levels of ammonium in throughfall, but soil water did not show an impact. At Cloosh, the Sitka 

spruce on schist with blanket peat site, in the Galway-Mayo region, atmospheric nitrogen and 

sea salt inputs were shown to be degrading soil water quality. The Sitka spruce on granite 

peaty podzol site at Roundwood in the Wicklow Mountains showed elevated levels of 

ammonia, nitrate and sulphur from fossil fuel combustion. Westerly winds caused episodic sea 

salt acidification in Galway-Mayo, whilst winds blowing from the east delivered atmospheric 

nitrogen and sulphur pollution at high levels in the east (Roundwood), declining to much lower 

levels in the west (Cloosh). 
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Aside from anthropogenic pollutant and sea salt deposition, Volume 4 of the AQUAFOR Report 

series (Allott et al., 1997) reported that streams in subcatchments with peat soils showed high 

levels of organic acidity and attributed this to decomposition of litterfall and alterations in 

drainage. This report did not, however, characterise these drivers as relatively important. 

Work on the east coast at the Roundwood site was continued at the nearby Ballinistoe site 

beginning in 2001 (Boyle and Farrell, 2004). Monitoring also continued at the west coast sites 

(Cloosh, Brackloon). 

b. The FORWATER study 

From 2007 to 2008, researchers with the FORWATER study (Kelly-Quinn et al., 2008) collected 

water samples on three dates from 239 control and forested sites across two geology types 

(igneous/metamorphic and sedimentary) and four soil types (peat, podzolic/lithosolic, poorly 

drained gleys, and well drained mineral soils). Forested sites were separated into three forest 

cover bands: 5%-25%, 25%-50%, and >50% for comparative analysis.  

Minimum pH values (used as the metric instead of mean pH values) for sites on 

igneous/metamorphic geology with peat and podzolic/lithosolic soils were reported to be 

lowest at about the 25%-30% of subcatchment forest cover, as they were for sites on 

sedimentary geology with peat soils. The lowest minimum pH values for podzolic/lithosolic 

soils on sedimentary geology were from sites with greater than 60% forest cover. These results 

were in agreement with findings from studies in upland Wales and Scotland in the 1980s and 

1990s which found little evidence of stream acidification in catchments with less than 30% and 

60% cover of closed canopy conifer forest, respectively (Ormerod et al., 1989; Stevens et al., 

1997; Dunford et al., 2012). 

Varying degrees of losses in alkalinity were attributed to base cation dilution, while anion 

titration from organic acids and sulphate was common among all sites. Although atmospheric 

variables commonly associated with dry, wet and occult deposition of nitrogen oxides and 

sulphur dioxide were not measured directly in this study, efforts were made to maximise the 

extent to which all relevant antecedent precipitation, temperature and wind direction 

conditions were the same. This study did not find strong evidence of continued stream 

acidification via deposition and scavenging of nitrogen and sulphur pollutants and via forests 

capturing marine ions. This finding is in contrast to comparable United Kingdom study 

conclusions in which the ‘primary mechanism for [the] forestry acidification effect’ remains as 

canopy scavenging of nitrogen and sulphur pollutants (Nisbet and Evans, 2014). 
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Among the knowledge gaps identified in the FORWATER study were a poor understanding of 

the processes by which organic acidity drives stream acidification and the extent to which 

subcatchment flow paths affect runoff acidity.  

c. The HYDROFOR study 

The present writer was manager and a scientific researcher of the HYDROFOR project, which 

between 2009 and 2011, measured, among other things, the pH, alkalinity, base cations, 

strong acid anions, (dissolved organic carbon) DOC and organic acidity of 34 upland streams in 

the east, west and south of Ireland (Kelly-Quinn et al., 2015). The geologies of these 

subcatchments in the east, west and south are granite/felsite, multiple metamorphic, and old 

red sandstone, respectively. The study sites included a range of subcatchment forest cover 

areas, including several moorland only control sites. While HYDROFOR found evidence of 

recent decreases in acidification in forested subcatchments due presumably to reductions in 

atmospheric deposition of acidifying pollutants, the analyses showed continued episodic 

acidification and alkalinity loss in many of the rivers in substantially forested subcatchments.  

Mean pH and the frequency of pH readings below the 5.50 biological threshold were 

compared between three categories: no forest, low forest cover and high forest cover. 

Although the mean pH values generally decreased with increasing forest cover, the frequency 

of threshold contraventions for the sites in the west was lower for high forest cover sites than 

it was for low forest cover sites. Carbonate intrusions in the high forest cover subcatchments 

was offered as one potential explanation for the counter-theoretical result for those forested 

sites. Higher base flow ANC in the high forest cover subcatchments was noted as corroborative 

evidence of this. 

The primary driver of episodic acidity across all sites was reported to be organic acidity. 

Concentrations of dissolved organic acid were higher in the forested streams than in the 

moorland controls and higher than those found for similar sites two decades ago. Kelly-Quinn 

et al. (2015) noted that similar trends in increasing DOC have been reported from the UK and 

Europe since the 2000s.   

In both the west and south subcatchments, base-cation dilution was significantly greater in 

non-forested streams than in forested ones. In the east, high forested streams had greater 

base-cation dilution than low forested or nonforested ones. This was attributed to higher 

discharge from the high forested subcatchments' drainage networks.  

HYDROFOR’s results, like those of FORWATER, contrasted with the findings of earlier studies in 

Ireland conducted in the 1990s, when excess sulphate and nitrate were identified as the main 
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drivers of the higher episodic acidity within forested subcatchments. However, even in those 

studies, DOC, together with losses of potential buffering due to drainage networks and the sea 

salt effect, were also cited as contributing factors to episodic stream acidification, but not 

studied in detail at that time. 

Improving understanding of the mechanisms responsible for the continued loss of DOC from 

peaty soils was identified by HYDROFOR researchers as the major priority for further 

investigation.   

2. Acidification Variables 

Among the main determinants of the forest effect are flow regime of the acidified stream, the 

dominant type of soil and underlying geology in the stream’s subcatchment, and the region in 

which the subcatchment itself resides. 

Bedrock geology is the primary determinant of baseflow chemistry, whilst soils are the main 

influence on near-surface drainage (i.e., stormflow) (Hornung et al., 1994) (Reynolds et al., 

2001). Acid stress is indicated by ANC and Gran alkalinity values near or below zero (Neal et al., 

2001), and in general, the higher the ANC is at base flow, the greater the magnitude of ANC 

decrease during storm flow (Rice et al., 2005). Base flow waters are less acidic due to the input 

of groundwater, which is rich in calcium due to bedrock weathering consuming hydrogen ions 

and due to reduction in DOC due to the biological breakdown of organic matter and 

conversion to dissolved carbon dioxide (Neal et al., 2010). Storm flow waters are 

comparatively low in calcium and high in hydrogen ions, DOC and easily mobilised metals such 

as aluminium and manganese (Neal et al., 1992).  

Acid-sensitive subcatchments generally have base-poor, slow-weathering geology and either 

shallow carbonate-free soils, sandy siliceous soils or weathered leached soils. Streams in such 

subcatchments will generally have low to negative alkalinity and acid neutralising capacity 

(Hornung et al., 1994). 

More specifically, in Ireland, the Forest Service (2000) designates an area acid-sensitive if its 

aquatic zone is a recognised salmonid fishery, its geology is base-poor and if water sampling 

for pH, hardness and alkalinity show less than specified threshold values. About nine per cent 

of Ireland’s land area is formally designated as acid-sensitive for the purposes of afforestation 

based on these criteria. These areas are predominantly in Counties Wicklow, Kerry, Galway 

and Donegal (Forest Service, 2012). 
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It is important to note, however, that although there is a set of characteristics common to all 

subcatchments characterised as acid-sensitive, the nature and degree of the forest effect is 

quite variable amongst these subcatchments. 

Hornung et al. (1990) characterised the geology and soil of subcatchments in Wales considered 

acid sensitive and the exercise was subsequently repeated for the whole of Great Britain. Neal 

et al. (1998) on pages 303-304 remarked that, “At the detailed scale of plots and individual 

small catchments (up to ten hectares in area), huge complexity becomes apparent due to the 

interactive nature of the processes and the confounding heterogeneity of natural systems.” In 

a study to assess the temporal and spatial variability within acid sensitivity classifications, 

Reynolds et al. (2001) conclude on page 80: “The data described in this paper reveal a high 

degree of spatial variation in the hydrochemistry of streams derived from the same, 

apparently geochemically uniform soils and bedrock. This variation occurs both between and 

within catchments and across a wide range of spatial scales.” They state further on the same 

page: “The water quality data imply firstly that there is considerable and unmapped, fine scale 

variation in the geochemistry of rocks and soils which can have a marked affect on stream 

water acidity and secondly that the interactions between acidic soilwater and neutral to 

alkaline groundwater within catchments are complex.” 

Jones et al. (2014) show a typical peat soil horizon with corresponding percentages of organic 

carbon as follows from surface to depth: peat 50%-100%; loamy peat or sand peat 20%-50%; 

peaty loam or peaty sand ~12%-20%; organo-mineral (humose) soil ~3.5%-~12%; mineral soil 

0%-~3.5%. 

Alexander and Cresser (1995) are critical of the limited awareness of the significance of parent 

materials in studies comparing acidification in forested and non-forested catchments. The 

term parent material refers to the materials from weathered rock or other surficial deposits 

from which soils are derived (Teagasc 2006). 

In Ireland, the flow and parent material factors conspire to compound the forest effect due to 

the higher incidence of precipitation events in eastern and western coastal mountainous 

regions where relatively acidic parent materials are common. In a survey of rainfall data in 

Ireland from 1986-1994, mean rainfall in Ireland was found to be 1242 mm per year. Low land 

areas of the east averaged 800 to 1000 mm per year and those in the west 1200 to 1400 per 

year. However, mountainous regions on both sides of Ireland have roughly double the average 

annual rainfall. Annual rainfall in several parts of western Ireland can vary by a factor of up to 

three over a distance of only 25 kilometres (McGettigan and O’Donnell, 1995). Sodium and 
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chloride in rainfall were found to be highest in the west and northwest and lowest in the east 

and northeast. Both are almost entirely of marine origin (Jordan, 1997). 

Other factors besides flow, parent material and region can also influence the forest effect. 

Such variables include per cent of canopy cover in the subcatchment, predominant forest 

species and mean age or height, and the altitude and slope of the subcatchment. 

Ormerod et al. (1989) on page 89 point out that the regressions of pH on forest cover done in 

their study “…provide a method of determining empirically the amount of catchment 

afforestation at which adverse effects on aquatic resources might be expected.” However, the 

authors go on to note that “…while the regression method allows the determination of levels 

of afforestation in Welsh catchments which would produce given chemical conditions, 

considerable difficulties are likely to arise in accurately specifying the chemical conditions 

which are critical for fish.” 

Ormerod et al. (1991) report on a 1984 study of 104 catchments in upland Wales to assess the 

relationship between per cent forest cover and pH and aluminium across various soil and 

geology types. In waters with total hardness exceeding 15 mg/l, the Pearson’s Correlation 

Coefficient for the relationship between pH and per cent forest cover was, -0.74, indicating a 

strong negative influence. 

Among the factors that vary significantly with tree species are microclimate, water balance, 

and soil characteristics (including its mineral weathering rates), the types of soil fauna present 

in the soil and the rates of organic matter mineralisation and nitrification (Augusto et al., 

2002). 

Puhr et al. (1999) reports on a study of 94 high-flow study sites across Galloway, Scotland, 

relating catchment characteristics to acidification-indicating water quality determinands, with 

special attention to making precise catchment attribute characterisations. In particular, the 

authors stress the importance of accurately describing forest structure (e.g., height, density). 

It’s notable that forest height mainly affects acidification via pollutant deposition. Other 

characteristics analysed included mean catchment area, slope and altitude. Sodium, sulphate 

and chloride seemed to correlate negatively with altitude. The same was true for slope, 

although the relationships were much weaker. Area did not show a relationship with these 

parameters.  

 The coefficient of determination for pH regressed on mean forest height reported by Puhr et 

al. (1999) was -0.16. On granitic geology, sulphate, aluminium and chloride all increased with 

mean forest height. Sodium, calcium, magnesium and pH relationships were all very weak. On 
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silurian and ordovician geology, the strength of these relationships varied considerably with 

granitic geology and with one another. For heavily forested versus lightly forested samples, 

differences in mean parameters were greatest for granitic sites and lowest for silurian sites. 

The extent to which any tree species will intercept atmospheric deposits is a species-specific 

function of tree height, the area and shape of the tree’s leaves or needles, its foliage longevity, 

the stands’ canopy structure, the location of the tree with respect to the other trees in the 

entire stand and the topography of the ground beneath it (Augusto et al., 2002). The rate of 

deposition is further dependent upon the level of air turbulence and mixing caused by the 

presence of the forest canopy (Fowler et al., 1989). 

Conifer forest canopies close approximately 15 years after planting, and catchment studies 

have shown that immature forests whose canopies have not yet closed scavenge at 

significantly lower rates than closed canopy conifer forests (Stevens et al., 1994; Stevens et al., 

1997). 

Fowler et al. (1988) report major ion concentrations at increasing altitudes from 433m to 

847m at Great Dun Fell in autumn 1984. Sulphate and nitrate was higher by a factor of 1.5 at 

the higher altitude, while ammonium increased by a factor of two. Hydrogen ion 

concentrations rose by a factor of three while sodium, chloride and magnesium concentrations 

remained largely unchanged. Dollard et al. (1983) estimate that in areas prone to orographic 

cloud cover or advective fog, such as coastal areas and mountain ranges, up to 20% of 

pollutant deposition via precipitation is attributable to deposition of acid particles via cloud 

capping (i.e., occult deposition). On the other hand, Puhr et al. (1999) reported a decrease in 

sulphate and thus canopy filtering with increases in altitude in South-West Scotland, which is 

the reverse of the other findings and counter to the theory of occult deposition. 

Alexander and Cresser (1995) explain that mineral soils tend to be thinner on steeper slopes 

and weather at a higher rate. This has the effect of reducing calcium concentrations, thereby 

acidifying the drainage water. 

3. Acidification Drivers 

Billet et al. (1988) noted that soil acidification in conifer forests increases due to the acid litter 

created by the trees, the increase of base cation uptake in the soil, and wet and dry 

interception of atmospheric constituents by the forest canopy. 

Alexander and Cresser (1995) name five main ways in which vegetative cover can influence the 

soil and soil water interactions that ultimately affect a stream’s acidification: 
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• Alter the soil’s chemistry, biology or physics; 

• Modify evapotranspiration rates in the soil; 

• Change the degree to or nature by which organic leachate and litter is deposited; 

• Increase the uptake by or leaching from the vegetation canopy; and 

• Influence the fluxes of elements in wet and dry deposition. 

Most of these are in Larssen and Holme’s (2006) list of the ways in which spruce afforestation 

can exacerbate surface water acidification: 

• Increased dry deposition of gasses and aerosols due to canopy filtering; 

• Increased evapotranspiration; 

• Increased base cation uptake; and 

• Increased acidity of litterfall. 

 

Allot et al. (1997) is more specific and distinguishes between six drivers of conifer-related 

stream acidification: 

• Interception of acid pollutants by tree crowns; 

• Interception of sea salt ions by trees; 

• Increased solute concentration by evapotranspiration; 

• Increased oxidation of organic matter, sulphide and ammonium due to drainage 

alterations; 

• Base cation uptake by trees; and 

• Reduced neutralisation of rain-borne acids by soil bases due to drainage alterations. 

As distilled from these sources and more recent literature reviews by Johnson et al. (2008) and 

Feeley et al. (2010), it is suggested here that the past three decades of research has yielded a 

set of six somewhat distinct principle drivers of stream acidification associated with mature 

managed conifer forests in Ireland: 

• deposition of acidic pollutants via scavenging by the mature forest canopy and 

subsequent concentration from increased evapotranspiration (Mayer and Ullrich, 

1977); 

• deposition of marine ions via scavenging by the mature forest canopy (Wicklander, 

1975); 

• drying and oxidation of forest soils due to water uptake by trees (Neal et al., 1986);  

• oxidation and mineralisation of organic matter from tree litter (Pontynen, 1954); 
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• uptake of base cations by the growing forest’s expanding network of tree roots (Miller, 

1981); and 

• reduction of groundwater residence time and base flow proportion of runoff due to 

alterations to the forest drainage patterns (Stoner and Gee, 1985).  

Whilst it is true that felling of conifer forests can remove base cations, and site preparation for 

replanting can increase soil drying and sulphate and nitrate mineralisation, these drivers of 

acidification lie outside of the scope of this work, which concentrates on acidification from 

standing forests. These latter phenomena are thus not further explored in this thesis. 

These drivers are not entirely distinct from one another nor are they mutually exclusive. It is 

well recognised that, as put by Water and Jenkins (1992) on page 170, “Because all of the 

mechanisms promoting surface water acidification are operating together and under 

constantly varying deposition, the direct effect of any one factor is unidentifiable.” 

Finally, although each of these mechanisms or drivers is explained further here in their 

respective subsections, there is a dramatic imbalance in the volume of literature between 

acidification via pollutant deposition and the other drivers and this is evident in the respective 

lengths of their reviews. This domination of research in pollutant deposition might be 

explained by the high relative contribution of acid rain to the forest effect phenomenon in 

Northern Europe (especially the United Kingdom) and North America. But it is important to 

note that Ireland has been historically, and, in light of this and other recent research, 

continues to be, atypical in this respect. In Ireland, pollutant deposition appears to have played 

a much less substantial relative role in stream acidification, and this appears to be increasingly 

the case. Thus, while exclusive subsections are devoted to reviewing each of the six drivers, 

the subsection on pollutant deposition is disproportionately larger than the others. 

B. Forest as Acidification Enhancer 

Of the six forest effect drivers discussed here, only four are actually sourced in the conifer 

forests themselves. The other two – pollutant deposition and sea salt deposition – are from 

outside of the forest (i.e., man-made pollutant discharges and sea salt suspension into the 

atmosphere), and the conifers merely enhance their deposition and thus the stream 

acidification. 

Van Ranst et al. (2002) define acid precipitation as the deposition of hydrogen, sulphate, 

nitrate, ammonium, sulphur dioxide or nitrogen oxides with the effect of acidifying the soil. 
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McGettigan and O’Donnell (1995) note three ways in which acidic gasses, aerosols and 

particulate matter can be transferred from the atmosphere to subcatchment surfaces: 

• Wet deposition – via dissolution into precipitation which falls to the subcatchment 

surfaces; 

• Dry deposition – directly onto the subcatchment surfaces via wind and gravity; and 

• Occult deposition – through impaction of cloud or fog droplets descending onto 

subcatchment surfaces. 

Neal et al. (1992) note the different general behaviours of key chemical constituents in rainfall: 

• Sodium, chloride and magnesium come from sea spray integration with the 

atmosphere, and the proportions vary little in rainfall from that in the ocean; 

• DOC, ammonia, and aluminium come from multiple non-marine sources and are 

somewhat correlated with each other; and 

• Calcium, potassium and sulphate come from both marine and industrial sources and 

are at their lowest when sea salt levels or neither extremely high nor low. 

Cosby et al. (1985) consider the most serious effects of acid deposition to stream water quality 

to be decreased pH and alkalinity and increased aluminium concentrations. 

In an article reporting on acidification and deposition of oxides of sulphur and nitrogen in 

south-west Scottish lakes, Ferrier et al. (2001) explain that the deposition acidification 

sensitivity of a waterbody is related to its available pool of cations in the catchment soils and 

the weathering rate of the underlying geology.  

Relative to deciduous forests, coniferous forests have a higher rate of interception of acidic 

compounds due to their aerodynamically rough canopy (Augusto et al., 2002). Deposited 

pollutants and sea salts are further concentrated in these afforested subcatchments due to 

increased evaporation of water from leaf and needle surfaces (Hindar et al., 1995). 

1. Deposition of Acidic Pollutants 

Interest in pollutant deposition via precipitation dates back to at least mid-nineteenth-century 

studies on mineral nutrition of crops and a resulting book by Smith (1872) on the chemical 

composition of air and rain (Fowler et al., 2005) (Rice et al., 2005). Atmospheric sulphur and 

nitrogen pollution in Europe doubled between 1940 and 1970 (Bowman, 1991). By the 1950s 

and 1960s, scientific studies on rain chemistry, many from Scandinavia (Fowler et al., 1988), 

were linking acidification of rainfall to sulphur emissions in Europe. Air pollution emissions, 

some traveling hundreds and even thousands of kilometres, have been recognised as a threat 
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to aquatic ecosystems in Europe since the late 1960s (Aherne and Farrell, 2000). The effects of 

atmospheric pollutants on the water quality of upland catchments in particular were reported 

by Crisp (1966) and Cryer (1976) in the 1960s and 1970s (Langan and Hirst, 2004). A consensus 

began to emerge widely in the academic literature of the 1980s that conifer forests were 

significant contributors to stream acidity in upland acid-sensitive soft-water catchments in the 

northwest of Europe by way of scavenging air-borne sulphur and nitrogen oxides (Harriman 

and Morrison, 1982) (Stoner and Gee, 1985) (Ormerod and Edwards, 1985) (Bull and Hall, 

1986) (Ormerod et al., 1989). 

Acid deposition in Europe is mainly from man-made emissions of sulphur dioxide, nitrogen 

oxides and ammonia (European Environment Agency, 1998). Sulfuric acid is formed from the 

sulphur dioxide which comes primarily from power-plant emissions, whereas nitric acid is 

formed from the nitrogen oxides which generally come from motor-vehicle emissions (Rice et 

al., 2005).  

Deposition of acidic anthropogenic compounds is on the decline throughout the entire 

Northern Hemisphere due to reductions in air pollutants, mainly from reduced industrial 

emissions (Monteith et al., 2007). The largest reductions in sulphur and nitrogen emissions in 

Europe occurred prior to the 1990s (Aherne and Farrell, 2002).  

Sulphur deposition peaked in the United Kingdom in the 1970s (Harriman et al., 2001). Most of 

the sulphate deposition reduction in the United Kingdom happened in the second half of the 

1990s (Kernan et al., 2010). Sulphur deposition in the United Kingdom was reduced by 80% 

between 1986 and 2006. While decreases in nitrogen deposition domestically over that period 

remained mostly unchanged, the United Kingdom’s transboundary deposition of nitrogen 

oxide emissions did decrease. Acidity, non-marine sulphate, and non-marine chloride declined 

by 85%, 75% and 95%, respectively. Non-marine sulphate accounted for 75% of the decrease 

in acidity (Kernan, et al., 2010). 

Kernan et al. (2010) report a significant decrease in the acidity and sulphate concentrations at 

the majority of the United Kingdom’s forested Acid Waters Monitoring Network sites over the 

past 20 years and that improvements are proportionate to decreases in acid deposition. They 

also note that although most sites show long-term decreases in nitrate concentrations, nitrate 

has increased in some sites over time and varies with season.  

Evans et al. (2014) report on the acidification status of 37 moorland streams and 14 conifer-

impacted streams in northeast England immediately downwind of sulphur and nitrogen 

emission sources. Both control and forested catchment streams with historic high levels of 
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acidification due to heavy emissions still showed signs of some acidification commensurate 

with the lower levels of present emissions. This is assumed to be due to the drought-time 

release of reoxidised, leached sulphur from the peat soils.  With nitrate levels at forested sites 

five times higher than moorland sites, sites in which nitrate retention is mostly complete, the 

study also concluded that nitrate saturation at the forested sites is a major source of 

acidification. 

The reduction in the intensity of Atlantic storms in that period is responsible for much of the 

decline in chloride concentrations in the United Kingdom, although reductions in industrial 

emissions of hydrochloric acid are also attributed to the decline (Kernan et al., 2010).  

Kernan et al. (2010) report that deposition nitrate concentrations in the United Kingdom are 

seasonal due to nitrogen mineralisation and biological uptake, with highest levels occurring in 

the early spring, but that levels in surface waters may not be dictated exclusively by terrestrial 

processes. 

Nisbet and Evans (2014) report that the most recent deposition models indicate that conifer 

forests in the United Kingdom increase the deposition of nitrogen oxides and ammonia by an 

average of 106% and 58%, respectively, as compared to moorland sites. This translates into a 

74% increase of average nitrogen deposition due to conifer forests. Average sulphur 

deposition enhancement attributable to conifer forest is estimated at 22% above moorland 

loadings. 

In 1983, the United Nations Economic Commission for Europe Convention on Long-Range 

Transboundary Air Pollution came into force and spurred research to better understand the 

effects of atmospheric pollution on the environment, including aquatic ecology (Aherne and 

Farrell, 2000). This eventually led to the critical loads mapping programme of acidity and 

nutrient nitrogen for coniferous forest soils in Ireland. As Ireland lies at the north western 

seaboard of Europe, the atmospheric deposition of acidifying pollutants from anthropogenic 

sources has always been low relative to the United Kingdom and Continental Europe (Aherne 

et al., 1998). 

Ireland’s weather variability is largely determined by prevailing westerly winds, proximity to 

the sea, and altitude (Rohan, 1986). Total acidity of rainfall in Ireland (acid-generating ions – 

base cations) increases from the west to east (Jordan, 1997). Western mean pH values were 

from 5.0 to 4.7 pH (H⁺ = 10 to 20 µeq/l). Eastern values were closer to 4.5 pH (H⁺ = 32 µeq/l) 

(McGettigan and O’Donnell, 1995).  
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Dissolved carbon dioxide is in equilibrium with air in clear water at a partial pressure of 

approximately 380 ppm. In this state, the water’s maximum sensitivity to additions of acids or 

bases is at a pH of 5.6 (Stumm and Morgan, 1981). So as the distance from a 5.6 pH value 

increases, the effect of ANC on that pH value decreases. On the lower end of the pH spectrum, 

organic acids and aluminium buffer against dramatic decreases in pH. In low pH waters, there 

is an uptake of hydrogen ions by dissolved organic carbon. McGettigan and O’Donnell (1995) 

note that long-term mean pH of clean rainfall lies between 5.6 and 5.0 pH (H⁺ = 3 to 10 µeq/l). 

Precipitation pH drops when sulphate and nitrate anions are added in concentrations higher 

than that of base cations, including calcium and ammonium. Chloride and magnesium play a 

relatively smaller role in the balance. 

Bowman and McGettigan (1994) reported that the highest non-marine sulphate 

concentrations in Ireland were associated with rainfall events with air masses from the east 

that have moved across major emission sources in the United Kingdom and Continental 

Europe.  McGettigan and O’Donnell (1995) reported a similar pattern for nitrate, with minimal 

deposition in the west and levels more than twice that of background concentrations in the 

mountainous east, again attributable to foreign emission sources to the east of Ireland. The 

same report noted an east-west gradient of ammonium deposition, but ammonium 

concentrations were highest in the south as well as the east.  

In a survey of non-marine sulphate in rainfall in Ireland from 1986 to 1994, Jordan (1997) 

found that non-marine sulphate increased from west to east. The survey reported a decline of 

deposited non-marine sulphate in Ireland of 59,700 tonnes annually in 1986-1988 to 53,800 

tonnes in 1989-1991. The figure rose to 60,500 tonnes per year during 1992-1994. Non-marine 

sulphate accounted for up to 80% of all sulphate deposited in the northeast but only 20% in 

the west.  

Jordan (1997) also reported that from 1986 to 1994, nitrate deposition increased from west to 

east and southeast and increased over time in all areas from 23,130 tonnes per year nationally 

in 1986-1988 to 26,270 tonnes per year in 1992-1994. Following the same spatial pattern as 

nitrate, ammonium-nitrogen increased from west/southwest to east/northeast, with highest 

levels in areas with high livestock densities. Temporally, ammonium-nitrogen decreased and 

then increased between 1986 and 1994 in a pattern similar to sulphate. 

Ambient levels of sulphur dioxide and sulphate in Ireland have decreased by 60% and 40%, 

respectively, from 1981 to 2002 (Bashir et al., 2006). The greatest decreases of both were 

levels associated with winds coming from the east, albeit levels of sulphur dioxide associated 

with west winds also decreased. 
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Jordan (1997) reports that non-marine chloride in rainfall in Ireland from 1992-1994 was zero, 

and hydrogen chloride deposition was nearly non-existent except for traces in the north.  

Modelled estimates of 1988 to 1991 showed only 40% of the deposition of major acidifying 

pollutants in Ireland were from domestic sources. The United Kingdom accounted for 25% and 

10% - 15% were from other countries, with 15% - 20% indeterminate in origin. Of the 

percentage of indeterminate origin, a portion of that is from long-range transport (suspended 

in atmosphere more than 96 hours) from Continental Europe. So it was estimated that 50% of 

sulphur deposition in Ireland was non-domestic, and of that 50%, a significant amount of this 

may have its origins in relatively distant countries (McGettigan and O’Donnell, 1995).  

Between 1984 and 1995, data on major ions in precipitation and dry deposition of base 

cations, sulphur and oxidised nitrogen were recorded at 21 stations throughout Ireland. Bulk 

deposition was calculated by multiplying mapped concentrations by precipitation volume 

estimates. Nitrogen maximum deposition was double that of sulphate and considered the 

greater threat to soil and water acidification. Acid deposition had a strong east-west gradient, 

with the highest mapped values in the Dublin and Wicklow mountains more than twelve times 

those in the west. Nutrient nitrogen deposition had the same east-west gradient and was 

more than ten times higher in the east and south east than in the west (Aherne and Farrell, 

2000).  

In data from 10 sites monitored between 1994 and 1998 by Aherne and Farrell (2002), only 

ammonium showed a north-south influence, with an increase going from northwest to 

southeast. Higher ammonium in the southeast is attributed to high livestock densities 

responsible for high levels of atmospheric ammonia. Ammonium is rapidly oxidised by soil and 

water via plant uptake and microbial transformation which leads to higher acidity. Part of the 

ammonium ion concentration from deposition is oxidised in subcatchments and contributes to 

nitrate ion concentrations in receiving streams (Lepori et al., 2003). The ratio of sulphate to 

nitrate ion concentration was 1.6, making sulphate the predominant acid anion (Aherne and 

Farrell, 2002). They found a decreasing trend in mean depositions of sulphur and nitrogen in 

precipitation between 1991 and 1998. Aherne and Farrell (2002) also reported from these sites 

an inverse relationship between ion concentration and precipitation volume, with ion 

concentrations highest during spring and summer when precipitation volumes are low. 

In an evaluation of ‘artificial acidification’ of precipitation in three west coast sites in Ireland 

from 1984 to 1985, concentrations of hydrogen, sulphate, ammonium and nitrate ions were 

consistent with those of precipitation not affected by anthropogenic sources. At the east coast 

stations, sulphate and nitrate levels were found to be ‘approaching’ those of artificially 
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acidified rain, and easterly winds elevated these levels on both west coast and east coast 

locations. Fifty percent of the sulphate in Ireland’s precipitation was from abroad during that 

period, and the majority of that was from the United Kingdom (Bowman, 1986).  

Irish EPA reports from 1995 showed that sulphur dioxide emissions, two-thirds of which came 

from power stations, dropped by 30% between the early 1980s and early 1990s. Nitrogen 

oxide emissions, half of which came from traffic, increased over this same period. Non-marine 

sulphate and nitrate deposition was attributed in large part to sources in the United Kingdom 

or elsewhere, with 50% of sulphate and 75% of nitrate being imported. Conversely, 90% of 

ammonia was domestic in source. Sulphur dioxide decreased in the 1990s due in significant 

part to the Moneypoint plant switching to lower sulphur content coal. Low nitrogen oxide 

burners at some power plants installed in 1992 offset to some degree the steady fifteen-year 

increase in nitrogen oxides emissions from increased traffic. At that point, catalytic converters 

had not become common in Irish automobiles (McGettigan and O’Donnell, 1995). 

Comparing between the early 1990s and the late 1990s, sulphate and nitrate ion deposition 

fell 12% and 7%, respectively, whilst ammonium ion deposition increased 13%. Hydrogen ion 

concentration fell by 15% and was attributed to the drop in sulphate (Aherne and Farrell, 

2002). As compared to other countries in Europe, Ireland’s acidic anion deposition levels are 

relatively low. 

At the end of the 1990s, bulk deposition of sulphur and oxidised nitrogen from anthropogenic 

sources was still low in the west but high in the east. Ammonia emissions in the south and east 

also continued to keep ammonium deposition levels high (Aherne and Farrell, 2000). Critical 

load levels for acidity were lowest on the west to northwest seaboard and in the mid east 

coast due to mineral soils with high organic content on low weathering geology, but only 2% of 

the mapped soils exceeded these loads. The highest exceedances were in the Dublin and 

Wicklow mountains. Atmospheric nitrogen deposition exceeded critical loads in at least 15% of 

the mapped areas. 

Non-marine sulphate concentrations at air monitoring stations were found to be 4-7 times 

greater when associated with easterly winds than those with westerly winds (Bowman and 

McGettigan, 1994). 

High levels of sulphate from previous eras of high deposition can be stored in the soils and 

their incremental release can dampen sulphur acidification recovery (Evans et al., 2001-A). In 

fact, relatively early in the development of the body of knowledge on acid precipitation was a 

challenge to the consensus view by Krug and Frink (1983) that stream acidification is not 
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necessarily anthropogenic in nature. They suggested that it was change in land use rather than 

acid rain that was responsible for stream acidification in subcatchments with acidic soils, citing 

theory and evidence that strong mineral acids suppress organic acidity and that sulphur 

deposition has simply replaced naturally occurring acidification rather than causing it. This of 

course brought inquiries about baseline levels of stream DOC to the fore.  

Work with the MAGIC model (Cosby et al., 2001) was much concerned with hindcasting 

preindustrial (before 1857) stream pH values under 1990 and 2009 DOC reference levels, with 

the earlier and lower relative DOC values showing higher acidification. This suggests that 

stream acidification from DOC suppression via atmospheric deposition was likely but not 

always in exact proportion to stream acidification from natural organic acidity. Thus, 

Erlandsson et al. (2011) articulated the consensus view that differentiating between natural 

and anthropogenic acidification is a false dichotomy, and that the two have historically 

coexisted and continue to do so. 

As atmospheric deposition of sulphate has declined over the past two decades, DOC 

concentrations have risen (Skjelkvåle et al., 2005). Martinson et al. (2003) explain that in 

Sweden, even though sulphur deposition has decreased by up to 70%, sulphate in run-off has 

not seen a large decline. This is attributed to a net loss of sulphate in catchments due to 

desorption of inorganic sulphate and mineralisation of organic sulphur. In peaty soils, there 

can be a net retention of sulphate by bacterial dissimilatory sulphate reduction. 

Malcolm et al. (2014) note that in addition to increasing DOC restricting acidification recovery 

from pollutant deposition reductions, replacement of inorganic with organic acidity is also a 

recovery inhibitor.  

The acid-base properties of DOC have been reported to be quite different between and within 

regions and seasons, but Hruska et al. (2003) concluded from a comparative study between a 

Finnish and Czech site that dissociation behaviour of organic acids may be more similar across 

like environmental conditions than previously assumed due to variability in results related to 

differing tests. 

Evidence for decreases in sulphate deposition causing increases in stream DOC has been put 

forward by Evans et al. (2006) and others. As sulphate deposition decreases, soil water 

hydrogen ion and aluminium concentrations decrease, and the solubility of organic matter in 

the soil increases. Also, with decreases in aluminium comes lowered aluminium toxicity in the 

soil, which increases the ability of soil organisms to decompose organic matter, increasing 

mineralisation of DOC (Mulder et al., 2001). 
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Evans et al. (2007) explain that as sulphur inputs from deposition decline, soil organic matter 

solubility increases as soil solution pH, ionic strength and aluminium concentrations change. 

The authors found an average non-marine sulphate decrease of 30 μeq/l among the United 

Kingdom Acid Waters Monitoring Network sites between 1988–2003. They estimated that 28% 

of this acidity was offset by a 28% increase in strong organic acids, 20% increase in alkalinity 

attributable in part to weak organic acids, and 11% and 41% decrease in inorganic aluminium 

and non-marine base cations, respectively. It’s noted that despite uncertain effects from 

decreases in marine ion concentrations, increases in organic acid have hampered the falling 

acidification that would otherwise be associated with reductions in sulphate deposition. It is 

also pointed out by Evans et al. (2007), however, that low deposition sites have had organic 

acidity increases that have outpaced the sulphate decreases, so other factors such as changes 

in climate are likely at play in this phenomenon. 

Researchers in the United Kingdom monitored surface waters intensively between 1988 and 

2002 at 22 acid-sensitive surface water sites. These sites comprised the Acid Waters 

Monitoring Network (Davies et al., 2005). The paper highlights the decrease in the base cations 

calcium and magnesium as a result of decreases in sulphate deposition. The decreases in base 

cations are more pronounced at well-buffered sites, having less of an impact on ANC. Evans et 

al. (2005) and (2006) report a 91% increase in DOC from 1988-1993 levels at the same sites. 

Freeman et al. (2001) state that during the 1990s, DOC in freshwaters draining upland United 

Kingdom catchments increased by 65%.  

A study by Chapman et al. (2008) on two United Kingdom headwater catchments reported that 

ANC, DOC and sodium chloride ratios in soil and receiving waters varied widely with season, 

whilst pH values in soil water remained mostly unchanged. They concluded that this and the 

interrelationships of ANC, DOC and chloride concentrations were indicative of cation exchange 

and seasonal changes in the production of DOC and sea salt deposition shifting the proportion 

of acidity caused by strong acid anions. The shift was from atmospheric deposition in the 

winter to organic acids in the summer.  

The exact cause of the increasing DOC trend remains unclear, but several theories have been 

put forward, including: 

• rising levels of organic acidity due to elevations in atmospheric carbon (Chapman et 

al., 2008);   

• enhanced primary production due to elevated atmospheric carbon dioxide (Evans et 

al., 2007); 
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• increases in nitrogen interception (Chapman et al., 2008) (Evans et al., 2007) 

(Monteith et al., 2014); 

• decreases in sulphate deposition increasing the rate of decomposition of organic 

matter (Chapman et al., 2008) (Monteith et al., 2014) (Dawson et al., 2009); 

• reductions in sea-salt events (Chapman et al., 2008) (Skjelkvale et al., 2003); 

• changes in precipitation patterns causing increases in droughts and decreasing 

discharge (Chapman et al., 2008) (Evans et al., 2007) (Skjelkvale et al., 2003) (Evans et 

al., 2005);  

• land use modifications and resulting increasing flow through alternative, shallow, 

organic-rich flow paths (Chapman et al., 2008) (Monteith et al., 2014) (Evans et al., 

2005); 

• increased decomposition and stimulation of DOC export from peat due to rising 

temperatures (Dawson et al., 2009) (Evans et al., 2007) (Monteith et al., 2014) 

(Skjelkvale et al., 2003) (Freeman et al., 2001); and 

• changes in solar radiation (Monteith et al., 2014). 

Evans and Monteith (2001) were among the first to propose that climate change is in part 

responsible for the lack of recovery from acidification that would have been expected from 

decreases in atmospheric sulphur deposition. More specifically, the rise in intensity of storms 

has increased the dilution of weathering-derived base cations and increased the displacement 

of hydrogen and aluminium ions on soil exchange sites by deposition of marine base cations. 

Also, more extreme winter and summer temperatures increase nitrate leaching and microbial 

decomposition rates, respectively.  Finally, sulphate concentrations in streams rise after dryer 

summers as autumn rains wash the sulphur oxidised in the unsaturated soils to receiving 

streams. These phenomena result in organic acidity replacing mineral acidity from atmospheric 

deposition. 

Evans et al. (2001-A) generally attribute the recovery of European streams from acidification to 

decreasing ionic strength. More specifically, reduced concentrations of mobile acid anions lead 

to reduced soil leaching of hydrogen ions, inorganic aluminium (i.e., acid cations) and base 

cations from soils, thereby increasing acid neutralising capacity. Increasing DOC does not affect 

acid neutralising capacity (ANC) and thus can come with lower relative increases in recovering 

pH. 

Evans et al. (2005) explain that drought re-wetting from intra-annual changes in rain and 

runoff distribution increases DOC from decomposition by aerating normally saturated peaty 

soils and flushing re-wetted dissolved organic material. 



 

37 
 

Evans et al. (2006) attributes most of the DOC rise in the United Kingdom to declines in sulphur 

deposition, changing sea salt deposition patterns and to a lesser extent (10% to 20%) rising 

temperatures. The authors estimate that rising levels of atmospheric carbon dioxide is likely to 

account for only 1% to 5% of the DOC rise and that the role of hydrological alterations is 

minimal, albeit difficult to quantify and confirm. 

Monteith et al. (2014), in a study of the charge balance between decreasing sulphate and 

increasingly soluble organic carbon, explain that it is possible that while sulphate deposition 

was high in the 1980s and early 1990s in the United Kingdom, organic matter buffered the 

acidification effects of sulphate, thereby acting as an ‘ecosystem service’. 

2. Deposition of Sea Salts 

Sea salt aerosols are generated from breaking ocean waves during high winds. Sea salt (NaCl) is 

deposited to marine environments via wet, dry and occult deposition (Farrell et al., 1998). 

The mobile anion effect is the displacement of base cations, hydrogen ions and aluminium 

from cation exchange sites in the soil resulting from sea salt deposition and evaporative 

concentrations (Neal et al., 1998). The cations in sea salt, namely sodium and magnesium, are 

not as mobile in soils as chloride and exchange for inorganic aluminium and hydrogen ions 

which lowers the acid neutralising capacity in the soil and receiving waters (Ferrier et al., 

2001). Two types of soil water react with the sea salts: quickflow from soil macropores and 

baseflow from soil capillaries (Wright et al., 1988). During major precipitation events, the flow 

path of runoff is proportionately greater through the O and upper A horizon. The 

characteristics of this soil in particular are of most relevance to the sea salt effect (Larrsen and 

Holme, 2006). 

Chloride in streams comes from episodic deposition of sea salts mainly during winter storms 

near the coast. Chloride ions tend not to be subject to anion adsorption, biological retention or 

redox processes like sulphate and nitrate and thus are highly mobile in soils. According to 

Farrell (1995), sea salt events typically coincide with storms during the winter or early spring 

owing to depressions approaching from the Atlantic Ocean. This is documented in Ireland at 

the Cloosh and Brackloon monitoring sites (Farrell et al. 1998). Evans et al. (2001-B) note that 

rises and declines in marine ion deposition, namely chloride, could follow cyclical patterns 

spanning decades. 

According to McGettigan and O’Donnell (1995), up to 70% of sulphate in rainwater in western 

Ireland is from marine aerosols, while less than half that amount is typical in the east. Non-

marine sulphate is estimated under the assumption that sulphate ions accompany chloride 
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ions in sea salt aerosol in fixed proportion and that all chloride ions in water are derived from 

sea salts (Kernan et al., 2010). However, as noted by Evans et al. (2001-A), estimating 

respective marine and non-marine sulphate concentrations is only appropriate for sites in 

coastal areas, as excess sulphate is approximately equal to total sulphate in inland streams. As 

explained by Farrell (1995), calculating non-sea-salt sulphate can be complicated by natural 

processes that distort the chloride to sulphate ratio in coastal precipitation. As bubbles at the 

wave surface burst and marine particles are released in estimated marine ratios, bacteria with 

different ionic ratios are also released causing marine ion deposition in higher than sea water 

ratios. 

In a study of conifer forests of varying age in Wales, Hughes et al. (1994) found that sodium 

and chloride are the dominant cation and inorganic anion in soil waters, respectively. Sodium 

accounted for 65% of the total base cation charge, and chloride accounted for 75% of the 

inorganic ion charge. Chloride increased with forest age due in part to older stands having 

larger canopies for sea salt interception from the atmosphere. Aluminium also increased with 

forest age and was highly correlated with marine-derived salts in surface water. 

Soil acidification is thought to be a prerequisite for sea salt episodes to occur (Heath et al., 

1992). Although Skartveit et al., (1980) found that sea salt events did not yield prolonged 

acidification effects on streams, Hindar et al. (1995) found that acidification of runoff could last 

more than two years after an event. The lasting effect is attributed to protracted reloading of 

hydrogen ions and aluminium to the soil. 

Evans et al. (2001-B) conclude that the episodic nature of sea-salt-effect events can be 

misinterpreted with respect to the time scale of the effect. The longer period of effect is 

related to the cyclical nature of marine ion depositions. This makes the effect in fact more of a 

continuous equilibration of ions on exchange sites. Evans et al (2001-B) cite unpublished work 

in agreement with their own describing the highest receptivity of sea salt episodes at sites with 

an ‘intermediate’ distance from the coast. 

Aherne and Farrell (2002) reported the chemical composition of pollutants in precipitation 

from 10 monitoring sites from the period 1994 to 1998. Sea salts comprised 81% of total ionic 

concentration and 50% of sulphate in precipitation samples and decreased from west to east.  

Aamlid and Horntvedt (2002) reported the results of a study in Norway examining dry 

deposition of sea salt aerosols on Scots pine and Norway spruce stands up to 100 km from the 

coastline. While the objective of the study was to assess foliage damage from this 
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phenomenon, an ancillary finding was that sodium and chloride concentrations in needles vary 

widely with distance from the coast, especially in stands very close to the coast.  

Nisbet and Evans (2014) point out that the sea salt deposition itself does not effectuate stream 

acidification, rather the chemical interactions at cation exchange sites in the soil produce the 

soil water acidification that leads to acidified drainage waters and ultimately stream 

acidification. Evans (2005) concludes in his MAGIC modelling exercise that sea salt acidification 

is not a natural process, as soil base saturation must be depleted by acid deposition before 

hydrogen and aluminium ions are displaced and washed to receiving stream waters. Under 

pristine conditions, marine base cations only displace calcium resulting if no pH changes. 

However, Nisbet and Evans (2014) also caution that evidence for the occurrence of the sea salt 

effect remains somewhat mixed to date. 

Since the sodium to chloride ratio in precipitation borne sea salt is 0.86, and since chloride is 

transferred to the receiving waters while sodium is retained, a sodium deficit can be observed 

when the sea salt effect is a factor in stream acidification. The effect is indicated by sodium-

chloride ratios substantially less than 0.86 (Heath et al., 1992). 

Allot et al. (1997) offer some numerical benchmarks from observations of the sea salt effect in 

the west of Ireland in which chloride ions in stream water increased by over 2,000 µeq/l 

leaving a sodium deficit of 450 µeq/l.  

Harriman et al. (1995) note that at some sites with high background sea salts, acidification is 

mitigated by the presence of sea salts due to high retention of acidic sulphate inputs and low 

retention of neutral marine sulphate. 

C. Forest as Acidification Source 

Allot et al. (1990) reported acidification of forested streams in catchments with poorly 

buffered soils even in the absence of atmospheric deposition. 

Augusto et al. (2002) identify four general processes by which the forest canopy can directly 

lower the soil pH: 

• Elevating the amount of anions in the soil solutions; 

• Increasing the quantity of acids (from biomass) reaching the soil; 

• Raising the degree of protonation of stabilised soil acids; and 

• Increasing the strength of soil acids. 
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The soil pH is affected most significantly in the uppermost 10 centimetres of topsoil (Augusto 

et al. (2002). The association between rainfall, flow and concentration of DOC in peatland 

streams is complicated due to the fact that the DOC leached from the soil during rainfall can be 

diluted if the magnitude of the precipitation event is relatively large (Clarke et al., 2007). The 

relationship between temperature and DOC in soil water is similarly obscured by up to a 

month-long lag time between temperature change and the DOC concentration response to 

this change (Clarke et al., 2005).   

Grieve and Marsden (2001), in a paired study of conifer-forested and moorland sites in 

western Scotland, found that total organic carbon concentrations in drainage waters were 

higher for the forested sites. Studies have shown that the acidifying effect on soils is reversed 

as these trees reach maturity (Billet et al., 1988). 

Nitrogen in streams comes from mineralisation of organic nitrogen in soils and leaf litter. In-

catchment nitrate can also come from nitric acid as a product of oxidation following felling 

(Neal et al., 1998). Nitrification, which is the microbial conversion of ammonium to nitrate, is 

on balance inhibited by acidity, but it can occur in acidic forest soils (Reynolds et al., 1994).  

There is evidence that nitrate concentrations in streams increase with increasing age of 

conifers and per cent cover of mature conifers in the contributing catchment. This is because 

as trees age, less nitrogen is required and more nitrogen is returned to litterfall, making 

surplus nitrogen leach as nitrate to receiving waters (Reynolds et al., 1994).  

Nitrate concentration in surface waters in forested subcatchments also has a strong seasonal 

influence. Nitrate is low during the summer growing season when biological demand is strong. 

It is elevated in the winter when vegetation is more dormant and the build-up in the soils is 

washed to the streams (Langan and Hirst, 2004). Nitrate leaching in the autumn can reach its 

lowest point due to microbial immobilisation following the high litterfall (Lepori et al., 2003). 

Sulphate can come from the subcatchment itself via mineralisation and oxidation of soil 

organic matter and sulphide oxidation within the bedrock (Neal et al., 1998). Sulphate 

adsorption at anion exchange sites in soils can temporarily mitigate acidification from sulphur 

deposition via base cation leaching. However, as sulphate leaching eventually follows, and 

sulphate levels in drainage waters increasingly exceed those in precipitation, inorganic 

aluminium can be mobilised at concentrations that make receiving stream waters toxic 

(Alexander and Cresser 1995). 

Nitrogen and sulphur are often correlated because the supply of both relies on decomposition 

of organic matter (Aamlid and Horntvedt, 2002). 
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1. Drying and Oxidation of Forest Soil 

In general, soils under forests are drier than soils under grass, other things equal. The soil 

drying is attributed primarily to forest interception losses and transpiration. Forest drainage 

provisions can increase baseflows from young forests as rooting can increase the depth of the 

upper, more permeable soil horizons. With growth and maturation, peak flows become 

roughly equivalent to those of nonforested land (Robinson, et al., 2003). 

As air temperature rises during the summer and conifer hydration requirements elevate, forest 

soils dry. This brings about an increase in the oxidation of the soil’s organic matter and the 

rerelease of organic acids and sulphate (Nisbet and Evans, 2014). 

The extent to which precipitation becomes overland flow or soil through flow or infiltrates 

through to the water table as it makes its way to its receiving waters is dependent upon the 

moisture status of the soil at the time of the storm event. Soil moisture is partially dependent 

upon temperature, which itself can be dependent upon altitude, slope, aspect and of course 

vegetation cover (Alexander and Cresser, 1995). 

2. Oxidation and Mineralisation of Canopy Litterfall 

Relative to streams in subcatchments dominated by deciduous forests, streams draining 

coniferous forests tend to have lower soil pH’s due to the higher acidity of the litter these trees 

produce (Augusto et al., 2002). Augusto et al. (2002) actually put forward a ranking of tree 

species based on their propensity to acidify soils. 

Litter chemistry affects the O and H horizons, making it critical to the composition of runoff 

during storm flows (Larrsen and Holme, 2006). 

Laskowski et al. (1995) found that three major factors control litterfall decomposition: 

• biological, dominating the decay or organic matter and the dynamics of nitrogen, 

sulphur, calcium, magnesium and manganese; 

• physical, dominated by leaching and atmospheric deposition and controlling the 

dynamics of organic matter, potassium, sodium, lead, cadmium and zinc; and 

• chemical, dictating the dynamics of iron, zinc, lead and cadmium through the fixation 

of metal ions to humic substances. 

Litter decay can be divided into two general phases: initial, dominated by the decomposition of 

soluble material; and late, when lignin and lignified celluloses decomposition begins (Laskowski 

et al., 1995).  
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Liu (2004) analysed the litterfall of conifer forests under varying conditions of precipitation and 

temperature and found, among other things, that literfall increases with increasing 

precipitation and temperature. 

Unlike deciduous vegetation, conifer needles fall throughout the year, albeit some species 

such as Scot’s pine have fall rates that vary with season (i.e., lowest in early spring and highest 

in late summer and early fall) (Alexander and Cresser, 1995). 

It is noted by Alexander and Cresser (1995) that the litterfall quantities in Scotland’s Calluna 

moorlands and Scot’s pine forests have been in some studies found to be roughly equal, as are 

the pH’s of their respective leaf litters in water (4.5). 

Frӧberg et al. (2007) explain that DOC is produced mainly under the litter horizon by microbial 

activity, root exudation, and litter and humus in the soil, and it is consumed by microbes, 

hydrologically driven transport and physico-chemical retention. 

Fröberg et al. (2007) report on a study that differentiated between DOC produced from fresh 

Norway spruce litter and DOC derived from native organic matter to get an estimate of the 

contribution of fresh litter to total DOC leached from the forest floor. They found a large flush 

of DOC contribution from fresh litter in the upper soil layers in the first weeks of its addition to 

the forest floor. Carbon release from the litter was highest during its first week on the floor 

and diminished rapidly to nearly none throughout the course of one summer. More than 90% 

of the litter-derived DOC was lost in the underlying humus horizons (i.e., between the litter 

layer and the bottom of the O layer). The authors attribute this loss to sorption and 

mineralisation. Conversely, the native carbon contributed less than 10% initially but that 

increased to 80% over the course of four months. Carbon lost as DOC from the litter was 42%.  

3. Forest Uptake of Base Cations 

In general, non-marine base cations are assumed to be sourced in the subcatchment itself via 

surface weathering or releases at exchange sites (Evans et al. 2001-B). Base cations taken up 

by growing forests consist of base metals and inorganic nitrogen, the source of which is 

typically ammonium (Water and Jenkins, 1992). On freely draining forested soils, a point can 

be reached at which soil minerals cannot replenish the base cations that are taken up by the 

trees or that are leached by deposited materials (Alexander and Cresser, 1995). 

Afforestation decreases the base cations in the soil in part due to base cation uptake 

requirements of growing forests, and this lowered base status of soils in afforested 

subcatchments make them more sensitive to acid deposition (Jenkins et al., 1990). 
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Between 10% and 40% of calcium ions in rainwater in Ireland is of marine origin, as is almost 

all magnesium ions. Deposition of calcium plus magnesium ions from 1986-1994 was highest in 

the south and west and decreased with rainfall eastwards. Non-marine potassium deposition 

increases generally from west to east, but total potassium increases from east to west. 

Between 50% and 90% of potassium in Irish rainfall is marine based (Jordan, 1997). 

Base cations come from geochemical weathering of soils and sea salt. Most of the forested-

moorland paired sites in the United Kingdom’s Acid Waters Monitoring Network showed 

significant downward trends in base cation concentrations over the 20-year monitoring period 

due to declining acid inputs (Kernan et al., 2010). The Network sites did not show base cation 

depletion by tree growth. There was also a long-term increase in pH at all sites but higher in 

moorland sites. 

In contrast to peat, biogeochemical weathering of mineral soils releases base cations from 

metals, and they largely replenish cations carried away by soil contact with precipitation 

waters. As these minerals can weather at rates lower than those that are depleting the cations, 

acidification of the drainage waters and ultimately their receiving streams materialises. Base 

cation deficits in forested mineral soils are exacerbated by base cation uptake by trees. If the 

soil’s parent material is also slow weathering and base poor, such as is the case with granites, 

quartzites and some old sandstones, drainage waters passing through these cation exchange 

sites will be highly subject to acidification (Alexander and Cresser, 1995). 

Net uptake of base cations from the forest floor takes place predominantly in conifers during 

their first 15-20 years of age, the time it takes for the stand’s full canopy to develop. After that 

period, base cations made available from the leaf litter of the mature trees are typically 

abundant enough to eliminate the base cation deficit (Miller and Miller, 1987).  

Soil acidification occurs naturally when base cations are leached from the soil at a rate higher 

than they are released by weathering. The base cations are associated with bicarbonate from 

carbonic acid or natural organic acids from plants or microbes. Natural acidification is inherent 

in thin, well-draining soils on acidic parent material in wet and cool climates (Billet et al., 

1988). 

The chemical nature and rate of biomass accumulation in the forest trees, which vary among 

species, are the major determinants of the soil’s depletion of base cations and other nutrient 

elements, and are in turn critical for predicting stream acidification (Alexander and Cresser, 

1995). 
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Helliwell et al. (1998) describes applications of the two-layer MAGIC model with respect to 

base cation fluxes in the organic and mineral soil layers (i.e., weathering rates and uptake in 

each layer). The soil critical load threshold, BC:Al ratio = 1, was applied originally to protect 

trees of conservation value. Afforestation increased acidification of organic soils from forest 

uptake and interception (Helliwell et al. 1998). 

4. Forest Hydrology and Base Cation Dilution 

Upland catchments are often steep sloped and higher in altitude and thus experience greater 

precipitation. The combination of steep slopes and high rainfall has the effect of making runoff 

velocity higher and increasing erosion. Mineral soils in these catchments can thus be shallower 

and soil water residence times shorter. Upland catchment weathering produces large 

fluctuations of alkalinity, calcium and magnesium due to hydrological pathways, cooler 

climates, and thinness of soils. This causes rapid runoff of rainfall from the soil zone and the 

rapid flushing of weathered constituents (Smart et al., 1998). 

Root development deeper into the soils has been shown to deepen water penetration of the 

soil horizon, which in turn raises the concentration of exchangeable aluminium in the drainage 

water (Water and Jenkins, 1992). 

Tetzlaff et al. (2007) found residence times in Loch Ard catchments of roughly 1 square 

kilometre to be between two to 12 months, although they acknowledge that “there is 

considerable uncertainty in how to apply residence time models to catchments.” 

In a study to assess the role of riparian area geochemistry in determining the alkalinity and 

base cation concentrations of receiving waters, Smart et al. (2001) found that “the evolution of 

drainage water chemistry appears to retain the geochemical characteristics of the riparian area 

as it enters the channel network.” Billet and Cressner (1992) had previously demonstrated that 

soils immediately adjacent to Scottish Highland streams have a disproportionately higher 

effect on streamwater chemistry than do the total coverage of soils in the catchment. 

Calcium and pH are both negatively correlated with flow due to the fact that the water feeding 

the streams has been longer in resident in the soil. Stream calcium and pH at high flow is lower 

because the draining waters are from the more acidic, calcium-depleted upper soil horizons. 

The runoff during a storm event moves through the subcatchment more quickly where 

forestry plough furrows are present (Langan and Hirst, 2004). 

The more quickly storm water passes through the subcatchment soil, the less likely is it that 

the rapid cation exchange reactions that release bases adsorbed to particle surfaces (mostly 
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calcium) will buffer the acidic water (Lawrence, 2002). Lawrence (2002) showed that acid 

neutralisation during storm episodes was more dependent on calcium availability in the forest 

floor (Oa horizon where litterfall decomposes) than in the mineral soil. 

Lawrence (2002) points out that episodic acidification can potentially extend further 

downstream than chronic acidification due to the fact that ground water discharge increases in 

a downstream direction and acid neutralisation is a function of the proportion of ground-fed 

base flow to surface storm water. 

Altered drainage can also increase the oxidation of organic matter releasing carboxylate anions 

and producing sulphate ions that ultimately acidify receiving waters (Oliver et al, 1983). 

The simple presence of forest in a subcatchment alters drainage in that, other things equal, the 

forest will decrease the subcatchment’s water yield (i.e., lower the outflow). This occurs due to 

the fact that the evapotranspiration rate of water on forest surfaces is up to five times that on 

short vegetation such as grass. Conifer forests, in particular, consume water at higher rates 

than deciduous forests because of the high relative wet surface areas of their branches and 

needles and the relatively long periods of time conifer needles are retained on their branches 

before becoming litterfall (Cannell, 1999).   

Altered forest floor drainage can reduce the residence time of run-off by creating more direct 

routes for drainage water to flow to their receiving streams. Robinson (1986) reported that 

this can reduce by a third the time for flows to peak subsequent to a rainfall. 

Subcatchments at higher altitudes can be more sensitive to changes in pH because flow paths 

at these altitudes tend to be shorter and deep groundwater tends to impact the runoff 

relatively less (Ågren and Löfgren, 2012). 

D. Acidification Models 

It is important to note first that in most water quality modelling exercises, percent of 

subcatchment forested would generally have a positive association with water quality, 

especially if the subcatchment is home to industrial, urban and/or agricultural land uses. For 

example, Donohue et al. (2006), in a study to develop empirical regression models to predict 

water quality status with catchment characteristics, concluded that urban, arable farming and 

pasture land cover were the principle pressures at the catchment scale that impact negatively 

on the ecological quality of rivers and streams in Ireland. The per cent catchment covers of 

forest and peat bogs were actually both shown to be positively associated with water quality in 

this particular study due to its comprehensiveness with respect to land uses. 
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Similarly, in the study by Donohue et al. (2006), non-linear regression models were used to 

estimate the probability of Irish streams to meet at least good ecological status (Q value = 4-5) 

as defined pursuant to the requirements of the Water Framework Directive. Considered 

explanatory variables included sampling site elevation, slope of river segment, rainfall, 

catchment area and per cent catchment cover of five land use categories, one of which was 

forest cover. There was a positive correlation between forest cover and Q value, meaning 

increases in forest cover were associated with higher levels of water quality. However, the 

correlation coefficient was low (< 0.20) and the variable was not included in the final models. 

Per cent cover of urban area, pasture and arable land were all associated with lower Q values 

and were all included as explanatory variables in the modelling exercise. 

For obvious reasons, surface water acidification models aimed at better understanding the 

forest effect alone are much less comprehensive with respect to land uses. It is these types of 

acidification models that are the focus of this review. More specifically, of particular interest 

here are models that predict or explain Irish stream acidification with a combination of 

subcatchment characteristic and meteorological variables, where at least one of the 

independent variables characterises the conifer forest in the subcatchment. 

As deposition of acidic compounds have been in decline now for several years, acidification-

indicating parameters such as pH and ANC are increasingly functions of subcatchment land 

cover (Buffman et al., 2007). 

Key European models for acid deposition include Deposition of Acidifying Components in 

Europe (EDACS), the Dutch Empirical Acid Deposition Model (DEADM), and the European 

Centre Hamburg Model (ECHAM) (Wesley and Hicks, 2000). 

Langan et al. (1997) review empirical regression-based models to predict stream acidification. 

EMMA is a catchment acidification regression model relating soil water parameters to stream 

water parameters (Christophersen et al., 1990) (Hooper et al., 1990). DON is an empirical 

regression model using land use data to predict nitrate-nitrogen loading to streams (Wright et 

al., 1991). Hope et al. (1994) developed a total organic carbon empirical regression model 

using data on distribution of organic soil coverage in each catchment. 

Models to predict recovery of acidification in soil and freshwater streams have been used 

extensively to generate simulated outcomes under various atmospheric deposition scenarios.  

As noted by Evans (2005), three such models include SMART (De Vries et al., 1989), SAFE 

(Warfvinge et al., 1993) and MAGIC (Cosby et al., 2001). Evans (2005) describes the use of the 
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MAGIC model (Model of Acidification of Groundwater in Catchments) to simulate acidification 

under various climatological conditions as well. 

Aherne et al. (1998) describes the application of the process-based SAFE model for predicting 

the effects of acid deposition on forested soils and groundwaters. 

Wade et al. (2001) modelled Gran alkalinity in the acid-sensitive River Dee catchment in 

northeast Scotland by integrating End Member Mixing Analysis (EMMA), MAGIC and multiple 

regression of catchment characteristics via integration within a Functional Unit Network (FUN). 

The model predicted the effects of acid deposition and afforestation changes through space 

and time, including the long and short terms. 

Smart et al. (2001) successfully modelled most of the major cations in Scottish upland streams 

by regressing them on riparian parent material chemistry, altitude, and distance from the 

coast (to account for sea salt effects). High coefficients of determination were attained with 

the parent material regressor alone. 

Ågrena and Löfgren (2012), in an effort to, in part, assess the variability of forest stream pH 

sensitivity in Sweden, found that a stream’s propensity towards acidification is a function of 

different sets of subcatchment characteristics depending on the region in which it is found.  

Cresser et al., (2000) report an effort to model hydrochemical parameters indicative of 

acidification (e.g., hydrogen ion and base cation concentrations) on a Scottish river with 

catchment attributes. The models relied heavily on the predictive power of soil and geology, 

especially in riparian zones. The predictive power of forest cover was negligible. 

Rice et al. (2005), recognising that information about both the frequency and duration of acid 

episodes is critical to assessing effects on ecological functions in streams, and cognisant of the 

fact that, unlike continuous flow monitoring, hourly ANC monitoring is cost-prohibitive, 

developed a model to exploit the inverse correlation between flow rate and ANC to better 

predict the frequency and duration of acid episodes. Flow rates were continuously monitored 

for each geological and topographical catchment type, and ANC was sampled infrequently in 

each study catchment. Continuous ANC was computed for gaged catchments, and estimates of 

flow and un-sampled but physically characterised catchments were made via regression 

analysis. The result was a more precise acidification vulnerability map series for the study area 

as compared with a map series based solely on soil and geology.   

In an ANC modelling study utilising EMMA, Wade et al. (1999) conclude that in small 

catchments such as those less than 10 square kilometres, the influence of parent material 
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weathering and groundwater residence times on stream chemistry exceeds the influence of 

catchment characteristics. 

In Rothwell et al. (2010), empirical GIS-based linear regression models were developed in 

northwest England to predict water quality from catchment characteristics, including terrain, 

land cover, geology, flow and precipitation. Monitoring sites were only included if they had 

more than 60 sampling records for each parameter of interest. Base cation concentrations 

(calcium and magnesium) were best explained with the terrain and land cover variables whilst 

geology and land cover were the primary determinants of pH. Calcium and slope were found 

to be negatively correlated. This is explained by higher precipitation, thinner soils and base-

poor geologies in these steeply sloped catchments. Geology and land cover explained 60% of 

the variability in pH. 

Ormerod et al. (1989) note that acidity in regression models is best represented by pH because 

of its propensity toward normal distribution as compared to the highly heterogeneous 

variance of hydrogen ion concentration. Ormerod et al. (1989) regressed pH (and log 

aluminium) at varying hardness levels on total hardness, percentage forest cover, stream 

slope, average daily flow and altitude, but only percentage forest cover showed a significant 

relationship. pH declined the most with increased forest cover at 10-15 mg/l total hardness. 

Location of forest within the catchment was shown not to be an explanatory factor. 

A study by Brewin et al. (1996) of how water quality sampling frequency affects results for 

water quality parameters such as pH and aluminium when presented as mean values over time 

concluded that high sampling frequencies are integral to accurately representing high and low 

values inherent in phenomena such as conifer-induced stream acidification, where the most 

extreme values are associated with episodic flow events. 

Alexander and Cresser (1995) discuss the variety of experimental approaches undertaken to 

identify the forest effect on stream acidity, and although they conclude that the matched pairs 

design is optimal, they also concede that identifying sites in which previous soil management, 

climate, pollutant deposition, topography, soils, geology, etc. are both determinable and 

matching is “very difficult in practice”. 

Other works that describe GIS-based water quality models using catchment characteristics as 

dependent variables include Hornung et al. (1995), Thornton and Dise (1998), Smart et al. 

(1998), Donohue et al. (2005, 2006), Davies and Neal (2004, 2007), Helliwell et al. (2007), van 

der Perk et al. (2007) and Vuorenmaa and Forsius (2008). Rothwell et al. (2010) note that 
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relatively few statistical GIS-regression models have been developed to predict water quality 

at unmonitored points on streams. 

E. Conclusions 

The three main Irish studies that preceded this undertaking – AQUAFOR, FORWAT and 

HYDROFOR – tracked a progression from conifer-related stream acidification due in substantial 

part to pollutant deposition (especially in the Wicklow Mountains) to acidification due mainly 

to direct sources within the forests themselves. FORWAT and HYDROFOR were scoped to 

explore the extent to which some threshold value(s) of subcatchment forest cover area could 

be identified in the data. This was done presumably in anticipation of potentially enabling a 

recommendation for a replanting restriction to be made in relevant subcatchments. But no 

such threshold(s) emerged clearly enough to make such prescriptive measures advisable, and 

recommendations of total subcatchment deforestation have seemingly met thus far with 

resistance from policymakers. The results of those studies and the findings presented here 

suggest that information gaps based on need and utility might be best addressed by focusing 

future studies on direct in-forest sources of stream acidification (i.e., soil drying, litterfall 

decomposition, base cation uptake and base cation dilution). Further, scoping future studies 

cognisant of the unlikelihood of discovering geology-specific forest cover thresholds and 

targeted at further developing modelling data for geology/soil-specific thresholds might yield 

better information upon which to make more precise and perhaps politically palatable 

mitigation measure recommendations. The research presented here provides an incremental 

step to better understanding the potential roles of the direct causes of the forest effect and 

proposes an alternative to ubiquitous forest-cover threshold searches via geology/soil-specific 

GIS-based empirical regression modelling. 

FORWAT and HYDROFOR findings also revealed the presence of a phenomenon in Ireland that 

has been well documented in the United Kingdom. The dramatic decrease in pollutant 

deposition has coincided with a significant and somewhat proportional rise in stream DOC 

concentrations. While the potential mechanisms for this are potentially many, there is work 

underway on subcatchments in the United Kingdom to better understand the cause and effect 

of this phenomenon. However, given that the rise in DOC in the United Kingdom is thought to 

be related to decreasing sulphur deposition in large part, findings from these subcatchments 

will not translate well for many Irish subcatchments in which DOC is rising but sulphate 

deposition was never an acidifying driver. Thus causes of the DOC rise observed across the 

most recent studies of Irish subcatchments remain unexplored and is outside the scope of this 

thesis. 
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Relatively few studies are available reporting relationships between conifer-forested 

subcatchment characteristics and the forest effect, and many of the better documented 

relationships are mostly relevant to pollutant deposition, such as altitude, which are 

increasingly irrelevant to the forest effect in Ireland. Although the most recent Irish studies 

went to great lengths to thoroughly characterise the sampled subcatchments with respect to 

their physical attributes, the respective datasets seem to have been too small in size for 

correlations to be observable for most variables. The research findings presented in the 

forthcoming chapters of this document are based on data pooled from two of these recent 

studies and employ incrementally improved GIS techniques to formulate more accurate and 

relevant variables data. In doing so, some clear relationships between Irish subcatchment 

characteristics and water quality indicators of acidification were observed for the first time and 

are presented herein. 

Information about meteorological variables influencing atmospheric pollutant deposition and 

the forest effect is relatively good for the period in which the loadings were at their highest, 

which is generally up to the turn of the century. But no publications relating wind direction and 

stream acidification in Ireland were identified for the past decade and a half. Such information 

is of interest to those seeking an update on the role pollutant deposition is currently playing in 

conifer-forested subcatchments in Ireland. The research presented in this document relates 

water quality indicators of acidification with temperature, precipitation, wind speed and wind 

direction for the period 2007 to 2011. These findings are evidence that pollutant deposition 

plays a minimal role in stream acidification today in Ireland, which is in contrast to findings in 

some parts of the United Kingdom.  

Modelling work to explain and/or predict the forest effect has arguably been dominated by 

efforts to forecast the ongoing recovery of United Kingdom streams historically subjected to 

relatively high levels pollutant deposition. Very little of the outputs of these endeavours are 

translatable directly to Irish subcatchments due to the disparity between Ireland and United 

Kingdom pollutant deposition levels. Of more value to an effort to produce models to predict 

acidification in Irish forested streams is literature documenting GIS-based empirical model 

development in which subcatchment characteristics are used as independent variables. Such 

literature is relatively scarce given that most models of this nature include more than simply 

forestland and moorland, which are the only two relevant land uses in a model of the forest 

effect. Acidification models combining subcatchment characteristics and atmospheric variables 

as independent variables are even more rare, as Ormerod et al. (1989) was the only study 

identified that used both of these categories of independent variables to explain forest effect 

acidification via the dependent variable pH. This study detailed modelling of a United Kingdom 
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subcatchment. The research presented in this document includes a record of efforts to 

develop GIS-based empirical regression models to predict stream pH in Irish subcatchments 

with a combination of subcatchment characteristic and meteorological variables. No similar 

attempt at such modelling in Ireland has been identified. The need for such models is based in 

the need for predicting the effectiveness of subcatchment-specific afforesting and reforesting 

restriction mitigation measures. 
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CHAPTER III. Methods 

This study combines, for the first time, the data from the FORWATER and HYDROFOR projects 

into a single coherent database. This provides a unique resource for analysis of the forest 

effect, spanning a multi-annual period and concentrating on the types of areas thought to be 

most at risk. 

This chapter begins with an overview explanation of how this study departs from its 

predecessor FORWATER and HYDROFOR project study methodologies with respect to 

separating subcatchments into per cent forest cover bands pursuant to revealing forest cover 

thresholds beyond which biological impacts are disproportionately magnified. The next 

sections introduce the study subcatchments, the data used in this study, and the calculations 

done to create original variables, respectively. The methods employed to generate models to 

predict stream pH follows. This chapter concludes with a section explaining the approach 

adopted in presenting the study’s results. 

A. Overview 

The fundamental study design of the earlier FORWATER and HYDROFOR studies were similar in 

that, in both studies, sample sites were grouped into per cent forest cover bands for analysis, 

and tests of statistical significance of differences in mean values of acidification indicators 

were heavily relied upon in developing and interpreting study findings. The study presented in 

this document departs from this approach for the reasons explained below. 

The advantage of grouping study subcatchments into gradations of forest cover and comparing 

the mean or minimum values of pH for each is that if a forest-cover threshold, beyond which 

pH values drop off dramatically, in fact exists, it will be readily apparent, given sufficient data, 

and translate easily into a management measure recommendation. The FORWATER study 

reported hints of such thresholds for some geology/soil categories, but several exceptions in 

the trend were noted. There were also counter-theoretical results along the pH/forest-cover 

gradients. For example, in those FORWATER catchments which were on granitic/metamorphic 

geology, the percentage of samples with pH values less than 5.00 standard units for the 5%-

25% forest cover band was lower than that of the less than 5% band for both soil categories. 

On both granitic/metamorphic and sedimentary geologies, there were also gradients in which 

the greater than 50% forest band had a lower percentage of sub-five pH values than the 25%-

50% band (Kelly-Quinn et al., 2009). A similar counter-theoretical result was reported in the 

HYDROFOR study for metamorphic geology subcatchments, and no thresholds emerged from 

these study data. 
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Thus, in this study, catchments are not grouped into bands, but instead a direct continuous 

relationship or correlation is sought between acidification indicators and potential causal 

factors such as per cent forest cover. The absence of clear forest cover threshold values is 

apparent in scatterplots of the combined data from the two forerunner projects. For instance, 

Figure III.A-1 shows the relationship between pH and percentage forest cover for all 

catchments.  Despite the considerable scatter, a negative trend is apparent, but no obvious 

threshold is identifiable. When the data are grouped according to geology, the scatter reduces 

as separate relationships become apparent for the granite/felsite and old red sandstone 

geologies, shown in Figures III.A-2 and III.A-3. However there is no obvious relationship 

between pH and %forest cover for the catchments with schist and gneiss geologies, Figure 

III.A-4. These figures indicate a more complex situation than was hypothesised in the earlier 

studies. Thus, identification of pH/forest-cover thresholds was not pursued further in this 

study. 

 
Figure III.A-1. Individual pH measurements and per cent of subcatchment forested on all 
streambed/subcatchment geologies 
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Figure III.A-2. Individual pH measurements and per cent of subcatchment forested on 
granite/felsite streambed/subcatchment geologies 
 

 
Figure III.A-3. Individual pH measurements and per cent of subcatchment forested on old red 
sandstone streambed/subcatchment geologies 
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Figure III.A-4. Individual pH measurements and per cent of subcatchment forested on schist 
and gneiss streambed/subcatchment geologies 
 

As the selection process for all the sample sites (i.e., study subcatchments) in these earlier 

studies was not clearly documented and involved a myriad of professionals, including Coillte 

foresters, GIS professional analysts, and multiple FORWATER and HYDROFOR project 

researchers, a guarantee of the randomness of the population of sampled subcatchments 

cannot be made here. Further, it is known that the scarcity of available appropriate sites was a 

constraint on the site selection process in at least the HYDROFOR study. And it is also 

documented that a paired site selection approach was pursued in both the FORWATER and 
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there could have been selection bias inherent in these factors cannot be determined here with 

certainty. Therefore, it would be imprudent to guarantee that the sample populations of sites 
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B. Study Subcatchments 

The FORWATER Project researchers selected 231 first to third order stream sample locations to 

which subcatchments of varying degrees of forest cover drain. Most locations were sampled 
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The average surface area of these subcatchments is 1.98 square kilometres. The average 

altitude of the sample points is 192.25 metres. Conifer species dominated all forested 

subcatchments. All streams sampled were either first, second or third order. Available data on 

forest characteristics such as average age, yield class, species mix, etc. were found to be 

outdated and unreliable and are not reported here.  

 

 
Figure III.B-1. FORWATER and HYDROFOR study subcatchments and the three most common 
subcatchment geologies  

For the HYDROFOR Project and for this study, data cohorts were established based on 

streambed/subcatchment geology type (granite/felsite, old red sandstone, schist & gneiss) and 

region (east, south west). Subcatchments not on one of these three major geology types were 

mostly disregarded in the analyses reported here due to small sample sizes. Likewise, the two 

clusters of FORWATER sites on old red sandstone and lateral to the east coast Wicklow 
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Mountain sites were omitted from region-specific analyses. These groupings were chosen in 

response to what appeared to be suboptimal groupings in the FORWATER Study in which sites 

were broken into igneous/metamorphic and sedimentary geology and further subdivided by 

soil category (Kelly-Quinn et al, 2008). 

C. Data Employed 

Data comprising the database constructed for this study came from the following sources (and 

are of the following nature): 

• FORWATER Project dataset (water quality parameters, flow and subcatchment 

delineation data); 

• HYDROFOR Project dataset (water quality parameters and flow data); 

• EPA (original subcatchment characterisation data); 

• Met Éireann (original meteorological data); 

• Forest Service (original forest characterisation data); 

• Coillte (original forest characterisation data); and 

• Google Earth (original forest characterisation data). 

The consolidated database used for the analyses and findings presented in this document was 

constructed in two general stages: 1) consolidation of selected data from existing spreadsheet-

type datasets from the two pre-cursor projects and 2) generation and incorporation of original 

geographic information system (GIS)-based data characterising relevant forest and 

subcatchment attributes and describing meteorological conditions at the times of sampling. 

The original data were generated to either supplement information from the pre-cursor 

projects or to replace those data upon which accuracy could be improved.    

1. Consolidation of Existing Datasets 

The FORWATER and HYDROFOR project researchers collected a combined 909 water quality 

grab samples across a combined 265 stream sampling sites between 2007 and 2010. The 

following records for the following water physical and quality parameters from both projects’ 

datasets were combined to form the foundation of the consolidated spreadsheet-based 

database: 

• streamflow (categorical: storm, base) 

• pH (standard units)  

• alkalinity (mg/l calcium carbonate equivalents) 

• ammonium nitrogen (mg/l) NH₄-N 
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• nitrate nitrogen (mg/l) NO₃-N 

• dissolved organic carbon (mg/l) DOC 

• aluminium (µg/l) Al 

• sodium (mg/l) Na 

• potassium (mg/l) K 

• magnesium (mg/l) Mg 

• calcium (mg/l) Ca 

• chloride (mg/l) Cl 

• sulphate (mg/l) SO₄ 

Ion concentration values in µeq/l were calculated for alkalinity, NH₄-N, NO₃ (after conversion 

from NO₃-N), Al, Na, K, Mg, Ca, Cl and SO₄ and added to the database. Organic acidity and acid 

neutralising capacity (ANC), both in µeq/l, and hydrogen ion concentration in µmol/l were also 

each calculated and added to this database.  

Categorical data for flow rate observations made by FORWATER and HYDROFOR researchers 

were taken from both projects’ datasets to form the initial consolidated spreadsheet-based 

database to which additional data would be added pursuant to the objectives of this study. 

Finally, GIS-based shapefiles of subcatchment delineations done for the FORWATER Project 

were acquired, courtesy of Compass Informatics, to form the foundation of this study’s GIS-

based database. 

2. Generation and Incorporation of Original Data 

The remainder of subcatchment delineations for this study were created (jointly with the 

HYDROFOR Project) in ESRI ArcView ArcGIS 10 via the ESRI ArcHydro plug-in tool and Ireland’s 

20-metre-resolution Digital Terrain Model (DTM), which was made available by the 

Environmental Protection Agency (EPA). To these shapefiles were added the following GIS data 

layers: 

• EPA Water Framework Directive Rivers 

• Teagasc National Geology 

• Teagasc National Soils 

• Forest Service Forest07 

• Coillte (Forest) Subcompartments 

• Met Éireann Rainfall, Climatological and Synoptic Stations 
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For each of the 265 subcatchments, the following GIS data were then generated and these 

variables were added as columns to the spreadsheet-based database: 

• Waterbody (i.e., Streambed) Primary Geology; 

• Waterbody (i.e., Streambed) Primary Soil; 

• Subcatchment Primary Geology; 

• Subcatchment Primary Soil; 

• Subcatchment Area; 

• Per cent Forest Cover of Subcatchment; 

• Per cent Mature Forest Cover of Subcatchment; 

• Per cent Immature Forest Cover of Subcatchment;  

• Average Slope of Subcatchment; 

• Average Slope of Forested Portion of Subcatchment; 

• Average Slope of Non-Forested Portion of Subcatchment; 

• Sample Site Altitude; 

• Subcatchment Region; 

• Nearest Weather Station Name and Type; and  

• Linear Distance between Sample Site and Nearest Relevant Weather Station.  

a. Geology and Soil Data 

The GIS analysis identified eight different types of primary geology found beneath the 265 

stream segments or streambeds and subcatchments in this study, Table III.C.2.a-1. 

Table III. C.2.a-1. Streambed/subcatchment geologies investigated  
Major Group Name Abbreviation 
Igneous Granite/Felsite GF 

Sedimentary 

Ordovician O  
Old Red Sandstone ORS 
Lower Avonian/Carboniferous LAC 
Coal Measures CM 

Metamorphic 
Silurian Quartzite SQ 
Schist and Gneiss S&G 
Quartzite Q 

 

Figure III.C.2.a-1 shows the proportions of streambed/subcatchment primary geology types 

among the study subcatchments (and lists the abbreviations for them used in this report). Sites 

in which the streambed and subcatchment primary geologies differ are classified as 

‘combinations’. 
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Figure III.C.2.a-1. Percentage of total samples (n = 909) by predominant 
streambed/subcatchment geology 
 
Figure III.C.2.a-1 shows that a large majority of study sites are underlain by one of only three 

geology types, old red sandstone (ORS) (48%), granite/felsite (GF) (18%), and schist & gneiss 

(S&G) (13%). This study focusses on these three geologies. 

 

Ireland’s soil categories are defined in detail in Teagasc (2004). An analysis of the GIS soil layers 

for each study location shows that 10 different types of soils are found beneath this study’s 

265 stream segments and subcatchments, Table III.C.2.a-2. 
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Table III.C.2.a-2. Streambed/subcatchment soils present in study subcatchments 
Great Soil Group Name/Description Abbreviation 
Variable Mineral alluvium AlluvMIN 

Variable Variable drained mineral derived from 
mainly acidic parent materials Amin 

Acid Brown Earths, Brown Podzolics Deep well drained mineral derived from 
mainly acidic parent materials AminDW 

Surface Water Gleys Deep poorly drained mineral derived 
from mainly acidic parent materials AminPD  

Surface Water / Peaty Gleys 
Deep poorly drained mineral with peaty 
topsoil derived from mainly acidic 
parent materials 

AminPD/PDPT 

Peaty Gleys 
Poorly drained mineral with peaty 
topsoil derived from mainly acidic 
parent materials 

AminPDPT 

Peaty Gleys (Shallow) 

Shallow poorly drained mineral 
potentially with peaty topsoil derived 
from mainly non-calcareous parent 
materials 

AminSPPT 

Podzols (Peaty) 
Shallow, lithosolic-podzolic type 
potentially with peaty topsoil derived 
from predominantly shallow soils 

AminSRPT 

Lithosols, Regosols Shallow well drained mineral derived 
from mainly acidic parent materials AminSW 

Blanket Peats Blanket peat BktPt 
from Teagasc's Summary Methodology Description for Subsoils, Land Cover, Habitat and Soils 
Mapping/Modelling, Version 1.2, August 2006 

   Only three primary soil types coincide with granite/felsite geology in the study catchments, 

Figure III.C.2.a-2. AminSRPT-BktPt denotes the primary geology for the streambed is AminSRPT 

and that of the subcatchment is BktPt.  
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Figure III.C.2.a-2.  Percentage of total samples (n = 167) on granite/felsite geology by 
streambed & subcatchment soil type 
 

However, the situation is more complex for ORS which underlies a much wider range of study 
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Figure III.C.2.a-3. Percentage of total samples (n = 435) on old red sandstone geology by 
streambed & subcatchment soil type 

Figure III.C.2.a-4 shows the percentage of samples with the five categories of 

streambed/subcatchment soils that coincide with schist & gneiss geology. 
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Figure III.C.2.a-4. Percentage of total samples (n = 121) on schist and gneiss geology by 
streambed & subcatchment soil type 
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noted previously, it is the ion exchange reaction rate and buffering properties of the soils 

immediately adjacent to the stream under evaluation that have the greatest influence on its 

acidification. Thus, these soils should be given due consideration when evaluating the manner 

in and degree to which various soil types are causal factors for this acidification (Alexander and 

Cresser, 1995). 
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Earth images, and recent orthophotos were compared with attribute data. Substantial 

inaccuracies were identified.  

The inaccuracies may be due to a number of reasons, including: 

• Projected felling dates are quite commonly delayed for numbers of years, so without 

visual confirmation, forest cover areas are presumed felled and are erroneously 

subtracted from the total area of cover (i.e., underestimates forest cover); 

• Parcels ‘deforested’ prematurely between 1998 and 2011 in advance of projected 

felling dates are erroneously counted as forested (i.e., overestimates forest cover);  

• The forest cover layer in Forest07 is a collection of parcels of land designated as 

forestry on the basis of at least 20% homogenous tree cover, so a parcel that’s only 

21% covered with trees is counted as 100% covered (i.e., overestimates forest cover); 

and 

• In 1998 when the Forest07 base layer was last updated, parcels were designated 

‘mature’ or ‘young’ depending on whether the stand was closed canopy or not. If only 

mature forest parcels are counted, some young parcels from 1998 would be mature by 

2011 and erroneously discounted (i.e., underestimates forest cover). If both mature 

and young parcels are counted, some of the young parcels would not be mature by 

2007 and erroneously counted as mature forest (i.e., overestimates forest cover). 

In essence, it was accepted that the only means of making accurate location and attribute 

characterisations of forest parcels in each subcatchment was via original visual determination 

by orthophotos. Ideally, relevant forest parcels delineated within subcatchment delineations 

would have been layered on 2005 Ordinance Survey Ireland (OSI) orthophotos, and 

delineations and attribute data would have been modified as necessary. But access to these 

OSI data was cost prohibitive. Fortunately, Google Earth time series aerial photos were 

available, and the procedure originally to validate Forest07 and Coillte Subcompartment data 

was adopted as the method to delineate all forest parcels. The forest parcel delineations for all 

study sites were made directly in the Google Earth user interface into which subcatchment 

delineations had already been projected.  

Attribute data generated via this method consisted of characterisations of the parcels as 

mature or immature based on obvious extent of canopy cover, where less than full canopy 

cover was categorised immature. Forest07 data were referenced to confirm that all parcels 

delineated were dominated by conifer species. All forest parcel delineations generated in 

Google Earth were subsequently reprojected in ESRI ArcGIS ArcMap 10. 



 

66 
 

In ArcMap, the respective surface areas of the subcatchments and their associated mature and 

immature forest parcels were calculated and a per cent of forested, mature forested and 

immature forested area within each subcatchment was made and added to the spreadsheet-

based database. 

c. Slope Data 

With all subcatchment and subcatchment-bound forest parcel layers projected in ESRI ArcGIS 

ArcMap 10 with the ArcHydro plug-in and Ireland’s DTM, raster files were generated for each 

subcatchment and forest parcel. The raster files enable a procedure to be executed with 

ArcHydro that allows the area and average slope (in degrees) of each delineated shapefile to 

be calculated. With these data, values for average slope of forested parcels or ‘blocks’ were 

calculated. The average slope of forested areas in each subcatchment was calculated as an 

area weighted combination of the slopes of the individual forest blocks, as follows: 

fbts = ((fb1a/fbta) x fb1s) + ((fb2a/fbta) x fb2s) + ...((fbna/fbta) x fbns) 

where; 

fbts = average slope of all forested blocks in subcatchment 

fb1a = area of forested block 1 

fbta = total area of all forested blocks in subcatchment 

fb1s = average slope of forested block 1 

fb2a = area of forested block 2 

fb2s = average slope of forested block 2 

fbna = area of forested block n 

fbns = average slope of forested block n 

 

d. Altitude and Region Data 

The altitude at each sample site (in metres) was read from Google Earth and recorded as a 

column in the spreadsheet-based database. A more rigorous procedure to calculate average 

forested parcel altitudes for each subcatchment was foregone based on the results from the 

exercise in Google Earth. Sample site altitude, which is relevant because occult pollutant 

deposition theoretically increases with altitude, did not correlate with acidification anywhere, 

and analysis of pollutant deposition as an acidification driver produced no evidence of occult 

deposition. 

Each subcatchment was also assigned to one of four regions (east, south, west or central) as 

self-evident in Figure III.B-1 and detailed in Appendix 1. 
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e. Meteorological Data 

Weather data, which is not GIS-based, is available from Met Éireann for three weather station 

types: rainfall station (rainfall data only), climatological station (rainfall and temperature data) 

or synoptic station (rainfall, temperature, wind speed and wind direction). Whilst matching the 

non-GIS historic meteorological data to each of the relevant GIS-based weather station 

positions it was realised that some data were missing for most of the non-synoptic weather 

stations. So for all but 40 sample sites, the nearest synoptic station was used for its associated 

meteorological data. If the rainfall, temperature or wind data from the nearest synoptic station 

were missing, no data for those variables were recorded in the database. 

Because of uncertainty about the length of the antecedent pre-sampling weather period that is 

most influential on the acidity of the water quality samples, data for four antecedent periods 

of varying lengths were studied. These were the day of sampling and two days, seven days, 

and 30 days prior to the sampling day.  Rainfall, temperature, and wind speed readings from 

the Met Éireann datasets were averaged over each of these periods. Each of these values, 

where available, was added to the database for each of the 909 samples. The high and low 

temperatures for each sample day were also recorded in the database. 

As wind direction data in the Met Éireann datasets are given in degrees at various intervals, 

averaging of these data for each of the four periods was obviously not viable. Wind directions 

were rather categorised into 16 groups as shown in Table III.C.2.e-1: 

Table III.C.2.e-1. Categorisation of wind direction variable 
levels 
Direction Category Range of Degrees 
north (n) 349-11 
north northeast (nne) 12-33 
northeast (ne) 34-56 
east northeast (ene) 57-78 
east (e) 79-101 
east southeast (ese) 102-123 
southeast (se) 124-146 
south southeast (sse) 147-168 
south (s) 169-191 
south southwest (ssw) 192-213 
southwest (sw) 214-236 
west southwest (wsw) 237-258 
west (w) 259-281 
west northwest (wnw) 282-303 
northwest (nw) 304-326 
north northwest (nnw) 327-348 
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Once categorised, a tally of each category was made for each of the four periods, and the 

category appearing most frequently was designated as that period’s prevailing wind direction. 

D. Calculations 

Excluding those done in regression modelling, preliminary calculations were undertaken to 

convert the raw data into a form suitable for modelling their effects on stream acidity, 

particularly on the concentrations of hydrogen ions. These included; 

• Convert water quality parameters, originally reported in milligrams per litre (mg/l), to 

their respective values in microequivalents per litre (µeq/l);  

• Convert nitrate nitrogen (NO₃-N) in mg/l to nitrate (NO₃) in mg/l; 

• Convert pH in standard units to hydrogen ion concentration in micromoles per litre 

(µmol/l); 

• Calculate the mean pH of samples in a category (e.g., ORS sites only); 

• Calculate acid neutralising capacity in µeq/l; 

• Calculate base cation dilution as a percentage; 

• Calculate sea salt acidification in µeq/l; and 

• Calculate organic acidity in µeq/l. 

The methodology to convert water quality parameters originally reported in mg/l to their 

respective values in µeq/l was taken from Hem (1978) and involves multiplying the 

parameter’s value in mg/l by its ionic charge (i.e., valence) divided by its ionic mass (i.e., 

molecular weight) multiplied by 1000. For example, the conversion of aluminium (Al) in mg/l to 

aluminium ion concentration (Al³⁺) in µeq/l is done as follows: 

Al³⁺ µeq/l =  Al mg/l (
3

26.98 µg/l 
) (1000) 

Where; 

Al ionic charge = 3  

Al ionic mass = 26.98 µg/l 

 

As a back check, the parameter values in mg/l were multiplied by pre-calculated conversion 

factors given by Hem (1978) as follows in Table III.D-1: 
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Table III.D-1. Multipliers for converting water quality parameters from mg/l to 
µeq/l 

Alk Al³⁺ NH₄⁺ Ca²⁺ Cl⁻ Mg²⁺ NO₃⁻ K⁺ Na⁺ SO₄²⁻ 
19.98 111.19 55.44 49.9 28.21 82.29 16.13 25.28 43.5 20.82 

 

The multiplier for Al³⁺, for example, was simply obtained by Hem (1978) by dividing 3 (ionic 

charge) by 26.98 (ionic mass) and multiplying by 1000. 

Since nitrate was reported in the database as nitrate nitrogen (NO₃-N) in mg/l, these values 

were first converted from NO₃-N in mg/l to NO₃ in mg/l and then from nitrate (NO₃) in mg/l to 

nitrate ion concentration (NO₃⁻) in µeq/l. This was done by multiplying NO₃-N in mg/l by the 

quantity 62.02 parts per million (ppm) divided by 14.00 ppm (i.e., multiplying NO₃-N by the 

multiplier 4.43). This is done because 14.01 ppm NO₃-N in solution equals 62.02 ppm NO₃ (i.e., 

the atomic weight of nitrogen is 14.01 and the molar mass of a nitrate anion is 62.02 g/mole). 

The same conversion from the measured values for the parameter ammonium nitrogen (NH₄-

N) in mg/l to ammonium (NH₄) in mg/l was not done because the multiplier for this conversion 

is approximately 1 (1.29). 

Values for pH in standard units were converted to hydrogen ion concentrations in µmol/l by 

the equation given by Edwards (1986): 

𝐻+ = (10−𝑝𝑝)(106) 

To calculate mean pH values for multiple pH records, the equation taken also from Edwards 

(1986) was used: 

𝑝𝐻𝑚𝑚𝑚𝑚 =  −𝐿𝐿𝐿(
𝐻𝑚𝑚𝑚𝑚+

106
) 

The equation used for calculating ANC was taken from Hindar et al. (2003):  

𝐴𝐴𝐴 = (𝐴𝐶+ +  𝑀𝑀2++ 𝐴𝐶+ +  𝐴𝐻4+) −  (𝑆𝐿42− + 𝐴𝐿3− + 𝐴𝐶−)  

It is noted that the methodology for calculating ANC used by Reuss and Johnson (1986) and 

others does not include ammonium as a base cation. 

The equation used for calculating base cation dilution was taken from Kahl et al. (1992): 

𝐵𝐴 𝑑𝑑𝐶𝑑𝑑𝑑𝑑𝑑 = 100 𝑥 
�(∑𝐵𝐴𝑏𝑚𝑏𝑚 − ∑𝐵𝐴𝑏𝑠𝑠𝑠𝑚) −  ∑𝐵𝐴𝑏𝑚𝑏𝑚� 𝑥 𝐴𝐴𝐴𝑏𝑚𝑏𝑚

𝐴𝐴𝐴𝑏𝑚𝑏𝑚 −  𝐴𝐴𝐴𝑏𝑠𝑠𝑠𝑚
 

The equation used for calculating acidification from the sea salt effect was taken from Kowalik 
et al. (2007): 

𝑆𝑆𝐶 𝑆𝐶𝐶𝑑 𝐴𝐴𝑑𝑑𝑑𝐴𝑑𝐴𝐶𝑑𝑑𝑑𝑑 = (𝐴𝐶𝑚𝑚𝑚𝑚 𝑏𝑚𝑏𝑚
− − 𝐴𝐶𝑏𝑠𝑠𝑠𝑚−  ) − (𝐴𝐶𝑚𝑚𝑚𝑚 𝑏𝑚𝑏𝑚

+ − 𝐴𝐶𝑏𝑠𝑠𝑠𝑚+  ) 
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The equation used for calculating organic acidity (i.e., organic anion concentration (A¯)) was 
taken from Oliver et al. (1983): 

[𝐴−] =  
𝐾�[𝐴𝑇]

𝐾� + [𝐻+]
 

where; 

𝐴𝑇 = 𝐷𝐿𝐴 𝑥 10 

𝐾� =  10−𝑝𝑝 =  10− �0.96+(0.90 (𝑝𝑝)� − 0.039 (𝑝𝑝2) 

𝑝𝐾� = 0.96 + 0.90(𝑝𝐻) − 0.039(𝑝𝐻2) 

 

𝐴𝑇 is organic acid concentration, and 𝐾� is the mass action quotient. 

Important to note is that calculations to divide water quality parameters such as sulphate into 

contributions from marine and non-marine sources could not be done successfully, because so 

many sample sites are not close enough to the coast for marine water ratios to be applicable. 

For instance, as Kernan et al. (2010) explains, non-marine sulphate is estimated by assuming 

sulphate ions accompany chloride ions in sea salt aerosols in a fixed proportion and that all 

chloride ions in stream water are derived from sea salts. But as Evans et al. (2001-A) note, 

fractioning sulphate this way is only appropriate in coastal streams, as non-marine or ‘excess’ 

anthropogenic sulphate contributes all the sulphate in inland streams. Attempts to estimate 

amounts of excess sulphate occasionally produced results that were negative or greater than 

those of total sulphate. Thus it became apparent that the assumptions on which many of the 

calculations were based did not apply to non-coastal sample sites. And without a metric to 

differentiate between coastal and non-coastal sites, it was decided this method for calculating 

excess sulphate could not be employed. 

E. Modelling 

Ordinary Least Squares (OLS) multivariate linear regression of the PH variable on multiple 

combinations of subcatchment characteristic and meteorological condition variables was 

conducted in Microsoft Excel with the RealStats-2007 plug-in tool. Numerical water quality 

data, categorical flow data, and numerical and categorical meteorological data for regression 

modelling consisted only of observations coinciding with storm flow conditions. Subcatchment 

characteristics data were included only for subcatchments in which forest cover was greater 

than 0.00 per cent (i.e., control subcatchments were omitted). In other words, models to 

predict pH did not include samples taken at low flow or samples taken from sites with no 

forest cover. These smaller flow and per cent forest cover cohorts were analysed exclusively 

because past and present evidence suggests the forest effect occurs predominantly during 
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storm flow conditions and obviously in forested rather than moorland subcatchments. Also, 

due to past and present findings on the variability of the forest effect as it relates to 

streambed/subcatchment geology and region-specific wind patterns, individual models were 

generated from six data subsets extracted from the database: (i) granite/felsite, (ii) old red 

sandstone, and (iii) schist & gneiss streambed/subcatchment geologies only (across all 

regions); and (iv) East, (v) South and (vi) West Region subcatchments only (across all 

streambed/subcatchment geologies). 

In preparation for modelling, scatterplots and cross correlations of the following numerical 

variables in Table III.E-1 were generated to identify potential functional form transformations 

of variables and associations between variables, respectively: 

Table III.E-1. Numerical variables considered for regression modelling of pH 
Variable Description 
PH pH in standard units (dependent variable) 
SA subcatchment surface area in square kilometres 
PCTF per cent of subcatchment forested 
SLPF average slope of forested portion of subcatchment in degrees 
ALT altitude at sample site in metres 
RAIN0 rainfall on sample date in millimetres 
RAIN2 rainfall over the two days prior to sample date in millimetres 
RAIN7 rainfall over the seven days prior to sample date in millimetres 
RAIN30 rainfall over the thirty days prior to sample date in millimetres 
TEMP0 average temperature on sample date in degrees Centigrade 
TEMP0H high temperature on sample date in degrees Centigrade 
TEMP0L low temperature on sample date in degrees Centigrade 
TEMP2 average temperature over the two days prior to sample date in degrees Centigrade 
TEMP7 average temperature over the seven days prior to sample date in degrees Centigrade 
TEMP30 average temperature over the thirty days prior to sample date in degrees Centigrade 
WINDS0 average wind speed on sample date in knots 
WINDS2 average wind speed over the two days prior to sample date in knots 
WINDS7 average wind speed over the seven days prior to sample date in knots 
WINDS30 average wind speed over the thirty days prior to sample date in knots 

 

Although not modelled as dependent variables, the following acidity-indicating continuous 

variables were also cross correlated with the variables in Table III.E-1 in order to assess 

potential associations: hydrogen ion concentration (H) in micromoles per litre; alkalinity 

(EALK), acid neutralising capacity (EANC) and organic acidity (EOA) concentrations in 

microequivalents per litre; and dissolved organic carbon (DOC) in milligrams per litre. 

Correlations between water quality indicating variables aside from the PH variable were not 

done pursuant to modelling because a scenario in which one water quality variable would be 

used to predict other water quality variables is considered unlikely and therefore lacking 
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practical application. Employing H, EALK, EANC, EOA and DOC as dependent variables as a 

means of predicting stream acidification was considered but not pursued due to resource 

constraints. PH was selected as the sole dependent variable because it has the advantage of 

allowing the regression equations to be used to predict maximum allowable per cent forest 

cover values for each waterbody/subcatchment geology and soil category (WATSUBGS level) 

by simply substituting the value 5.50 (i.e., pH biological threshold value) for PH and solving for 

PCTF. 

PH was regressed on the categorical variables for wind direction (WINDD0, WINDD2, WINDD7 

and WINDD30) and waterbody/subcatchment geology and soil (WATSUBGS), each 

respectively, to screen for these variables’ potential explanatory power. Various consolidations 

of the WINDD variable levels were made in attempts to elevate their coefficients of 

determination, but the highest associations were with the sixteen-level differentiation. The 

coefficients of determination for PH regressed on WATSUBGS for GF, ORS and S&G geologies 

were 0.08, 0.52 and 0.02, respectively.  The coefficients of determination for PH regressed on 

the WINDD variables for each region are shown in Table III.E-2.

 

Table III.E-2. Coefficients of determination for PH regressed on 

WINDD variables by region 

  East South West 
WINDD0 0.18 0.18 0.27 
WINDD2 0.19 0.23 0.23 
WINDD7 0.11 0.15 0.14 
WINDD30 0.31 0.06 0.15 

 

Numerical variables which correlated with pH with a Pearson’s Correlation Coefficient (r) 

greater than 0.20 or less than -0.20 were considered for the first model runs. Categorical 

variables with coefficients of determination (R²) greater than 0.20 or less than -0.20 were also 

considered for the first model runs. In cases in which more than one RAIN, TEMP, WINDS or 

WINDD variable had more than one coefficient value greater than 0.20 or less than -0.20, only 

the variable with the stronger correlation was considered for incorporation into the first model 

run. For example, if r = 0.20 for RAIN2 and r = 0.30 for RAIN7, RAIN7 was the sole RAIN-related 

variable incorporated into the first model run. 

All potential independent numerical variables selected for consideration were correlated with 

one another, and if any of the resulting coefficients were greater than 0.20 or less than -0.20, 

the variable with the stronger correlation with PH was retained for the first model run. On 
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running the first model, it was confirmed that the variance inflation factor for each categorical 

variable level was less than 10.0. This was considered adequate to insure against collinearity 

given the relatively high numbers of levels for the WINDD and WATSUBSG variables 

(Marquardt, 1970).  

All models began with a first run that included the independent variables that met the 

screening criteria described previously. A process of iteratively eliminating each independent 

variable one by one to see if the adjusted R² for the regression model would increase was 

initiated subsequent to the first model run. The PCTF variable was included in all models, as 

none were improved upon with its omission. The development process was terminated for 

each model at the point in which the combination of independent variables maximising the 

adjusted R² was identified.  

F. Results Reporting 

In general, the results of this research consist of those from tests of differences of mean values 

and tests of association between variables. The comparisons of means are typically between 

water quality indicators from either forested or nonforested subcatchments. The associations 

are typically between subcatchment characteristics or atmospheric conditions and water 

quality indicators of the forest effect.  More specifically, the following three different types of 

tests were performed and the results are presented in the following chapters of results and 

discussion: 

• Test type 1: Tests of the null hypothesis that the mean values of individual water 

quality indicators (e.g., H⁺) for each sampling location are not related to whether its 

subcatchment is forested or nonforested.  In each case, the alternative/theoretical 

hypotheses includes the presumed direction of an effect (H⁺ nonforested < H⁺ 

forested); 

• Test type 2: Correlations of two numerical variables – water quality indicators (e.g., 

pH) and possibly associated subcatchment or atmospheric variables (e.g., % forest 

cover); and 

• Test type 3: Linear regressions of one numerical water quality variable (e.g., NO₃¯) on 

one categorical variable (e.g., wind direction). 

It is notable that tests of statistical significance of differences of means for the purposes of 

making spatial inferences about total populations of geology/soil-specific subcatchment types 

are forgone in this study. As mentioned previously, such tests were not done due to 

uncertainties about the randomness of the site selection processes undertaken by the 
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FORWATER and HYDROFOR project researchers. Rather than reporting significance levels for 

tests of differences of means between two or more groups of samples, a more conservative 

reporting approach was generally applied wherein a variety of theoretically affirmative 

research questions are posed and the strength of the resulting yes or no answers are given as 

to whether evidence was or was not found to answer the question in the affirmative (i.e., 

support the theoretical result).  

For example, the following research question is posed in the Chapter V results and discussion 

chapter on acidification drivers: 

Research Question: Where is there evidence that soil drying is a [acidification] driver [in 

Ireland]? 

Affirmative answers to the following related test questions pertaining to the sample data are 

considered evidence that soil drying may be a driver in this population of subcatchments: 

• Test Question 1: For each of the three geology types, are mean values for DOC and 

organic acidity in forested subcatchments greater than those values in nonforested 

subcatchments? 

• Test Question 2: For each of the three geology types, do mean values for DOC and 

organic acidity increase with increases in subcatchment per cent forest cover in 

forested subcatchments? 

• Test Question 3: For each of the three geology types, do mean values for DOC and 

organic acidity increase with increases in mean temperatures in forested 

subcatchments? 

The test questions are posed in self-explanatory shorthand in Chapter V. Below are the 

shorthand versions of test questions 1-3 above: 

• DOC, OA forested > DOC, OA nonforested?  

• DOC, OA↑ with forest cover↑?  

• DOC, OA↑ with temperature↑? 

In this example, for old red sandstone geology, the answer to all three test questions is ‘yes’ 

(i.e., evidence was found). Since the answer to at least one of the test questions is yes, the 

answer to the research question is yes, however research question answers are further 

qualified based on the following criteria for extent of evidence:  

• ‘strong’ – highest certainty given high corroboration amongst test results 

• ‘good’ – reasonable certainty given some corroboration amongst test results  
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• ‘moderate’ – lowest certainty given low corroboration amongst test results  

• ‘no’ – certainty irrelevant given no evidence in any test results 

It is important to note that a ‘no’ answer to a research or test question only means that no 

evidence was found. It does not necessarily mean that no evidence exists. Similarly, a ‘no’ 

answer to a test question in which r or R² is the metric only indicates data do not provide 

evidence of a linear relationship. Also, tests producing r or R² values greater than 0.20 or less 

than -0.20 were considered a potential result, whilst values between 0.20 and -0.20 were 

disregarded as not providing evidence of a relationship.   

The Chapter VI results rely exclusively on correlations (numerical variables) or univariate linear 

regressions (numerical/categorical variables), so rather than pose test questions in the 

theoretically affirmative as in Chapters IV and V, for numerical variables they simply query 

whether there is a positive or negative association between the acidification indicator variable 

(e.g., pH, ANC, DOC) and the subcatchment or meteorological variable (e.g., slope, altitude, 

rainfall). For questions about associations between numerical acidification indicator variables 

and the categorical geology-soil or wind direction variables, levels are ranked based on the 

extent to which they relate positively with rises in acidification. Thus, the research questions 

and answers in Chapter VI are far more straightforward than those in Chapters IV and V. The 

research question in Chapter VII on modelling is simply whether these meteorological 

conditions data and subcatchment characteristics data, inclusive of the per cent forest cover 

variable, could likely be used to predict pH if such an effort were to be properly resourced. 

Despite this conservative reporting approach, which omits precise levels of certainty in making 

inferences about larger populations of subcatchments from sampled subcatchments, it is 

important to bear in mind that inferential statistical techniques, especially nonparametric 

ones, can only produce reliable results if the sample populations are truly random. And again, 

uncertainty about the randomness of the site selection process that yielded the sample 

populations investigated in this study was considered adequate cause to adopt this more 

conservative and laboured approach. 
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CHAPTER IV. Results and Discussion: The “Forest Effect” in Acid-Sensitive Subcatchments 

The first decision to be made in presenting these results was how to group the data, as 

previous works consistently reported large discrepancies in the observed forest effect in 

different streambed/subcatchment geologies and soils. As seen in Table IV-1, only three 

streambed/subcatchment geology types have an adequate number of sites and samples to be 

considered for individual analysis (e.g., calculation of mean pH). These are granite/felsite (GF), 

old red sandstone (ORS) and schist & gneiss (S&G). Further subdividing by soil rendered all 

site/sample number counts inadequate to support individual analysis.  

Table IV-1. Site/sample counts for storm flow samples from 
forested sites  

Geology No. of Sites* No. of Samples 
GF 11 19 
ORS 15 39 
S&G 3 15 
LAC 2 3 
Q 4 8 
SQ 1 1 
*forest cover >50% subcatchment area only  

 

It is noteworthy that these counts only include subcatchments with forest cover estimates 

greater than 50%. The 50% discrimination level is based on findings from the FORWATER and 

HYDROFOR studies, which consistently showed lower mean pH values in the greater than 50% 

forest cover band versus the 0% band, whereas there were some breaks in gradient continuity 

in the in-between bands. Thus, in this chapter, greater than 50% subcatchment forest cover is 

considered ‘forested’, and 0% cover is considered ‘nonforested’. 

It is equally noteworthy that only storm flow samples (i.e., no base flow samples) are included 

in these counts. This is because, as these data demonstrate, it is generally the combination of 

both forest cover and storm flow that induce the forest effect. 

The reason mean values from storm flow samples are calculated apart from base flow samples 

and compared in this chapter is based on the observation (of control site data) that storm 

episodes can acidify streams regardless of the presence of forest cover in the subcatchment.  

This chapter proceeds by presenting a research question and five test questions answered 

pursuant to addressing the research question. An answer to the research question itself 

concludes the chapter. 
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Research Question IV: Where is there evidence that managed conifer forests acidify upland 

Irish streams in acid-sensitive subcatchments? 

 
A. Test Question IV.A: Forest effect on pH 

pH forested < pH nonforested? 

 
As shown in Table IV.A-1, the mean pH on all geographies combined, as well as granite/felsite 

(GF), old red sandstone (ORS) and schist & gneiss (S&G) geologies, at storm flow, is less in 

subcatchments with greater than 50% forest cover than in subcatchments with 0% forest cover 

during storm episodes. 

Table IV.A-1. Low-order stream mean pH values across acid-sensitive subcatchment flows, 
geologies and plantation conifer forest covers in Ireland 

  
Streambed/Subcatchment Geology (number of sites, number of samples) 
combined* (79, 335) GF (21, 68) ORS (35, 138) S&G (15, 89) 

Subcatchment 
Forest Cover 0% >50% 0% >50% 0% >50% 0% >50% 

base flow 5.38 5.14 4.82 4.97 6.18 5.13 6.50 6.80 
storm flow 5.27 4.78 4.74 4.63 5.89 4.74 5.96 5.61 
total effect on 

pH 
 

↓  
 

↓  
 

↓  
 

↓  
*all streambed/subcatchment geology combinations 

     

In the case of GF and S&G geologies at base flow, streams in subcatchments with 0% forest 

cover actually had lower mean pH values than those with greater than 50% forest cover. This is 

evidence that the phenomenon is episodic only and not chronic on those geologies. In other 

words, the presence of forest in the absence of a storm is not associated with lower pH values 

on GF and S&G geologies. This is consistent with theory given that the principle mechanisms 

for this type of stream acidification involve the transport of acidifying constituents via surface 

runoff and shallow soil water flow through the subcatchment. There is also evidence in these 

data that storm flow mean pH is less than base flow pH other things equal. 

It is important to note that mean pH differences between base and storm flow and between 

forested and nonforested subcatchments are intentionally not calculated and reported. This is 

because pH is measured on a logarithmic scale, so it is not true that the difference in acidity 

between 6.00 and 5.00 standard units of pH is equivalent to the acidity difference between 

5.00 and 4.00. A one standard unit drop in pH from 5.00 to 4.00 is more acidifying than a 

decrease in pH of 6.00 to 5.00 standard units. 
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B. Test Question IV.B: Forest effect on pHʙт 

pHʙт forested > pHʙт nonforested? 

As shown in Table IV.B-1, the percentage of pH 5.50 biological threshold breaches (pHʙт) on 

combined, granite/felsite (GF), old red sandstone (ORS) and schist & gneiss (S&G) geologies, at 

storm flow, is greater in subcatchments with greater than 50% forest cover than in 

subcatchments with 0% forest cover. 

Table IV.B-1. Percentage of low-order stream pH 5.50 threshold breaches (pHʙт) across 
acid-sensitive subcatchment flows, geologies and plantation conifer forest covers in Ireland 

  
Streambed/Subcatchment Geology (number of sites, number of samples) 
combined* (79, 335) GF (21, 68) ORS (35, 138) S&G (15, 89) 

Subcatchment 
Forest Cover 0% >50% 0% >50% 0% >50% 0% >50% 

base flow 16% 13% 50% 38% 5% 7% 0% 0% 
storm flow 28% 37% 67% 100% 11% 33% 8% 33% 
total effect on 

pHʙт 
 

↑ 9% 
 

↑ 33% 
 

↑ 22% 
 

↑ 25% 
*all streambed/subcatchment geology combinations 

     

Table IV.B-1 mostly mirrors the findings in Table IV.A-1. On combined, ORS and S&G geologies, 

the frequencies of pH recordings below the 5.50 standard unit biological threshold are roughly 

equal for forested and nonforested subcatchments at base flow. In all cases at storm flow, 

pHʙт is greater for forested subcatchments than they are for nonforested subcatchments. 

C. Test Question IV.C: Forest effect on H⁺ 

H⁺ forested > H⁺ nonforested? 

 
On all combined streambed/subcatchment geologies, the mean hydrogen ion concentration 

(H⁺) increase at storm flow is more than seven times higher in streams draining subcatchments 

with greater than 50% forest cover than in streams draining subcatchments with no forest 

cover. On GF geology, the mean hydrogen ion concentration increase at storm flow is more 

than four times higher in streams draining subcatchments with greater than 50% forest cover 

than in streams draining subcatchments with no forest cover. On ORS geology, the mean 

hydrogen ion concentration increase during storm flow is more than 13 times higher in 

streams draining subcatchments with greater than 50% forest cover than in streams draining 

subcatchments with no forest cover. And on S&G geology, the mean hydrogen ion 

concentration increase due to storm flow is more than three times higher in streams draining 

subcatchments with greater than 50% forest cover than in streams draining subcatchments 

with no forest cover (Table IV.C-1). 
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Table IV.C-1. Storm-induced hydrogen ion concentration effects of 
plantation conifer forests on low-order acid-sensitive subcatchments in 
Ireland 

Streambed/Subcatchment 
Geology 

0% Forest  
H⁺ 

(µmol/l)  

50% 
Forest H⁺ 
(µmol/l)  

Forest 
Effect 

GF (21 sites, 68 samples) 3.04 12.92 ↑ > 4x 
ORS (35 sites, 138 samples) 0.8 10.92 ↑ > 13x 
S&G (15 sites, 89 samples) 0.8 2.4 ↑ 3x 
combined (79 sites, 335 samples) 1.33 9.62 ↑ > 7x 

 

Table IV.C-1 shows the degree of episodic acidification for each geology type as indicated by 

the net difference between stream hydrogen ion concentration in forested and nonforested 

subcatchments at storm flow. The extent of the acidification is highest in ORS subcatchments 

followed by GF and S&G subcatchments.  

D. Test Question IV.D: Forest effect on alkalinity and ANC 

alkalinity, ANC forested < alkalinity, ANC nonforested?  

 

On combined geology, the mean alkalinity and mean acid neutralising capacity (ANC) are twice 

as low in streams draining subcatchments with greater than 50% forest cover than in streams 

draining subcatchments with no forest cover. On S&G geology, the mean alkalinity and mean 

acid neutralising capacity (ANC) are two and a half times as low in streams draining 

subcatchments with greater than 50% forest cover than in streams draining subcatchments 

with no forest cover. On GF and ORS geologies, the mean alkalinity is 18% lower in streams 

draining subcatchments with greater than 50% forest cover than in streams draining 

subcatchments with no forest cover. On ORS geology, storm-induced decreases in ANC in 

streams draining subcatchments with greater than 50% forest cover were double those in 0% 

forest cover subcatchments. On GF geology, the mean ANC in 0% forest cover subcatchments 

dropped 44.70 µeq/l due to storm flow, and the mean ANC in 50% forest cover subcatchments 

dropped only 31.91 µeq/l from base flow to storm flow, the latter in contrast to all other 

results (Table IV.D-1 and Table IV.D-2).  
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Table IV.D-1. Storm-induced ANC effects of plantation conifer forests on low-
order acid-sensitive subcatchments in Ireland  

Streambed/Subcatchment 
Geology 

0% Forest 
ANC 

(µeq/l) 

50% Forest 
ANC 

(µeq/l) 
Forest Effect 

GF (21 sites, 68 samples) -44.70 -31.91 ↓(↓) 29%* 
ORS (35 sites, 138 samples) -162.42 -332.02 ↓ 2x 
S&G (15 sites, 89 samples) -243.99 -661.27 ↓ > 2.5x 
combined (79 sites, 335 samples) -139.18 -279.39 ↓ 2x 
* forest effect decreases the storm-induced decrease in ANC by 29% 

 

Table IV.D-2. Storm-induced alkalinity effects of plantation conifer forests on low-
order acid-sensitive subcatchments in Ireland 

Streambed/Subcatchment 
Geology 

0% Forest 
Alkalinity 

(µeq/l) 

50% Forest 
Alkalinity 

(µeq/l) 
Forest Effect 

GF (21 sites, 68 samples) -47.79 -56.29 ↓ 18% 
ORS (35 sites, 138 samples) -182.33 -360.94 ↓ 2x 
S&G (15 sites, 89 samples) -249.67 -692.09 ↓ > 2.5x 
combined (79 sites, 335 samples) -154.04 -304.45 ↓ 2x 

 

Similar to Table IV.C-1, Tables IV.D-1 and IV.D-2 are perhaps evidence again of a lack of parent 

material buffering of base flow on GF geology in that the drop in mean ANC attributable to the 

storm event in nonforested subcatchments was 29% higher than that of forested 

subcatchments. For ORS and S&G, the storm episode decreased both ANC and alkalinity in 

forested subcatchments more than in nonforested subcatchments, evidence of a forest effect 

consistent with the coinciding data on pH, pHʙт, and H⁺.  

E. Test Question IV.E: Association between per cent forest cover and pH 

pH↓ with forest cover↑?   

 

As shown in Table IV.E-1, the Pearson’s Correlation Coefficients (r) of storm flow sample pH 

values and per cent subcatchment forest cover estimates for GF geology and ORS geology 

subcatchments are r = -0.24 and r = -0.30, respectively. In other words, as per cent forest cover 

increases, pH decreases in these subcatchments. Because the r value for S&G subcatchments is 

between 0 and -0.20., it is considered inconclusive based on the dataset, but it is notable that 

this r value sign is negative, which at least suggests conformity in direction of influence with 

the other associations. Correlation coefficients for pH and percent forest cover for the 

streambed/subcatchment geologies coal measures, lower avonian/carboniferous (LAC), 

ordivician, quartzite and silurian quartzite were based on sample and site numbers inadequate 

for conclusions to be drawn, but signs on the r values of all but LAC subcatchments suggest the 
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pH and per cent forest cover associations are negative (i.e., increasing forest cover is 

associated with decreasing pH).  

 
Table IV.E-1. Relationships between percent subcatchment forest cover and pH by 
geology 

Streambed/Subcatchment 
Geology 

Number 
of Sites 

Number of 
Samples* 

Pearson's Correlation 
Coefficients for % 

Subcatchment Forest 
Cover and pH 

coal measures (CM) 2 2 -1.00 
granite/felsite 37 76 -0.24 
lower avonian/caboniferous (LAC) 6 11  0.37 
ordovician (O) 10 20 -0.58 
old red sandstone (ORS) 56 90 -0.30 
quartzite (Q) 9 24 -0.05 
schist and gneiss S&G) 27 71 -0.15 
silurian quartzite (SQ) 7 10 -0.60 
on all but LAC geology, ↑ % subcatchment forest cover ↓ pH 
*storm flow samples only 

 

To get a fully broad perspective of all recorded acidity-indicating parameter results and those 

for all recorded alkalinity-indicating parameters, tables of results for both, by subcatchment 

geology type, are provided in Appendix 2. These findings largely corroborate those presented 

in the test question answers. There are, however, some notable observations in the tables: 

• As expected, mean total (monomeric) aluminium, like mean hydrogen ion 

concentration, was higher in forested streams than nonforested ones for all four 

subcatchment geology categories (i.e., combined, GF, ORS and S&G). Whilst it is not 

known the proportion of the total aluminium that is of the biologically toxic (labile) 

inorganic form, it is reasonable to assume higher aluminium toxicity was associated 

with forested subcatchments and lower with nonforested ones. 

• With few exceptions, concentrations of the base cations sodium, potassium, 

magnesium and calcium were lower in forested subcatchment streams than in 

nonforested ones. Exceptions included sodium, magnesium and calcium on GF geology 

and potassium on S&G geology. 

• Concentrations of ammonium, dissolved organic carbon and organic acidity were 

higher in streams from forested versus nonforested subcatchments on all four geology 

types.  

Thus, the conclusions to be drawn collectively from the test results presented here are as 

follows: 
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• There is strong evidence that streams in substantially forested subcatchments on ORS 

and S&G geologies are acidified during storm events well beyond the levels in 

nonforested subcatchments; 

• There is strong evidence that streams in substantially forested subcatchments on GF 

geology are acidified to some extent chronically during base flow and to a large degree 

episodically during storm flow beyond the levels in nonforested GF subcatchments; 

and  

• There is moderate evidence that the forest effect also occurs in streams with 

subcatchments underlain by coal measures, ordovician, quartzite and silurian quartzite 

geologies. 

Research Question IV Answer: There is strong evidence that streams in combined, GF, ORS 

and S&G geology acid-sensitive subcatchments with substantial managed conifer forest 

cover are more episodically acidic than their counterpart subcatchments with no forest 

cover. 
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CHAPTER V. Results and Discussion: Acidification Drivers 

Research Question V: Where is there evidence of managed conifer forest-induced 

acidification drivers in Irish acid-sensitive subcatchments? 

A. Forest as Acidification Enhancer 

Plantation conifer forests in Ireland can be the actual source of stream acidification, but there 

are two mechanisms by which the forest itself only magnifies an acidification process that 

would, to a lesser degree, occur in the absence of the forest – atmospheric pollutant 

deposition and coastal sea salt deposition.  

1. Deposition of Acidic Pollutants 

Research Question V.A.1: Where is there evidence that pollutant deposition is a driver? 

a. Test Question V.A.1.a: Forest effect on pollutants 

SO₄²⁻, NO₃⁻, NH₄⁺ forested > SO₄²⁻, NO₃⁻, NH₄⁺ nonforested?  

The most basic test of whether sulphate and nitrate anions and acidic ammonium cations are 

elevated in streams by the presence of conifer forest in the stream subcatchment is addressed 

by direct comparison of these parameters in streams from forested versus unforested 

subcatchments. However, critical to identifying a forest effect is a coinciding assessment of the 

overall respective acidity levels, which are indicated here by hydrogen ion concentrations. The 

evidence is compared separately here for subcatchments with different underlying geologies. 

For subcatchments on granite/felsite (GF) geology, Table V.A.1.a-1 shows that storm episodes 

in nonforested subcatchments increase stream acidity only slightly (3.04 µmol/l H⁺), whilst 

storm episodes in forested subcatchments are associated with increases in acidity four times 

that amount. Nitrate concentrations in flows from nonforested streams rise slightly during 

storms, but they decrease slightly in forested streams during storms, making it unlikely that 

nitrate deposition is the source of the acidification of streams in GF geology subcatchments. 

Sulphate levels increase twice as much in forested streams with GF geology than in 

nonforested ones in storm flows. This suggests atmospheric sulphate could be a contributor to 

GF stream acidification.  With only a slight net rise in ammonium in forested streams over 

nonforested streams during storm episodes, atmospheric ammonium deposition shows little 

evidence of contributing to the forest effect in GF streams.  
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Table V.A.1.a-1. Average changes in storm-induced stream acidification via air 
pollutants in non-forested and plantation conifer-forested low-order acid-
sensitive subcatchments on granite/felsite (GF) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) 

0% (13 sites, 36 samples) 3.04 0.94 7.68 -0.21 
> 50% (8 sites, 32 samples) 12.92 -1.53 16.29 0.16 
net change 9.88 -2.47 8.61 0.37 
forest effect - GF geology ↑ > 4x ↑ ==> ↓ ↑ 2x ↓ ==> ↑ 

 

Table V.A.1.a-2 shows the same analysis for streams in subcatchments predominated by old 

red sandstone (ORS) geology. A forest effect is indicated by a more than 13 times higher 

hydrogen ion concentration in forested streams in storm flows than in nonforested streams 

during storm flows. But average nitrate concentration in storm flows is 55% lower in forested 

streams than in nonforested ones, and the net rise in sulphate in forested streams over 

nonforested streams at storm flow is only 0.18 µeq/l. So attribution of nitrate and sulphate 

pollution to the forest effect in ORS subcatchments cannot be made from this test. 

Alternatively, the presence of forest is associated with a greater than fivefold increase of 

ammonium at storm flow over nonforested subcatchments, so ammonium deposition as a 

mechanism for acidification of ORS subcatchments is a possibility. Considering that ORS 

subcatchments are mainly in the South region, and previous studies have shown a depositional 

gradient from northwest to southeast, ammonium deposition might be considered more of a 

probability given this test result. 

Table V.A.1.a-2. Average changes in storm-induced stream acidification via 
air pollutants in non-forested and plantation conifer-forested low-order 
acid-sensitive subcatchments on old red sandstone (ORS) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) 

0% (19 sites, 63 samples) 0.80 8.40 0.61 0.17 
> 50% (16 sites, 75 samples) 10.92 3.79 0.79 0.94 
net change  10.12 -4.60 0.18 0.77 
forest effect - ORS geology ↑ > 13x ↓(↑) 55% ↑ 29% ↑ > 5x 

 

Finally, on schist and gneiss (S&G) geology, as shown in Table V.A.1.a-3, there is a 1.60 µmol/l 

hydrogen ion net differential between nonforested and forested streams, amounting to a 

three times higher level of acidity in forested streams in storm flows. Sulphate concentrations 

drop in storm flows in forested and nonforested streams, so sulphate deposition is not 

evidenced in S&G subcatchments. Forested stream nitrate during storms rises over 

nonforested nitrate at storm flow, but only slightly. Ammonium in forested streams is five 
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times higher at storm flow than it is in nonforested streams, so as is the case with ORS 

streams, atmospheric ammonium deposition could potentially be contributing to stream 

acidity in these subcatchments.  

Table V.A.1.a-3. Average changes in storm-induced stream acidification via 
air pollutants in non-forested and plantation conifer-forested low-order 
acid-sensitive subcatchments on schist and gneiss (S&G) geology in Ireland  

Subcatchment Forest Cover H⁺ 
(µmol/l)  

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) 

0% (12 sites, 68 samples) 0.80 0.67 -3.81 0.23 
>50% (3 sites, 21 samples) 2.40 1.14 -8.78 1.16 
net change 1.60 0.46 -4.97 0.93 
forest effect - S&G geology ↑ 3x ↑ > 1. 5x ↓ > 2x ↑ 5x 

 

The results of this particular and most basic test suggest that sulphate deposition via conifer 

scavenging could potentially be contributing to the forest effect in GF subcatchments, whilst 

ammonium deposition could be doing the same in ORS and S&G subcatchments. What the test 

cannot indicate is the extent to which sulphate anions in forested GF streams are from current 

emissions or from those of years past which are well documented (Bowman and McGettigan, 

1994) (Jordan, 1997). The delay time in pH recovery in receiving waters from sulphate 

deposition increases with the extent to which parent materials are highly weathered and 

poorly drained, and these GF subcatchments are both highly weathered and poorly drained. 

Evidence from the United Kingdom suggests this recovery period can be decades long (Evans 

et al., 2001-a) (Evans et al., 2014), so the timeline does not preclude a lagged sulphate-based 

acidification effect due to continued leaching of stored sulphate from peat soils. 

Ammonium deposition on ORS and S&G streams seems more likely to be due to agricultural 

facilities upwind of these subcatchments, as 90% of ammonium deposition in Ireland has been 

shown to be from domestic proximal sources (McGettigan and O’Donnell, 1995). There is 

evidence of this type of deposition from these sources in previous studies as well (Jordan, 

1997) (Aherne and Farrell, 2002), and unlike the case with sulphate, there is little reason to 

believe these sources (i.e., agricultural facilities) have been substantially abated. 

b. Test Question V.A.1.b: Association between per cent of forest and pollutants 

SO₄²⁻, NO₃⁻, NH₄⁺↑ with forest cover↑?  

The findings described above are supported by correlations between concentrations of these 

ions and percentage forest cover, presented in Table V.A.1.b-1. The direction and magnitude 

of the correlations does depend on the subcatchment geology. There is a positive association 
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between forest cover and stream sulphate concentration on GF geologies and also between 

forest cover and ammonium on ORS and S&G geologies. The potential implication is that these 

elevated levels are due to conifer scavenging of those pollutants. In contrast, there is a 

negative correlation between nitrate concentrations and percentage forest cover in ORS 

geologies and possibly in GF geologies. 

Table V.A.1.b-1. Pearson's Correlation Coefficients for percent plantation 
conifer forest cover in low-order acid-sensitive subcatchments and 
indicators of stream acidification via air pollutants in Ireland*  
Subcatchment Geology pH    NO₃⁻   SO₄²⁻   NH₄⁺  

GF (40 sites, 76 samples) -0.24 -0.17 0.23 0.04 
ORS (58 sites, 90 samples) -0.30 -0.25 0.02 0.24 
S&G (29 sites, 71 samples) -0.15 0.09 -0.09 0.51 
*storm flow samples only 

     

c. Test Question V.A.1.c: Association between altitude and pollutants 

SO₄²⁻, NO₃⁻, NH₄⁺↑ with altitude↑?  

Occult deposition is a process whereby cloud or fog droplets descending onto subcatchment 

surfaces such as conifer needles deposit some atmospheric pollutants (McGettigan and 

O’Donnell, 1995). 

Fowler et al. (1988) report major ion concentrations increasing with altitudes from 433m to 

847m at Great Dun Fell in autumn 1984. Sulphate and nitrate increased by a factor of 1.5, 

while ammonium increased by a factor of two. Hydrogen ion concentrations rose by a factor of 

three. Dollard et al. (1983) estimate that in areas prone to orographic cloud cover or advective 

fog, such as coastal areas and mountain ranges, up to 20% of pollutant deposition via 

precipitation is occult deposition.  

Thus, if occult deposition of sulphate, nitrate and ammonium is common in Ireland, the values 

of these parameters should increase with subcatchment altitude. As shown in Table V.A.1.c-1, 

the opposite was found. Although stream acidity and altitude are positively associated, the 

correlations between altitude and sulphate, nitrate and ammonium are negative (except for a 

small positive correlation for nitrate in the East of Ireland) suggesting occult deposition plays 

no role in the acidification of streams in any of the studied regions. 
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Table V.A.1.c-1. Pearson's Correlation Coefficients for altitude of 
plantation conifer forested low-order acid-sensitive 
subcatchments and indicators of stream acidification via air 
pollutants* 

Region 

Number 
of Sites, 
Number 

of 
Samples 

pH    NO₃⁻   SO₄²⁻   NH₄⁺  

East 17, 37 -0.29 -0.16 -0.18 0.15 
South 35, 54 -0.36 -0.54 -0.31 0.00 
West 56, 121 -0.01 -0.28 -0.11 -0.09 
*samples from forested > 0% sites at storm flow only 

  

Puhr et al. (1999), in a study of 94 high-flow study sites across Galloway, Scotland, showed a 

similar decrease in sulphate and thus canopy filtering with increases in altitude, which also 

suggests that cloud capping does not always increase deposition of acid particles. 

d. Test Question V.A.1.d: Wind direction effect in East of Ireland 

SO₄²⁻, NO₃⁻ with east winds in East > SO₄²⁻, NO₃⁻ with other winds in East?  

Studies by Bowman and McGettigan (1994) and Jordan (1997) reported that air masses from 

the east brought the highest levels of sulphate and nitrate and that both pollutants were 

highest in the East Region and lowest in the West Region of Ireland. But both studies, as well 

as Bashir et al. (2006) and others, also reported that these sulphate levels fell dramatically 

before the turn of the century. Thus, if deposition of nitrate and sulphate are still contributors 

to stream acidification in Ireland, one would expect elevated levels of both in samples taken 

after antecedent periods of predominant easterly winds, especially in the East Region of the 

country. Here the data was divided into two groups, one of which contains measurements 

taken after a period (7 or 30 days) of easterly winds (defined here as 34° to 146°) and the 

second containing measurements with the preceding wind from other directions. The results in 

Table V.A.1.d-1 show increased concentrations of these ions for samples taken after 30 days 

of predominantly east winds, but there is a rise in pH associated with east winds. There are 

actual lower sulphate and nitrate levels in samples taken after seven days of easterlies than 

after seven days of wind from other directions.  
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Table V.A.1.d-1. Predominant wind directions for East Region 
plantation conifer forested low-order acid-sensitive subcatchments 
and means of indicators of stream acidification via air pollutants* 
Number 
of Sites, 
Number 

of 
Samples 

Predominant 
Wind 

Direction 

Number 
of Days 
before 
Sample 

Date 

pH    NO₃⁻   SO₄²⁻   

4, 4 east¹ 7 4.79 9.15 47.11 
17, 33 not east² 7 4.91 12.00 51.33 

7, 7 east 30 5.33 24.39 61.81 
16, 30 not east 30 4.84 8.73 48.32 

*samples from forested > 0% sites at storm flow only 
 ¹ east = 34° - 146°  

    ² not east = 147° - 33° 
     

There is no evidence in these specific results that east winds continue to this day to bring 

higher wet deposition of sulphate and nitrate to East Region subcatchments as they were 

shown to have done in the 1980s and 1990s. 

e. Test Question V.A.1.e: Wind direction effect in South of Ireland 

 NH₄⁺ with north winds in South > NH₄⁺ with other winds in South? 

Unlike nitrate and sulphur, most ammonium deposition occurs within a short distance from its 

origin, with 90% of deposition originating within Ireland (McGettigan and O’Donnell, 1995). 

Ammonium concentrations are highest in the South Region and are the result of northerly 

winds passing over proximal areas with high livestock densities (Jordan, 1997) (Aherne and 

Farrell, 2002). The latter reported that deposition levels remained high into the late 1990s. So 

with good reason to suspect that ammonium deposition in the South Region is still elevated 

under northerly wind antecedent conditions, the expectation would be that lower mean pH 

and higher mean ammonium would be characteristic of stream samples taken after 

antecedent conditions of northerly winds. The project data were analysed to test for this effect 

and the results confirm this, Table V.A.1.e-1. 
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Table V.A.1.e-1. Predominant wind directions for South 
Region plantation conifer forested low-order acid-sensitive 
subcatchments and means of indicators of stream 
acidification via air pollutants* 
Number 
of Sites, 
Number 

of 
Samples 

Predominant 
Wind 

Direction 

Number of 
Days before 

Sample 
Date 

pH    NH₄⁺  

11, 11 north¹ 0, 2 & 7 4.54 92.69 
25, 43 not north² 0, 2 & 7 5.07 58.94 

*samples from forested > 0% sites at storm flow only 
¹ north = 304° - 56° 

   ² not north = 57° - 303° 
    

With antecedent winds from the north predominating immediately and a week prior to 

sampling, mean stream pH was substantially lower and mean ammonium concentration was 

much higher in these north-wind samples as compared to samples taken after periods of winds 

from all other directions. This is evidence of ammonium deposition as a continuing driver of 

stream acidification in subcatchments in the South Region of Ireland. 

f. Test Question V.A.1.h: Correlations with wind speed 

SO₄²⁻, NO₃⁻, NH₄⁺↑ with wind speed↑?  

It is known that the rate of deposition of atmospheric sulphate, nitrate and ammonium 

increases with the level of air turbulence and mixing caused by the presence of the forest 

canopy (Fowler et al., 1989). For this reason, positive associations between wind speed and 

nitrate, sulphate and ammonium could be considered evidence of deposition of these 

pollutants causing stream acidification in managed conifer forested subcatchments. Table 

V.A.1.f-1 indicates that these relationships are primarily negative in all regions, with one 

exception. There is evidence that for South Region subcatchments, a positive correlation exists 

between average wind speed and stream ammonium concentrations. 
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Table V.A.1.f-1. Pearson's Correlation Coefficients for wind speed over 
plantation conifer forested low-order acid-sensitive subcatchments and 
indicators of stream acidification via deposition of pollutants* 

Region 

Number 
of Sites, 
Number 

of 
Samples 

Number 
of Days 
before 
Sample 

Date 

pH    NO₃⁻   SO₄²⁻   NH₄⁺  

East 

17, 37 0 -0.15 -0.14 -0.25 0.01 
17, 37 2 -0.25 -0.28 -0.42 0.32 
17, 37 7 -0.20 -0.22 -0.29 0.15 
17, 37 30 0.23 0.12 0.25 -0.33 

South 

35, 54 0 -0.44 -0.29 -0.34 0.32 
35, 54 2 -0.41 -0.26 -0.26 0.30 
35, 54 7 -0.27 -0.41 -0.49 0.15 
22, 41 30 -0.14 -0.02 -0.18 0.30 

West 

54, 103 0 -0.02 0.18 -0.01 0.17 
54, 103 2 0.00 0.10 -0.02 0.11 
54, 103 7 0.01 -0.01 -0.08 -0.04 
36, 86 30 0.04 -0.20 -0.21 -0.12 

*samples from forested > 0% sites at storm flow only 
 

This finding supports those for Test Questions V.A.1.a, V.A.1.b and V.A1.e which provide 

evidence for stream acidification due to continued ammonium deposition in the South Region. 

g Test Question V.A.1.g: Correlations with precipitation 

SO₄²⁻, NO₃⁻, NH₄⁺↑ with precipitation↑?  

Since wet deposition is the predominant deposition mechanism for stream pollutants such as 

sulphate, nitrate and ammonium (Ågren and Löfgren, 2012) (Bowman and McGettigan, 1994), 

it follows that higher rates of precipitation should be associated with higher concentrations of 

these parameters where wet deposition is a forest effect driver. The data were analysed to 

investigate this. Table V.A.1.g-1 shows the results of the correlations between average rainfall 

and pH, ammonium, nitrate and sulphate. 
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Table V.A.1.g-1. Pearson's Correlation Coefficients for mean rainfall in plantation 
conifer forested low-order acid-sensitive subcatchments and indicators of 
stream acidification via deposition of pollutants* 

Geology 

No. of 
Sites, 
No. of 

Samples 

No. of 
Days 

before 
Sample 

Date 

pH    NH₄⁺  NO₃⁻   SO₄²⁻   

GF 
8, 14 2 -0.31 0.23 0.17 -0.19 
8, 14 7 -0.38 -0.14 0.13 -0.24 
6, 6 30 -0.44 -0.25 -0.49 0.64 

ORS 
15, 29 2 -0.16 0.13 -0.01 0.02 
15, 29 7 -0.27 -0.02 -0.64 -0.77 

4, 4 30 0.75 -0.21 0.65 0.55 

S&G 
3, 12 2 0.08 0.47 0.56 0.24 
3, 12 7 -0.44 0.19 0.14 0.46 
0, 0 30 no data no data no data no data 

*samples from forested > 0% sites at storm flow only 
 

Rainfall records were not available consistently for all stations throughout the country during 

the sampling time periods so some of the site/sample sizes may be too small to be reliable.  

The only sets of samples showing decreasing pH and increasing pollutant levels with increasing 

precipitation are 2-day ammonium and 30-day sulphate on GF geology and 7-day sulphate on 

S&G geology. The ammonium correlation is very weak, and the GF and S&G sulphate 

correlation coefficients are based on only six and three sites, respectively. The findings are also 

in contrast to those of other antecedent periods for their geology groupings, so none of these 

data are considered here as robust enough to serve as evidence of a connection between 

pollutant deposition and average rainfall amounts. 

Research Question V.A.1 Answer: There is good evidence that sulphate concentrations in 

streams on GF geology are higher in managed conifer forests subcatchments than in 

nonforested ones, but there is no evidence this is due to current atmospheric deposition. 

There is strong evidence that there continues to be ammonium deposition in forested 

streams on ORS geology in the South Region and that it is contributing to those streams’ 

acidification. There is also good evidence that ammonium contributes to the forest effect in 

subcatchments with S&G geology.   
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2. Deposition of Sea Salts 

Research Question V.A.2: Where is there evidence that marine ion deposition is a driver? 

a. Test Question V.A.2.a: Sea salt effect 

Which storm flow samples meet minimum sea salt effect conditions:  ∆Cl¯ - ∆Na⁺ > 0; ∆ ANC 

< 0; ∆ H⁺ > 0? 

During a sea salt episode, cations from sea salt (e.g., sodium and possibly magnesium) displace 

hydrogen and aluminium ions from soil exchange sites in already acidified subcatchments 

causing further acidification of streams (Kernan et al., 2010). Inherent in sea salt events are a 

number of conditions or characteristics: 

• They cause a drop in stream ANC and a rise in hydrogen ion concentration; 

• They typically occur in winter or early spring with depressions approaching from the 

Atlantic Ocean (Farrell et al., 1998); 

• They occur most often at intermediate distances from the coast (Evans et al., 2001-B); 

• They leave streams with a large sodium deficit in relation to chloride (Heath et al., 

1992); 

Fifteen samples taken between 2007 and 2011 matched the above criteria. The location of 

these sites is shown in Figure V.A.2.a-1. They are concentrated in the northwest corner of 

Ireland and at intermediate distances from the coast.  The details of all 15 events, which 

occurred at eight sites across six storms, are given in Table V.A.2.a-1.  

The table lists the dates of the events for each site. All events occurred between October and 

March. The table also indicates the extent to which each subcatchment was forested. Half of 

the sites had forest cover less than 50 per cent of the subcatchment. Antecedent average wind 

speeds are given for each event. All events have winds exceeding 10 knots for at least one of 

the four antecedent periods recorded. It is notable when inspecting the antecedent wind 

directions for each event that although the Atlantic Ocean lies to the west of each site, 

antecedent winds for some periods do not have a westerly component. However, winds from 

the north and south can be assumed to contribute to these events due to the positions of 

these sites on peninsula-like features along the coastline. Finally, the quantitative criteria 

associated with the sea salt effect are defined in the subtext of the table. The values in the 

table under the heading ‘Sea Salt Effect Indicators’ exhibit the extent to which each event 

meets these criteria. 
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Figure V.A.2.a-1. Locations of documented sea salt effect events in Ireland from 2007-2011 
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Table V.A.2.a-1. Samples Exhibiting Characteristics of Stream Acidification by Sea Salt Effect (6 storms, 8 sites)¹     

Site Date 

Subcatch-
ment 
Forest 

Cover (%) 

Mean Wind Speed  (knots) - 
Days Preceding Sample Date 

Prevailing Wind 
Direction - Days 

Preceding Sample Date 
Sea Salt Effect Indicators 

0 2 7 30 0 2 7 30 ∆ H⁺ 
(µmol/l)² 

∆ Na 
(µeq/l)³ 

∆ Cl 
(µeq/l)⁴ 

∆ ANC 
(µeq/l)⁵ 

∆ Cl -∆ Na 
(µeq/l)⁶ 

Cl¯ - 
Na⁺ 

(µeq/l) 

DD10 20071121 21% 19.46 23.31 17.77 16.85 nnw nnw w s 7.08 -32.19 -14.19 -29.20 18.00 55.16 
DD11 20071121 46% 19.46 23.31 17.77 16.85 nnw nnw w s 9.20 -9.57 -1.95 -16.81 7.62 52.75 
DD5 20071121 73% 19.46 23.31 17.77 16.85 nnw nnw w s 5.96 -51.33 -11.34 -66.24 39.99 71.58 
DM13 20071213 28% 17.17 15.77 11.33 

 
sse sse se 

 
0.07 -103.10 -44.04 -299.98 59.06 119.32 

MM01 20100326 54% 3.63 5.71 10.47 9.89 nne wnw nne ene 3.36 -129.49 -111.62 -176.79 17.87 105.76 
MM01 20101111 54% 28.88 21.79 15.31 8.74 wsw wsw wsw ene 1.42 -221.27 -206.69 -76.75 14.58 102.48 
MM06 20100326 93% 3.63 5.71 10.47 9.89 nne wnw nne ene 0.09 -41.47 9.22 -885.34 50.69 72.56 
MM06 20101014 93% 4.58 6.58 8.73 12.01 nne nne nnw wsw 0.06 -98.89 -51.15 -691.99 47.74 69.61 
MM06 20101111 93% 28.88 21.79 15.31 8.74 wsw wsw wsw ene 0.33 -113.25 -97.70 -1004.50 15.54 37.42 
MM06 20101126 93% 15.13 13 6.57 6.62 nnw nne ene ene 1.67 -123.25 -106.16 -1136.16 17.09 38.96 
MM07 20100326 79% 3.63 5.71 10.47 9.89 nne wnw nne ene 0.14 -89.46 -16.93 -1132.27 72.54 58.86 
MM07 20101014 79% 4.58 6.58 8.73 12.01 nne nne nnw wsw 0.00 -62.93 23.41 -298.71 86.34 72.67 
MM07 20101111 79% 28.88 21.79 15.31 8.74 wsw wsw wsw ene 0.65 -120.79 -62.91 -1186.00 57.88 44.20 
MM11 20100326 24% 4.54 6.1 10.41 9.07 nnw wnw nnw nnw 0.07 -75.11 -13.92 -697.57 61.19 62.23 
MM11 20101111 24% 23.58 17.92 11.92 7.43 wsw wsw ese nnw 0.07 -119.92 -90.08 -701.77 29.83 30.87 
¹ Minimum Sea Salt Effect Conditions:   (∆Cl¯ - ∆Na⁺) > 0;     ∆ ANC < 0;      ∆ H⁺ > 0   

       ²∆ H⁺ = H⁺ storm - mean H⁺ base 
              ³ ∆ Na⁺ = Na⁺ storm - mean Na⁺ base 

             ⁴ ∆ Cl¯ = Cl¯ storm - mean Cl¯ base 
             ⁵∆ ANC = ANC storm - mean ANC base 
             ⁶∆Cl¯ - ∆Na⁺ = (mean Cl¯ base - Cl¯ storm) - (mean Na⁺ base - Na⁺ storm)   
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A pairwise comparison of all of the indices of wind speed and change in ion concentrations 

showed the strongest link between 30-day average wind speed preceding the sample and the 

change in concentration of both sodium and chloride ions. Figure V.A.2.a-2 shows the 

relationship between changes in sodium ion concentrations and 30-day wind-speed. 

 

Figure V.A.2.a-2. Relationship between changes in sodium ion concentrations and 30-day wind-

speed 

Research Question V.A.2 Answer: There is strong evidence that marine ion deposition drives 

stream acidification via the forest effect in the intermediate coastal potion of Ireland’s West 

Region. 

B. Forest as Acidification Source 

There are at least four somewhat distinct mechanisms by which managed conifer forests can 

directly and episodically acidify headwater streams in acid-sensitive subcatchments in Ireland: 

• Drying and oxidation of forest soil; 

• Oxidation and mineralisation of canopy litterfall; 

• Forest uptake of base cations; and 

• Forest hydrology and base cation dilution. 

1. Drying and Oxidation of Forest Soil 

Research Question V.B.1: Where is there evidence that soil drying is a driver? 
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a. Test Question V.B.1.a: Forest effect on DOC and OA 

DOC, OA forested > DOC, OA nonforested?  

As air temperature rises during the summer and conifer hydration requirements increase, 

forest soils dry. This brings about an increase in the rate of oxidation of the soil’s organic 

matter and the rerelease of organic acids (Nisbet and Evans, 2014). So since storm flow 

ultimately washes the organic acids to streams, a simple test of whether soil drying is a 

possible driver on a particular geology can be done by comparing dissolved organic carbon 

(DOC) and organic acid (OA) concentrations in streams in forested and nonforested 

subcatchments during storm flows.  

Table V.B.1.a-1 shows that DOC and OA concentrations in nonforested granite/felsite (GF) 

subcatchments actually decrease during storm events. However, in forested subcatchments 

storm episodes do in fact increase these concentrations along with hydrogen ion 

concentration. 

Table V.B.1.a-1. Average changes in storm-induced stream 
acidification via soil drying in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on granite/felsite 
(GF) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

DOC 
(mg/l)  

Organic 
Acidity 
(µeq/l) 

0% (13 sites, 36 samples) 3.04 -1.00 -12.61 
> 50% (8 sites, 32 samples) 12.92 3.62 8.08 
net change 9.88 4.63 20.70 
forest effect - GF geology ↑ > 4x ↓ ==> ↑ ↓ ==> ↑ 

 

In Table V.B.1.a-2, it can be seen that like on GF geology, hydrogen ion, DOC and OA 

concentrations are higher in old red sandstone (ORS) forested streams than in nonforested 

ones at storm flow. 
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Table V.B.1.a-2. Average changes in storm-induced stream 
acidification via soil drying in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on old red 
sandstone (ORS) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

DOC 
(mg/l)  

Organic 
Acidity 
(µeq/l) 

0% (19 sites, 63 samples) 0.80 2.82 23.86 
> 50% (16 sites, 75 samples) 10.92 7.35 53.30 
net change  10.12 4.53 29.44 
forest effect - ORS geology ↑ > 13x ↑ > 2.5x ↑ > 2x 

 

Hydrogen ion, DOC and OA concentrations are also higher in schist and gneiss (S&G) forested 

streams than in nonforested ones at storm flow (Table V.B.1.a-3). 

Table V.B.1.a-3. Average changes in storm-induced stream 
acidification via soil drying in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on schist and 
gneiss (S&G) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

DOC 
(mg/l)  

Organic 
Acidity 
(µeq/l) 

0% (12 sites, 68 samples) 0.80 1.45 11.97 
>50% (3 sites, 21 samples) 2.40 7.57 58.52 
net change 1.60 6.12 46.55 
forest effect - S&G geology ↑ 3x ↑ > 5x ↑ 5x 

 

Whilst this test doesn’t discriminate between other forest effect mechanisms that could be 

attributable to the DOC and OA elevations such as litterfall decomposition, these results do 

leave open the possibility that soil drying is a driver on the three main geologies. 

b. Test Question V.B.1.b: Association between per cent forest and DOC & OA 

DOC, OA↑ with forest cover↑?  

For the same reasons cited for Test Question V.B.1.a, if soil drying is among the potential 

drivers of the forest effect in subcatchments of the same geology, there should be a positive 

correlation between forest cover and DOC and OA and a negative correlation between forest 

cover and pH. This is in fact the case on all three geologies, albeit only very weak associations 

were found between forest cover and pH on S&G geology and between forest cover and DOC 

and OA on GF geology (Table V.B.1.b-1).  
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Table V.B.1.b-1. Pearson's Correlation Coefficients for percent 
plantation conifer forest cover in low-order acid-sensitive 
subcatchments and indicators of stream acidification via soil 
drying in Ireland*  
Subcatchment Geology pH    DOC OA 

GF (40 sites, 76 samples) -0.24 0.18 0.16 
ORS (58 sites, 90 samples) -0.30 0.45 0.48 
S&G (29 sites, 71 samples) -0.15 0.59 0.64 
*storm flow samples only 

    

c. Test Question V.B.1.c: Association between temperature and DOC & OA 

DOC, OA↑ with temperature↑? 

Soil drying is obviously a positive function of temperature, so correlations of temperature with 

pH, DOC and OA are potentially helpful in identifying those subcatchments where soil drying is 

a forest effect driver. It is clear in Table V.B.1.c-1 that on GF geology, a negative association is 

characteristic of temperature and DOC as well as temperature and OA. On S&G geology, pH 

rises as temperature increases. Neither exhibits the criterion in this test for soil drying. 

Table V.B.1.c-1. Pearson's Correlation Coefficients for mean air temperature in 
managed conifer forested low-order acid-sensitive subcatchments and indicators of 
stream acidification via soil drying in Ireland*  

Geology 
No. of Sites, 

No. of 
Samples 

No. of Days 
before Sample 

Date 
pH    DOC   Organic 

Acidity  

GF 

8, 14 0 -0.02 -0.14 -0.10 
8, 14 2 -0.04 -0.18 -0.15 
8, 14 7 -0.07 -0.25 -0.22 
8, 14 30 -0.05 -0.21 -0.18 

ORS 

13, 29 0 -0.64 0.39 0.16 
13, 29 2 -0.60 0.36 0.14 
13, 29 7 -0.47 0.48 0.38 
9, 25 30 -0.19 0.26 0.05 

S&G 

3, 12 0 0.62 -0.32 0.08 
3, 12 2 0.69 -0.31 0.15 
3, 12 7 0.65 -0.25 0.21 
3, 12 30 0.65 -0.52 -0.12 

*samples from forested > 50% sites at storm flow only 
 

However, on ORS geology, there is a negative correlation between temperature and pH and a 

positive one between temperature and DOC for all periods prior to sampling. This again is not 

a result exclusive to soil drying, but it is evidence of potential soil drying in ORS subcatchments. 
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Research Question V.B.1 Answer: The evidence is good that soil drying is a driver of the 

forest effect in managed conifer forested low-order acid-sensitive subcatchments on ORS 

geology.  

2. Oxidation and Mineralisation of Canopy Litterfall 

Research Question V.B.2: Where is there evidence that litterfall decomposition is a driver? 

Liu (2004) analysed the litterfall of conifer forests under varying conditions of precipitation and 

temperature and found, among other things, that litterfall increases with increasing 

precipitation and temperature. Frӧberg et al. (2007) explain that DOC is produced mainly 

under the litter horizon by microbial activity, root exudation, and litter and humus in the soil, 

and it’s consumed by microbes, hydrologically driven transport and physico-chemical 

retention. Hence the tests available from the data in this study to ascertain the extent to which 

litterfall decomposition contributes to the forest effect are identical to those conducted 

pursuant to answering Research Question V.B.1 on soil drying. 

Research Question V.B.2 Answer: The evidence is good that litterfall decomposition is a 

driver of the forest effect in managed conifer forested low-order acid-sensitive 

subcatchments on ORS geology. 

3. Forest Uptake of Base Cations 

Research Question V.B.3: Where is there evidence that base cation uptake is a driver? 

a. Test Question V.B.3.a: Forest effect on base cations 

Na⁺, K⁺, Mg²⁺, Ca²⁺ forested < Na⁺, K⁺, Mg²⁺, Ca²⁺ nonforested?  

Afforestation decreases the base cations in the soil in part due to base cation uptake by 

growing forests, and this lowered base status of soils in afforested subcatchments makes them 

more sensitive to acid deposition (Jenkins et al., 1990). On freely draining forested soils, a 

point can be reached at which soil minerals cannot replenish the base cations that are either 

taken up by the trees or that are leached by deposited materials (Alexander and Cresser, 

1995). The simplest test of whether managed conifer forest uptake of base cations is a forest 

effect driver is to compare the four base cations’ concentrations in forested versus 

nonforested streams. Table V.B.3.a-1 indicates that on GF geology, only potassium levels fall 

during storms in forested streams an amount greater than they do in nonforested streams. 
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Table V.B.3.a-1. Average changes in storm-induced stream acidification via base cation uptake 
in non-forested and plantation conifer-forested low-order acid-sensitive subcatchments on 
granite/felsite (GF) geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Na⁺ 
(µeq/l) 

K⁺ 
(µeq/l)  

Mg²⁺ 
(µeq/l) 

Ca²⁺ 
(µeq/l)  

0% (13 sites, 36 samples) 3.04 59.91 -0.94 21.78 -6.68 
> 50% (8 sites, 32 samples) 12.92 60.12 -7.98 21.22 13.69 
net change 9.88 0.21 -7.04 -0.57 20.37 
forest effect - GF geology ↑ > 4x none ↓ > 8x none ↓ ==> ↑ 

 

In contrast, on ORS geology, all four base cations are more depleted with storm flow in 

forested streams than they are in nonforested streams, and the cation depletion coincides 

with a hydrogen ion concentration rise that is more than 13 times higher than the 

concentration increase that comes with storm flow in nonforested streams (Table V.B.3.a-2). 

Table V.B.3.a-2. Average changes in storm-induced stream acidification via base cation uptake 
in non-forested and plantation conifer-forested low-order acid-sensitive subcatchments on old 
red sandstone (ORS) geology in Ireland  

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

0% (19 sites, 63 samples) 0.80 9.82 4.41 -27.92 -106.49 
> 50% (16 sites, 75 samples) 10.92 -4.36 -0.56 -80.12 -238.61 
net change  10.12 -14.19 -4.97 -52.20 -132.12 
forest effect - ORS geology ↑ > 13x ↑ ==> ↓  ↑ ==> ↓ ↓ 3x ↓ > 2x 

 

On S&G geology, all base cations except for potassium show a net decrease in stream 

concentration with storm flow in forested subcatchments. Table V.B.3.a-3 shows that this 

coincides with a net acidification of 1.60 µmol/l hydrogen ion concentration. 

Table V.B.3.a-3. Average changes in storm-induced stream acidification via base cation uptake in 
non-forested and plantation conifer-forested low-order acid-sensitive subcatchments on schist 
and gneiss (S&G) geology in Ireland  

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

0% (12 sites, 68 samples) 0.80 36.17 -1.96 -40.54 -117.89 
>50% (3 sites, 21 samples) 2.40 -116.64 -0.75 -88.19 -548.61 
net change 1.60 -152.81 1.21 -47.64 -430.72 
forest effect - S&G geology ↑ 3x ↑ ==> ↓ ↓(↓) > 2.5x ↓ > 2x ↓ > 4.5x 

 

So based on this test, uptake of base cations by managed conifer forests is a potential driver of 

the forest effect in ORS and S&G subcatchments. 
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b. Test Question V.B.3.b: Association between per cent forest and base cations 

Na⁺, K⁺, Mg²⁺, Ca²⁺↓ forest cover↑?  

For the same reasons stated for Test Question V.B.3.b, increasing forest cover should decrease 

base cation concentrations in streams that are in subcatchments where uptake of base cations 

is an affecting driver of stream acidification. Table V.B.3.b-1 suggests this is only likely the case 

in ORS geology subcatchments. But it is important to note that even on ORS geology base 

cation dilution could be the mechanism at work here. 

Table V.B.3.b-1. Pearson's Correlation Coefficients for percent plantation conifer forest 
cover in low-order acid-sensitive subcatchments and indicators of stream acidification 
via base cation uptake in Ireland*  
Subcatchment Geology pH    Na⁺  K⁺  Mg²⁺  Ca²⁺   

GF (40 sites, 76 samples) -0.24 0.22 0.16 0.09 0.04 
ORS (58 sites, 90 samples) -0.30 -0.03 -0.34 -0.15 -0.20 
S&G (29 sites, 71 samples) -0.15 0.08 -0.13 -0.10 0.10 
*storm flow samples only 

      

c. Test Question V.B.3.c: Association between per cent immature forest and base cations 

Na⁺, K⁺, Mg²⁺, Ca²⁺↓ immature forest cover↑?  

Net uptake of base cations from the forest floor takes place predominantly in conifers during 

their first 15-20 years of age, the time it takes for the stand’s full canopy to develop. After that 

period, base cations made available from the leaf litter of the mature trees are typically 

abundant enough to eliminate the base cation deficit (Miller and Miller, 1987). So a test that 

differentiates between base cation uptake and base cation dilution is needed. The results of 

correlations between immature forest cover, which is more relevant to base cation uptake, 

and base cation concentrations are given in Table V.B.3.c -1. These results do not suggest that 

base cation uptake by growing plantation conifer forests is a forest effect driver on any of the 

three geologies investigated.  

Table V.B.3.c -1. Pearson's Correlation Coefficients for percent immature forest cover 
in plantation conifer forested acid-sensitive subcatchments and indicators of stream 
acidification via base cation uptake in Ireland* 

Geology 
No. of sites, 

No. of 
samples 

pH    Na⁺  K⁺  Mg²⁺  Ca²⁺   

GF 40, 76 -0.04 0.55 0.15 0.44 0.27 
ORS 58, 90 -0.08 0.01 -0.13 0.12 -0.05 
S&G 27, 74 -0.22 -0.11 -0.15 -0.13 -0.07 
*storm flow samples only 
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Research Question V.B.3 Answer: The balance of evidence suggests that base cation uptake 

is not a substantial driver of the forest effect in managed conifer forested low-order acid-

sensitive subcatchments on GF, ORS or S&G geologies. 

4. Forest Hydrology and Base Cation Dilution 

Research Question V.B.4: Where is there evidence that base cation dilution is a driver? 

a. Test Question V.B.4.a: Forest effect on BC dilution 

BC dilution forested > BC dilution nonforested?  

The more quickly storm water passes through the subcatchment soil, the less likely is it that 

the rapid cation exchange reactions that release bases adsorbed to particle surfaces (mostly 

calcium) will buffer the acidic water (Lawrence, 2002). Calcium and pH are both negatively 

correlated with flow because the water feeding the streams in low flows has been longer in 

residence in the soil. Stream calcium and pH at high flow is lower because the draining waters 

are part of quick runoff from the more acidic, calcium-depleted upper soil horizons. The runoff 

during a storm event moves through the subcatchment more quickly where forestry plough 

furrows are present (Langan and Hirst, 2004). Altered forest floor drainage can reduce the 

residence time of run-off by creating more direct routes for drainage water to flow to their 

receiving streams. Robinson (1986) reported that this can reduce by a third the time for flows 

to peak subsequent to a rainfall. 

One way to test for the possibility of base cation dilution as a driver of the forest effect is to 

compare storm-induced changes in average acidity and base cation dilution between forested 

and nonforested streams. Table V.B.4.a-1 shows that base cation dilution is not characteristic 

of subcatchments with GF geology. 

Table V.B.4.a-1. Average changes in storm-induced 
stream acidification via base cation dilution in non-
forested and plantation conifer-forested low-order 
acid-sensitive subcatchments on granite/felsite (GF) 
geology in Ireland 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Base 
Cation 

Dilution 

0% (13 sites, 36 samples) 3.04 23.54% 
> 50% (8 sites, 32 samples) 12.92 -73.83% 
net change 9.88 -97.37% 
forest effect - GF geology ↑ > 4x ↓ 97% 
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Tables V.B.4.a-2 and V.B.4.a-3 indicate that base cation dilution is likely a driver of stream 

acidification in ORS and S&G forested subcatchments. In the case of these subcatchments, 

dilution in forested streams appears to deplete a heavy base cation loading that comes with 

the storm itself, as is evidenced in the results for the nonforested subcatchments. 

Table V.B.4.a-2. Average changes in storm-induced 
stream acidification via base cation dilution in non-
forested and plantation conifer-forested low-order 
acid-sensitive subcatchments on old red sandstone 
(ORS) geology in Ireland  

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Base 
Cation 

Dilution 

0% (19 sites, 63 samples) 0.80 -219.13% 
> 50% (16 sites, 75 samples) 10.92 24.32% 
net change  10.12 243.45% 
forest effect - ORS geology ↑ > 13x ↑ 243% 

 

Table V.B.4.a-3. Average changes in storm-induced 
stream acidification via base cation dilution in non-
forested and plantation conifer-forested low-order 
acid-sensitive subcatchments on schist and gneiss 
(S&G) geology in Ireland  

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Base 
Cation 

Dilution 

0% (12 sites, 68 samples) 0.80 -114.16% 
>50% (3 sites, 21 samples) 2.40 60.88% 
net change 1.60 175.04% 
forest effect - S&G geology ↑ 3x ↑ 175% 

 

b. Test Question V.B.4.b: Association between per cent forest and BC dilution 

BC dilution↑ forest cover↑?  

Only very weak associations were found in Table V.B.4.b-1 to corroborate the results from the 

preceding test on base cation dilution.   Although positive associations were found between 

forest cover and base cation dilution (albeit weak), these results are not corroborative because 

of the near absence of coinciding associations between forest cover and pH at these sites. 
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Table V.B.4.b-1. Pearson's Correlation Coefficients for percent 
plantation conifer forest cover in low-order acid-sensitive 
subcatchments and indicators of stream acidification via base 
cation dilution in Ireland* 

Site Geology No. of 
Sites pH BC Dilution 

G/F 39 -0.15 0.08 
ORS 55 0.03 0.12 
S&G 22 0.06 0.26 

 

Research Question V.B.4 Answer: There is moderate evidence that base cation dilution is a 

driver of the forest effect in managed conifer forested low-order acid-sensitive 

subcatchments on ORS and S&G geologies. No evidence was produced to suggest base cation 

dilution is characteristic of GF geology subcatchments. 

 

Research Question V Answer:  There is good evidence that sulphate is contributing to the 

forest effect in managed conifer forested low-order acid-sensitive subcatchments on GF 

geology in the East Region of Ireland, but the evidence supports leaching of previously 

deposited sulphate rather than current deposition.  

There is strong evidence that ammonium deposition is a driver of the forest effect in South 

Region ORS subcatchments. The evidence is only moderate that soil drying, litterfall 

decomposition and base cation dilution are drivers in ORS geology subcatchments. 

The evidence is good that ammonium deposition is one of the mechanisms whereby S&G 

geology streams are acidified via the forest effect. There is strong evidence that marine ion 

deposition is a driver of the forest effect in the West Region of Ireland where there is a 

concentration of S&G subcatchments. The evidence is moderate that base cation dilution 

contributes to stream acidification in S&G subcatchments. 
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CHAPTER VI. Acidification Variables 

Research Question VI: How are factors apart from the presence of the managed conifer 

forest itself associated with acidification of upland streams in acid-sensitive subcatchments 

in Ireland? 

A. Associations on Predominant Geologies 

Research Question VI.A: Are there associations between subcatchment characteristics and 

stream acidification and between atmospheric conditions and stream acidification in upland 

managed conifer forested subcatchments on each of the three predominant streambed/ 

subcatchment geologies? 

1. Test Question VI.A.1: Geology-soil and acidification associations 

In a study to assess the role of riparian area geochemistry in determining the alkalinity and 

base cation concentrations of receiving waters, Smart et al. (2001) found that “the evolution of 

drainage water chemistry appears to retain the geochemical characteristics of the riparian area 

as it enters the channel network.” Billet and Cressner (1992) had previously demonstrated that 

soils immediately adjacent to Scottish Highland streams have a disproportionately higher 

effect on streamwater chemistry than do the total coverage of soils in the catchment. For 

these reasons, care was taken to retain levels of the WATSUBGS variable inclusive of 

predominant geology and soil types for both the waterbody (i.e., streambed) and the 

subcatchment. 

 Table VI.A.1-1 shows the mean pH of samples from sites in which the streambed and 

subcatchment geology are the same.   

Table IV.A-1. Mean pH of streambed/subcatchment 
geologies 
Geology Type Major Geology Group Mean pH 
GF Igneous 4.90 
SQ Metamorphic 5.16 
Q Metamorphic 5.17 
ORS Sedimentary 5.42 
O Sedimentary 5.49 
S&G Metamorphic 5.52 
LAC Sedimentary 5.67 
CM Sedimentary 5.89 
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Table VI.A.1-2 shows the mean pH of samples from sites in which the streambed and 

subcatchment soil are the same.   

Table IV.A.1-2. Mean pH of streambed/subcatchment soils 
Soil Type Great Soil Group Mean pH 
BktPt Blanket Peats 5.12 
AminSRPT Podzols (Peaty) 5.21 
Amin Variable 5.70 
AminDW Acid Brown Earths, Brown Podzolics 5.74 
AminPDPT Peaty Gleys 6.04 
AminSW Lithosols, Regosols 6.62 
AminPD Surface Water Gleys 7.27 

 

The spreads of pH values for the eight geologies are shown in the violin plots provided in 

Figure VI.A.1-1. The widths of the violins reflect the number of data points lying in the range of 

pH. 

 

Figure VI.A.1-1. Spreads of pH values for the each geology 

The spreads of pH values for the seven soils are shown in the violin plots in Figure VI.A.1-2.  
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Figure VI.A.1-2. Spreads of pH values for the each soil type 

The pH values for the eight geologies and seven soils shown above are for base and storm 

flows and for forested and nonforested subcatchments. Because of sample size limitations, 

violin plots comparing the spread of pH values separately for base and storm flows for forested 

subcatchments only (i.e., >50%) could only be done for four of the geologies (Figure VI.A.1-3) 

and two of the soils (Figure VI.A.1-4), but these comparisons show how pH values for forested 

subcatchments vary within and between base and storm flows for each geology and soil type. 
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Figure VI.A.1-3. Spreads of pH values for high and low flows in forested subcatchments by 

geology 
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Figure VI.A.1-4. Spreads of pH values for high and low flows in forested subcatchments by soil 

type 

The plots illustrate the extent to which the storm flow itself lowers pH and changes the pH 

variability in forested subcatchment streams. 

Finally, shown below are the results of an exercise to rank the most and least acidifying 

combinations of predominant streambed geology, streambed soil, subcatchment geology and 

subcatchment soil, denoted as streamgeo_streamsoil/subgeo_subsoil. For cases in which 

streambed and subcatchment geology and soil are the same, the notation is simply 

stream&subgeo/stream&subsoil. These rankings were generated by regressing pH on the 

WATSUBGS variable for each of the three geologies and ordering the coefficients for each 

level. 
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(a  b) = acidification to buffering spectrum  
GF:  GF_AminSRPT  GF_BktPt/GF_AminSRPT 
ORS:  ORS_AminDW/ORS_Amin  ORS_AminSW/ORS_Amin 
S&G:  SaG_AminSRPT/SaG_SRPT  SaG_AminSRPT/SaG_BktPt 
 

The full sets of results for all three regressions are given in Appendix 3 in Tables A.3-1, A.3-2 

and A.3-3. 

 

What is apparent in the results of this inquiry into how various parent materials affect stream 

acidification is that a clearer set of conclusions on these associations is not obtainable. This is 

consistent with the findings of other authors. For instance, in a study to assess the temporal 

and spatial variability within acid sensitivity classifications, Reynolds et al. (2001) conclude on 

page 80: “The data described in this paper reveal a high degree of spatial variation in the 

hydrochemistry of streams derived from the same, apparently geochemically uniform soils and 

bedrock. This variation occurs both between and within catchments and across a wide range of 

spatial scales.” They state further: “The water quality data imply firstly that there is 

considerable and unmapped, fine scale variation in the geochemistry of rocks and soils which 

can have a marked affect on stream water acidity and secondly that the interactions between 

acidic soilwater and neutral to alkaline groundwater within catchments are complex.” 

 

2. Test Question VI.A.2: Surface area and acidification associations 

Tetzlaff et al. (2007) explains that increased residence time of water in a subcatchment can 

bring about more buffering from parent materials. As the surface area of the subcatchment 

increases, residence time increases, other things equal. Thus one might expect a negative 

association between subcatchment size and stream acidity. Although the associations are 

weak, this is the case with subcatchments of GF and ORS geologies, as evidenced in positive 

correlations between subcatchment area and pH and subcatchment area and alkalinity. 

However, on S&G geology, larger subcatchment areas are associated with higher levels of 

stream acidification as evidenced in pH and ANC correlation coefficients, albeit again the 

associations are weak (Table VI.A.2-1). 

Table VI.A.2-1. Pearson's Correlation Coefficients of 
subcatchment surface area and acidification indicators at 
storm flow by predominant subcatchment geology 

Geology PH EALK EANC DOC EOA 
GF 0.26 0.29 0.20 -0.13 -0.13 
ORS 0.24 0.20 0.13 -0.24 -0.17 
S&G -0.27 -0.16 -0.22 0.19 0.16 
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In considering how weak the associations are, the disparity with S&G might be explained by 

other affecting factors asserting greater influence. It is notable, however, that least one other 

study, Puhr et al. (1999), found no associations between subcatchment surface area and 

stream acidification indicators. 

3. Test Question VI.A.3: Altitude and acidification associations 

Several studies such as Fowler et al. (1988) have put forth theory and evidence for a positive 

correlation between stream acidity and altitude due to the propensity of occult deposition to 

occur at higher altitudes. Whilst the evidence in Table VI.A.3-1 is to some degree supportive of 

these previous findings, it is unclear whether the associations are in fact attributable to occult 

deposition.  

Table VI.A.3-1. Pearson's Correlation Coefficients of 
subcatchment altitude and acidification indicators at storm 
flow by predominant subcatchment geology 

Geology PH EALK EANC DOC EOA 
GF -0.31 -0.28 -0.47 0.08 0.00 
ORS -0.08 -0.21 -0.21 0.11 0.15 
S&G -0.21 -0.20 -0.10 0.28 0.24 

 

It should be noted that the results in Table V.A.1.c-1 actually showed decreases of stream 

sulphate, nitrate and ammonium with increasing altitudes in all three regions. Thus, although 

there is some evidence of a positive association between stream acidity and altitude, the 

mechanism by which this might occur is unclear. 

4. Test Question VI.A.4: Forested slope and acidification associations 

Puhr et al. (1999) found a weak negative correlation between subcatchment slope and stream 

sulphate and chloride concentrations indicating that drainage water is buffered with 

subcatchment gradient increases. The results in Table VI.A.4-1 corroborate these findings in 

that the subcatchments with the slowest weathering geology – GF subcatchments – have the 

weakest negative correlations between slope and stream acidity, whilst subcatchments in 

which transport of buffering constituents are more likely – ORS and S&G geology – show 

stronger negative correlations between slope and stream acidity. 
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Table VI.A.4-1. Pearson's Correlation Coefficients of 
subcatchment forested slope and acidification indicators at 
storm flow by predominant subcatchment geology 

Geology PH EALK EANC DOC EOA 
GF 0.07 0.05 -0.32 -0.19 -0.16 
ORS 0.24 0.15 0.07 -0.40 -0.36 
S&G 0.25 0.12 0.05 -0.45 -0.46 

 

5. Test Question VI.A.5: Temperature and acidification associations 

As explained previously, in subcatchments in which soil drying and litterfall decomposition are 

predominant drivers, increases in temperature should be associated with increases in stream 

acidity. In the previous chapter, evidence was presented that soil drying and litterfall 

decomposition contribute to stream acidity in ORS subcatchments. Little evidence was found 

supporting the notion that soil drying and litterfall decomposition were prevalent drivers on 

GF and S&G geologies. 

The results in Table VI.A.5-1 provide some sparse evidence of a positive association between 

air temperature and stream acidity consistent with soil drying and litterfall decomposition on 

GF geology. 

Table VI.A.5-1. Pearson's Correlation Coefficients of 
temperature and acidification indicators at storm flow in 
granite/felsite (GF) geology subcatchments 

TEMP PH EALK EANC DOC EOA 
TEMP0 -0.14 -0.11 -0.14 -0.03 -0.09 
TEMP0H -0.15 -0.13 -0.21 -0.07 -0.15 
TEMP0L -0.12 -0.10 -0.02 0.05 0.00 
TEMP2 -0.16 -0.12 -0.18 -0.06 -0.13 
TEMP7 -0.27 -0.28 -0.31 0.12 0.04 
TEMP30 -0.21 -0.18 -0.21 0.01 -0.09 

 

The results in Table VI.A.5-2 show strong evidence of a positive association between air 

temperature and stream acidity consistent with the prevalence of both soil drying and litterfall 

decomposition in ORS geology subcatchments. 
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Table VI.A.5-2. Pearson's Correlation Coefficients of 
temperature and acidification indicators at storm flow in old 
red sandstone (ORS) geology subcatchments 

TEMP PH EALK EANC DOC EOA 
TEMP0 -0.53 -0.46 -0.37 0.37 0.26 
TEMP0H -0.49 -0.52 -0.47 0.36 0.26 
TEMP0L -0.48 -0.48 -0.40 0.40 0.32 
TEMP2 -0.50 -0.48 -0.39 0.33 0.22 
TEMP7 -0.40 -0.37 -0.27 0.43 0.40 
TEMP30 -0.41 -0.22 -0.10 0.47 0.31 

 

Table VI.A.5-3 provides little if any evidence of an association between stream acidity and 

temperature on S&G geology. This corresponds to no evidence of soil drying and litterfall 

decomposition as drivers in these subcatchments. 

Table VI.A.5-3. Pearson's Correlation Coefficients of 
temperature and acidification indicators at storm flow in 
schist and gneiss (S&G) geology subcatchments 

TEMP PH EALK EANC DOC EOA 
TEMP0 -0.07 -0.02 0.06 0.24 0.22 
TEMP0H -0.03 -0.04 0.03 0.17 0.16 
TEMP0L -0.06 0.02 0.12 0.27 0.24 
TEMP2 -0.04 0.04 0.12 0.24 0.23 
TEMP7 -0.04 0.08 0.18 0.33 0.32 
TEMP30 -0.06 0.02 0.11 0.32 0.30 

 

6. Test Question VI.A.6: Rainfall and acidification associations 

As rainfall is the stream delivery mechanism of wet deposited acidifying air pollutants and 

acidic constituents residing on the forest surface and subsurface, higher levels of rainfall 

should be associated with higher levels of stream acidity (other things equal). Evidence of this 

on all three geology types is found in Tables VI.A.6-1, VI.A.6-2 and VI.A.6-3. The evidence is 

weakest for ORS subcatchments, possibly because the parent materials being weathered by 

the storm flow have the highest relative buffering capacity. 

Table VI.A.6-1. Pearson's Correlation Coefficients of rainfall 
and acidification indicators at storm flow in granite/felsite 
(GF) geology subcatchments 

RAIN PH EALK EANC DOC EOA 
RAIN2 -0.28 -0.25 -0.43 -0.10 -0.17 
RAIN7 -0.19 -0.19 -0.42 -0.12 -0.16 
RAIN30 -0.24 -0.28 0.23 0.73 0.79 
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Table VI.A.6-2. Pearson's Correlation Coefficients of rainfall 
and acidification indicators at storm flow in old red sandstone 
(ORS) geology subcatchments 

RAIN PH EALK EANC DOC EOA 
RAIN2 0.00 -0.19 -0.19 -0.02 0.04 
RAIN7 -0.09 -0.30 -0.35 0.05 0.13 
RAIN30 -0.10 0.12 0.17 0.39 0.42 

 

Table VI.A.6-3. Pearson's Correlation Coefficients of rainfall 
and acidification indicators at storm flow in schist and gneiss 
(S&G) geology subcatchments 

RAIN PH EALK EANC DOC EOA 
RAIN2 -0.20 -0.14 -0.10 0.43 0.37 
RAIN7 -0.21 -0.33 -0.35 0.33 0.33 
RAIN30 0.31 0.37 0.39 0.10 0.17 

 

7. Test Question VI.A.7: Wind speed and acidification associations 

Since the rate of pollutant deposition is partially dependent upon the level of air turbulence 

and mixing caused by the presence of the forest canopy (Fowler et al., 1989), one would 

expect wind speed might increase stream acidity in subcatchments subject to pollutant 

deposition. There is no evidence of this on GF geology, as shown in Table VI.A.7-1. 

Table VI.A.7-1. Pearson's Correlation Coefficients of wind 
speed and acidification indicators at storm flow in 
granite/felsite (GF) geology subcatchments 

WINDS PH EALK EANC DOC EOA 
WINDS0 0.01 0.07 -0.07 -0.32 -0.35 
WINDS2 -0.09 -0.04 -0.27 -0.26 -0.30 
WINDS7 -0.14 -0.12 -0.44 -0.37 -0.42 
WINDS30 0.03 0.02 -0.12 -0.26 -0.24 

 

In contrast, on ORS geology, which is mainly in the South Region and where evidence was 

found of ammonium deposition, stream acidity does appear to increase with increasing wind 

speed (Table VI.A.7-2). 
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Table VI.A.7-2. Pearson's Correlation Coefficients of wind 
speed and acidification indicators at storm flow in old red 
sandstone (ORS) geology subcatchments 

WINDS PH EALK EANC DOC EOA 
WINDS0 -0.26 -0.27 -0.27 0.08 0.10 
WINDS2 -0.25 -0.28 -0.28 0.02 0.02 
WINDS7 -0.15 -0.35 -0.38 -0.01 0.05 
WINDS30 0.02 0.02 0.05 0.10 0.21 

 

There is also evidence of this association on S&G geology (Table VI.A.7-3), which is found 

mostly in the West Region, a region in which evidence was found for ammonium deposition. 

Table VI.A.7-3. Pearson's Correlation Coefficients of wind 
speed and acidification indicators at storm flow in schist and 
gneiss (S&G) geology subcatchments 

WINDS PH EALK EANC DOC EOA 
WINDS0 -0.20 -0.31 -0.28 0.22 0.22 
WINDS2 -0.23 -0.33 -0.30 0.20 0.20 
WINDS7 -0.17 -0.28 -0.23 0.19 0.19 
WINDS30 0.00 0.06 0.16 0.17 0.17 

 

Research Question VI.A Answer: Igneous geology was shown to be the most acidifying 

followed by metamorphic and sedimentary geology. Blanket peat was shown to be more 

acidifying than podzols, which were generally more acidifying than gleys. 

These data show a negative association between subcatchment size and stream acidity in GF 

and ORS geology subcatchments and a positive association on S&G geology. 

These results provide evidence for a positive correlation between stream acidity and altitude 

but no evidence that the relationship is attributable to occult deposition. 

GF subcatchments have the weakest negative correlations between slope and stream acidity, 

whilst ORS and S&G geology show stronger negative correlations between slope and stream 

acidity. 

There is little to no evidence of a positive association between air temperature and stream 

acidity consistent with soil drying and litterfall decomposition on GF and S&G geologies. 

These results show strong evidence of a positive association between air temperature and 

stream acidity consistent with the prevalence of both soil drying and litterfall decomposition 

in ORS geology subcatchments.  
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Higher levels of rainfall were shown to be associated with higher levels of stream acidity on 

all three geology types. 

Stream acidity appears to increase with increasing wind speed in ORS and S&G geology 

subcatchments whilst no such association was found on GF geology. 

B. Associations in Regions 

Research Question VI.B: Is there an association between wind and stream acidification in 
upland managed conifer forested subcatchments in the East, South and West Regions of 
Ireland? 

1. Test Question VI.B.1: Wind speed and acidification associations 

Associations between wind speed and stream acidity were made in the preceding section for 

the three geology types. In Table VI.B.1-1 correlation coefficients are given for associations of 

wind speed and stream acidity by region, which may be the more relevant grouping. 

Table VI.B.1-1. Pearson's Correlation Coefficients for wind speed over plantation 
conifer forested low-order acid-sensitive subcatchments and indicators of stream 
acidification* 

Region 

Number 
of Sites, 
Number 

of 
Samples 

Number 
of Days 
before 
Sample 

Date 

pH    Alkalinity  ANC  DOC   Organic 
Acidity  

East 

17, 37 0 -0.15 0.03 0.09 0.10 0.07 
17, 37 2 -0.25 -0.02 0.05 0.30 0.27 
17, 37 7 -0.20 -0.08 -0.06 0.18 0.16 
17, 37 30 0.23 0.06 -0.12 -0.44 -0.41 

South 

35, 54 0 -0.44 -0.28 -0.25 0.25 0.20 
35, 54 2 -0.41 -0.27 -0.23 0.19 0.13 
35, 54 7 -0.27 -0.37 -0.36 0.10 0.13 
22, 41 30 -0.14 -0.05 0.01 0.42 0.46 

West 

54, 103 0 -0.02 -0.07 -0.01 0.12 0.14 
54, 103 2 0.00 -0.02 0.04 0.06 0.09 
54, 103 7 0.01 0.01 0.06 0.02 0.04 
36, 86 30 0.04 0.01 0.02 -0.08 -0.08 

*samples from forested > 0% sites at storm flow only 
 

As was the case on ORS geology, increases in wind speed are associated with increases in 

stream acidity in the South Region and could be attributable to ammonium deposition. But in 

contrast to this test on S&G, which is mainly in the West Region, there is no evidence of an 

association between stream acidity and wind speed in West Region subcatchments. The 
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evidence for an association in the East Region is conflicting between antecedent periods and 

thus also amounts to a nil result. 

2. Test Question VI.B.2: Wind direction and acidification associations 

Table VI.B.2-1 shows output of a series of linear regressions of pH on the wind direction 

categorical variables (WINDDdays) consolidated into only four levels (north, east, south and 

west) named WINDDdaysC. The regression coefficients for each level are ranked lowest to 

highest, which translates into most acidic to least acidic based on the regression equation (pH 

= intercept + coefficient).  

Table VI.B.2-1. Coefficients for linear regressions of pH on wind direction in upland managed 
conifer forested acid-sensitive subcatchments* 

Period 
Prior to 

Sampling 
Date         

(No. of 
Days) 

Region 
East South  West  

VARIABLE 
level 

Regression 
Coefficient 

VARIABLE 
level 

Regression 
Coefficient 

VARIABLE 
level 

Regression 
Coefficient 

0 

WINDD0Cs -0.33 WINDD0Cw 0.00 WINDD0Ce -0.37 
WINDD0Cn -0.29 WINDD0Cs 0.24 WINDD0Cw 0.00 
WINDD0Cw 0.00 WINDD0Cn 0.44 WINDD0Cn 0.02 
    WINDD0Ce 0.49 WINDD0Cs 0.68 

2 

WINDD2Cw  0.00 WINDD2Cw 0.00 WINDD2Ce -0.11 
WINDD2Cs 0.21 WINDD2Ce 0.11 WINDD2Cw 0.00 
    WINDD2Cs 0.35 WINDD2Cn 0.39 
    WINDD2Cn 0.37 WINDD2Cs 0.62 

7 

WINDD7Ce -0.52 WINDD7Cw 0.00 WINDD7Cw 0.00 
WINDD7Cs -0.20 WINDD7Ce 0.09 WINDD7Ce 0.00 
WINDD7Cw 0.00 WINDD7Cs 0.34 WINDD7Cn 0.36 
    WINDD7Cn 0.36 WINDD7Cs 1.01 

30 

WINDD30Cs -0.54 WINDD30Cw 0.00 WINDD30Cs -0.04 
WINDD30Cw 0.00 WINDD30Cs 0.12 WINDD30Ce -0.03 
WINDD30Ce 0.18 WINDD30Ce 0.50 WINDD30Cw 0.00 
        WINDD30Cn 0.03 

* storm samples from subcatchments forested > 0% only  
 

The association between wind direction and acidification in streams in the East Region is 

indeterminable from the data analysed in this test. In the South Region, winds from the west 

are the most acidifying. This is partially supportive of evidence that ammonium increases from 

northwest to southeast (Aherne and Farrell, 2002). Setting aside the presumably least relevant 

30-day antecedent period, the association between wind direction and stream acidification in 

the West Region is in the order east (most acidifying) to west to north to south (least 
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acidifying). This could be interpreted as supporting evidence of ammonium and marine ion 

deposition as forest effect drivers.   

Research Question VI.B Answer: Increases in wind speed were found to be associated with 

increases in stream acidity in the South Region and could be attributable to ammonium 

deposition. No such associations were found for the East or West Regions. 

The association between wind direction and acidification in streams in the East Region is 

indeterminable from the data analysed in this research. In the South Region, winds from the 

west were shown to be the most acidifying. The association between wind direction and 

stream acidification in the West Region is in the order east (most acidifying) to west to north 

to south (least acidifying). 

 

Research Question VI Answer: Apart from the presence of the managed conifer forest itself, 

stream acidification is positively associated with the following: 

• Igneous geology  

• Blanket peat soils 

• Subcatchment size on S&G geology 

• Altitude on GF, ORS and S&G geology 

• Air temperature on ORS geology 

• Rainfall on GF, ORS and S&G geology 

• Wind speed on ORS and S&G geology 

• Wind speed in the South Region 

• West winds in the South Region 

• East and west winds in the West Region 

  



 

119 
 

CHAPTER VII. Empirical Acidification Models 

Research Question VII. If properly resourced, could OLS linear regression models, inclusive of 

per cent forest cover as an independent variable, be used to predict stream pH in upland 

managed conifer forested subcatchments on each of the predominant 

streambed/subcatchment geologies and in the East, South and West Regions of Ireland? 

With the data discussed in Chapter VI indicating associations between stream acidity and 

subcatchment characteristics and atmospheric conditions, and with the data discussed in 

Chapters IV and V showing that increasing forest cover is associated with decreases in stream 

pH, the natural progression with the dataset was to use it to attempt to explain pH with these 

variables via Ordinary Least Squares multiple linear regression. As explained in Chapter I, using 

such empirical models to estimate stream pH under various subcatchment per cent forest 

cover scenarios can allow a marginal analysis of forest cover thresholds to be applied at the 

subcatchment level. This more precise technique to arrive at potential afforestation or 

replanting restriction proposals has at least three important advantages over approaches to 

identify ubiquitous thresholds in that it: 

• Is not reliant on subcatchments with like parent materials having the same per cent 

forest cover thresholds, which evidence to date suggests they may not;  

• Can produce marginal estimates of the surface areas of various (re)planting restriction 

proposals which can be translated into foregone revenues and ultimately used to 

estimate a portion of the marginal cost of various restriction proposals, which is 

integral to conducting the legally required cost effectiveness analysis of mitigation 

measures; and 

• Is necessary to identifying and proposing cost-effective combinations of mitigation 

measures (i.e., WFD-required programmes of measures) inclusive of various degrees of 

(re)planting restrictions, which itself is critical to identifying the most cost-beneficial or 

economically efficient use of the lands comprising Ireland’s acid-sensitive 

subcatchments. 

The major disadvantage to this regression analysis approach to estimating forest cover 

thresholds is its complexity. As shown repeatedly throughout this document, the variables that 

potentially affect stream acidity do so in varying degrees and sometimes in opposite ways 

altogether depending on the subcatchment’s and streambed’s predominant geology types and 

the region of the country in which it lies. In particular, the effects of wind direction and 

perhaps wind speed variability are on a regional basis, whilst the effects of other variables such 

as slope depend mostly on the parent geological material. Since geology type is not region 
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specific, the result is a relegation to both geology-specific and region-specific regression 

models in which neither type fully exploit the explanatory powers of their independent 

variables. 

For this basic modelling exercise, which due to small sample sizes only aspires to gauge the 

feasibility of developing such models, three geology-based models and three region-based 

models are fitted to the data. The intended use of the fitted models is to demonstrate how 

one might solve for the PCTF variable under the scenario in which the pH is set to the 

biological threshold of 5.50 pH standard units. To account for other influencing variables, this 

is done with these independent variables set to the most acidic conditions, to the average 

acidification scenario, and to the best case for the absence of stream acidification. Thus, with 

the exception of the GF model (to be explained), a worst case, average case and best case 

equation is given for solving for the maximum value of PCTF, renamed PCTFmax, which is 

consistent with a value of pH of 5.50. This requires that the PCTF variable be among the 

independent variables in each of the six models. 

A. Geology-Based Models 

As expected, the variable in the dataset that generally explained the greatest amount of 

variation in pH was the WATSUBGS variable. In regressing pH on WATSUBGS, 33% of the 

variability in stream pH was attributable to streambed/subcatchment geology and soil 

combination (R² = 0.33). 

As described in Chapter III, a method was applied whereby a list of candidate independent 

numerical variables was generated based on whether the absolute value of their Pearson’s 

Correlation Coefficient with pH is greater than 0.20 (|r| > 0.20). Those variables were then 

cross correlated with one another to test for potential collinearity, and for associations in 

which |r| > 0.40, the variable with the weakest correlation with pH was omitted. Collinearity 

of numerical variables was checked again subsequent to running the first regressions by 

insuring variance inflation factors (VIF’s) were less than 10.0.  The |r|’s with pH for the 

numerical variables RAIN0, RAIN2, RAIN7 and RAIN30 were compared and the variable with 

the strongest |r| was used as the RAIN-related variable. The same was done with TEMP and 

WINDS. 

Univariate regressions of pH on the categorical variables WINDD0, WINDD2, WINDD7, and 

WINDD30 were done to select the wind-related variable with the highest coefficient of 

determination (R²) for inclusion in the three geology and three regional regressions. 
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1. Granite/Felsite Regression Model 

The candidate independent variables SA, PCTF, ALT RAIN2, TEMP7, WINDD7, and WATSUBSG 

were considered for the GF regression. Although there was no collinearity between the 

numerical ones, SA, ALT, RAIN2, and TEMP7 were all incrementally dropped due to very low 

regression coefficients. This increased the model’s coefficient of determination in each case. 

Regressing pH on PCTF, WINDD7, and WATSUBGS only yielded an R² = 0.14. Of all of the six 

models, the GF model was unique in that omission of the WATSUBGS and WINDD7 variables 

gave it a higher coefficient of determination. Both had very low explanatory power. For pH 

regressed on WATSUBGS only, R² was equal to 0.08. For pH regressed on WINDD7 only, R² was 

equal to 0.11.    

The best model result was for pH regressed on PCTF, which had an R² = 0.28. The model 

equation is as follows:      

pH = 6.09 - 2.07(PCTF)                Equation VII.A.1-1 

Full GF model outputs are shown in Table A.4-1 in Appendix 4. By setting pH equal to 5.50 and 

rearranging the equation to solve for PCTF as done below, it can be seen that an estimate can 

be generated (30%) of the maximum per cent forest cover (PCTFmax) that can be afforested or 

replanted in these GF subcatchments without contravening the 5.50 pH ecological quality 

standard. 

PCTFmax = (5.50 - 6.09) / -2.07 = 0.30 i.e., 30%             Equation VII.A.1-1 

2. Old Red Sandstone Regression Model 

The candidate independent variables for the ORS model were SA, PCTF, SLPF, TEMP2, WINDS0, 

WINDD7 and WATSUBGS. SLPF and SA were positively correlated (r=0.45). TEMP2 and WINDS0 

were also positively correlated (r=0.57). SA and WINDS0 were dropped based on their 

comparative r's.  The best model, shown below, has an adjusted R² = 0.72. 

pH = 8.20 - 1.31(PCTF) + 0.14(SLPF) - 0.14(TEMP2) + (WIND7) +  

(WATSUBSG)                                Equation VII.A.2-1 

The full ORS model is presented in Table A.4-2 in Appendix 4. Three equations for estimating 

maximum subcatchment per cent forest cover without pH biological threshold breach under 

worst, average and best stream acidification conditions are given in Table VII.A.2-1. 
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Table VII.A.2-1.  Equations for estimating maximum subcatchment per cent forest cover 
without pH biological threshold breach in ORS subcatchments under alternative conditions 
Case PCTFmax Equation 
worst PCTFmax = ((5.50 - 8.20 - 0.14(1.10) + 0.14(14.16)  + 2.36 - (WATSUBGS)) / -1.31 

 average PCTFmax = ((5.50 - 8.20 - 0.14(6.50) + 0.14(9.60)  + 0.74 - (WATSUBGS)) / -1.31 
 best PCTFmax = ((5.50 - 8.20 - 0.14(11.21) + 0.14(5.35)  - 0.64 - (WATSUBGS)) / -1.31   

 

The results of these three equations solved for each WATSUBGS level are given in Table 

VII.A.2-2. Emphasis on the PCTFmax values for the average case scenario is warranted because 

these conditions are most likely to actually be realised. Equations for the worst and best case 

conditions are given in order to show that, in many cases, under worst case acidity conditions 

any forest cover percentage would result in a stream pH of less than 5.50, and when least 

acidifying factors are prevalent the entire subcatchment can often be forested without the 

stream falling below 5.50 standard units. Of course neither of these scenarios is likely to occur, 

but the equations for the two extreme scenarios highlight the extent to which factors other 

than per cent forest cover of subcatchment collectively influence stream pH. The three 

equations also illuminate the geology and soil combinations (i.e., WATSUBGS) that seem to be 

the least capable of buffering against acidification. But care should be taken when making 

inferences from these results because many geology and soil combinations are represented by 

relatively few sites and samples. 
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Table VII.A.2-2. Estimates of per cent forest cover thresholds in ORS subcatchments 

Levels for WATSUBGS Regression 
Coefficients 

Estimated 
PCTFmax 

Worst 
Case 

Forest 
Cover 

Threshold 
-Worst 
Case¹ 

Estimated 
PCTFmax 
Average 

Case 

Forest 
Cover 

Threshold 
-Average 

Case²  

Estimated 
PCTFmax 
Best Case 

Forest 
Cover 

Threshold 
- Best 
Case³ 

ORS_AlluvMIN/ORS_AminSRPT -1.18 -2.04 0% 0.26 26% 2.28 100% 
ORS_AlluvMIN/ORS_BktPt -1.13 -2.00 0% 0.31 31% 2.32 100% 
ORS_Amin -0.61 -1.60 0% 0.70 70% 2.71 100% 
ORS_Amin/ORS_AminDW -0.91 -1.83 0% 0.47 47% 2.48 100% 
ORS_Amin/ORS_AminSRPT -0.20 -1.29 0% 1.01 100% 3.02 100% 
ORS_Amin/ORS_BktPt -1.03 -1.92 0% 0.38 38% 2.39 100% 
ORS_AminDW/ORS_Amin -3.50 -3.81 0% -1.50 0% 0.51 51% 
ORS_AminPD -1.14 -2.01 0% 0.29 29% 2.30 100% 
ORS_AminPD/ORS_Amin -1.17 -2.03 0% 0.27 27% 2.28 100% 
ORS_AminPDPT 0.39 -0.84 0% 1.46 100% 3.47 100% 
ORS_AminPDPT/ORS_Amin -2.27 -2.87 0% -0.57 0% 1.44 100% 
ORS_AminPDPT/ORS_AminSRPT -1.70 -2.44 0% -0.13 0% 1.88 100% 
ORS_AminPDPT/ORS_BktPt -0.98 -1.88 0% 0.42 42% 2.43 100% 
ORS_AminSRPT -1.68 -2.42 0% -0.12 0% 1.89 100% 
ORS_AminSW/ORS_Amin 0.39 -0.84 0% 1.47 100% 3.48 100% 
ORS_BktPt -0.94 -1.86 0% 0.44 44% 2.46 100% 
ORS_BktPt/ORS_Amin 1.13 -0.27 0% 2.03 100% 4.04 100% 
ORS_BktPt/ORS_AminSRPT 0.00 -1.14 0% 1.16 100% 3.18 100% 
¹ lowest slope, highest temperature, lowest WINDD7 coefficient 

    ²mean slope, mean temperature, most frequent WINDD7 coefficient 
    ³highest slope, lowest temperature, highest WINDD7 coefficient 
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3. Schist and Gneiss Regression Model 

Independent variables considered as candidates for the S&G model were SA, ALT, PCTF, SLPF, 

RAIN7, WINDS2, WINDD7 and WATSUBSG. WINDS2 and ALT were positively correlated 

(r=0.41). ALT was dropped due to its lower relative |r| value. The final best model with an 

adjusted R² = 0.66, is given below. 

pH = 6.72 - 0.38(SA) - 0.45(PCTF) + 0.22(SLPF) - 0.02(RAIN7) + 0.03(WINDS2) +  

(WINDD7) + (WATSUBSG)            Equation VII.A.3-1 

The complete output for the S&G model is in Table A.4-3 in Appendix 4. The equations for 

estimating maximum subcatchment per cent forest cover without pH biological threshold 

breach under worst, average and best stream acidification conditions are given in Table 

VII.A.3-1, and the estimated PCTFmax and per cent forest threshold values are given in Table 

VII.A.3-2. 
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Table VII.A.3-1. Equations for estimating maximum subcatchment per cent forest cover without pH biological 
threshold breach in S&G subcatchments under alternative conditions 
Case PCTFmax Equation 
worst PCTFmax= (5.50 - 6.72 + 0.38(4.93) - 0.22(3.02) + 0.02(39.90) - 0.03(4.56) + 3.36 - (WATSUBGS))/-0.45 
average PCTFmax= (5.50 - 6.72 + 0.38(2.44) - 0.22(4.72) + 0.02(26.16) - 0.03(13.31) + 0.72 - (WATSUBGS))/-0.45 
best PCTFmax= (5.50 - 6.72 + 0.38(1.08) - 0.22(12.74) + 0.02(0.90) - 0.03(21.79) - 0.84 - (WATSUBGS))/-0.45 

 

 

Table VII.A.3-2. Estimates of per cent forest cover thresholds in S&G subcatchments 

Levels for WATSUBGS Regression 
Coefficients 

Estimated 
PCTFmax 

Worst 
Case 

Forest 
Cover 

Threshold 
-Worst 
Case¹ 

Estimated 
PCTFmax 
Average 

Case 

Forest 
Cover 

Threshold 
-Average 

Case²  

Estimated 
PCTFmax 
Best Case 

Forest 
Cover 

Threshold 
-Best 
Case³ 

SaG_AminSRPT/SaG_SRPT 0.13 -8.62 0% 1.37 100% 11.60 100% 
SaG_BktPt 0.00 -8.91 0% 1.08 100% 11.31 100% 
¹ highest surface area, lowest slope, highest rainfall, highest wind speed, lowest WINDD7 coefficient 

 ²mean surface area, mean slope, mean rainfall, mean wind speed, most frequent WINDD7 coefficient 
 ³lowest surface area, highest slope, lowest rainfall, lowest wind speed, highest WINDD7 coefficient 
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B. Region-Based Models 

The identical regression modelling methodology applied to the geology-based models was 

applied to the three regional models. Regional models were developed to compare their 

respective explanatory powers with those of the geology-based models. Also, if a properly 

resourced effort to develop a GF model were to fail, as suggested by the test GF model 

presented here, robust East-Region and West Region models could be used to estimate pH and 

PCTFmax in GF subcatchments. The regions East, South and West were chosen simply because 

these were the three general locations of the sample sites. 

1. East Region Regression Model 

Candidate independent variables considered for inclusion in the East Region model were SA, 

PCTF, ALT, RAIN2, TEMP7, WINDD30 and WATSUBSG. The regression coefficient for SA was 

very low so that variable was dropped. This increased the model’s coefficient of determination 

by 0.02. No other omissions or combinations of omitted variables improved the model. The 

best model, with an adjusted R² = 0.53, is as follows:    

pH = 7.80 - 0.48(PCTF) - 0.01(ALT) - 0.01(RAIN2) - 0.04(TEMP7) + (WINDD30) +  

(WATSUBGS)               Equation VII.B.1-1 

East Region model output is provided in Table A.4-3 in Appendix 4. Equations for the worst, 

average and best case acidification scenarios are given in Table VII.B.1-1 followed by the 

results for per cent forest threshold in Table VII.B.1-2. 
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Table VII.B.1-1. Equations for estimating maximum subcatchment per cent forest cover without pH 
biological threshold breach in East Region subcatchments under alternative conditions 
Case PCTFmax Equation 
worst PCTFmax = (5.50 - 7.80 + 0.01(416.00) + 0.01(35.80) + 0.04(14.07) + 0.01 - (WATSUBGS)) / -0.48 
average PCTFmax = (5.50 - 7.80 + 0.01(282.65) + 0.01(8.92) + 0.04(7.16) + 0.01 - (WATSUBGS)) / -0.48 
best PCTFmax = (5.50 - 7.80 + 0.01(201.00) + 0.01(0.10) + 0.04(0.04) - 0.82 - (WATSUBGS)) / -0.48 

 

Table VII.B.1-2. Estimates of per cent forest cover thresholds in East Region subcatchments 

Levels for WATSUBGS Regression 
Coefficients 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold -
Worst 
Case¹ 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold -
Average 

Case²  

Estimated 
PCTFmax 

Forest Cover 
Threshold - 
Best Case³ 

GF_AminSRPT -0.55 -6.95 0% -3.04 0% 1.17 100% 
GF_AminSRPT/GF_BktPt 0.02 -5.78 0% -1.86 0% 2.34 100% 
GF_BktPt -0.33 -6.51 0% -2.59 0% 1.61 100% 
GF_BktPt/GF_AminSRPT 0.05 -5.71 0% -1.79 0% 2.41 100% 
O_Amin/O_AminSRPT -0.87 -7.62 0% -3.71 0% 0.50 50% 
O_AminPDPT/O_AminSRPT -1.37 -8.66 0% -4.75 0% -0.54 0% 
O_AminSRPT/O_Amin 0.00 -5.81 0% -1.90 0% 2.31 100% 
¹highest altitude, highest rainfall, highest temperature, lowest WINDD30 coefficient 

  ²mean altitude, mean rainfall, mean temperature, most frequent WINDD30 coefficient 
  ³lowest altitude, lowest rainfall, lowest temperature, highest WINDD30 coefficient 
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2. South Region Regression Model 

Candidate independent variables for the South Region model were SA, PCTF, SLPF, TEMP2, 

WINDS0, WINDD30 and WATSUBSG. WINDS0 and TEMP2 were highly positively correlated (r= 

0.89). WINDS0 was dropped based on the comparative |r| values. Two samples in this group 

were from subcatchments predominated by coal measures geology, but they were dropped to 

raise the model’s R² value. The final best model’s adjusted R² = 0.68. The model is shown 

below. 

pH =  5.10 + 0.19(SA) - 0.72(PCTF) + 0.02(SLPF) - 0.15(TEMP2) + (WATSUBGS) +  

(WINDD2)               Equation VII.B.2-1 

Model outputs are shown in Table A.4-4 in Appendix 4. Table VII.B.2-1 lists the equations for 

estimating maximum subcatchment per cent forest cover under the three alternative cases. 

Table VI.B.2-2 shows the solutions to these equations for each of the WATSUBGS levels in the 

South Region. 

Table VII.B.2-1. Equations for estimating maximum subcatchment per cent forest cover without pH 
biological threshold breach in South Region subcatchments under alternative conditions 
Case PCTFmax Equation 
worst PCTFmax = (5.50 - 5.10 - 0.19(0.24) - 0.02(2.63) + 0.15(13.13) + 0.40 - (WATSUBGS))  / -0.72 
average PCTFmax = (5.50 - 5.10 - 0.19(2.58) - 0.02(6.46) + 0.15(8.97) + 0.40 - (WATSUBGS))  / -0.72 
best PCTFmax = (5.50 - 5.10 - 0.19(6.99) - 0.02(13.83) + 0.15(5.35) - 1.36 - (WATSUBGS))  / -0.72 
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Table. VII.B.2-2. Estimates of per cent forest cover thresholds in South Region subcatchments 

Levels for WATSUBGS Regression 
Coefficients 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
-Worst 
Case¹ 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
-Average 

Case²  

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
- Best 
Case³ 

ORS_AlluvMIN/ORS_AminSRPT 1.29 -1.91 0% 0.23 23% 4.24 100% 
ORS_AlluvMIN/ORS_BktPt 1.73 -1.31 0% 0.84 84% 4.85 100% 
ORS_Amin 1.87 -1.11 0% 1.03 100% 5.04 100% 
ORS_Amin/ORS_AminDW 1.01 -2.30 0% -0.16 0% 3.86 100% 
ORS_Amin/ORS_AminSRPT 2.45 -0.31 0% 1.83 100% 5.84 100% 
ORS_AminDW/ORS_Amin 0.21 -3.42 0% -1.27 0% 2.74 100% 
ORS_AminPD 0.92 -2.43 0% -0.28 0% 3.73 100% 
ORS_AminPD/ORS_Amin 1.91 -1.06 0% 1.09 100% 5.10 100% 
ORS_AminPDPT 2.11 -0.77 0% 1.37 100% 5.38 100% 
ORS_AminPDPT/ORS_Amin 0.93 -2.42 0% -0.27 0% 3.74 100% 
ORS_AminPDPT/ORS_AminSRPT 1.72 -1.32 0% 0.83 83% 4.84 100% 
ORS_AminPDPT/ORS_BktPt 1.88 -1.10 0% 1.04 100% 5.05 100% 
ORS_AminSRPT 1.08 -2.21 0% -0.06 0% 3.95 100% 
ORS_AminSW/ORS_Amin 3.78 1.54 100% 3.69 100% 7.70 100% 
ORS_BktPt 2.02 -0.90 0% 1.25 100% 5.26 100% 
ORS_BktPt/ORS_AminSRPT 2.65 -0.02 0% 2.12 100% 6.13 100% 
SQ_AminPD/SQ_Amin 3.78 1.54 100% 3.69 100% 7.70 100% 
SQ_AminPDPT/SQ_Amin 0.00 -3.71 0% -1.56 0% 2.45 100% 
¹lowest surface area, lowest slope, highest temperature, lowest WINDD2 coefficient 
²mean surface area, mean slope, mean temperature, most frequent WINDD2 coefficient 
³highest surface area, highest slope, lowest temperature, highest WINDD2 coefficient 
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3. West Region Regression Model 

Finally, candidate independent variables for the West Region model consisted of SA, PCTF, 

SLPF, ALT, RAIN7, WINDS2, WINDD30 and WATSUBSG. WINDS2 and ALT were dropped due to 

very low regression coefficients, which increased the model’s coefficient of determination by 

0.02. Lower avonian/carboniferous samples were dropped from this dataset due to a positive 

correlation between PCTF and pH on this geology. The adjusted R² = 0.50 for the best 

obtainable model below. 

pH =  7.72 - 0.19(SA) - 0.85(PCTF) + 0.10(SLPF) - 0.01(RAIN7) + (WINDD0) +  

(WATSUBGS)               Equation VII.B.3-1 

Table A.4-5 in Appendix 4 shows the full model output. The PCTFmax equations are given in 

Table VII.B.3-1. The threshold per cent forest cover estimates for the various West Region 

WATSUBGS levels are given in Table VII.B.3-2.  

Table VII.B.3-1. Equations for estimating maximum subcatchment per cent forest cover without pH biological 
threshold breach in West Region subcatchments under alternative conditions 
Case PCTFmax Equation 
worst PCTFmax = (5.50 -7.72 + 0.19(6.51) - 0.10(1.08) + 0.01(75.10) + 1.71 - (WATSUBGS)) / -0.85 
average PCTFmax = (5.50 -7.72 + 0.19(2.51) - 0.10(5.64) + 0.01(24.26) + 0.14 - (WATSUBGS)) / -0.85 
best PCTFmax = (5.50 -7.72 + 0.19(0.21) - 0.10(16.00) + 0.01(0) - 0.87 - (WATSUBGS)) / -0.85 
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Table VII.B.2-2. Estimates of per cent forest cover thresholds in West Region subcatchments 

Levels for WATSUBGS Regression 
Coefficients 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
-Worst 
Case¹ 

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
-Average 

Case²  

Estimated 
PCTFmax 

Forest 
Cover 

Threshold 
- Best 
Case³ 

GF_BktPt -2.42 -4.45 0% -0.58 0% 2.63 100% 
GF_BktPt/GF_AminSRPT -2.50 -4.56 0% -0.68 0% 2.52 100% 
O_AminSRPT -1.60 -3.49 0% 0.39 39% 3.59 100% 
ORS_AlluvMIN/ORS_AminSRPT -1.91 -3.86 0% 0.02 2% 3.22 100% 
ORS_Amin/ORS_BktPt -2.92 -5.04 0% -1.17 0% 2.04 100% 
ORS_BktPt -2.65 -4.73 0% -0.86 0% 2.35 100% 
ORS_BktPt/ORS_Amin -0.78 -2.53 0% 1.35 100% 4.55 100% 
ORS_BktPt/ORS_AminSRPT -1.90 -3.85 0% 0.03 3% 3.24 100% 
Q_AminSRPT -1.39 -3.24 0% 0.63 63% 3.84 100% 
Q_BktPt -1.92 -3.87 0% 0.01 1% 3.22 100% 
Q_BktPt_SaG_BktPt -0.56 -2.26 0% 1.61 100% 4.82 100% 
SaG_AminSRPT/SaG_BktPt -0.22 -1.87 0% 2.01 100% 5.21 100% 
SaG_AminSRPT/SaG_SRPT -1.88 -3.82 0% 0.05 5% 3.26 100% 
SaG_BktPt -0.99 -2.78 0% 1.10 100% 4.31 100% 
SaG_BktPt/Q_AminSRPT -0.84 -2.61 0% 1.27 100% 4.48 100% 
SaG_BktPt/Q_BktPt 0.00 -1.61 0% 2.26 100% 5.47 100% 
¹highest surface area, lowest slope, highest rain, lowest WINDD0 coefficient 
²mean surface area, mean slope, mean rain, most frequent WINDD0 coefficient 
³lowest surface area, highest slope, lowest rain, highest WINDD0 coefficient 
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With the exception of the GF model, which did not allow for WATSUBGS-specific PCTFmax 

estimates under the three scenarios (i.e., worst, average, best), in all but two estimates for the 

worst case stream acidification scenario, the maximum per cent forest cover to avoid a stream 

pH less than 5.50 is 0%. Whilst it may seem that this fact alone is an impetus to make a 

management recommendation to completely cease afforestation and replanting in acid-

sensitive subcatchments, four considerations arguably prohibit this. 

First, as mentioned already, the worst case scenario is unlikely to occur and exceedingly more 

unlikely to persist for any extended period of time. 

Second, the sample sizes used to develop these models were too small to set aside data for a 

split-sample model calibration and validation procedure. This is due in part to the fact that 

only storm samples from streams in subcatchments with some percentage of forest cover 

could be used for each model.  

Third, it is not clear that the sample population of subcatchments underpinning each model is 

representative of the true population for which inferences need to be made. For instance, on 

close inspection of the respective regression coefficients for each level of WATSUBGS for the 

worst, average and best case scenarios, it is obvious that the expected most acidic geology-soil 

combinations do not always appear to be the most acid sensitive (i.e., have the lowest 

regression coefficients). This is likely due in large part to the fact that in many cases very few 

samples were available to represent each WATSUBGS level, and as shown in Chapter VI, the 

storm flow variability for each geology and soil type is quite high. As streambed/subcatchment 

geology and soil combinations appear to be critical to predicting the extent to which forest 

cover will lower stream pH, and as shown, the combinations are highly complex in how they 

influence stream pH, additional sampling across all acid-sensitive WATSUBGS levels is 

warranted. The validity of the PCTFmax predictions will be largely dependent upon this. 

Finally, and perhaps most importantly, even if it could be established with some precise level 

of certainty that a pH biological standard breach will occur at some point in time in any given 

acid-sensitive subcatchment in Ireland populated with managed conifer forests, the law does 

not provide for total afforestation banning or replanting restrictions based on this information 

alone. As discussed in Chapter I, relevant governing legislation dictates that the level of forest 

cover restriction must be determined via both a cost-effectiveness and cost-benefit analysis. 
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It is hoped that these example regressions and the other information presented in this 

document will be of some use to those in Ireland charged with completing the full suite of 

analyses ultimately needed to make determinations about the extent to which the country’s 

acid-sensitive subcatchments should be afforested or replanted. 

Research Question VII Answer: The evidence is strong that if properly resourced, OLS linear 

regression models, inclusive of per cent forest cover as an independent variable, could be 

used to predict stream pH in upland managed conifer forested subcatchments on ORS and 

S&G geologies and in the East, South and West Regions of Ireland 
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CHAPTER VIII. Conclusions and Recommendations 

A. Conclusions 

• The findings reported here support and extend the conclusions drawn from the 

FORWATER and HYDROFOR projects. 

• The evidence found is strong that managed conifer forests in acid-sensitive 

subcatchments acidify upland Irish streams on granite/felsite geology, old red 

sandstone geology and schist and gneiss geology, which together represent 79% of all 

areas sampled.  

• The evidence found is moderate that managed conifer forests in acid-sensitive 

subcatchments acidify upland Irish streams on coal measures, ordovician and silurian 

quartzite geology, which together represent 8% of all areas sampled. 

• The evidence found is strong that an increase of flow from base to storm levels 

temporarily reduces the pH of upland conifer-forested and unforested streams on 

acid-sensitive geology and soil combinations. 

• Based on the data employed in this research endeavour, storm flow pH 5.50 threshold 

breaches in upland acid-sensitive conifer-forested streams (subcatchment cover > 

50%) increase 9% above upland acid-sensitive nonforested streams on all combined 

sampled geologies, 33% on granite/felsite geology, 22% on old red sandstone geology, 

and 25% on schist and gneiss geology. 

• Based on the data employed in this research endeavour, stream hydrogen ion 

concentrations in upland acid-sensitive conifer-forested subcatchments (cover > 50%) 

are seven times higher (i.e., more acidic) than nonforested streams on all combined 

sampled geologies, four times higher on granite/felsite geology, 13 times higher on old 

red sandstone and three times higher on schist and gneiss geology. 

• There is good evidence that sulphate concentrations in streams on GF geology are 

higher in managed conifer forest subcatchments than in nonforested ones, but there 

was no evidence found that this is due to current atmospheric deposition. There is 

strong evidence that there continues to be ammonium deposition in forested streams 

on ORS geology in the South Region and that it is contributing to those streams’ 

acidification. There is also good evidence that ammonium contributes to the forest 

effect in subcatchments with S&G geology. 

• Strong evidence was found that acidification by the sea salt effect of upland streams in 

acid-sensitive conifer-forested subcatchments occurs in the West Region of Ireland. 
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• The evidence is good that soil drying and litterfall decomposition are drivers of the 

forest effect in managed conifer forested low-order acid-sensitive subcatchments on 

ORS geology.  

• The balance of evidence suggests that base cation uptake is not a substantial driver of 

the forest effect in managed conifer forested low-order acid-sensitive subcatchments 

on GF, ORS or S&G geologies. 

• There is moderate evidence that base cation dilution is a driver of the forest effect in 

managed conifer forested low-order acid-sensitive subcatchments on ORS and S&G 

geologies. There was no evidence found that base cation dilution is characteristic of GF 

geology subcatchments. 

• Granite/felsite geology (igneous) was found to be more acidifying than schist and 

gneiss (metamorphic) and old red sandstone (sedimentary) geology. 

• According to these data, gleys are generally the least acidifying soils whilst blanket 

peat soil is the most acidifying. 

• Based on the samples employed in this research endeavour, in upland acid-sensitive 

conifer-forested subcatchments, increasing subcatchment area corresponds with 

decreasing acidification from those subcatchments, with the exception of streams on 

S&G geology, in which increasing subcatchment area corresponds with increasing 

acidification. 

• These results provide evidence for a positive correlation between stream acidity and 

altitude but no evidence that the relationship is attributable to occult deposition. 

• GF subcatchments studied had the weakest negative correlations between ground 

slope and stream acidity, whilst ORS and S&G geology showed stronger negative 

correlations between slope and stream acidity. 

• These results show strong evidence of a positive association between air temperature 

and stream acidity consistent with the prevalence of both soil drying and litterfall 

decomposition in ORS geology subcatchments.  

• Higher levels of rainfall were shown to be associated with higher levels of stream 

acidity on all three geology types. 

• Stream acidity appears to increase with increasing wind speed in ORS and S&G geology 

subcatchments whilst no such association was found on GF geology. 

• Increases in wind speed were found to be associated with increases in stream acidity 

in the South Region and could be attributable to ammonium deposition. No such 

associations were found for the East or West Regions. 
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• The association between wind direction and acidification in streams in the East Region 

is indeterminable from the data analysed in this research. In the South Region, winds 

from the west were shown to be the most acidifying. The association between wind 

direction and stream acidification in the West Region is in the order east (most 

acidifying) to west to north to south (least acidifying). 

• If properly resourced, OLS linear regression models, inclusive of per cent forest cover 

as an independent variable, could be used to predict stream pH in upland managed 

conifer forested subcatchments on ORS and S&G geologies and in the East, South and 

West Regions of Ireland 

• Developing empirical regression models of the types presented here is arguably itself 

effectively a legal requirement under the WFD since: 

- implementing a replanting restriction policy, without evidence that this measure is 

among the most cost-effective, is in noncompliance with the WFD;  

- implementing a replanting allowance policy, without evidence that the derogation in 

good water status is cost-beneficial, is also in noncompliance with the WFD; and   

- a subcatchment-level marginal replanting restriction effectiveness analysis is needed, 

inter alia, to conduct both a cost-effectiveness analysis and a cost-benefit analysis. 

B. Recommendations 

• In future studies of stream acidification in Ireland, devote a much larger proportion of 

sampling effort to forested subcatchments during storm flows, as outstanding 

questions now pertain far more to the nature of forest-induced acidification than to 

the existence of it. This would entail making a significant departure from previous 

study designs in which non-forested control sites matching characteristics with paired 

forested sites were sampled in order to establish a baseline of episodic acidification. 

This was critical to providing proof of the forest effect phenomenon which was 

arguably still somewhat warranted prior to this study. But the results of this study 

confirm with a high degree of certainty that the forest effect does in fact acidify 

streams in Irish acid-sensitive subcatchments. A further departure from previous study 

designs would entail foregoing sampling at base flow in favour of sampling during 

storms only and at various stages around the peak of the storm event. This might 

involve staff guage installations or continuous flow monitoring at designated sites. But 

this progression is warranted now that the influence of storm flow on stream 

acidification has been so clearly shown in these results.  

• In future studies of stream acidification in Ireland, focus efforts more on balancing 

sampling frequencies amongst the most common geology-soil combinations. This 
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would involve employing a study design aimed at sampling streams in subcatchments 

across the full range of streambed and subcatchment soil and geology combinations in 

high numbers and in equal measure. One of the weaknesses of a study design that 

relies upon regression modelling will be inadequate representation of the multiple 

levels of key categorical variables. The small numbers of samples for some of the 

WATSUBGS levels proved to be a weakness of the regression models presented here 

and could be addressed in the sampling design stage of future studies. 

• Initiate a project resourced to fully develop empirical models that will allow reliable 

estimations of subcatchment per cent forest cover thresholds to be made for specific 

geology/soil combinations at the subcatchment level. The empirical data used in 

developing the regression models presented in this study are organised in a single 

spreadsheet with supporting GIS files. All of the regression analysis and tabular 

presentations of the results are also in the same file. This dataset can be easily 

expanded upon by future researchers wishing to add water quality, flow, 

subcatchment characteristic and meteorological conditions data. Thus there is a 

readily available template to follow in order to generate regression equations and 

rearrange them so that estimates of maximum allowable per cent forest cover of 

subcatchments can be made. 
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Table A1-1. Locations and characteristics of sampled subcatchments 
 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
CK1 171785 95834 1.99 South ORS 48% 
CK10 145243 86306 1.30 South ORS 56% 
CK12 141683 85758 1.28 South ORS 43% 
CK13 141503 85862 1.38 South ORS 70% 
CK14 144463 86909 0.45 South ORS 44% 
CK15 145995 88996 1.89 South ORS 48% 
CK17 145465 92232 1.29 South ORS 27% 
CK19 139459 91961 0.80 South ORS 13% 
CK2 167196 97330 5.89 South ORS 67% 
CK21 137010 87248 1.02 South ORS 59% 
CK22 137788 87521 2.24 South ORS 45% 
CK23 137749 87501 1.89 South ORS 45% 
CK24 138438 87701 0.42 South ORS 34% 
CK25 135710 88412 1.33 South ORS 26% 
CK26 135486 88331 1.75 South ORS 49% 
CK27 137044 89243 1.10 South ORS 10% 
CK28 138427 85148 1.33 South ORS 61% 
CK29 135399 85576 0.41 South ORS 0% 
CK3 166688 97055 1.09 South ORS 48% 
CK30 159550 113454 4.61 South ORS 23% 
CK31 160600 113785 4.81 South ORS 20% 
CK32 162013 113334 2.66 South ORS 20% 
CK33 163110 113186 1.47 South ORS 39% 
CK34 169333 114043 2.59 South ORS 8% 
CK35 172068 114983 1.41 South ORS 14% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
CK36 159451 117961 0.72 South ORS 18% 
CK4 164725 96815 1.33 South ORS 54% 
CK6 174075 92612 2.29 South ORS 14% 
CK8 170926 92860 2.95 South ORS 58% 
CL3 163978 189115 0.90 Central SQ 54% 
CL4 166353 190427 0.49 Central SQ 3% 
CL5 166934 191795 0.34 Central ORS 0% 
CL6 161652 193837 1.62 Central ORS 45% 
CL8 164190 194005 0.40 Central ORS 75% 
DC1 188278 107108 1.48 South ORS 0% 
DC10 183827 105741 3.11 South ORS 16% 
DC12 186850 106913 1.13 South ORS 66% 
DC13 200701 106648 6.18 South ORS 36% 
DC14 200602 106743 5.07 South ORS 27% 
DC15 200662 106800 1.00 South ORS 84% 
DC16 182482 117850 4.05 South ORS 16% 
DC17 182988 119382 1.20 South SQ 32% 
DC18 193779 119290 0.57 South ORS 0% 
DC2 190438 106297 3.56 South ORS 0% 
DC4 206269 106014 3.07 South ORS 0% 
DC5 204056 107794 1.07 South ORS 0% 
DC6 191095 117840 5.71 South ORS 1% 
DC8 189384 120327 0.84 South ORS 0% 
DC9 185087 105620 4.94 South ORS 13% 
DD10 185721 404452 2.30 West GF 21% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
DD11 186163 402664 2.21 West GF 46% 
DD13 204371 403953 2.06 West SaG 22% 
DD14 204500 404109 1.81 West SaG 41% 
DD15 204307 403947 5.82 West SaG 17% 
DD16 202224 405222 1.27 West SaG 13% 
DD2 211241 403177 1.14 West SaG 9% 
DD3 191262 397661 1.74 West Q  0% 
DD4 185497 403876 4.28 West GF 32% 
DD5 184082 400536 1.29 West GF 73% 
DD6 204803 401716 2.43 West SaG 17% 
DD7 188777 396441 1.46 West Q  20% 
DD8 210272 400935 1.62 West SaG 16% 
DD9 192448 399263 1.23 West Q  51% 
DG1 91317 273196 0.76 West O  0% 
DG11 101571 246870 0.87 West GF 0% 
DG12 114238 236010 2.04 West GF 47% 
DG13 114582 235506 3.09 West GF 57% 
DG14 108464 232252 4.80 West GF 40% 
DG15  108519 232725 1.48 West GF 0% 
DG16 108003 233271 1.92 West GF 51% 
DG17 106835 231025 0.81 West GF 86% 
DG18 110492 234516 1.43 West GF 59% 
DG19 109007 237978 2.76 West GF 75% 
DG2 83779 275767 2.06 West SQ 6% 
DG20 105770 248510 1.47 West SaG 7% 



 

156 
 

Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
DG21 102550 245210 4.31 West GF 20% 
DG22 103259 245508 0.93 West GF 38% 
DG23 103301 245877 2.46 West GF 12% 
DG24 97370 248412 1.60 West Q 0% 
DG25 108363 242381 4.90 West GF 0% 
DG28 105672 240995 3.67 West SaG 0% 
DG29 105371 241083 2.84 West SaG 0% 
DG3 92970 272821 1.19 West O 0% 
DG30 109748 246534 3.73 West SaG 2% 
DG31 108947 247150 1.24 West SaG 0% 
DG4 95168 277166 3.83 West SQ 9% 
DG5 94573 277143 2.53 West SQ 11% 
DG6 109823 228341 2.08 West GF 5% 
DG7 111290 234524 4.24 West GF 6% 
DG8 116552 236440 1.34 West SaG 0% 
DG9 117126 235361 1.81 West GF 0% 
DK1 104813 79671 1.81 South ORS 28% 
DK11 117667 84397 3.70 South ORS 0% 
DK12 116554 84248 1.73 South ORS 0% 
DK13 115954 82944 2.91 South ORS 67% 
DK14 118389 83368 1.31 South ORS 48% 
DK15 122212 84523 5.43 South ORS 3% 
DK16 106817 75194 1.44 South ORS 8% 
DK17 107266 71289 4.30 South ORS 2% 
DK18 106572 71000 0.57 South ORS 0% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
DK2 104554 78231 6.40 South ORS 0% 
DK22 110094 80028 3.48 South ORS 0% 
DK23 119594 80696 1.72 South ORS 0% 
DK26 124186 80767 4.77 South ORS 50% 
DK27 111751 77576 1.03 South ORS 25% 
DK29 108969 80033 0.75 South ORS 0% 
DK3 103836 74388 1.29 South ORS 0% 
DK30 110254 84282 2.26 South ORS 0% 
DK31 109706 73061 3.34 South ORS 35% 
DK32 112095 77334 2.12 South ORS 7% 
DK4 101263 77185 0.37 South ORS 0% 
DK5 100724 78269 1.52 South ORS 0% 
DK6 102958 70085 0.88 South ORS 56% 
DK8 108180 75351 0.46 South ORS 57% 
DM1 88932 299925 4.57 West ORS 0% 
DM10 92869 303830 1.42 West ORS 23% 
DM11 96560 305240 1.31 West ORS 23% 
DM12 101267 302346 1.08 West SaG 22% 
DM13 104638 302162 1.86 West ORS 28% 
DM14 107325 304771 0.78 West ORS 0% 
DM15 106136 306948 2.45 West Q  23% 
DM16 105540 307619 3.03 West SaG 0% 
DM17 94103 303724 3.03 West Q  0% 
DM2 88783 300376 0.52 West Q  0% 
DM3 91083 300953 1.17 West Q  28% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
DM4 90982 298562 0.54 West Q  0% 
DM5 91275 300780 3.90 West Q  8% 
DM6 95086 301904 1.03 West SaG 0% 
DM7 94493 302799 1.79 West SaG 29% 
DWW10 320426 209227 2.52 East O 45% 
DWW12 313316 194649 2.94 East O 6% 
DWW13 306721 202647 2.79 East GF 18% 
DWW15 306599 201610 0.51 East GF 47% 
DWW16 302636 202250 2.87 East GF 26% 
DWW17 299141 195835 6.06 East GF 21% 
DWW19 311100 206200 3.32 East GF 12% 
DWW2 304702 204744 1.77 East GF 0% 
DWW20 319044 206912 2.98 East O 42% 
DWW21 311096 195572 2.52 East O 44% 
DWW22 311123 195749 5.38 East O 40% 
DWW23 309741 213564 3.26 East GF 0% 
DWW26 306500 201700 1.22 East GF 34% 
DWW4 306512 203325 1.11 East GF 0% 
DWW6 299854 195214 3.29 East O 0% 
DWW7 299593 193771 4.92 East GF 0% 
DWW8 313029 207418 4.54 East GF 0% 
DWW9 312627 207642 2.63 East GF 0% 
G1 162760 199671 0.21 West ORS 22% 
G11 154844 210646 1.00 Central O 11% 
G12 156586 205222 1.06 West ORS 0% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
G13 156556 205208 1.05 Central ORS 5% 
G15 83047 249800 1.37 West Q  14% 
G16 82718 249356 0.62 West Q  29% 
G18 74043 251332 1.25 West SaG 0% 
G2 156641 201559 0.64 West ORS 12% 
G3 161215 206594 0.77 West ORS 36% 
G4 156391 210551 1.51 West O 0% 
G5 116027 236399 0.49 West SaG 0% 
G6 111216 235073 3.07 West GF 0% 
G8 109902 232848 0.30 West GF 69% 
G9 108638 235904 0.84 West GF 78% 
K1 96915 117058 0.24 South CM 48% 
K2 98243 118241 3.43 South CM 48% 
K3 99014 120483 2.67 South CM 20% 
KM1 124422 80690 5.49 South ORS 68% 
KM10 117661 84386 1.51 South ORS 0% 
KM11 120293 84353 6.99 South ORS 38% 
KM12 107863 74936 1.73 South ORS 0% 
KM13 116550 84250 1.41 South ORS 59% 
KM2 119355 80240 2.37 South ORS 0% 
KM3 120412 84236 3.77 South ORS 55% 
KM4 119566 83635 0.56 South ORS 91% 
KM5 119388 83585 1.17 South ORS 26% 
KM6 118245 83474 1.32 South ORS 89% 
KM7 117768 83231 0.77 South ORS 99% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
KM8 116243 83229 3.03 South ORS 89% 
KM9 115894 83247 3.70 South ORS 0% 
L10 170264 124474 2.63 South ORS 61% 
L12 172168 123782 0.78 South ORS 56% 
L13 161896 118844 1.62 South ORS 50% 
L14 161672 118760 1.39 South ORS 53% 
L15 159776 119073 0.78 South ORS 57% 
L16 159757 119065 0.68 South ORS 50% 
L17 181764 122760 0.87 South SQ  0% 
L2 163838 120431 0.86 South ORS 49% 
L3 165078 118651 0.33 South SQ  13% 
L4 163859 116884 0.99 South ORS 23% 
L5 164626 117113 0.24 South SQ  16% 
L6 166024 117505 0.46 South SQ  0% 
L8 169474 121787 0.77 South SQ  5% 
L9 168480 124258 6.62 South ORS 12% 
LS1 228597 202935 0.57 Central SQ  18% 
LS10 233181 205441 1.39 Central ORS 36% 
LS12 224699 197009 1.43 Central SQ  0% 
LS13 223754 196687 1.87 Central SQ  40% 
LS14 222549 196740 1.48 Central ORS 35% 
LS2 228188 203180 0.58 Central SQ  18% 
LS3 228549 203287 0.57 Central ORS 45% 
LS4 227675 203807 0.64 Central ORS 30% 
LS5 229712 203334 1.30 Central SQ  8% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
LS6 229594 201996 2.64 Central SQ  23% 
LS7 234839 199782 1.90 Central ORS 0% 
LS8 236680 207933 0.22 Central ORS 52% 
M1 90547 267687 0.34 West O 0% 
M10 104608 333981 0.49 West LAC 19% 
M11 102811 334720 2.27 West SaG 9% 
M12 101088 332253 0.60 West LAC 29% 
M13 104744 328324 1.82 West LAC 18% 
M14 107280 328874 0.26 West LAC 60% 
M2 89611 267419 0.36 West O 7% 
M3 85545 317826 0.36 West SaG 21% 
M4 91155 325560 0.23 West LAC 0% 
M5 89800 326190 0.36 West LAC 0% 
M6 87822 330950 2.43 West SaG 0% 
M7 90976 333125 3.17 West SaG 0% 
M8 95114 335885 2.37 West SaG 22% 
M9 106695 336507 0.41 West LAC 85% 
MM1 84403 319228 4.93 West SaG 54% 
MM10 94947 312722 6.35 West Q  25% 
MM11 98603 307952 1.51 West SaG 24% 
MM12 109427 310453 1.57 West SaG 0% 
MM2 80666 314637 5.43 West SaG 0% 
MM3 88015 327962 1.27 West Q  25% 
MM4 86781 329505 2.56 West Q  54% 
MM5 90970 333106 3.16 West SaG 0% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
MM6 97912 332879 2.28 West SaG 93% 
MM7 97450 332871 1.72 West SaG 79% 
MM8 100759 303157 2.03 West SaG 0% 
MM9 96511 311629 1.52 West Q  96% 
T1 189359 120401 0.74 South ORS 0% 
T10 201647 127960 0.82 South ORS 0% 
T11 200240 128048 0.74 South ORS 38% 
T12 199374 127905 1.61 South ORS 36% 
T13 198875 128086 1.37 South ORS 29% 
T14 197987 128490 3.14 South ORS 54% 
T15 194857 126398 1.14 South ORS 27% 
T16 194527 126387 0.50 South ORS 0% 
T17 188710 125536 0.55 South SQ 0% 
T18 188495 125348 0.97 South SQ 13% 
T19 190180 127915 1.19 South ORS 18% 
T2  190631 120157 0.84 South ORS 0% 
T20 189140 127993 0.85 South ORS 22% 
T3 190702 122059 3.55 South ORS 0% 
T4 190815 122056 1.22 South ORS 0% 
T5 192276 120535 0.64 South ORS 29% 
T6 195582 120028 2.60 South ORS 0% 
T7 199159 124754 1.24 South ORS 36% 
T8 202978 127038 2.05 South ORS 13% 
T9 201719 127950 0.82 South ORS 8% 
W1 221260 85579 2.22 South LAC 28% 
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Table A1-1 continued. Locations and characteristics of sampled subcatchments 

Sample 
Site Eastings Northings 

Subcatchment 
Area (sq km) Region 

Predominant 
Subcatchment 

Geology 

Per cent of 
Subcatchment 

Forested 
W2 222457 87880 0.77 South ORS 46% 
W4 217494 84858 0.88 South LAC 57% 
W6 219066 85973 0.96 South LAC 50% 
W7 217047 88586 1.28 South ORS 12% 
W8 215946 90467 1.03 South ORS 87% 
W9 217105 89485 3.26 South ORS 25% 
WM1 308924 214277 0.41 East GF 48% 
WM10 300232 206260 1.13 East GF 40% 
WM11 301886 208256 0.84 East GF 0% 
WM12 295455 202384 1.87 East GF 42% 
WM2 311564 212470 1.93 East GF 0% 
WM3 314366 209960 2.94 East GF 0% 
WM7 313162 204934 1.99 East GF 29% 
WM8 311775 205003 0.95 East GF 51% 
WM9 309989 190101 3.67 East GF 69% 
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Appendix 2 
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Table A2-1. Average changes in storm-induced stream acidification in non-forested and plantation conifer-forested low-order acid-sensitive 
subcatchments on combined geologies in Ireland - acidity indicators 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Al³⁺ 
(µeq/l) NO₃⁻ (µeq/l)  SO₄²⁻ 

(µeq/l)  
NH₄⁺ 

(µeq/l) Cl⁻ (µeq/l) DOC 
(mg/l)  

Organic 
Acidity 
(µeq/l) 

Base 
Cation 

Dilution 

0% (50 sites, 193 samples) 1.33 1.46 3.33 -0.34 0.15 61.34 2.02 16.31 -70.81% 
> 50% (29 sites, 142 samples) 9.62 10.60 1.75 3.80 0.74 11.92 6.35 42.05 3.61% 
net change 8.29 9.14 -1.59 4.14 0.58 -49.41 4.33 25.75 74.42% 
forest effect - combined geology ↑ > 7x ↑ > 7x ↓(↑) 50%* ↓ ==> ↑ ↑ 5x ↓(↑) 80% ↑ 3x ↑ 2.5x ↑ 74% 
* forest effect decreases the storm-induced increase in NO₃⁻ by 50% 

       

Table A2-2. Average changes in storm-induced stream acidification in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on combined geologies in Ireland - alkalinity indicators 

Subcatchment Forest Cover ANC 
(µeq/l) 

Alkalinity 
(µeq/l) 

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

0% (50 sites, 193 samples) -139.18 -154.04 23.57 0.45 -20.08 -78.78 
> 50% (29 sites, 142 samples) -279.39 -304.45 -10.46 -3.02 -51.65 -196.79 
net change -140.21 -150.41 -34.03 -3.46 -31.57 -118.01 
forest effect - combined geology ↓ 2x ↓ 2x ↑ ==> ↓*  ↑ ==> ↓ ↓ 2.5x ↓ 2.5x 
* forest effect changes a storm-induced increase into a decrease 
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Table A2-3. Average changes in storm-induced stream acidification in non-forested and plantation conifer-forested low-order acid-sensitive 
subcatchments on granite/felsite (GF) geology in Ireland - acidity indicators 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Al³⁺ 
(µeq/l) 

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) Cl⁻ (µeq/l) DOC 

(mg/l)  

Organic 
Acidity 
(µeq/l) 

Base 
Cation 

Dilution 

0% (13 sites, 36 samples) 3.04 -7.75 0.94 7.68 -0.21 110.16 -1.00 -12.61 23.54% 
> 50% (8 sites, 32 samples) 12.92 1.49 -1.53 16.29 0.16 104.20 3.62 8.08 -73.83% 
net change 9.88 9.24 -2.47 8.61 0.37 -5.96 4.63 20.70 -97.37% 
forest effect - GF geology ↑ > 4x ↓ ==> ↑ ↑ ==> ↓ ↑ 2x ↓ ==> ↑ ↓(↑) 5% ↓ ==> ↑ ↓ ==> ↑ ↓ 97% 

 

Table A2-4. Average changes in storm-induced stream acidification in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on granite/felsite (GF) geology in Ireland - alkalinity indicators 

Subcatchment Forest Cover ANC (µeq/l) Alkalinity 
(µeq/l) 

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

0% (13 sites, 36 samples) -44.70 -47.79 59.91 -0.94 21.78 -6.68 
> 50% (8 sites, 32 samples) -31.91 -56.29 60.12 -7.98 21.22 13.69 
net change 12.79 -8.50 0.21 -7.04 -0.57 20.37 
forest effect - GF geology ↓(↓) 29%* ↓ 18% none ↓ > 8x none ↓ ==> ↑ 
* forest effect decreases the storm-induced decrease in ANC by 29% 
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Table A2-5. Average changes in storm-induced stream acidification in non-forested and plantation conifer-forested low-order acid-sensitive 
subcatchments on old red sandstone (ORS) geology in Ireland - acidity indicators 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Al³⁺ 
(µeq/l) NO₃⁻ (µeq/l)  SO₄²⁻ 

(µeq/l)  
NH₄⁺ 

(µeq/l) Cl⁻ (µeq/l) DOC 
(mg/l)  

Organic 
Acidity 
(µeq/l) 

Base 
Cation 

Dilution 

0% (19 sites, 63 samples) 0.80 5.54 8.40 0.61 0.17 33.24 2.82 23.86 -219.13% 
> 50% (16 sites, 75 samples) 10.92 16.27 3.79 0.79 0.94 3.79 7.35 53.30 24.32% 
net change  10.12 10.73 -4.60 0.18 0.77 -29.45 4.53 29.44 243.45% 
forest effect - ORS geology ↑ > 13x ↑ 3x ↓(↑) 55% ↑ 29% ↑ > 5x ↓(↑) 89% ↑ > 2.5x ↑ > 2x ↑ 243% 

 

Table A2-6. Average changes in storm-induced stream acidification in non-forested and plantation conifer-
forested low-order acid-sensitive subcatchments on old red sandstone (ORS) geology in Ireland - alkalinity 
indicators 

Subcatchment Forest Cover ANC 
(µeq/l) 

Alkalinity 
(µeq/l) 

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

0% (19 sites, 63 samples) -162.42 -182.33 9.82 4.41 -27.92 -106.49 
> 50% (16 sites, 75 samples) -332.02 -360.94 -4.36 -0.56 -80.12 -238.61 
net change  -169.60 -178.61 -14.19 -4.97 -52.20 -132.12 
forest effect - ORS geology ↓ 2x ↓ 2x ↑ ==> ↓  ↑ ==> ↓ ↓ 3x ↓ > 2x 
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Table A2-7. Average changes in storm-induced stream acidification in non-forested and plantation conifer-forested low-order acid-sensitive 
subcatchments on schist and gneiss (S&G) geology in Ireland - acidity indicators 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Al³⁺ 
(µeq/l) 

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) Cl⁻ (µeq/l) DOC 

(mg/l)  

Organic 
Acidity 
(µeq/l) 

Base 
Cation 

Dilution 

0% (12 sites, 68 samples) 0.80 1.49 0.67 -3.81 0.23 122.89 1.45 11.97 -114.16% 
>50% (3 sites, 21 samples) 2.40 7.96 1.14 -8.78 1.16 -85.26 7.57 58.52 60.88% 
net change 1.60 6.47 0.46 -4.97 0.93 -208.15 6.12 46.55 175.04% 
forest effect - S&G geology ↑ 3x ↑ > 5x ↑ > 1. 5x ↓ > 2x ↑ 5x ↑ ==> ↓ ↑ > 5x ↑ 5x ↑ 175% 

 

Table A2-8. Average changes in storm-induced stream acidification in non-forested and plantation conifer-forested 
low-order acid-sensitive subcatchments on schist and gneiss (S&G) geology in Ireland - alkalinity indicators 

Subcatchment Forest Cover ANC 
(µeq/l) 

Alkalinity 
(µeq/l) 

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) Ca²⁺ (µeq/l)  

0% (12 sites, 68 samples) -243.99 -249.67 36.17 -1.96 -40.54 -117.89 
>50% (3 sites, 21 samples) -661.27 -692.09 -116.64 -0.75 -88.19 -548.61 
net change -417.29 -442.41 -152.81 1.21 -47.64 -430.72 
forest effect - S&G geology ↓ > 2.5x ↓ > 2.5x ↑ ==> ↓ ↓(↓) > 2.5x ↓ > 2x ↓ > 4.5x 
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Table A2-9. Generalised storm-induced acidification effects of plantation conifer forests on low-order acid-sensitive subcatchments in Ireland - acidity 
indicators 

Subcatchment Forest Cover H⁺ 
(µmol/l)  

Al³⁺ 
(µeq/l) 

NO₃⁻ 
(µeq/l)  

SO₄²⁻ 
(µeq/l)  

NH₄⁺ 
(µeq/l) Cl⁻ (µeq/l) DOC 

(mg/l)  

Organic 
Acidity 
(µeq/l) 

Base 
Cation 

Dilution 

GF (21 sites, 68 samples) ↑ > 4x ↓ ==> ↑ ↑ ==> ↓ ↑ 2x ↓ ==> ↑ ↓(↑) 5% ↓ ==> ↑ ↓ ==> ↑ ↓ 97% 
ORS (35 sites, 138 samples) ↑ > 13x ↑ 3x ↓(↑) 55% ↑ 29% ↑ > 5x ↓(↑) 89% ↑ > 2.5x ↑ > 2x ↑ 243% 
S&G (15 sites, 89 samples) ↑ 3x ↑ > 5x ↑ > 1. 5x ↓ > 2x ↑ 5x ↑ ==> ↓ ↑ > 5x ↑ 5x ↑ 175% 
mixed (79 sites, 335 samples) ↑ > 7x ↑ > 7x ↓(↑) 50% ↓ ==> ↑ ↑ 5x ↓(↑) 80% ↑ 3x ↑ 2.5x ↑ 74% 
generalised forest effect ↑ ↑ ↓ ↑  ↑ ↓ ↑ ↑ ↑ 
exceptions 

  
 (↑S&G) (↓S&G) 

    
 (↓GF) 

 

Table A2-10. Generalised storm-induced acidification effects of plantation conifer forests on low-order acid-sensitive 
subcatchments in Ireland - alkalinity indicators 

Subcatchment Forest Cover ANC 
(µeq/l) 

Alkalinity 
(µeq/l) 

Na⁺ 
(µeq/l) K⁺ (µeq/l)  Mg²⁺ 

(µeq/l) 
Ca²⁺ 

(µeq/l)  

GF (21 sites, 68 samples) ↓(↓) 29%* ↓ 18% none ↓ > 8x none ↓ ==> ↑ 
ORS (35 sites, 138 samples) ↓ 2x ↓ 18% ↑ ==> ↓  ↑ ==> ↓ ↓ 3x ↓ > 2x 
S&G (15 sites, 89 samples) ↓ > 2.5x ↓ > 2.5x ↑ ==> ↓ ↓(↓) > 2.5x ↓ > 2x ↓ > 4.5x 
combined (79 sites, 335 samples) ↓ 2x ↓ 2x ↑ ==> ↓  ↑ ==> ↓ ↓ 2.5x ↓ 2.5x 
generalised forest effect ↓ ↓ ↓ ↓ ↓ ↓  
exceptions  (↑GF) 

 
(no ∆ GF)  (↑S&G) (no ∆ GF) (↑GF) 
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Appendix 3 
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Table A.3-1. Regression of pH on WATSUBGS for GF Geology* 

pH = 5.46 + WATSUBGS 
       OVERALL FIT   

  Multiple R 0.279906 
  R Square 0.078347 
  Adjusted R Square 0.005585 

Standard Error 0.705055 
Observations 42 

      
        ANOVA 

   
Alpha 0.05 

    df SS MS F p-value sig 
 Regression 3 1.605786 0.535262 1.076762 0.370484 no 
 Residual 38 18.88992 0.497103 

    Total 41 20.49571         
 

          coeff std err t stat p-value lower upper vif 
Intercept 5.456667 0.407064 13.40494 5.56E-16 4.632609 6.280725 

 GF_BktPt -0.20208 0.431757 -0.46805 0.642423 -1.07613 0.671962 1 
GF_AminSRPT -0.60542 0.477325 -1.26835 0.212387 -1.57171 0.360877 2.968254 
GF_AminSRPT/GF_BktPt -0.02238 0.486534 -0.046 0.963551 -1.00732 0.962557 2.777778 
GF_BktPt/GF_AminSRPT 0 

       

*samples from forested > 0% and storm flow only 

 

lower = lower bound of 95% confidence interval 

upper = upper bound of 95% confidence interval 

vif = variance inflation factor = index that quantifies the extent to which the variance is increased by 

collinearity 
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Table A.3-2. Regression of pH on WATSUBGS for ORS geology* 

pH = 5.38 + WATSUBGS 
OVERALL FIT   

   Multiple R 0.731909 
   R Square 0.53569 
   Adjusted R Square 0.356298 
   Standard Error 0.813747 
   Observations 62 
      

        ANOVA 
   

Alpha 0.05 
    df SS MS F p-value sig 

 Regression 17 33.61532 1.977372 2.986136 0.001806 yes 
 Residual 44 29.1361 0.662184 

    Total 61 62.75142         
 

          coeff std err t stat p-value lower upper vif 
Intercept 5.38 0.469817 11.45127 8.7E-15 4.433146 6.326854 

 ORS_AlluvMIN/ORS_AminSRPT 0.035 0.575406 0.060827 0.951773 -1.12465 1.194655 1 
ORS_AlluvMIN/ORS_BktPt 0.69 0.621509 1.1102 0.272943 -0.56257 1.94257 2.182796 
ORS_Amin 0.94 0.742846 1.265404 0.212387 -0.55711 2.437108 1.612903 
ORS_Amin/ORS_AminDW 1.485 0.742846 1.999069 0.051801 -0.01211 2.982108 1.612903 
ORS_Amin/ORS_AminSRPT 1.575 0.742846 2.120224 0.039662 0.077892 3.072108 1.612903 
ORS_Amin/ORS_BktPt -0.95 0.939634 -1.01103 0.317529 -2.84371 0.943708 1.311828 
ORS_AminDW/ORS_Amin -1.14 0.939634 -1.21324 0.231512 -3.03371 0.753708 1.311828 
ORS_AminPD 1.74 0.939634 1.851785 0.070774 -0.15371 3.633708 1.311828 
ORS_AminPD/ORS_Amin 0.45 0.939634 0.47891 0.634374 -1.44371 2.343708 1.311828 
ORS_AminPDPT 1.21 0.742846 1.628871 0.11048 -0.28711 2.707108 1.612903 
ORS_AminPDPT/ORS_Amin -0.89667 0.664422 -1.34954 0.184065 -2.23572 0.442387 1.903226 
ORS_AminPDPT/ORS_AminSRPT 0.89 0.939634 0.947177 0.348722 -1.00371 2.783708 1.311828 
ORS_AminPDPT/ORS_BktPt 0.956667 0.664422 1.439849 0.156988 -0.38239 2.29572 1.903226 
ORS_AminSRPT -0.725 0.742846 -0.97598 0.334412 -2.22211 0.772108 1.612903 
ORS_AminSW/ORS_Amin 2.31 0.939634 2.458404 0.017962 0.416292 4.203708 1.311828 
ORS_BktPt 0.0288 0.497208 0.057923 0.954072 -0.97326 1.030856 5.569892 
ORS_BktPt/ORS_Amin 1.74 0.742846 2.342343 0.023752 0.242892 3.237108 1.612903 
 

*samples from forested > 0% and storm flow only 
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Table A.3-3. Regression of pH on WATSUBGS for S&G geology* 

pH = 6.62 + WATSUBSG 
OVERALL FIT 

       Multiple R 0.143316 
   R Square 0.02054 
   Adjusted R Square -0.04068 
   Standard Error 1.025493 
   Observations 35 
      

        ANOVA 
   

Alpha 0.05 
    df SS MS F p-value sig 

 Regression 2 0.705699 0.35285 0.335525 0.717448 no 
 Residual 32 33.65232 1.051635 

    Total 34 34.35802         
 

          coeff std err t stat p-value lower upper vif 
Intercept 6.615 0.725133 9.122468 2.04E-10 5.137953 8.092047 

 SaG_AminSRPT/SaG_SRPT -0.675 0.857989 -0.78672 0.437232 -2.42267 1.072666 1 
SaG_BktPt -0.58107 0.750584 -0.77416 0.444519 -2.10996 0.947817 3 
SaG_AminSRPT/SaG_BktPt 0 

       

*samples from forested > 0% and storm flow only 
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Appendix 4 
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Table A.4-1. GF geology regression model 

pH = 6.09 - 2.07(PCTF) 
      PCTFmax = (5.50 - 6.09) / -2.07 = 30% 

     OVERALL FIT 
       Multiple R 0.53 

      R Square 0.28 
      Adjusted R Square 0.27 
      Standard Error 0.65 
      Observations 52 
      

        ANOVA 
   

Alpha 0.05 
  

 
df SS MS F p-value sig 

 Regression 1 8.16 8.16 19.59 0.00 yes 
 Residual 50 20.83 0.42 

    Total 51 28.99 
     

        
 

coeff std err t stat p-value lower upper vif 
Intercept 6.09 0.22 27.22 0.00 5.64 6.54 

 PCTF -2.07 0.47 -4.43 0.00 -3.00 -1.13 1.00 
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Table A.4-2. ORS geology regression model 

pH = 8.20 - 1.31(PCTF) + 0.14(SLPF) - 0.14(TEMP2) + (WINDD7) + (WATSUBSG) 
   PCTFmax = ((5.50 - 8.20 - 0.14(1.10) + 0.14(14.16)  + 2.36 - (WATSUBGS)) / -1.31 

  OVERALL FIT 
       Multiple R 0.92 

      R Square 0.85 
      Adjusted R Square 0.72 
      Standard Error 0.53 
      Observations 62 
      

        ANOVA 
   

Alpha 0.05 
  

 
df SS MS F p-value sig 

 Regression 28 53.36 1.91 6.70 0.00 yes 
 Residual 33 9.39 0.28 

    Total 61 62.75 
     

        

 
    coeff 

std 
err t stat p-value lower upper vif 

Intercept 8.20 0.71 11.52 0.00 6.75 9.65 
 PCTF -1.31 0.44 -2.96 0.01 -2.21 -0.41 1.00 

SLPF 0.14 0.06 2.16 0.04 0.01 0.27 6.62 
TEMP2 -0.14 0.05 -3.11 0.00 -0.24 -0.05 3.81 
WINDD7 n -1.82 0.46 -3.91 0.00 -2.76 -0.87 2.84 
WINDD7 nnw -0.74 0.32 -2.33 0.03 -1.38 -0.09 3.41 
WINDD7 nw 0.32 0.88 0.36 0.72 -1.48 2.12 5.32 
WINDD7 s -1.07 0.53 -2.00 0.05 -2.15 0.02 6.96 
WINDD7 se -2.36 0.51 -4.63 0.00 -3.39 -1.32 2.60 
WINDD7 sse 0.64 0.36 1.78 0.08 -0.09 1.38 1.72 
WINDD7 w -0.70 0.60 -1.17 0.25 -1.92 0.52 2.44 
WINDD7 wnw -0.01 0.30 -0.04 0.97 -0.63 0.61 2.50 
ORS_AlluvMIN/ORS_AminSRPT -1.18 0.53 -2.21 0.03 -2.26 -0.10 5.40 
ORS_AlluvMIN/ORS_BktPt -1.13 0.59 -1.90 0.07 -2.33 0.08 4.61 
ORS_Amin -0.61 0.67 -0.92 0.37 -1.97 0.75 3.03 
ORS_Amin/ORS_AminDW -0.91 0.85 -1.08 0.29 -2.63 0.81 4.86 
ORS_Amin/ORS_AminSRPT -0.20 0.72 -0.29 0.78 -1.66 1.25 3.50 
ORS_Amin/ORS_BktPt -1.03 0.76 -1.35 0.19 -2.57 0.52 2.00 
ORS_AminDW/ORS_Amin -3.50 0.88 -3.97 0.00 -5.29 -1.70 2.68 
ORS_AminPD -1.14 1.16 -0.99 0.33 -3.50 1.22 4.65 
ORS_AminPD/ORS_Amin -1.17 0.82 -1.42 0.16 -2.83 0.50 2.32 
ORS_AminPDPT 0.39 0.73 0.53 0.60 -1.11 1.88 3.67 
ORS_AminPDPT/ORS_Amin -2.27 0.58 -3.90 0.00 -3.45 -1.09 3.39 
ORS_AminPDPT/ORS_AminSRPT -1.70 0.91 -1.87 0.07 -3.56 0.15 2.88 
ORS_AminPDPT/ORS_BktPt -0.98 0.71 -1.37 0.18 -2.42 0.47 5.07 
ORS_AminSRPT -1.68 0.69 -2.44 0.02 -3.08 -0.28 3.23 
ORS_AminSW/ORS_Amin 0.39 0.87 0.45 0.66 -1.39 2.17 2.64 
ORS_BktPt -0.94 0.52 -1.82 0.08 -2.00 0.11 14.05 
ORS_BktPt/ORS_Amin 1.13 0.64 1.78 0.08 -0.16 2.42 2.75 
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Table A.4-3. S&G geology regression model 

pH = 6.72 - 0.38(SA) - 0.45(PCTF) + 0.22(SLPF) - 0.02(RAIN7) + 0.03(WINDS2) + (WINDD7) + (WATSUBSG)  
PCTFmax = (5.50 - 6.72 + 0.38(4.93) - 0.22(3.02) + 0.02(39.90) - 0.03(4.56) + 3.36 – (WATSUBGS))   

 OVERALL FIT 
       Multiple R 0.89 

      R Square 0.80 
      Adjusted R Square 0.66 
      Standard Error 0.59 
      Observations 33 
      

        ANOVA 
   

Alpha 0.05 
  

 
     df SS MS     F p-value sig 

 Regression 13 26.39 2.03 5.84 0.00 yes 
 Residual 19 6.61 0.35 

    Total 32 33.01 
     

        
 

coeff std err t stat p-value lower upper vif 
Intercept 6.72 2.02 3.32 0.00 2.49 10.96 

 SA -0.38 0.08 -4.58 0.00 -0.56 -0.21 1.00 
PCTF -0.45 0.87 -0.52 0.61 -2.27 1.36 6.26 
SLPF 0.22 0.08 2.66 0.02 0.05 0.40 3.50 
RAIN7 -0.02 0.02 -1.07 0.30 -0.07 0.02 6.78 
WINDS2 0.03 0.05 0.67 0.51 -0.07 0.14 8.17 
WINDD7 e 0.64 1.08 0.59 0.56 -1.62 2.91 6.32 
WINDD7 ene -0.64 0.70 -0.91 0.38 -2.10 0.83 3.85 
WINDD7 n -2.49 1.44 -1.72 0.10 -5.51 0.54 11.27 
WINDD7 nne 0.84 0.92 0.91 0.37 -1.08 2.76 6.62 
WINDD7 nnw 0.48 1.31 0.37 0.72 -2.26 3.23 21.02 
WINDD7 se -3.36 1.53 -2.19 0.04 -6.57 -0.15 12.71 
WINDD7 w -0.72 0.70 -1.02 0.32 -2.18 0.75 11.11 
SaG_AminSRPT/SaG_SRPT 0.13 0.90 0.15 0.88 -1.75 2.02 9.88 
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Table A.4-4. East Region regression model 

pH = 7.80 - 0.48(PCTF) - 0.01(ALT) - 0.01(RAIN2) - 0.04(TEMP7) + (WINDD30) + (WATSUBGS) 
PCTFmax = (5.50 - 7.80 + 0.01(416.00) + 0.01(35.80) + 0.04(14.07) + 0.01 - (WATSUBGS)) / -0.48 
OVERALL FIT 

        Multiple R 0.83 
       R Square 0.70 
       Adjusted R Square 0.53 
       Standard Error 0.44 
       Observations 37 
       

         ANOVA 
   

Alpha 0.05 
   

 
     df     SS    MS          F p-value sig 

  Regression 13 10.47 0.81 4.07 0.00 yes 
  Residual 23 4.55 0.20 

     Total 36 15.03 
      

         
 

coeff std err t stat p-value lower upper vif 
 Intercept 7.80 0.76 10.25 0.00 6.23 9.38 

  PCTF -0.49 0.71 -0.69 0.50 -1.96 0.98 1.00 
 ALT -0.01 0.00 -3.18 0.00 -0.01 0.00 2.09 
 RAIN2 -0.01 0.01 -1.02 0.32 -0.03 0.01 2.43 
 TEMP7 -0.04 0.04 -0.93 0.36 -0.12 0.05 3.59 
 GF_AminSRPT -0.55 0.44 -1.26 0.22 -1.45 0.35 6.00 
 GF_AminSRPT/GF_BktPt 0.02 0.47 0.04 0.97 -0.95 0.99 6.32 
 GF_BktPt -0.33 0.46 -0.72 0.48 -1.29 0.63 7.92 
 GF_BktPt/GF_AminSRPT 0.05 0.48 0.11 0.92 -0.94 1.04 2.19 
 O_Amin/O_AminSRPT -0.87 0.45 -1.95 0.06 -1.79 0.05 1.90 
 O_AminPDPT/O_AminSRPT -1.37 0.40 -3.45 0.00 -2.19 -0.55 3.99 
 WINDD30 ene 0.57 0.34 1.66 0.11 -0.14 1.29 3.41 
 WINDD30 ssw -0.01 0.34 -0.04 0.97 -0.72 0.70 5.29 
 WINDD30 sw 0.82 0.38 2.14 0.04 0.03 1.61 4.20 
  

  



 

179 
 

Table A.4-5. South Region regression model 

pH = 5.10 + 0.19(SA) - 0.72(PCTF) + 0.02(SLPF) - 0.15(TEMP2) + (WINDD2) + (WATSUBGS)  
 PCTFmax = (5.50 - 5.10 - 0.19(0.24) - 0.02(2.63) + 0.15(13.13) + 0.40 - (WATSUBGS)) / -0.72 
 OVERALL FIT 

       Multiple R 0.92 
      R Square 0.84 
      Adjusted R Square 0.68 
      Standard Error 0.57 
      Observations 52 
      

        ANOVA 
   

Alpha 0.05 
  

 
       df SS     MS    F p-value sig 

 Regression 26 42.27 1.63 5.09 0.00 yes 
 Residual 25 7.98 0.32 

    Total 51 50.25 
     

        

 
coeff 

std 
err t stat 

p-
value lower upper vif 

Intercept 5.10 1.21 4.21 0.00 2.60 7.59 
 SA 0.19 0.11 1.72 0.10 -0.04 0.41 1.00 

PCTF -0.72 0.51 -1.42 0.17 -1.76 0.33 3.72 
SLPF 0.02 0.08 0.24 0.81 -0.15 0.20 6.69 
TEMP2 -0.15 0.04 -3.75 0.00 -0.23 -0.07 1.87 
ORS_AlluvMIN/ORS_AminSRPT 1.29 1.35 0.95 0.35 -1.50 4.08 16.22 
ORS_AlluvMIN/ORS_BktPt 1.73 1.16 1.49 0.15 -0.66 4.11 15.52 
ORS_Amin 1.87 0.91 2.05 0.05 -0.01 3.75 5.00 
ORS_Amin/ORS_AminDW 1.01 1.12 0.90 0.37 -1.30 3.32 7.58 
ORS_Amin/ORS_AminSRPT 2.45 0.80 3.06 0.01 0.80 4.09 3.84 
ORS_AminDW/ORS_Amin 0.21 0.85 0.25 0.81 -1.54 1.96 2.22 
ORS_AminPD 0.92 1.38 0.67 0.51 -1.92 3.76 5.83 
ORS_AminPD/ORS_Amin 1.91 0.83 2.29 0.03 0.19 3.62 2.13 
ORS_AminPDPT 2.11 1.06 1.99 0.06 -0.07 4.30 6.80 
ORS_AminPDPT/ORS_Amin 0.93 0.74 1.26 0.22 -0.60 2.46 4.87 
ORS_AminPDPT/ORS_AminSRPT 1.72 1.15 1.49 0.15 -0.66 4.10 4.10 
ORS_AminPDPT/ORS_BktPt 1.88 1.19 1.58 0.13 -0.57 4.32 12.46 
ORS_AminSRPT 1.08 0.83 1.31 0.20 -0.62 2.78 4.11 
ORS_AminSW/ORS_Amin 3.78 0.86 4.42 0.00 2.02 5.54 2.25 
ORS_BktPt 2.02 1.07 1.90 0.07 -0.17 4.22 44.63 
ORS_BktPt/ORS_AminSRPT 2.65 1.07 2.47 0.02 0.44 4.87 3.55 
SQ_AminPD/SQ_Amin 3.78 0.83 4.56 0.00 2.07 5.49 2.12 
WINDD2 ne -0.40 0.68 -0.59 0.56 -1.80 1.00 10.82 
WINDD2 nnw 1.36 1.05 1.29 0.21 -0.80 3.52 6.64 
WINDD2 s 0.30 0.40 0.74 0.46 -0.52 1.11 3.35 
WINDD2 sw -0.16 0.54 -0.29 0.77 -1.28 0.96 4.18 
WINDD2 w -0.24 1.00 -0.24 0.82 -2.30 1.82 3.07 
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Table A.4-6. West Region regression model 

pH = 7.72 - 0.19(SA) - 0.85(PCTF) + 0.10(SLPF) - 0.01(RAIN7) + (WINDD0) + (WATSUBGS)  
 PCTFmax = (5.50 -7.72 + 0.19(6.51) - 0.10(1.08) + 0.01(75.10) + 1.71 – (WATSUBGS)) / -0.85 

OVERALL FIT 
       Multiple R 0.82 

      R Square 0.67 
      Adjusted R Square 0.50 
      Standard Error 0.67 
      Observations 94 
      

        ANOVA 
   

Alpha 0.05 
  

 
          df SS MS F 

p-
value sig 

 Regression 31 55.335 1.78501 4.008389 2E-06 yes 
 Residual 62 27.61 0.44532 

    Total 93 82.95 
     

        
 

coeff std err t stat p-value lower upper vif 
Intercept 7.72 0.65 11.87 0.00 6.42 9.02 

 SA -0.19 0.06 -3.02 0.00 -0.31 -0.06 1.00 
PCTF -0.85 0.38 -2.24 0.03 -1.62 -0.09 1.97 
SLPF 0.10 0.05 2.04 0.05 0.00 0.20 4.17 
RAIN7 -0.01 0.01 -1.00 0.32 -0.02 0.01 2.98 
GF_BktPt -2.42 0.59 -4.11 0.00 -3.59 -1.24 9.23 
GF_BktPt/GF_AminSRPT -2.50 0.83 -3.02 0.00 -4.17 -0.84 1.53 
O_AminSRPT -1.60 0.84 -1.90 0.06 -3.27 0.08 3.10 
ORS_AlluvMIN/ORS_AminSRPT -1.91 0.82 -2.33 0.02 -3.55 -0.27 4.39 
ORS_Amin/ORS_BktPt -2.92 0.86 -3.39 0.00 -4.63 -1.20 1.64 
ORS_BktPt -2.65 0.70 -3.78 0.00 -4.06 -1.25 2.16 
ORS_BktPt/ORS_Amin -0.78 0.77 -1.01 0.32 -2.32 0.76 2.61 
ORS_BktPt/ORS_AminSRPT -1.90 0.66 -2.86 0.01 -3.23 -0.57 1.93 
Q_AminSRPT -1.39 0.55 -2.52 0.01 -2.49 -0.29 6.08 
Q_BktPt -1.92 0.53 -3.62 0.00 -2.97 -0.86 6.59 
Q_BktPt_SaG_BktPt -0.56 0.71 -0.78 0.44 -1.97 0.86 2.22 
SaG_AminSRPT/SaG_BktPt -0.22 0.90 -0.24 0.81 -2.03 1.59 3.59 
SaG_AminSRPT/SaG_SRPT -1.88 0.60 -3.13 0.00 -3.08 -0.68 3.83 
SaG_BktPt -0.99 0.46 -2.13 0.04 -1.92 -0.06 9.48 
SaG_BktPt/Q_AminSRPT -0.84 0.73 -1.15 0.25 -2.31 0.62 2.36 
WINDD0 e -0.87 0.36 -2.40 0.02 -1.60 -0.15 2.41 
WINDD0 ene 0.85 0.41 2.06 0.04 0.03 1.67 4.23 
WINDD0 ese -1.27 0.46 -2.74 0.01 -2.19 -0.34 1.84 
WINDD0 n -0.77 0.85 -0.91 0.36 -2.47 0.92 1.60 
WINDD0 ne -1.71 0.86 -2.00 0.05 -3.43 0.00 1.64 
WINDD0 nne 0.87 0.34 2.55 0.01 0.19 1.55 2.91 
WINDD0 nnw -0.14 0.28 -0.52 0.60 -0.69 0.41 3.13 
WINDD0 nw -0.72 1.17 -0.62 0.54 -3.07 1.62 3.06 
WINDD0 s -0.90 0.74 -1.21 0.23 -2.38 0.58 3.57 
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WINDD0 sse -0.52 0.44 -1.20 0.23 -1.39 0.35 2.39 
WINDD0 sw -1.47 1.02 -1.44 0.15 -3.50 0.57 2.30 
WINDD0 w -0.97 0.59 -1.65 0.10 -2.15 0.21 1.53 
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Appendix 5 
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