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Management Pm; ive
Th1$ paper presents some of the core ﬁndmgs from the research and data evaluatlon
performed dunng preparation of the 1990 LRTAP Assessment (Parts 3 and 4) As such,
most of the mterpretatlon was released prevmusly in the Assessment (January, 1991);
-however, this is the ﬁrst trme that a complete d‘escnptlon of the methods and the
implications of the work have' been prepared for release within the’ general scient'ific .

literature.

Through linkage of atmosphenc and water chermstry models the paper shows that SO,
ermssmn control programs to be reahzed in Canada and the U. S. during the next decade
\ should have a p.osmVe and observable effect on the water quality of lakes in south-e‘astern
Canada Lake pH and acid neutrahzmg capac1ty will increase in response to decreased
sulphate deposmon Wet sulphate deposition will dechne to <20 kg/ha/yr in almost all
areas of eastern Canada Southern Ontario and southwestem Quebec w111 exh1b1t the. -
greatest improvement. Unfortunately, the Atlantic Provmces w111 derive lesser benefit and
many lakes wﬂl sull have pH values below ‘th‘e‘ desired ecological threshold of 6. These
results are rnodelling>. predictions and a subStant'ive -long-term .rno’n‘itoring pr.ogram‘ is
required for verification. If future changes in sulph__a:te deposition and lake acidity do occur
as predicted, further redu'ction. in 8O, emissions will be needed to fully protect the aquatic

ecology of somheas’tefn Canada, and in particular, the Atlantic Provinces.



- PERSPECTIVE DE LA DIRECTION

Le présent.document préaente une partfe oes principaux résultats
des recherches et de 1'évaluation dea données effectuées ao coura de
la preparat1on du Rapport d'évaluation de 1990 sur le TGDPA (parties 3
et 4). A1ns1, 1a p]us grande partie des 1nterpretat1ons a déja été

pub11ee dans le Rapport d' evaluat1on (janv1er 1991), toutefo1s, c'est

E _lla prem1ere fois qu'une descr1pt1on comp]ete des methodes et des-

repercuss1ons ‘des travaux est preparee af1n d'etre pub11ee dans des
documents scientifiques généraux. R ,

| Par comb1naison de’ mode]es atmosphér1ques et des propr1etes
ch1m1ques de l'eau, 1! auteur montre que les programmes de lutte contre
les émissions de S02 qui seront appl1ques par le Canada et >1es

Etats- Un1s aux cours de 1a procha1ne décennie devra1ent avo1r un effet

"'pos1t1f et durab]e sur - 1a qua11te de 1'eau des lacs du sud-est du

Canada.< Le pH des lacs et le pouvo1r neutralisant des acides
. augmenteront en reponse d une. reduct1on des dépdts dé sulfates. Les °
‘. depots de sulfates humldes seront redu1ts a <20 ko/ha/année dans’
N presque toutes Tes régions de 1 Est du Canada, .La baisse lalplus
Himportanta Séra‘anregjstrée dans le sud de 1'Ontario ét'Iensud;ouest
du Québec. vMa1heureuaement, 1es:avantage§ seront moihs évident; dans:
Tes provinCes dé l'Atlantique; eﬁ le PH d'un grand nombre de lacs sera
encore infériéur'a,la valéur'Seoiliécologique souhaitée de‘6. n
é'agit de"prévisionsr par 1nodé1isatfon et 11 faut un programme de
_ surve111ance d long terme 1ndependant aux fins de vérification. Si,
comme on Te prévo1t,lles dépbts de~su1fates et 1'acidité des,]acs
varient,'dfautrés réductions des émissions de SO Seront nécessaires
afin,d'assurer une protéotion oomp1éte des écosystémes aquatiques du

sud-est du Canada, et en particulier, des provinces de 1'Atlantique.
) _ : .



RESUME

Les. mod1f1cat1ons probables des dépOts de 5042' en féponse a
1! app11cat1on des programmes de lutte contre les ém1ss1ons de soz,
prévus au Canada et aux Etats-Unis,. ont été utilisées comme elements
des modéles sur les propr1etés_ch1m1ques de 1'eau permettant par ce
moyen d'estimer Jes-changements du pouvoir neutralisant des acides
(PNA) et du pH que ces programme§ sont susceptible d'entratner. L'Est
du Canadé a été divisé en 22 sous-régions aux fins de cette analyse.
Par rapport au taux actuel (1982-1986) des dépbts de 5042‘ (scenar1o
1), 1'effet du programme canadien de lutte contre les émissions de SO;

seul (scénario 2) est comparé d celui obtenu 1orsque des mesures sont

appliquées & 1'échelle de 1° Amér1que du Nord (scenar1os 3 et 4)..
réduction des émjss1ons de SO2 diminuera 1le vaste champ des depots
. humides de SO42- dams le nord-est de 1'Amérique du Nord de-tel]g sorte
dans le cadre du scénafio 4, i1 n'y aura presque plus de régidns‘au

" Canada qui recevront >20 kg,ha‘l.année‘l.' C'est dans le sud de
1'Ontario et>Te Sud—ouest du Québec que 1'on enregistreila baisse la
plus importante de 1a dquantité deAdépafs et le changement le plus
marqué au niveau des propriétés chimiques des lacs. Les répartitions
du PNA se sont déplacées vers des concentrations pTus_é1eVées et le
;poureentage des lacs d pH < 6 diminue daﬁs ces régions. Les pfovinces
de 1'Atlantique bénéficieront trés beu des programmes de Tlutte,
c'est-a-dire qu'elles n'enregistrefont‘QU'une'faib]e baisse des.dépﬁts
et une 1égeére amé]ioratidn de l1a qualité de 1'eau. En raiéon de la
sensibilité élevée des terrains dans de _nqmbreu§es' régidns de
1'At1antique' céhadien, un grandj nombre de lacs demeureront acides
(c'est-a-dire, PNA < 0) et (6u) auront un pH <6 (un seuil biologique
fmpoftant) méhe aprés 1'application 1ntégra1e des.plans actuels de

contrdle du SO au Canada et aux Etats-Unis.
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VChang‘es in SOf" deposition p_redicted to occur in reéponse to implementation of 'announced
SO, _emissvi()n controi ‘p‘rograms‘ in-Canada and the U.S.A. have been used as input to water
_chemistry models thereby giving an estimate of the changes m lake acid 'neutralizing
: Capacity (ANC) and pH that can be expected frem these prog‘rams‘. Eastern Canada hae
S . : ‘ ’
| been divided into 22 subregions for the purpose of this analysis. Relative to the current
level (1982-86) of SO depesition (Scenario 1), the effect of the Canadian SO, erniséion
control' program alone (SCenario 2) is compared to that obtained when contrdls are
‘ implemented throughout North America (Scenarios 3and 4). SO, emiésion reduc-tien w111 |
effect a s’hrinkage of the high wet SOff deposition ﬁeld in NE North America such that
‘under Scenarjo 4 conditic)ns, almost no area will remain in 'Ca_nada that receives- >20
kg.ha lyr''. The greatest decrease in deposition and resulting change in lake chemistry-
occurs in southern Ontano and southwestern Quebec. ANC distributions sh1ft to higher
concentrations and the percentage of lakes having pH<6 decreases i m these areas. The

Atlantlc Provinces will obtain only a minor beneﬁt from the control programs ie.

expenencmg only a small decrease in deposition and unprovement in water quality. High



2

sensitivity of the terrain in many parts of Atlantic Canada means that large numbers of

lakes will remain acidic (i.e. ANC§0) and/or have pH<6‘ (an important biological |

~ threshold) even after full i_r_nplementatiOn of the current plans for SO, control in Canada -

and the U.S.

INTRODUCTION
)

During the last 2 decades, surveys in northern'Europe and northeastern North America

have documented occurrences of surface waters with very low or negative acid neutralizing’

capaéity (ANC) thatare not explained by the influence of an obvious local ac1d1fy1ng source

such as acid mine runoff (Henriksen et al,, 1988; Charles, in press; RMCC~,,'1§90a‘). With _

few éxceptioné, {these conditions have been attributed to the introduction of strong acj'ds
of \anthropogeni_c origin based on the strong spatial correlation that e;dsis/ between their
occurrence and high levcls of acidic de'p_osit'ion, or more specifically, high S'Oa"“r deposition
(the "*" implies sea salt correction, Henriksen et al. 1990). ‘The SO * may ongmate from
| elther local (e.g. Nnagu, 1984) or long range sources (RMCC, 1990a). Results of
‘ expenmental acidification and deac1d1ﬁcat10n of catchments' (Wright er al, 1988) and
'observauons of the rever31b1hty of ac1d1ﬁcat10n when SOZ * deposition decreases (Barth

1987) lend suppott to this.contention. Wh11e receptor liming may be a viable mechanism

for preserving spatially hnuted and important fish stocks (Watt, 1986 ; Gunn et al., 1990),

the extent of Canadian geography meanS’ that reduction in deposition achieved by SO,

emission control is the only long term solution.

!
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In order to specify the ‘degree of emission control required, the reIationship Between :
depoéiti'on and aquatic effects must be quantiﬁed so that a critical or tar_getSOf"* load can |
be deter'mi‘ned; By deﬁm’tiorr, a critical load yields no ecologieal, damage (i.e. does not
harm éGOSYStem structure or function_; Nilsson and Grennfelt, 1988) while a target load
mamtams ecological damage 'below some politically defined level of "acceptability". By
consideration of empirical ev1dence and application of the water chermstry models then
avaxlable U.S.-Canada (1983) suggested that "a loading of 15-20 kg. ha Lyr! ! wet SOz *
A_would maintain surf_ace- water pH>5.3 on an annual basis for basins having cation
concentratlon 2200 peq.L' in areas of low runoff’. In 1983, Carladiarr policy makers
recogmzed a20 kg halyr’ target load and by seeking to reduce SO2 * deposmon in
sensitive areas of souther-n Ontario and Qtrebec, used it to des1gn__an emission control
program that has now been approved by all pertine_nt levels of governmmt. ‘Legislative
action to reduce SO2 e@ssions in the U.S. has been initiated recently with passage of

amendments to the federal Clean Air Act (United States Congress, 1990). -

‘The development of atmospheric deposmon and lake water chemistry models leads to a
profitable opportumty for linkage and predlcuon of the effect of SO; reductlon on surface
water ANC Given the present state of model development and venﬁcatlon (e.g.
verification has been performed with only lnmted field data; Dennis et al. 1989 ‘Thornton
et al. 1990), such predictions will be dlfﬁcult, to conﬁ_r_m in the short run. Nevertheless,
th‘e-'modelli_ng analy315 will pro.videﬂ useful information on the gerr‘eral“ maérn'tude and

direction of changes in surface water chemistry induced by SO, emission control. Hence,
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by using reasonable assumptlons of future Canadlan and U. S. 80, reductlons to drive the
models, we will assess the1r unpact on eastern Canad1an lake ANCs (regional basis) relanve
to the current situation. We w111 also consider whether such reducnops achieve ecological

protection.
METHODS

'EMISSION CONTROL AND SoZ* DEPOSITION REDUCTION

Four Scenarios of wet S.bzf* depositiot:l.will be used here. Scenario 1 reﬂeets the current
. snuatlon in eastern Canada and is taken as the average wet deposition measured over
1982-86 Deposmon reductlons from this base case wereé evaluated by application of the
MOE Lagranglan nfajectory puff model (Ellenton et al, 1985, 1988; RMCC, 1990b) using
1980 meteorology and dxffenng levels of emission reduction (see below). Scenafio 2
'Ifeﬂect‘s the effect_ of only the Canadian SO, control pregram‘to be achieved by 1994.
Sce\_n,__ario 3 reflects the additional effect of the ﬁrst half of a proposed 10 million short ton
SOz_rédUCtion in the U.S.A,, while.'Scenafio 4 presents the outcome predicted to occur
whea both the Canadian and U.S. control programs are implemented in full, |

- Dte to the uﬁcertainties present in modelling SO, conversion, atmdsp'herie transport, and
the 1arge natural bet\&eefn-year‘va'n'abi]ity'in'meteorology; substantial error m‘ay be present
in predlcted SO% deposition. For. example, Ellenton et al. (1985) showed that their

A}

deposmon estimates in eastern North America in 1979 could deviate from observed values
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up to a fat:tor of two at any boint in spaee although the otierall debdsi’tion p'attern closely
matched. We have attempted to minimize the 1mpact of such error on our analysm by
using only d1fferences in model output. That is, we are using the hkehhood that absolute ‘
mode]lmg errors will remain relatively constant from: one model run to another and will
be cancelled by tak1ng_t11e d1fference vbetween runs. The difference between Scenario 1 and
Scenario 2 deposition_ ata ‘given point' in space was derived from the difference in model-
»outht between the run using 1980 North American SO, emission levels and the run using
'19‘8,,0 {U.S. emissions and 1994 Canadian emissions (1980 'meteorology used in all cases).
Scenario 2 deposition 'was simply Scenario 1 (measured 1982-86 wet debosition) reduced
by this between-run difference. Depos’ition for Scenarios 3 ahd 4 were obtained in al

similar fashion.

‘The SO, emissions used to drive the atmosphenc model were all: relat1ve to the 1980 North
 American mventory level. The Canad1an control program will reduce SO ennsswns by
1994 to apprommately 50% of the 1980 level of 4516 kilotonnes (U.S. -Canada 1983) for
provinces east of the _Saskatchewan-Mamtoba border; Reduction from the 1980 base case
values are distributed as follows: Manitoba - 9%, Otitaﬁo - 64%, Quebec - 24%, and the
remammg eastern provinces -3% (RMCC 1990c) ‘We have aSsumed an overall reduction"
of 10 rmlhon short tons for the U.S. SO, control program occurnng in two 5 million ton |
phases thereby y1eldmg Scenanos 3 and 4 The reductlons were asslgned\ on a state by-

state basis (Table I) based on-the assumpnon that 'stat_es bordenng Canada would bea‘r 60%

of the control burden, south-east states 15%, western states 10%, and Ohio Valley states
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- 15% tCanada Department of Environment, Secretariat for the Changing Atmosphere pers. |
comm.). The hypothencal state-by-state ass1gnment of emission reducnon is necessary at
tlus time and is based on the collect1ve best Judgement of the Canadlan Federal Prov1nc1al
| Research and Momtonng Comrmttee (RMCC 1990b) Untll various emlssmn tradmg
negotlatlons and investigation of technolog1cal optmns are complete SO reductlon ﬁgures
for each state w111 remain uncertain. However since our empha51s here is on the regional
change expected to occur relanve to the current situation, the deta1l of how much SO,
.reductlon is as51gned to a spec1ﬁc source is not as unportant as whether the overall

s

magnitude of. the control program is reasonable

LI;KE(}IEMISIRYDATABASE | e \
The lake chemistry database is the same as that used by RMCC (1990a) whd’ch is a
.CQmpﬂatiOu of several federal and provincial data setist It conta'in‘s‘ihfonnation for 8,565
lak‘es in southeastern Canada ‘of which '3,902.have( sufficiently complete data records (all )
_major -ions and .DOC) to permit model"cal‘culat‘iOns of ANC. Details of database
compllatlon structure quality assurance, etc. may be found in Fraser et al. (1 990) The
sample population represents <2% of the actual populatlon of lakes having an area >1 ha:

1

(Table:ID).

Since it-is a compilation, the database is not statrsﬂcally representative of the overall lake
- populauon however itis hkely that mferences made from the sample population w111 not

overestimate the effects of acidic de‘po_smon. Support for this contention lies with the
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nature of the sample collection and data compilation r'nethods (RMCC, 1990a), and in
- particular the strong bias in the sample population towards larger lakes. In a r'ecent
mventory of the lake resource Hélie and chkware (1990) identified 795,579 waterbod1es _
>0.18 ha in area within the reglon of southeastern Canada east of 90°W longitude and
- south of 52°N latitude (16% of the country) ;- nearly 54% of the lakes are <1 ha in size
(Table IT). However, of those sample lakes where surface area is recorded in the database
(6,371), 84% are >10 ha in area. Smaller lakes tend to have similar (Ke‘lsoet rzL : 1.986) '
'or lower pH and ANC (Krester et al, 1988; Neary er al,- 1990; Dupont, 1989 1990)
compared to larger lakes. Therefore, small lakes are at least as sensitive to acidic

deposition as large lakes and possibly more sensitive.

When considering the freshwater resource on an areal basis, large lakes constitute the
greatest prOportion (e.g. lakes >100 ha compos_'e >70% of the areal resource within the
mventory of Helie and W1chware 1990). Hence, the chermcal database 1s more

representatlve of the areal resource than the numencal resource.

" The sampled lakes present in the database fall within 324 tertiary watershé_ds. A "tertiary"

watershed is that uniquely defined drainage basin obtained from a third level subdivision
‘amenable to presentauon_ of spatial vanatlons, across eastern Canada, the lakes were
" grouped into 22 aggregations of tertiary watersheds (see‘ Figure 1 for location ‘and

numbering, and Table II for names). The Aggregates (AGs) were chosen to minimize as
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far as possible the within-group variance 1n Water chem1stry and maximize between-group
* variance by consideration of thehspatial variability in lake wa_ter specific conductance.
Subjective knowledge of local variability infget)log‘y and SOZ"* deposition also played arole
in defining AG boundaries. The following analysis wﬂl use these geographic units; and in
} order to sunphfy the drscussmn, a limited number of them (i.e. those shaded in F1gure 1)

will be extensrvely used to represent southeastem Canada.

'WATER CHEMISTRY MODELS . .

We have adopted the steady-state modelling approath in this analysis. The stead}r-state
method is cernp‘utationally simple, readﬂy adapted to regional evaluation, and provides the
answer we }seek,‘ ige_.. the equ'ilibrium chernical response to changes in depositidn. While
time-dependent ac1d1ﬁcat10n models would prov1de addltlonal useful mformatlon on
. Tesponse times and chermcal pathways, availability of the i input data necessary to run them
| is extremely limited thereby precludmg their use on a regional basrs Where time-
dependent models have been used (e.g. MAGIC apphed to the Turkey Lakes Watershed in
central Ontano RMCC 1990a) the time required to reach equilibrium is on the order of
decades although the asymptonc nature of the curve is such that a large propornon of the
overall response occurs in the first decade. Soﬂ adsorption of SO,;' is an irnportant factor
delaying .acidiﬁcation ef runoff waters and it is not included in the. steady-state models.
Hc)wever; Where catchment mass balances have heen detennr'ned in eastern Canada, SOE' _
~ inputs and outputs approximate steady-state conditions (Rochelle etal, 1987). Rather than

_ d'ependi'ng on a single steady-state model, an expert system was developed (Lam ét al,
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1988, .1989a) and nsed,'here to predicthN'C' on a lake-by-lake hasls. The' expert system
includés both the DFO-ESSA Model (a reﬁned version of the earller CDRt model Marmorek
etal, 1985 1990) and the Tnckle Down Model (Schnoor et aL - 1986) with model selection
controlled by data availability and a set of rule-based cntena consistent w1th model
assumptions and performance (Lam et al,, 1988, 1,989a, 1989b). The expert system also
considers the org'anicanion (A') concentration during ANC caleulation when lake DOC is
>4 mg L' or Colour is >30 Hazen units using e1ther the A" model of Ohver et aL (1 983)
'or Lam et al. \(1989c). DOC is assumed not to change with SO2 * deposition.- Data
required by the expert system to model ANC for a given lake include complete major ion.
chennstry, DOC precipitation, and total SO2 * deposition for. each Scenano Total
deposmon was obtamed by assuming that the dry component contnbuted 15% of the total
for all AGs (R_MCC_, 1990b) except AG 19 (Sudbury-N_Oranda, 50% of total‘-; Dillon et al,

1982) and AG 2 (Mid-eastern Nova Scotia, 35% of total; Shaw, 1982).

Finally, biotic thresholds are usually expressed in terms of pH rather than ANC (RMCC,
1990a). Therefore, in order to evaluate Whether the emission reduction S‘cen’ariosv will
achleve ecologlcal protecnon the pH distribution for each AG was calculated using the

method of Small and Sutton (1986) | S =

RESULTS
Ermssmn reduction of SO, will cause shnnkage of the h1gh deposition ﬁeld presently

observed in northeastem North America. Figure 2 presents the location in Canada of the
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10 kg. ha™’ ! wet SOZ™* deposmon contours (lmes) and the 20 kg. ha™! yr deposmon'

ﬁeld (shadmg) predlcted for each of the emission control scenarios.
A B .
The greatest change in the w‘et".SOf' depositi_on pattem resulting from institution of the

(

Canadian control program (i.e. the difference between Scenario 2 and the Current
N : !

situation) occurs as a contraction of the 20 kg.ha"l.yr! field in southetn Ontario and .
~ . southwestern Quebec. This reflects the major responsibility for SO, emission reduction

assumed by smelters and power generation stations in these, p'rovinces‘. The position of the

10 kg.ha™'.yr"! contour changes comparatively less. Addition of the effect of emission

| control in the U.S. (1 e. Scenanos 3 and 4) cause further contracnon of the 20 kg.ha 'yr™

field and a more ‘noticeable s_outhward shift in the 10 kg.ha' yr contours. After

max1mum reduction in SO, emission is achleved (i.e. Scenano 4), only 2 small areas of

eastern Canada w111 receive >20 kg ha yrt wet SO2 * deposmon and the latitude of the

10 kg.ha '.yr"! contour has shifted southwards approx1mately 2° (up to 5° immediately
south of James Bay) Compared to Ontario and Quebec, SO, emission reducuon effects

only a small decrease in SO * de'position in the Atlantic Provinces.

ANC d1$tnbut10ns for selected AGs (i.e. those shaded in Flgure 1) are shown in Flgure 3. |
‘The elements of each boxplot correspond to the 10th, 25th 50th, 7Sth and 90th: percennle
- ANC concentrations as presently observed (0), or predlcted under current deposition <
or Scenano 2, 3 4 (S2, S3, S4) deposmon respectlvely The close comparablhty of the -

- OandC distributions lends confidence both that the expert water chermstry model provides

\
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'~ arealistic ANC simulation, and tha_t the lake waters are indeed in'a near steady-state with

 respect to SOZ"* deposition.

These boxplots show both inter-regional differences in ANC as well as the effect of
| reduéing'SOf'* depositionb. Some regions have broad ANC distrihut‘ions (e.g. AG 21 -
Northwestern Ontario, AG 16 - Ottawa Valley, AG 3. - Northern Nova Scotia and New
Brunsw1ck) reﬂectmg spatially vanable bedrock and- surﬁcxal geology, partlcularly the -
trregular occurrence of carbonate minerals. Conversely, very natrrow, low concentration
ANC distributions m AG 14 (Laurentide), AG 1 (Southem Nova Scotla and New )
'Brunswmk) AG 6 (Eastem Newfoundland) and AG 10 (Eastem Quebec and’ Southem.
| Labrador) attest to the uniformly high terrain sen51t1v1ty present in these areas.

' " The effect of S(.)2 emission feduc‘tionleading to' SOZ* deposition reduction fcompare C, S2,
S3, and S4 boxplots in each AG') is apparent.as a shift in lak'e‘water' ANC distr‘lbutions to
hlgher concentrations in some reglons (Figure 3). The sl'nfts are most pronounced in AG
19 (Sudbury-Noranda), AG 17 (Central Ontario), AG 16 (Ottawa Valley), and AG 14
(Laurentide) as expected since these areas expenence the greatest change in deposition
(Figure 2). Aggregate 18 iri extreme southem Ontano also expenences a large change in
deposition; however, since thls region is 'wholly underlain b'y' carbonate bedrock, its few
‘ lakes normally have h1gh ANC that will show little response to changes in SO2 mput _

L1ttle change in lakewater ANC is predlcted from Scenario to'Scenario for the remammg

regions in Flgure 3.
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The percentages of acidic lakes (i.e. those havmg ANC<0 peq.L” 1) occurnng in each AG
for the four em1ss1on control Scenarios are summanzed in Table III The percentages of
ac1d1c lakes curren_tly found in the Atlantlc Provirices (AGs 1-8, column 3 in Table III)
decrease only shghtly in response to SO, controls (compare to, values in column 6). For
example nnplementanon of the full Canadlan and U.S. programs reduces the proportlon
of acidic lakes in AG 1 from 53 to 52%, and in AG 3 from 23 to 17% In contrast ‘the
- relanvely lower percentages of aCIdIC- lakes observed in most of the southern Quebec and
.southern Ontario AGs exhibit a substannal decrease from the current to Scenario 4
condition (e.g. from 10 to 3% in AG 13, from 7 to 2% in AG 17, and from 31 to 6% in AG

{

19).

A The predicted-effect of reduced .SOZ‘ emlssions on lakevuater pH is shown in Eigure 4. A
'pH of 6 has been identified as an important threshold value for aquatic o‘rg'anisms and a
suitable ba51s for evaluating cntlcal and target loads (RMCC 1990a). - Accordmgly, we
“have determmed the petcentage of lakes in eastern Canadlan reglons that have pH<6
under the 4 control Scenanos However we also recognize that lakes in certain terrain
types, parncularly ,those with exceedmgly slow weathering (or base ca'_t‘lon Supply) rates
and signiﬁcant A concentrations, may have pHs that never exceed 6, even under
conditions of background deposition. The chemical criteﬁon for a critical load for such
- lakes would Be maintenance of the historical pH, rather than restoration to pH>6. Hence,
we have attempted to identify which lakes would have historical pH>6 by running the

models with an estimated background SOZF* de'position and ' assuming that A"
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coni:ent_ratior_is do not vary with deposition. The -pefcenta"ges of lakes _preseﬁted in Figure
4 'apply' only to those lakes so idéntiﬁed. A significant proportion of the lakes in 3 AGs
| hkely had pH<6 under background deposition, i.e. AG 1 ~ 50%, AG 4 ~ 40%, and AG 2
 ~20%. The model predicts that approx1mately 10% or less of lakes in the remammg AGs

historically had pH<6.

Once again, the most pronounced improvement in water quality (as reflected by a
‘reduction in the percentage of modelled lakes having pH<6) oceurs in southern Ontario
‘and southwestern Quebec where changes m SO,Z""* deposition are also maximum. In most

regions of the Atlantic Provinces, relatively high perce,nﬂfa’ge;s of modelled lakes have pH<6

due to terrain characteristics. This condition changes little from Scenario to Scenario since

SO, emission reductions effect only small changes in deposition in this area.

»

‘In some AGs where pH chahges are predicted, the Canadian emission control program

(_Scenario 2) catises a large reduction in the percentage of lakes with pH<6. This occurs

in AG 19 (Sudbury-Noranda), AG 16 (Ottawa Valley), AG 15 (Southwestern Quebet), AG -

14 (Laurentide), and AG 22 (Northern Quebec-;'most modelled lakes are in the southwest
corner of this large AG). “The U.S. ‘emission controls. cause a further but lesser
improvement. In other AGs (e.g. AG 17 - Central Ontano AG 13 - Saguenay, and AG 3 -

Northern Nova Scotia and New Brunswmk) U.S. emission controls ‘are as important in

reducing the percentage of lakes below the p_H=6 threshold as those i’mplémented in

Canada.

3
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DISCUSSION-
It is difficult to vco‘mprehe‘nd t}ie scale of the surface water resource in Canada and
| presentatiori of results in terms 6f percentages and distributions as above does not help
m this regard The sample population in our lake chenustry database is not a statlstlcal
subset of the overall population, but probably under-represents those systems most likely
‘to be sensitive. Hence, when the perc_entages of ac1d1c. lakes in Table IIi Iare used to
1 -d_e-termme the nurtibérs of lakes involved using the lake resource inventory (Table II) the
. numbers are, if anything, also under-esﬁmated. vGiven this qualiﬁcation, there are currently.
>14,000 ac1d1c lakes >1 ha in area (>31, 000 lakes >0.18 ha in area) within that pomon
of Canada south of 52°N latitude and east of 90°W longitude (16% of the, country). The
magmtude of these estimates. seems reaso'nable Neary et aL (1990) estimate th‘at the
number of ac1d1c lakes i in Ontario is 7,250 based on a sample population of 6, 000 lakes of
which over 99% are >1 ha in 51ze In southem Quebec (south of 51°N latitude, north of
the .St. Lawrence River, and west of 62°W longitude), statistical extrapolation from an
. overall population of 31, 800 lakes in the 10-2,000 ha size fraction gives 5 993 lakes with
pH<5. 5 (J. Dupont, pers. comm.). Smce the numbers of ac1dic lakes are extremely small
in regions receiving <10 kg.ha'' ! wet SO2 * deposition (i.e. in western Canada,

northwestem Ontario, and Labrador RMCC, 1990a) ‘we conclude that ac1d1c deposmon

has contnbuted at least in part to. depletton of ANC in these lakes.:
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‘lakes must be_ deemed as the end-members of a spectrum of effect that begms when pH
drops below 6. In this context, RMCC (1 990a) has estimated that in the Atlannc Provinces
alone (excludmg Labrador), there w1ll be approx.unately 47 000 lakes >0.18 ha in size
havmg pH<6 (19, 000 >1hain 81ze) even after full unplementatlon of the Canadian and
U.S. SO, emission control programs These large numbers decate that a significant part
~of the surface water resource has been and will contmue to be affected by ac1d1c
Adeposmon. As noted above, vmostv of the affected lakes will hkely be small in size meamng

~ that the areal proportion of the affected resource is also small. Neverthele‘ss, small lakes
are important habitat for a Variety of aquatic and waterfowl species and further ettlission’

-controls will be needed to ensure their protection.

Policy makers depende'_d on irlfonnation provided by U.S.-Canada (1983) when designing |
 the Canadian SO, emission control program._ Their intent was to reduce wet SO7 *
" deposition to <20 kg..ha'1 ;yf‘ throug'hout eastern Canada, and gi_ven that our hypo'thetical
emission reductjons in the U.S.A. wﬂl occur in the manner outlined in Table I, the above
results‘ indicate that thlS goal likely will be achieved. The greatest emission reductions in
Canada occur in On_tario and' Quebec. Coupled w1th the fact that- the 'hypothetical '
reductions in the U.S.A. are concentrated i in states bordenng Canada (part1cu1ar1y the Great
Lakes states), it is not surpnsmg that. Ontano and Quebec w111 be the mam beneficiaries
of the control programs, 1_.e. rec‘elvmg substa‘rmally lower sof * deposition and

-

improvements in the acidity status of surface waters.
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The Atlantic Provinces will derive lesser heneﬁt from the emission control programs Even
~ though wet SOZ'*‘ deposition w111 be below 20 kg.hal.yr™, the absolute change from
current levels i is small, and the h1gh proportions of ac1d1c lakes (Table Il or lakes with |
pH<6 (Figure 4) are reduced in only a minor way. Recall that the percentages of lakes
"in Figure 4 refer. only to those predrcted to have pH>6 under conditions of background
deposmon and that AG 1,2, and 4 contain 31gmﬁcant numbers of lakes that do not meet
this criterion. A contnbuttng reason is the high sensitivity of much of the terrain in the
dAtlan.t'ic Provinces. U.Si-Canada (1983) noted that only ‘waters with base 'cat_ion
.concentrations->2100 yeq.L"~ wOuld be protected when reeeiving 15-20 kg.ha".y’r‘" wet
S0 * deposmon Since most of the lakes surveyed in the Atlantic Provinces have base
catlon concentrations <<200 p,eq L (medran G* levels ranged from 40 to 154 jieq.L™’
for AG 1 to 11; RMCC, 1990a), it is expected that deposition substantially less than 15
kg.ha.yr'! (see Figure 2) will be required to'effect a rn\aj/‘or i'mprovement in lake acidity
levels. | In fact, for lakes that had pH<6 under background deposition theirfcritical load will
be the background value, ie. <8 kg».'ha‘"‘,yr'h The notion of'a-sin'gle target‘depos‘ition for
all of eastern Canada is clearly faulty. In order to achieve more substantial decreases in -

O2 * deposition in Atlantlc Canada the contnbutmg sources will have to be 1dent1ﬁed'

more precisely and further ermssmn controls targeted for these sites.

* This paper has focused on changes in surface water chemistry that may be expected when
S0, emission reductions are i'rnple_'me‘nte‘d in North America. This was achieved by linking

atmospheric transport and deposition models with water cher‘nistr"y models. In actual fact,
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it is the biological response of ecosysteins that is of greatest interest .torpoli_(;y makers.
Rudjmentéry biological models exist (e.g. Matuszek ef al, 1988; Minns et al, 1990) that
~ relate fishery diversity to water pH. . We will attempt to link these models with our water

- chemistry predictions in the future.

Overall, our linkage and application of models to predict an ecological outcome for a SO,
‘emission control prograr has proved to be a useful assessment exercise. The critical data

}need_'s are clearly identified, e.g. a high quality, comprehensive regional deposition and

/

Waiter.qﬁality,dat'_abase. It is necessary to make some subj'ecﬁve‘ decigions (e.g. selection
of data aggregates and assignment of hyp;)tﬁetiéal sz réductions) in ordér to prbduce a
~ timely yet realjstic evaluation thét is suitable for use .by policy, makers. If future
| information shows that these subjective dedsions are sg_riously ‘in error, they Ilnvay} be
altered and a new assessment prepared with felative‘ly little effort. - Our analysis presents
a notioﬁ, i.e. the spatial and to some exteﬁt temporal trend, of the enirir‘oﬁmehfél effect
expected from an anthropogenic éctiqn. The uit_imate veracity of the }predvi'cftions wﬂl only ”

be established by maintenance of a long-term monitoring program.
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Table I: - us. SO, emission estimates (kllotons) used as mput to the Lagrangian
' atmosphenc model (see text for a531gnment rationale). ,

SO, Emissions (kilotons)

1980 After 5 million After 10 Million

Region - Base Case  kiloton reduction  kiloton reduction
Ohio 2884 2009 1133
llinois’ s 1537 1070 604
Pennsylvania , 1908 1329 _ 749
Indiana ~ 1922 1338 755
Michigan , | 8% 688 479
West Virginia - 1150 802 - 452
New York 869 - 667 - 465
Wisconsin/Iowa 1186 911 ' 635
Minnesota 273 210 146
Maine | 158 . - 121 85 -
Vermont/New Hampshire 120 93 64
Kentucky 1175 1004 | 834
Tennessee : : 1158 1072 986
Missouri 1295 1200 | 1103
Alabama ' . 841 778 717
. Virginia/North Carolina 1062 983 ‘ 904
Florida 1226 1136 1044
'Georgia/South Carohna S 1249 - 1156 - 1064
Maryland/Delaware/ _ o o
New Jersey/D.C. 778 721 ' 663
Arkansas Louisiana/ . o
Mississippi 905 838 77
Massachuisetts/ o : .
Conn./Rhode Island =~ = 435 - 402 374

Western States 4763 4262 3763

Total 27790 B 22790 17790
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| ~ Total (excluding AG 11 and 21) 1180627

176165

Table II: Name of tertiary watershed Aggregates (AGs) and lake numbers for all lakes
>0.18 ha and >1 ha within each AG (see Figure 1 also). IR
* Lake ,Numbers
- AG Name' >0.18 >1
No. ha ha
1 'S Nova Scotia-New Brunswick 4091 1969
2 Mid-eastern Nova Scotia =~ 3258 1825
3 N Nova Scotia-New Brunswick 17588 5357
4 Cape Breton Highlands 352 180
-5 Avalon ‘ 9295 4181
6 E Newfoundland 33650 15736
7 N&S Newfoundland 45947 17296
8 Central & W Newfoundland 42027 18071
9 Belle Isle 14524 5311
10 E Quebec - S Labrador? 246700 108583
11" N Labrador? — -
12 St, Lawrence S Shore 16920 - 4487
13 Saguenay? 126097 65339
14 Laurentide 50959 28972
15 SW Quebec 45021 22737
16 Ottawa Valley 19458 7851
17 Central Ontario 57534 23649
18 S Ontario 5947 1812
19 Sudbury-Noranda 45113 119257
20 N Ontario® 219981 106412
21 NW Ontario? e ----
22 N Québec? . 92147

551172

1,

lakes in AG 2, 5, and 19 have local mﬂuences AG 4, 6 and 21 have many coloured

lakes

' lake numbers and areas from the mventory of Hélie and chkware (1990) that covers

southeastern Canada east of 90°W longitude and south of 52°N latitude (16% of the

‘country); AG 10, 13, 20 and 22 are partially outside the inventory area and the

numbers have been areally prorated; AG 11 and 21 fall completely outside the

inventory.
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Table IIl:*  Percentage of modelled lakes predicted to have ANC<0 peq.L™! in tertiary
watershed aggregates (AGs) under current SO;‘-:"* deposition and. 3 SO,
emission control scenarios. See text for details of the emission control
scenarios. '

- .  AG Percent ANC <0

No. n Curr. 2 3 . 4
1 280 53 52 52 52
2 59 22 22 22 22
3 89 23 20 18 17
4 33 61 61 61 61
6 60 20 18 .17 17
7 17 29 24 24 24
- 8 30 23 23 20 20
10 103 21 19 18 17
11 10 0 0 0. 0 .
12 64 2 0 0 0
13 251 10 8 6 3
14 408 7. 5 - 4 .3
15 529 2 1 T o0
16 80 1. 0 o0 0
17. 1009 7 5 4 . 2
19 287 31 ‘13 11 . 6
20 541 1 0 0 o0
21 36 6 6 6 6
6 6 6 6

2 16




Figur‘e 1:

| Figure 2:

Figure 3:

 Figure 4:

Location and numeric de51gnat10n of tertiary watershed Aggregates (AGs) in
eastern Canada used in this paper Data from shaded AGs are presented in

Flgure 3

Predicted location of the 10 (lines) and 20 (shading) kg. ha™. yr* wet SOZ"

deposition contours for the 4 S0, emission control Scenarios.

Lake ANC boxplots for AGs in SE Canada Boxplots mclude observed (O) and |

"modelled under Current (C) SO2 deposmon (i.e. Scenario 1) and under 3

addmonal SO, emission reductlon Scenarios (82 S3, S4).
Percentage of lakejs predicted to have pH<6 in AGs of SE Canada under 4 SO,

emission control Scenarios.
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