
A m  For. Sci. 60 (2003) 559-572 
IC INRA. EDP Sciences, 2001 
DOI: IO. 105 l/foreri:2003060 

229 P C l N P C l  DM6.2 
hogmme d h n a i  dépandaye de phflacides p a  voie 
aéienne en milieu fMestiw SLÜ des ierrains pives de 
SrnufilSIme inc. sur k IeniIMie de La Tuque el de la 
MRC du DomainedwRoy 
Mauticie 6211.13.011 

Keview article 

A review of Canadian forest vegetation management research 
and practice 

Dean G. THOMPSON*, Douglas G. P i n  

Naiiiral Rcsourws Canada, Canadian Forssi &ri-ice, 1219 Quïen Si. &si, Sauli Sie. Marie. Oniano, f6A 2E5, Canada 

(Keceivcd 24 Junç  2002: scccpicd 19 Fcbmary 2003) 

Abstract - Rescarch and praciice in Canadian forcsi vegeiaiion managcmeni W O S  rcvicwed for thc pcriod 1990 10 prercni. Results indicaic 
coniinucd wolution ioward a more iniegraicd and eculogically Sound prograni with appropriaie focus on b y  conipctiiors and crop specics. 
Incrcasing collaboraiion beiwccn academin, government and indurtry has resulicd in  > 666 iiew scientific publicaiions, suhstontklly 
augmeniing ihe cxisiing knowlcdgc basc. The devclopnient of (Chondrosrererrm purpweiirn) as ihc Sirsi bioconirul agent in Canadian forcsi 
vçgetaiion managenieni and ihe u e  OS nuiricni-loaded scedlings 10 cnhancc esioblishmcni succcss arc considered key rcsearch highlighis. 
Rccçni trends in opcrational praciicc includz a movc ioward morc inicnsivc inünagemcni on higher qualiiy sites and adopiion of innovotive 
appritaches (e.g. nutrient loiidcd sccdlings. largcr phnting stock) and advanced technologies (c.g. elccironic guidance in  acrial herbicide 
opplicüiions). Thc lack of long-rcrni growih responsc daia and çcononiic analysïs demonïtrating posiiivc costiboncfits remain as shoriconiings. 
howevcr continucd developmeni of ihc program will undoubtedly cnhdncc sustainable Wood rupply and niiniinl'c impaci on ihc Soreït 
çnvironment. 
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Résumé .- Recherche sur Io gestion de Io végétation forestière au Canodo et les pratiques : une revue. Le pri'seni docuiiicni passeen revuc 
la rccherche sur la gcstion dc la vCgCtaiion forestibc au Canadd ct les praiiques hcei égard depuis les iinnées 1990 jusqu'à cc jour. Les ri-ruliais 
dc CCI rxanicn ri-vi-lcni une progrcssion continuc yen u n  programmc plus inii-grt ct plus respcciueux de I'envimnncmeni, axé. fori 
judicieusenient sur Ics principales espi-ces concurrentes ci les cspi-ces du pcuplement final.  Lo collaboration accruc du nionde univcrsitaire, des 
gouvcrnemenis et dc I'indiisiric S'CSI iraduite par la paruiion de plus de  666 nouvelles publicaiions acicniifiqucs qui oni considCrableinent 
enrichi la basc dcs connais~sncer muclles. La  n i i x  au poiiit ou Canada du Chmdrmrereiirn pqmrerirrr commc premier biohcrbicidc CI 
I'uiilistvion de semis gorges d'Cli-ments nuiritiSs afin d'accroitrc Ic taux dc riiussilc dc I'i-iablisscment suni conaidSri-es commc des grandcs 
pcrcécs de 18 rcchcrchç. Parmi Ics icndünccs ri-ceiiies cn inaiii-rc de praiiqucs opi-rationnclles figurent le recours & des mi-ihodcs dc gcstion plus 
iniensivc d ü n r  les siaiions à indicc de quoliiC plus Clevi- ci l'adoption de mi-ihodcs novatiiccs (p. ex., semis gorgés d 
icchniqucs de poinie (p. cx.. sysièmc de guidagc électronique des applicaiions aéricnnes d'hcrbicidc). Mèmc si Ics donnCes sur le iaux de 
~ r o i s s a n ~ e  3 long icrme dcs scinis CI ICS analyscs Çconomiqucs inettani cn évidence les effcis positifs sur Ic plan coùts-avaniages foni cncorr 
défaut. I'évoluiion incessanic du programnie améliorera sans aucun douic I'upprovirionnernent durable cn b i s  et rtduira au initiirnurn Ics 
ri-licrcussions sur Ic milicu forestier. 
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1. lNTRODUCTlON 

Rcprcsentiiig appriixirnately 10% of the global forcstçd 
liindniass, Canada 's  forcsts arc kcy clcmcnts i i i  bioçcochcnii- 
cal cycling and hiodivcrsity [31]. Specifically, OUI forcsts arc 
important çarhon siiiks and proride habitnt for a n  cstiinatcd 
140000 spccics of plants, aninials aiid microotg:inisms. 
including 85 specics that arc cuiisidcrcd as forçst dcpciident 
aiid at risk ofcxtinction /53j. Forcsts covcr illniost one-IialSol 
O U I  couniil  and arc one o f  thc uniquc featurcs dciïning O U I  

n;ition. I k e d  011 markcd diSfereiiccs i i i  topogiaphy. soils, cli- 
m~tc  and dominant tr tc spccic ~ v c r a l  distinct Iorest regions 
arc recognized in Canada (Fig. 1). Many of Caiiada's forcst 

regions are &minalcd hy soïtwood spccics (68%). wiih 
mixcd-woods (186) aiid hardwoods (15%). hcing inost prev- 
alciit and cconomically important in Lhc southcrii Grcat Ldkcs 
- St. i.awrcncc. Caroliiican and Acddiaii forcît rcgions. 

Unlikc niany othcr nations. 9 4 6  01' Caiiadim forests arc 
owned hy Ihc public 1311 and mniiagcd on thcir hcha l fhy  pro- 
vincial  and tcrritoriiil govcrnnicnts. Forest i n d u w y  is allowcd 
10 cxtraci timhcr rcsourccs undcr a systcm with similaritics 10 
laiidlord-tcniint lease arrangcmcnts [93/. In this cuntext. man- 
agçniciit of thc Caiiiidian forest rçsource may hc G ~ C W C ~  as an  
attcmpt to strikc a sustainablc balancc among a divcrsc array 
oi' economic. cnviroiinicntal. acïihctic. and spiritual values. 
Erdlc /26] rccently dcscrihed thc potcntial conllicts. tradeoffs 
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Total Forest Land = 417.6 M ha  

Figure 2. Relative proponion of annual hmest,  productiveand non- 
proùuctivc forest cornprising the total Sorestcd lanù base in Canada. 

of thc principal nicans of optirnizing productive capacity 19 Il. 
Sufficient knowledgc of forest ecology, inter- and intra-spccies 
cornpetition rnechanisrns and thresholds, and plant succession 
allows rnanagcrnent of çonipeting vegetation IO rneet specific 
Siiviculturai or wildlife rnanagentcnt goals. The iittcnsity of ïorest 
rnanagcmcnt applied IO a particular site is based on site-specific 
prescriptions forrnulatcd by professional forest managcrs and 
may be classified on a gradicnt of intensity typically rcferred 
IO as extensivc (naturai regcneration only) through basic 
(including assisted natursl and artificial regencraiion) IO inicn- 
sive (multiple intcivcntions). The highest levcl of intensity 
approaches that used i n  agricultural productioit scenarios 13, 
I9,25,52,90].  I n  this rcgard, and iitcornparison IO rnany other 
forcst producing nations, the curreni vegetation rnanagerncnt 
prograrn in  Canada is gcncrally charactcnzed by single, low- 
intcnsity intcrvcntions on a srnal l  proportion of potential sites, 
and rnay be considcred as basic management. 

SCVCrdl  previous rcviews havc dealt with vegetation rnan- 
agerneitt i n  Canada IO varying dcgrecs [IS-17, 18, 27, 78, 81, 
931, however rnany of thcsc were focused on thc use and opti- 
rnimtion of chernical herbicidcs. Most recently, Wagner and 
Colombo 1851 published an cxcellcnt texi documenting the 
principlcs and prsctices of vegetatioii rnanagcrnent and forcst 
regencration with a particular focus on thc provincc of Ontario. 
The objcctivc of this paper, is 10 synthcsizc information on 
forcst vegetation managerncitt at the national IcvcI, by reviïw- 
iiig trends and developrnents i n  research and practice ovcr tlte 
l a s i  dcçade (1990-prcscnt). 

2. MAï’ERIALS AND METHODS 

The Canlidisn Forest Pest Managenicnt (CFPM) ùatabasc (http:l/ 
\tww.glfL’.çfs.nrcan.gc.ca/cfpm) and the National Forcstry Database 
Piograni (NFDP) (http://nfùp.ccfin.org) wcr~usctl IO BSSÇSS trcnùs in 
Canadian forest vcgciation rnanagenisrrt rcscarch and practice, 
respcctivcly, from 1990 10 prcscnt. üoth datsbases are frccly anù uni- 
vcrsslly accessible via the lnteriiet ûnù both arc hostcd and niain- 
taincù by thc Canadian Forest Ser\,ice, Natural Resources Csneda. 

Basic informntion from these Iwo sourccs was augnienieù by infor- 
mütion gathcred through iin infornial electronic qucstionnairc sent 10 
a nunibcr of lcading reseürchers, industrial forcstcrs. and acadcmics 
froni across thc country. The questionnaire attcmpted 10 &et a broaùcr 
perspective on thc adequacy of Canadian forest vcgetation manage- 
mcnt rçsesrclr. knowledgc and iechniqucs. 

At the t h e  whcn sesrches were conducted. the CFPM databasc 
/75j compriseù approximately 1 I O00 scientific publication records, 
each including absrracts andan extensive lislofdata fieldsfacilitating 
seach, sclcction md sorting functions. For thc purposes of this paper. 
several qucries of thc dalabasc were invokcd uaing the advancd 
scarch function 10 look for specific ternis (c.g. “releasc”, “cfficacy” 
or “site preparation”) in  onc or niore of the vadous diita fields (c.g. 
kcyword, münagcnient technique, abstract, title). Al1 scarchcs were 
restricted Io record< originalhg in Canadû, havinp vcgeWtion manage- 
ment as their primary focus and with publication dates of 1990 or 
later. Whcrc infomiation pertincnt 10 a panicularspecies or province was 
sought, appropriate kcywords were specificd in  the namc of compet- 
ing vegetation, crop spcies fields or provincristate fields, rcsprctively. 

The NFDP was Soundcd by thc Canadian Council of Forest Min- 
isters (CCFM) in 1990 and provides a comprchcnsive source of ata- 
tisticiil data and iiiformation describing the nature. extent and Change 
in Canada’s forest rtsources through rime. Thc NFDP a h  proviùes 
informatioii on how these resources arc being rnanagcd, their C O -  

nomic contribution 10 Canadian socicty, ûnù expenditurcs required IO 

niaintain hcalthy forcsts. For the purposcs of this rcview, inforinalion 
containcd wirhin the “Conipendium of Canadian Forestry Statisrics” 
in subsections on forcst inventoiy, silviculrurc and pest control prod- 
UCI usc wcre particularly valuable. 

3. RESULTS 

3.1. Recenl trends in Canadian foresi vegeiaiion 

Haivesting is clcarly the major anthropogenic disturbancc 
influencing the development of rnost rnanaged ïorcst stands. 
As such, i t  is the key factor controlling the iypc and arnount of 
cornpcting vegetation which subsequently occupies the sitc. 
Clcar-cutting continues IO be the major harvesting rnethod 
used i n  Canadian silviculture 1191, however use ofpartial har- 
vcsting systerns has recently incrcssed i n  virtually cvcry forest 
rcgion of the country. 

Post-harvest regeneraiion of Canadian forests hdS largely 
bcen achieved through natural rneans, with plantingor seeding 
playing a rnuch srnaller rolc (Fig. 3). The cumulative regencr- 
ating land base accruing sincc 1975 on crown lands has been 
cstirnated ai approxirnately 16 million hectares i n  1998. Trcnd 
data [ 191 suggcst that 75 Io 80% of the harvested a r a  has bcen 
successfully regcnerated seveii years after cutting and the pro- 
portion of thc landbase considercd as free frorn non-crop corn- 
petition har bccn increasing slowly but consistcntly (Fig. 4). 

I n  Canada, forest vegetation rnanagerncnt a c t h  m c s  . are 
largely conducted within a fi-ycsr period post-haivesi on arens 
succcssfully regcncrated by cithcr natural or artiiicial rneans, 
but which reyuirc further treatntent 10 achievc silvicultural 
objectives. Vcgctation that rapidiy establishes on ncwly dis- 
turbed forest sitcs olien detcnnines whether forest regcnera- 
lion will be succcssful 1831. Many of the principal cornpetitor 
species in  Canadiait forcsuy are perennials that reproducc by 
both seed and asexual rneans /14j and are highly adapted for 
rapid cstablishrnent and growth i n  arens with distui-bcd soils 

management praciice 
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Figure 3. The proporiion of Canadian forest lands regcneraied using 
natural and arlificial mcthods (1990-1997). 

and high light intcnsity (Tab. 1). Often these spccies grow in 
compicx mixtures of graminaceous, hcrbaccous and deciduous 
brush (e.g., Rubus spp., Calamagrosris sp., Epilobium spp.) 
posing a threat to crop trees and particularly challeiiging sce- 
narios for lorestcrs who are rcquircd to ensurc thcir succcssful 
regencratioii. A variety of techiiiques (manuai, mcchanical, 
biological, chemical, prescribed bui-ning, etc.) are availablc to 
mcet thcsc challengcs and may bc invohcd undcr onc oflhe loi- 
lowing strategies: 

(1) Sire preparurio,~ - treatmcnt that modifies a site psior to 
planting, sccding, or natural regcncration and which providcs 
conditions favourable to rcgencration establishment [ 191. 
Objectives may include slash aligiimciit or compaction I O  

ïacilitatc planiing, andior thc ci-eation of suitablc microsites 
lor sced germination and sccdling growth. 

(2) Release - treatmcnt that is applied following rcgcncra- 
tion establishment (seeding, planting, or naturd rcgcncration), 
I O  lrec crop Uees liom vegctaiive compctition. Objectives 
include the reduction of inter-specific cornpetition aiid thc pro- 
motion of diamctcr growth, [19]. 

(3) Pre-coininercial rkinning - ticlitment applied to juvcniie 
stands of eilhei- naturai or aitificial origin to control stand den- 
sity and composition [ 191. Objcctivcs usually include reducing 
both inter- and intra-specific cornpetition and the promotion of 
diameter increment and stand quality. In Canada, release and 
pre-commercial lhinning trcatments are often groupcd and dis- 
cussed together as "stand tending". 

Histoncal trend data [19] suggest that the total arca bcing 
site prcpared has bcen decreasing, whilc the arca released has 
bcen rclatively constant. Thc most dramatic change has bcen 
in thc are8 pre-commei-cially thinncd, which has approxi- 
matcly doubled from 93 rhousand ha in 1990 to 184 thousand 
ha i n  2000. Data for thc ycai- 2000 show that thc total arca 
receiving some type of vcgetation maiiagcnicnt cquated to 
approximately 76% of the total I 027 222 ha harvestcd. Simi- 
lai- proportions of the productive forest landbase werc treated 

7 1  

1990 1991 1992 1993 1994 1995 1996 1997 

Year 
...~ ..... 

Enhanced-FNC 
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Relniively smüll portions (lord < 0.5 inillion ha) oïihc haruestcd ara wcreclassified 32i disiurbcd bu1 wiihour a iimhcr producrion objeciive 
(non-producrion) oroïunknown siaius in  each year bur arc no1 shown herc. Stocked arcas are ihoie whcrc siocking siandards have been inei, 
wherens llndentocked reïeis ro productivcaica which dom noi iiicei siocking siandnrds, eiihcr becausc ihey require silvicdrurûi ircûimcni 
10 rench siocking ohjcciircs (Understocked-1). or siocking ohjcciivcs nie cxpecrcd I O  bc achicvcù ihrough naiural rtcruiimeni (Under- 
stocked-2J. Enhanced reïcrs 10 riocked arca where densiry wnirol siandards ha.e bcen mçi. l i r e  fmm non-cmp compctition (F'NC) reicri 
10 siockcd or çnhnnccd WCÛS whwe winwiiiion conirol obicciivcs have been m i .  

Figure 1. The proporiion of harvesied forcsi lands mceiing vilrious siocking and coinpeiiiiiin~ïrccclassificniion riandards (1990-1997J 
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Table 1. Key compeliior speeieï and çiintrol options in Canadian foresl vegelalian inanageincni. 

Coinpetiior Enaniple coinnion Life eyelçl Mai  height Modes of Coiitrol oplions Prüçiiccs iiol reconimendçd 
p " " S  "8"leS lorm (in) repduciion' ( i i i  appronimate order 

of elfefeçiivçnesï) 

Cnl<lmogro.siir Canada bluc-joini g ~ r ï  Perennial 1-2 
grass 

herh 

salnionberry slimb 

Alder shrub 

Firewwtd Pereiinid < 2 

Red raspbeiry, Hiennial 2-3 

Red. spcckled and green Peiznniül 3 4  

Treiiipling arpen, Percnnial lrze < 34 

Willow I'crçnnial IM 

< 35 

While birch Percnnial t e e  < 2R 

balsm poplar 

shmb 
Mouniain. slriped. red, Perennial lree 

biglçaf, and sugûr maple 

Pin cherry Pereniiial < 5  
shmh 

Salai Perciinial < 2 

Brackïn fem Perennial ïcrii < 1.5 

Scolch Brooin Pereiiiiiûl 2-3 

rhrub 

shmh 

shrrib 
CorSe Perennial I .5-3 

Rh. Se Hznaiinone, glyphosaie, winler Mechanical Siie prep., buming. 
suinnier harvesi. hiirvesl, partial hürvçsl. 

Sç, KE. Rh GIyohosûtc. henazinone, 2.4-D, Summer hûrvesi, burninc, 

Se. Rs, Ss 

Se, ss, SI 

Se, Ra. Ss 

Se, Rs, Ss, Si 

se, ss 

sc. SS 

Se, Ss, Rs 

Se, Rs 

Se, K h  

SC 

SC 

.. 
winler harverl, partial hiirvesi 

Henazinone. glyphosüle. 
Inclopyr, partial harvçsl. 

Glyphosale, tiiçlopyr, 2.4-D, 
Cliondïosieïeiim purpureuni. 

sunimer culling. 
Glyphosale. tnclopyr, 

summer culling. 
Glyphosale, lriclopyr. 

sumiiier culiing. 
Triclopyr, glyphosnle, 

suinnier cullina. 
Glypliosale, lnclopyr, 2,4-D, 
Choiidvosrerei<m purpllreum. 

summer cuiling. 
Glyphosale, ~nclopyr, 2.4-D. 
Cliondnisiereiim purplireuni. 

suinnizr cuiliiig. 
Glyphosale wilb siloxane 

surlaclani. ~ryclopyr, buming 
Glyphosale. hexazinone, 

partial harvesl. 
Triclopyr, glyphoîale with 

siloxane surl8clant. burning. 
Tnclopyr. glypliosaiç wiib 

siloime surlactanl, buming. 

mcçhaniçal siie prep. 
Cuuing. buniing, sunimer harvçsl. 

Dormant culling 

Mechanical site prcp., dormml 
euoing, spnng buming. 

Buining, dormant eutling, 
niechaniçal sicc prep. 

Dormanl cutting. 

Domisnt eutling, mechanical 
siic prep. 

Mechanical Sile prep., huming, 
summer cutling. 

Mechanical site prep., culliiig. 

Mechanical sitï prep., burning, 
cutting. 

Mechanical site prep.. dormant u t .  
liiig, glyphosalc wilhoul siloime. 
Mechanical site prep.. glypliosaiî 

wilhoul siIox8m. 

* Primary nielhods of reproduclion and spreadiiig posl eslablishmenl, where: Se = Sçed, Rs = Rool aucker, Rh = Khimiiie, SI =Stolons. Ss = Sian or 
r001 collar s"ro"1s. 
** Recenily iniroduced ex& species. 
Sources of information: [14,2i], 

hy s i l e  prcpnration (306419 ha) and rclense (239521 ha), with 
a somcwhat snialler nrca (183 863) rccciviiig prc-commercial 
thinniiig trcatments. Compnrntively smnll areas received other 
tending treatnients (31 480 ha) or scarification (16973 ha). 

Among thc ninjor forcst producing provinces in  Canada, 
clenr diffcrences exist in rclativc use of thesc three strategies. 
Such differences are exemplificd by compnrativc data from 
1999 (Fig, 5). In thai gear, the tending program in  the province 
of Quebec wâs dominntcd hy pre-commcrcial thinning, whcrens 
release trentmenL5 werc cmploycd on relaiively greater propor- 
tions o f  thc Iandbase in  provinces O S  British Columbia and 
Ontario. In Xew Bruiiswick, the xea rclcased \vas appraximately 
equi\,alent IO thnt beiiig pre-commercinlly thinned, while in 
Alberta and Saskatchewan, onlg relensc strategics were 
employed. 

Throughout thç 1990s. site prcparntion was coliductcd prin- 
çipally by mcchaniçiil mcthods in a11 provinces, with relntively 

srna11 areas trentcd using prcscnbed burning, chemical, or 
other techniques. The dominailce o f  mechanical Site preparn- 
tion techniques is  excmplified by national level data for 1999 
(Fig. 6). Numerous mechanical site preparation Vcalments, 
including scrcefing, niounding, trenching, mixing. subsoiling, 
clenring, raking, chopping, and masticating are used in  
Canada, depcnding upon site conditions, vegetntive species on 
the site, operational constrnints, and economics. Treatments 
are applied using a wide vnricty of cquipment, including 
chains, with or without shnrk-finned barrels, BrXcke scarificrs 
and mounders. disç trenchers, shenr blades, ripper tceth, and 
drum chhoppers. Ryans and Sutherland L63J providc a demilcd 
synthcsis o f  treatiiienls. equipmcnt and environmental consid- 
erations associated with mechanical site prepxntion pertinent 
IO Ontario and across Canada genernlly. 

In contrast, the aenal application of chemical hcrbicides 
was by fnr the inobt frcquent techniquc cmployed in rcleasc 
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Figure 5. Propartion of foresi lands receiving mechanical siie preparaiion. reiease or pre-commerciai ihinning treaUTlentS by province (19%). 

\i/ 79.% 

Figure 6. Reiaiive percentage use of vwious sile preparalion 
techniques in  Canada. 

straiegies. Aithough 5 herbicidal compounds (2,4-D, henazi- 
none, giyphosate, sirnazine, and tnciopyr) are registered for 
broadcast use i n  Canada [i9], giyphosaie (Vision@) has 
accounieà for over 9 0 8  of the total forest herbicide-use mar- 
ket throughoui the 1990s [i9]. Whiie regionaiiy variable. 
giyphosate was predominantly aenaiiy appiied for reiease of 
high-value conifers (e.g., jack pine (Pinur bunksiunu Lamb). 
biack spnice (Picetr mariunu Miii.), and white spnice (Picea 
glaucu Moench.) from competing vegeiation. Through the iast 
decade, herbicide use rates were reiativeiy constani at about 
2OOooO ha per year, equivaient to approximateiy 20% of  ihe 
area harvested annuaiiy, or roughiy 40% of the iandmass arti- 
ficialiy regenerated. The majority (43%) of foresi m a  ireaied 
wiih herbicides occurs i n  ihe province o f  Oniano, whiie New 
Bninswick and British Columbia use somewhat iesser 
amounb (Fig. 7). In the province o f  Quebec, use o f  chernical 
herbicides has dropped precipitousiy since 1995 i n  anticipa- 
tion o f  a ban on the use o f  forest herbicides which took effeci 
i n  ihat province i n  the summerof 2001 

Figure 7. Regeneraiing forest a r a  treated wilh chemical herbicides 
in  Canada by year and province. 

A number o f  alternative iechniques for controlling cornpet- 
ing vegetation (e.g. iivestock grazing, muiches, cover crops 
w d  bioiogicai conûoi agents) are avaiiabie or under deveiop- 
meni, but with the exception of iivestock grazing i n  western 
Canada [2?]. none have been wideiy used in  operationai prac- 
tice to date. 

3.2. Recent trends in Canadian forest vegetation 
management research 

A search o f  ihe CF'PM database reveals that i 256 ( i i %) of 
the current II260 scientific publication records currenily 
within the CFPM database relate directly to foresi vegetation 
management i n  Canada. Of ihese, 666 were pubiished since 
1990 and the principal focus of Canadian publications since 
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A. Management Strategies 
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lilgure 8. Numbçr ofjournal publicarions prraining Lo 
vçgeüirion inanagrnient in Canada (1990-presenl) in 
relation IO (A) management smaiegy or (B) sub ropiç 
focus. 

ihai iirnc frarnç has hecn on silc prcparaiion (62%), wiih rçla- 
iively fcwer siudiçs on conifer rcleasc (28%) or prc-conirner- 
cial ihinning (10%) slratcgies (Fig. 8a). Resçarch has bçcn rçi- 
aiively cvenly disiribuicd across sub-iopics of cflicacy, crop 
rcsponsc and cnvironrncnial effccis, wiih rçlaiively few siud- 
ies cxarnining cconornic nspçcls (Fig. ab). Of papcrs classilied 
as docurneniing cnviroiirncnlal cffecis of forcsi vcgclalion 
rnanagçrnçni practicçs in Canada sincc 1990, alinosi al1 werç 
siudics invçsiigaiing the cnvironrnçnial ïaie and çfïeçls 01' 
chçiiiical herbicidcs (29. 65, 69, 76, 77, 791 and scveral werç 
gcneraicd by a major rnuliidi plinary study coiiducicd in 
norihwcsicrn Onlario [45,66,79]. Vcry few siudiçs werccoii- 
ducicd <in ihe potciiiial cnvironrnçnial cffecis of oiher vcgcla- 
lion nianagcrncni iechniquer. 

Canadian rçsearch pubiicütioiis rcflçci ihc prcdorninancc of 
chçniical and rncchaiiical lechniquesin opcraiional usc pnllcrns 
(Fig. Y). As inighi bc cxpçclcd, ilie rnajority of publicaiions 
(3521358) relatiiig io chernical rncihods involvd glyphosaic 
(Vision@), wiih CnrironrnçniaI faic and effçcis assessmenls and 

medium-icrrn (-10 ycars) efficacy siudies predorninanting. 
Publicaiions rçlaiing Io siliviculiural iechniquçs wçrç dorni- 
naiedhy studies on ihinning, prescrihçd firç, and cnviroiirnenlal 
asscssrnçnl of aiiçrnafivc harvesiing icchniquçs in rçlaiion Io 
clearcuiiing [23 ,  511. Publicaiions on oihcr rnçthods, such as 
biological conlml, havc bcen few aiid rçsulicd largçly frorn iar- 
gcicd resçarch prograrns such as ihç Vçgçialion Managcrnçni 
Aliernaiives Prograrn (VMAP) [84] and ihc rclaicd fcdçral 
BICOVER nçlwork iniiiativç [ZOI. 

Vcgciaiion rnanagçrncnl rcscarch has bçen prirnaiily ccn- 
icred on key high qualiiy conifçrous crop spccies groups 
including Ilr, pinc, ccdar and hçrnlock (Fig. IOa) and iargcted 
ai kçy cornpçlilors including parliculnrly Populus, Alniis and 
Ruhus spp. (Fig. lob). Unforiunaicly, ihc vasi majoriiy of crop 
responsc dala rçsultiiig ïrorn Canadian rcsearch is dcrivçd frorn 
rchiivçly shori ierrn (< 10 yr siudics), wiih progrçssivçly fewcr 
siudies providing daia o x r  thc (1CL24 yr) and long (> 25 icnn 
(Fig. IOc). No daia dcrivçd ïmni obscrvaiions rnadc over a full 
roiaiion cyclç is yçi availablc. 
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Control Techniques 

250 , 
I 

I I  icchniques. 

Significant positivc growth responscs (height and diametcr) 
in a variety of conifer crops following \sarious site preparation 
orreleasetreatments havcbcendenionstratedin both short- [57, 
60, 61. 871 and medium-term studics [ I O ,  62, 941. Although 
data supporting Siniilal growth effects over the long term are 
SC~ICC, at ledst one study [70] demonstrates that positivc effects 
continuc through a period of 30 years in white spmcc. Other 
studies illustrate dramatic declincs in juvenile conifer domi- 
nance with thc absence of treatnicnt 19, 60621. While thcsc 
studies are based on rclatively short-term data, itis unlikely that 
such trends will reverre thcmselves without silvicultural inter- 
vention. 

Not surprisingly, publications relating to vegetation man- 
agement rerearch in Canada werc largely derived from prov- 
inces traditionally known for forcst production including, in 
order, British Columbia, Ontario and Quebec, and the number 
of papers providing information pertinent to particular forcst 
rcgions is roughly proportional to the s i x  of each of the major 
Canadian forest regions. with the vast area of the boreal forest 

growth ofcrop trecs, havc been developed and rcportcd since 
1990. These include the application of plant growth regulators 
for enhanccd stocking success and seedling growth in Douglas 
fir (Pseudorseitga rnetiziesii (Mirb.) Franco) [64], nutrient 
loading of black spiuce scedlings to reduce competitivc effects 
L38, 39, 481, and development of Choridrostereum purpureurn 
as a biological control agcnt. An extensive knowledge base 
relating to this fungal pathogen and its potential use for control 
of re-sprouting woody competitor species has bcen gcnerated 
L30, 35, 40, 59, 88, 891. This scientific knowledge base has 
bccn key to the recent registration of Myco-Tech PasteTM 
(Myco-Forestis Coq.)  as the first commercial biocontrol 
agent for forestry in Canada [581, as well as a pending appli- 
cation for registration of a second product based on this sanie 
fungal organism. Developmeiit and registratioii of this biocon- 
trol agent rcprescnts a major breakthrough, particularly in the 
province of Quebec, where herbicide use in forestry has been 
banned. However, a limitcd efficacy spectrum and application 
technology issues have constrained operational use to datc. 

numcroub. 

4. DlSCUSSïON 

4.1. Current status assessrnent 

use of nutneiit loaded stock has becomc a common operational 
practice in mdny rcgions. However, the degree to which other 
approaches and technologies become incorporated into indus- 
trial programs rcmdins to be seen. 

Trend data indicatiiir that 75-8070 of harvestcd forest lands 
Results suggcst that over thc past decade, important 

advances in research and practicc have becn made. Rcsearch 
programs havc been appropriatcly focuscd on key target and 
crop ïpecies, and havc gciierated an increasing knowledge 
base supporting thc principal operational techniqucs used in for- 
est vegctation maiidgcinent across the nation. A iiumber ofpapeis 
directly pertinent to forest vegetation managcmcnt conditions in 
Caiiada havc cnhanccd knuwledgc in basic sub-disciplincs of 
cntical silvics, ecophysiology, and plant autccology [15, 33, 
34,481. as well as competitioii incchanisms and critical com- 
pctitivc thrcsholds [7, 67, 71, 82, 871. 

Scvcral iiinowive approaches and tcchniques for control- 
l inz competing vegetation, or off-setting resultdnt losses iii 

havc bcen successfully regcncrdted and that an increasing pro- 
portion of the arca is frce from non-crop competition (Fig. 4), 
suggests that opcrational vcgetdlion management techniques 
have generally b a n  succcssful. Howcver, succcssful rcgener- 
ation shuuld consider not only stocking levels and conipctition, 
but also the need to indtch spccicr to sitc. Ldck of attention to 
this aspect has Icd to substantivc changes in specier composi- 
tion in the boreal forcsts ofnorthern Ontario, where spmce has 
been replaced by incredsed Iiardwood components in many 
sccond growth foreïts [13, 361. 

At a liner lcvcl of resolution, several vegctation managc- 
ment problcnis rcmain unsolved and there is a general teii- 
dcncy toward curative as opposed to prevcntative approaches. 
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C. Obseivation Period 

In addition. liirther optirniration of niany conventional prac- 
lices rnay be possiblc. For exarnplc, althoiigh the chernical 
rcleasc prograrn is coït-eïfcctive and effcacioiis, it is rcliant 
on essentially one cornpoiind (glyphosate). Few alternative 
herbicides are availablc and, wiih the exception of an 
attcrnptcd rninor iisc registration for irnarapyr, ive kiiow of 
noiie that are iinder developrnent for forcstry Dcspite many 
ycars OC herbicide applications for foreît vegetation rnanage- 
ment, thcrc is still rniich to be learned with rcgard to optirniirn 
timing [51 and the extent and diiratioii of wceù coiitrol reqiiired 
10 rneet silviciiltiiral objectives on specific site typcs [71. More 

Figure 10. Niimber of joiirnal publications pertaining lo 
vcgçtation management in  Canada (1990-present) in  
relation lo (A) major crop species, (B) major competilor 
species or (C) observation period. 

efficient rnethods ollierbicide application have also heen iden- 
tified as a qiiircrncnt, particiilarly for groiind-based lcchniqiics 
and in relation 10 advanccd niethods of aerial application iising 
clectronic guidance systerns lor optimal control and targeted 
deliveiy of the chernical 10 the site. Practitioners offorest veg- 
etation managenient olten identify a nced for changes in legis- 
lation 10 allow for the lise of tank rnixtiircs [7] as ail cltÏcienl 
rneans of çontrolling competing vegetation complexes siich as 
Ruhus/Culun~ug~~is t is /E~~i lob i i~m, or for lise in vegctation 
management in  decidiioiis crop trce and rninedwood silviciil- 
tiiral systcrns. 
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As many of thc key competilor species in  Canada (Tab. 1) 
resprout vigorously froni stems, underground rhizomes, andior 
root stocks, usc of manual and nicchanical tcchniques oftcn 
exacerbate cornpetition problenis or rcquirc repctitivc applications 
which can be cost-prohibitive. In the pursuit of alternatives 10 
chemical hcrbicides, substantial eSfon has becn expended on 
increasingourunderstandiiig of nianual cuttingefficacy 141 and 
optimizing eiticacy bascd on the season and timing ofcuttiiig 161. 

The potential 10 minimize post-harvest vegetation problems 
fiom developing by employing ccnain prevcntative prehar- 
vcst, hawcst, and site-prepnration measures has been discussed 
for ycars 1901. In praciice 10 daie, many of lhese measures ulti- 
mately have little effect on competition-prone sites aiid. as a 
result, trends in  Canada have Icaned away from site preparation 
and early interveiition, with relatively little research and devel- 
opment effort expended 10 explore preventative approaches 
such as altemative harvesting mcthods and larger stock 
(Fig. 8). Moreover, there is a distinct need fordevelopment and 
denionsiration of effective intensive managcment strategies 
that integrate a numbcr of techniques, either concomitantly or 
thiough lime, 10 niaximize growth response and productivity 
of key high value crop species on quality sites. Wagner ct al. 
182, 871 and (60-621 have demonstrated that early and sus- 
tained intervention to control Iierbaceous conipetition yields 
substantial increascs i n  stem dianietcr and volume of sevcral 
conifmous crop specics. Jobidon et al. 141 1 and lhiffault et al. 
1721 have also demonstrated the beneïits of carly releasc from 
cornpetition and, at least in  some cases, a multiplicative effect 
of vegeiaiion conirol when comhined with planling of larger 
stock 1411. Allhougli such intensive vegctation managemeiit 
approaches are commonly einploycd in  othercountncs such as 
the USA, Ncw Zcaland and Australia, vegctation management 
in  Canada has Iaigely been restricted 10 either a single site prep- 
aration or release treatment on aiiy given site, usually focusing 
on oveilopping woody cornpetition. Neithcrof these approaches 
would gencrally be expected to yield maximal crop growth 
response or economic benefits. 

Several independent studies that document significant crop 
growth response benefits resulting from applications of 
glyphosaie (Vision@) supporiihe coniinucd use of this product 
in  terms ofincreased growth rcsponse in  vaiious crops and rel- 
ative to othcr vegetation control methods including brushsaw, 
and triclopyr basal bark treatmcnts in  jack pine 1611, polycth- 
ylcne mulch mats iii hybrid poplar 1741, manual cutting in 
black spruce 1421 aiid repeated mechanical cutting in  Engle- 
mann spruce (Piceo erigelmu~itiii Pamy ex Engelm.) 1211. 
Howcver, as is the casc for cssentially a11 crop growth 
response data iii Canada, these study reçults are short-term 
(< 10 yrs) in  nature and inay no1 accuratcly reilcct treatment 
bcnefits to be cxpected at full rotation. In fact. some studies 
yield confiiciing couclusions as io wheiher such crop growih 
responscs to carly vegetation management treatmcnts translate 
into sigriiiicant incrcases in total stand volume at longer lime 
Sraines (i.c., & 10 Sull rotation agc). Differeiitiation inust now 
bc made bctwecn objectivcs surrounding the maintenance of 
conifer-doniiiiatcd ecosysteins and those per'aining strictly 10 
fihrc produclion. 

In this regard, a concened effort is necessaiy 10 idcntiSy. 
maintain and re-mcasurc prcviously establishcd research plots 
and to cstablish permancnt icscarch sitcs with the potential 10 

address thesc and other long-lem data requircments. While 
somc long-tenn study sitcs havc bcen established (e.g. Cama- 
tion Creek, Cowichan Lake and MASS study sites in  British 
Columbia [ 121, Fallingsnow Sitc iii Ontario 1451), the commit- 
ment and funding support to thesc is often tenuous. Morcovcr, 
although long-lem studies are recogiiized as having substan- 
tial potcntial forefïects on forest management policy (BCMOF 
2001), thcre has been no coordinatcd strategic planning al the 
national level to ensure that appropnate sites, represcntative of 
the major forest regions in  Canada, are selected for compara- 
tive, long-lem, vegetation management studies. Wc suggest 
that rnulii-disciplinary siudics covering larger spaiial scales 
and longer lime framcs, which includc comparativc m e s s -  
nients of new approaches against current industry standards 
and concomitant evaluations of efficacy, crop response eco- 
nomics and environmental effects ai higherlevels of biological 
organization (population, stand or ecosystem level), are 
required to advance science in  this area. 

Furîher, detailed economic analyses required to support the 
need for and bcnefits of various vegetation management strat- 
egics and techniques are scarce in  Canada. As noted by 1541, 
benefit-cos1 analysiç is gencrally considcred the most suitable 
meihod for evaluaiion but may yield differeni rçsulis when 
considered at the stand and forest levels. In their example for 
a hypothetical jack pine forest in  Ontario, an option involving 
heavy sitc preparation. planting of containcr stock, and acrial 
herbicidc application resulted in  a benefit-cost ratio of 5.76 
and an estimated net present value of IO055 $/ha, compared 
10 4721 siha for natural rcgeneration which was the second 
highest value among five other management options exam- 
ined. The paucity of detailed economic analyses is surprising, 
given the necessary industrial focus on costs and retuni on 
investments 121 and undemines Our ability to convince skep- 
tical forest managers, forest certification audiion, and the pub- 
lic of the benefits of vegetation management in Canadian 

In summary, while Canadian forest vegctation managcment 
research and practice have been generally successful, there are 
shortcomings including: 
(i) reliancc on curative chcmical and mechanical methods as 
opposed to more preventative techniques such as the use of 
alternative stocking or harvesting methods, 
(ii) reliance on relatively late release rather than early inter- 
vention approachcs, including site preparation, 
(iii) reliance on a single chemical herbicide (glyphosate), 
(iv) a paucity of data clearly dcmonstrating loiig-tcrm gmwth 
response and economic benclits. 

forcstiy. 

4.2. Key factors influencing the future of vegetation 

In addition, 10 thc land tenure systcm L931 and differential 
provincial niaiiagement policics, which directly or indirectly 
iniluencc Canadian forest management gcncrally, thcre are 
several othernational and international factors that may be pos- 
tulated 10 interact and force change in Canadian forest vcgeta- 
tion inanagement over the next decade. These factors include: 

Increased use of a ü e d v e  harvestinglechniques - although 
clcarcutting has and will probably remain the predominant 

management in Canada 
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silvicultural system in Canada for thc foreseeable future, con- 
tinued national and intcrimtional opposition to this practicc is 
bcginiiing to induce change. For examplc, thc Weyerhauscr 
Corporation in British Columbia has committed to discoiitinue 
clear-cutting on their codstal forest land holdings in favor of 
"variable-retcntioii harvcsting". In  Ontario, increasing use is 
being made of "careful logging arouiid advanced growth" and 
similarly in Quebec, "cutting with protection of regeneration 
and soiis" was mandated by thc Forest Ac/. An approximate 
60% incrcase in use of this use of careful Iogging has occurred 
on the area harvestcd under even-agcd management on Crown 
lands bctwcen 1987 and 1999 1191. Changes in harvesting 
practices may bc expected to alter the dcgrce ofcanopy open- 
ing, soi1 disturbancc and microclimate - al1 of which are pn- 
mary drivcrs influcncing the vegetative community re-occupy- 
ing a site. Hcnce, any change to harvesting practices may 
inducc concomitant changes in both the species mixture and 
intcnsity of vegetation competing for limiting resources. The 
fcw studies nzhich compare succession following alternative 
harvcsting [44, 46, 491, associated vegetation management 
requirements [32, 471 and crop productivity [43,47, 501, sug- 
gest that in some cases alternativc harvesting practices could 
minimize the iiitensity of compctition and resultant need for 
vegetation management incursions, at least within sonie site 
types. 

However, as notcd by Dey and MacDonald [24], techniques 
such as shelterwood harvesting without proper preparation of 
the seedbcd and control of competing vegetation often rcsult 
in regeiicrtioii failurcs. Recent studics invcstigating vcgeta- 
tive responsc to uniform shclterwood haivestiiig techiiiques in 
Alberta demonstrate some reduction in raspbcrry and poplar 
competition, but vciy little impact on Cularnagrostis canaderi- 
xis grass. Similarly, we have observed trembling aspen to 
remain a senous competitor in the understory of Ontario white 
pine (Pinids strolius L.) shelterwood cuts, despite more than 
50% crown closure in the ovcrstory. We havc also observed 
some recent "variable retcntion harvests" that amount to littlc 
morc than complete removals of the merchantable stems and 
retention of the low quality stems and less merchantable spe- 
cies. There is neither the operatioiial experience nor scicntific 
understanding available to deal with the vegctÿtion manage- 
nient problcms that are likely to ensue from such activities. 
Moreover, reccnt studies 1371 psedict that some alternative har- 
vcsting techniques such as group selection cutting may result 
in increased soi1 losses over those induced by clearcuttiiig. 
Such observations emphasize the nccd for full comparative 
evaluations of thc cffïcacy, cost-cffectiveness and environ- 
mental impacts associated with any potential sequciice of sii- 
vicultural cvcnts. Thus, nzhilc altcmative harvestiiig may be 
useful on some sites, it is unlikely to be thc "silver bullct" for 
competiiig vegctation problems gencrally and in many cases 
may siniplyinduce ashift to adifferent setofcompetitivcinter- 
actions and challenges for rcsearcheis aiid practitioncrs alikc. 

Commercial and noir-cornnrercial use of species hisiori- 
cally corisidered a,? weeds - may restrict thc application of 
vegetation managcment techniques in some areas. In pasticu- 
iar, ncw miils o r  niilhng policics hdve been estabhshed to take 
advaiitagc of the widcsprcad and rapid growth of spccies such 
as trembliiig aspeii, previously coiisidered strictly as problem- 
atic competitors, resulting in rcduced regional demand for 

vegetation compctition control. While aspen culture may be 
impostant in some areas, pasticularly for production of ori- 
entcd straiid board products, high quality coiiifcr production 
will undoubtedly remain as Canada's kcy international forest 
product markct niche and the maintcnance of conifer habitat 
will always be a prionty. Thus, it is cntical that programs of 
research and practice maintain focus on intcgrated vegctation 
managemcnt techniques for enhancing growth and production 
of high quality conifer crops. 

The infraduclion of exotic compelilors may also provide 
Canadian vegetation managcment specialists with new chal- 
lenges. As with many ofour  native pioncer "weedy" species, 
exotic plant species such as scotch broom (Cyiims scoparius) 
and gorse (Uiex europueus) are also wcll adapted to highly 
disturbcd conditions such as madsides, providing them a foot- 
hold for funher expansion in to the Canadian forest landbase. 
The potential for thcse species to becomc serious new compc- 
tition problems, pdrticularly in Western Canada, has recently 
been noted 1201 and rapid action to curtail expansion is recom- 
mended. Adopting expertise available from intemational 
rescarch colleagucs and practitioners intimatefy familiar with 
thcse problem specics is an obvious first stcp to controlling 
these and other potential exotic problems. 

Irrcreasing segregation und proleclion of foresi lands are 
expected to coiitinuc, fusther diminishing the forest area avail- 
able for timber. pulp, and paper production. This process is 
alrcady well underway. In 1995, approximatcly 7.6% (roughly 
32 milfioii hcctsres) of Canada's forest land was protected by 
legislation. Since that Ume, many provinces have increased the 
number and sire of protected areas. For example, in Ontario, 
the Ontario Forest Accord resulted in the creation of 378 new 
parks and protected areas, enhancing previously protected 
areas by morc than 2.4 million hectares. As paii of this accord, 
forest industsy, environmentalists and the public have agreed 
that overall production rates and Wood supply to milis will not 
be constrained [56]. Avoiding a Wood supply limitation 
requires devclopment of truly integrated silviculural strategies 
and greater production from less area in Iess time [3]. In the 
short term, these needs are expected to bc niet Iargely by 
increased commercial thinning. In the longer term, intensive 
vegetation management applied to high quality sites may also 
help to offset Wood supply problems and focus effosts on those 
areas with greatest potential cconomic benefit [ i  11. Indirectly, 
intcnsivc managenicnt on these selected smaller postions of 
thc landbasc could result in an overail rcduction of human 
intervention and cnvironmcntal impacts on the broadcr forest 
landscape 181 and may be viewcd as a positive devefopment 
from an cnvironmental perspective as well. 

Biolechnology research has the potential to modify forcst 
vegctation managenient in the futurc, particularly through the 
development of herbicidc-resistant tree species, in a manner 
parallei to dcvclopmeiits in the agricultural sector. However, 
as for any vegetation control technique or other anthropogcnic 
disturbance to natural systcms, use of these biotechnologies 
carry potcntial risks for adverse ciivironmental cffects 1921 
and may bc considcrcd unacccptable by some Canadian pub- 
lic laiidowncrs as has previously been demonstrated for other 
novcl vcgetation control tcchnologics 1861. Whilc opposition to 
such biotechnology in the agicultural scctor appears to be Iower 
in Xoilh America as compared to Europc [ 28 ] ,  we anticipatc 
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ihai subsianiial public oppusiiioii will coniinue lu  consirain 
praciical r e a l i ~ d o n  of ihese pvieniials il1 the Canadian fur.. 
esiry secior. 

Porest certification is considered 10 be a puwerful indirect 
cconomic inceniive influencing foreai vegeiaiiun mariagemeni 
praciice in Canada. Accurding 10 P recenl siaius report [ I l  
approxiniaiely 95% of Canada's 119 million hectares of nian.. 
aged foresi lands have been certified under various 3rd pariy 
certilicatian standards. The high degree of fores1 certification 
demonsiraies a sirong indusiry conimiinieni 10 susiainable for.. 
esiry and inieni 10 meei client demaiids. 

Twgcted governmenf research programs - Sonie exam.. 
ples in ilie lasi dçcade include the fsderal Green Plan, Foresi 
Renewal BC, the Onlario Vegeiaiion Management Alierna- 
iives Program. and the Ontario Foresi Accord. The latter is in 
iis iniiial stages and reflecis a general trend wherein a greaier 
proportion uf the foresied landbase is being allocaied IO parks 
or conservaiion areas in an eflSofl tu  enhance biodiversiiy, aes- 
theiic and recreaiional vaiues, while mure intensive foresiiy is 
conducied on the reduced cornmercial foresi landhase, io 
ensure suslainable iimher, pulp and paper production. The 
Ontario Foresi Accord and relaied Living Legacy Trust have 
forged iiiiiovaiive parinerships aniung governmenis, environ.. 
menialisis, cunimunilies and resuurce industries, enhancing 
invesimeni in vegeiaiion managemeni research and aliering 
the approach 10 naiural resuurces maiiagemeni generally. 
Many consider ihis an excellent mudel which has already and 
will coniinue 10 acceleraie research, developmeni and iniiova- 
Lion in vegeiaiion maiiagemerii resenrch aiid praciice as well as 
foresi managemeiii gencrally. 

5. CONC1,IJSIONS 

Suhsianiid progress has been made in Canadian foresi veg- 
eiaiiun managemeni research over the lasi decade and opera.. 
iiunal programs focused largely un  mechanical site preparaiion 
and applicaiions of glyphosaie foi- conifer release have been 
criiical 10 ihe successful regenei-iiiion uf major foresi crop spe- 
cies in Canada. Despiie ihese advaiices and general operaiional 
success, previous calls (e.g., FRACC 1992; [SOI) 10 reduce OUT 

dcpendence on mechanical site preparaiiun and release wiih a 
single chemical herbicide have no1 been fully mei. Boih the 
research communiiy and indusiry praciiiioners are responding 
10 ncw demands and upporiuniiies associaied wiih a dccreasing 
commercial foresi land base. iniernaiiunal foresi ceriificaiiun, 
new scieniilic discoveries, and aliçrnaiive haivesiing praciices 
now coming inio vogue. New research iniiiaiives should 
include a bdianced fucus on preventative rather than curative 
siraiegies, aliernaiives 10 mechanical siie preparaiiun and 
cheniical release, and develupment ol' holistic vcgeiaiioii mari- 
ügemçni techniques ihai aie consisielil and iniegrriied wiih 
other ril\~iculiural activiiies over the enlire ruiaiioii cycle. 
Kesearch and developmeni o f a  full suile of vcgeiaiion man.. 
agemeni techniques and sirüiegies ihnl are denionsirably cosi.. 
el'feciive, cfficacious and enviionmentally acceptable 10 inter.. 
iiaiional standards will be iinpoilsni in cuniinued evoluiion of 
ü knowledge.-büsed. iniegrüied, and susiainable foresi manage.. 
ment 1551, ensurittg ri coiitinuuus supply of quiility furest prod.. 
ucls 10 Canadian mills wiih minimal <feleieriour effects on the 
muliiple values assvciaied wiih OUT foresi ecusysiems. 
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prepure lhis pîper  fur ihc cuiifereiicc. W e  also wish lu ihunk Lisü 
Verkley for her assislame in prcpuruiioii o f i h e  oiünuscripi as well as 
M. Mihvjluvich and Iwo munyiriuus rwiewers  fur iheir vvluvble 
suggesliuiis in  iiripruviiig ihç Iiiaiiuscripi. 
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PRESS 

Editorial 

POTENTIAL EFFECTS OF HERBICIDES ON NATIVE AMPHIBIXNS: A HIERARCHICAL 
APPROACH TO ECOTOXICOLOGY RESEARCH AND RISK ASSESSMENT 

i n  their recçnt h m k  on ecotonicology of amphihiaiis aiid 
reptilcs. Spai-liiig et al. I I  1 noteù t l iüt  eral  pheiioniena. in- 
cliiding I<ic;ilired p«pulari<iii declines, unuiuelly high iiiaISor- 
niai ion rates. ciidocririe djsruption, aiid loss 01 hiodiversity, 
have l i icused scientific re irch aiid re lulatory iittentim <in 
ainphibims. ii rçlarivçly undersrudicd 01. vcrtehrate or- 
ganisins. Alihough tiniphiiiianï have 10 
a pliysiologically uniquc aiid çcolo~ically impiirtant group OS 
vertehrates, it i s  only within the last dccade that a auhstantial 
body of kiiowledge on amphihian ecotonic<il<igy has heguii 10 

develop. Deterniinin: direct and indirect effects of  agrochcni- 
icak on anipliihian species coiitinues 1 0  hç idcntifieù as a crii- 
ical research need 1 11. M<ire<ivcr, multiple anihropogenic or 
naturd stress Factors d r e n  < m u r  c<inc<iniirantly ii i  ecological 
systenis. Considering multiple stressor interactims in risk aiid 
impact assessinent is important 121. 

Althougli niany aniphiliian species are stroiigly associated 
with forest or w<iodland hahitata aiid population decliiie phc- 
nonielia have hceii repeaiedly ohservçd iri rclarively pristiiie 
cnvironments 13-51, tliere has heeii a dispr<ip<irtionate eni- 
phasis o n  agriculiurül acenariw in amphihian ecotiiniçology 
research. In additiori. a nunihcr of reccnt studies 1e.g. 6-81 
support the gçncral postulate that iiiieractims aiiiong multiple 
stressors, eithcr natui-al or ;inthr<ip<igçnic, niay he iiivolved in 
hoth amphihian declinc aiid higli i n a l S h i a t i m  incidence phe- 
nonieiia. 

In an  cflort to cmrrihute to the arnphihiaii cc<it<inicol<igy 
iriforinariiin hase rclating to these issues, a l-year project in- 
volving c<illühorati<in a m m g  researchers ai the Cariadian F i n  
est Service. the University <if Guelph, and Dainniouth College 
was coiiceived. A tiered serie\ <if investigations wis  iinple- 
niented Io examine thç effects <if two coninioiI Sorest-use her- 
hicide fmiiulations <in aiiiphihians inùigeiiws to rxirtheüstcrn 
North Anierica. 

Chiceptually, the project wüs haseù <in the view tliai ad- 
equate eçological risk cs\ment aiid protçctioii OS weilaiid 
hiora. including aiiiphihians. requires an dcologically iiased 
and coinprchçiisive research program haviiig hoth lahoraiory 
and lïeld studies 191. Potenrial interactive efleci. ainon:: pti 

orq n'ere idcntifïeii iis a key Socus O F  the 
wiirk hecause pH regiines <if Scirçst aetleiids ii i  this area vtiry 
uidely a i  the resulr of hoth natiiral aiid ;intlirop<ipciiic acid 
deposition and the toxic efSccts OS hoth lierhicide< chosen kir 
iii\~eriigatioii are intiucnceù hy pIL 

?lie projecr was structurcd to pariillel regulatory aiid risk 
ment paradigrns exlaiil in horli Caiiaùa arid ihe LISA. 

propressirig in a hierarehical series to include c<imparative lah- 
<iratory ionicity tests inlolving native anuran spçcies a s  weII 

tiple cpccies and I I  

enclosure or tield 
rcprcsentative na tu rd  Iirest wetland coiiditioiis (Tier 111). aiid 

chcinical and hiologiciil iiioniioring studies cmducteù undcr 
conditions direcil!' rclcraiit to silvic-ultural u. 
Ontario, Caritiàa (Tier IV). 

The Sour papcrs appearing in This ,journal issue tire hased 
mi  platïoriii preseiitatims iiiade at the Annual Meeiiiig O F  the 
Society <if Enviroimental Toxicology and Cheiiiistry i n  2001 

of the wei-dl project. These papçrs pertain 
specitically 10 the a nient <if the glyphosate-hased l o ï  
mulatim Vision". wliich dmiinates silviculiural hçrhicide use 
in Canada, arid which is idcntical to the Roundup Original' 
ïoriiiularim uscd enreiisively in the USA and iiiany othercoun- 
tries worldwide. 

III gencral, enperiniental proincols <if Iower tiers OS this 
research projeci wcrï cliar;icterired hy relativcly grcater stan- 
dardization. enperiiiienial control and cniss-coiiipâi-ahility. 
while upper-ticr studies involveci tradcoffc 
trol for iiicreüsed ccol<igical coniplenity and çiivironrnental 
relevancc. Eacli tier of study provides unique and valuahle 
data pertaiiiing 10 poteiitial impacts on  native amphihian spe- 
cies, with hoth contirmatory and discrepaiit resulis ohservcd 
ainong the various tiers <if investigation. In conihinaii<in. the 
research eSlin also touches on  a iiunihcr <if hroader issues in 
amphihian ccotonicology, iiicluding the poiential to enhaiice 
efticiency <if standardixed Iahmmi1-y tonicity testinp thrwgh 
use of central composite rotatalile designs (Tier 1): the validity 
of using X m o I u n  lm as a surrogüte Sor indigçnous ain- 
phihians spccies and the need for appropriate choice of l i f e  
stages in iah<irar<iry tonicity tesring (Tier 1); the need for c m -  
sideration 01' multiple stress and iiiiilriple spçciel interactions 
in ec<it<inicol<igical research, risk nient. and regulatim 
(Tier II): tlie value <if in situ enclosure or mes«cosnl testing 
in ternis of enliancing ec<il<iL.ieal relevaiice and reduciiig en- 
trai>olative crror. parricularly a s  these relate to the iiiitigative 
efècts  <if iiatural dissipation aiid dcgraùatioii iiicchaniirnï 
(Tier I l l ) :  anù the ufility OS nxiiiitoring studiçs to  drlïiie the 
masnitude and prohahiliiy of real-world cnposures as a rrq- 
uisitc o r  prohahilistic risk a. 'inetii and in uintirininp risks 
postulatecl froin lower tier ï tudy results (Tier IV) 

Wc hope that rcaders Mill lind that ihis h d y  of work i s  
eSSeciiw iii characteriiiiig ihc potential risk posed to aniphih- 
ians iis a rcwli <iS the usç of Vision herbicide iii Sorest sce- 
narios, tliat it exemplifies thç xalue 0 1  a hici-archical approacli 
in ecotonicokipy reïeürçh aiid risk asse\cmeiit. and thar it con- 
trihutes 10 aùv;inceineiit in the science of amphihian ecoton- 
icologp. 

Dean Ci. Tlioiiipwn 
1.n i.ir-oiii,ieli/ul (%clr,i.rrr? o,,d Ec,1/,1.ri 
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COMPARATIVE EFFECTS OF pH AND VISION@ HERBICIDE ON TWO LIFE STAGES 
OF FOUR ANURAN AMPHIBIAN SPECIES 
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Ahstraçl-Vision*s, a glyphosîie-bascd herbicide coniaining il 15% (weighi:weighi) polycihoxylilied iilllow amine sur 
and ihe COnCurrC'ni facloi of pH werc ieiied IO dcieimine iheir inleraclive effccis on early life-siilgr murans. Ninriy-sin-hour 
laboraiory Slilliç renewal siudies, using the cmbryoniç and larval life siages (Gosner 2 5 )  of Raita ~ I ~ m i l m ~ ,  R. pipienr, Rufii 
ame?imw4.r, and Xeii«pu.r larvir, were pcrformçd under il cenird composiie roiaiable design. Morüiliiy and the prevalcncc of 
malformarions were modrlcd using gencnlired linear inodrls wiih il profile d e v i a n e  approach for obiuining confidencc inleivals, 
There wils il signifiçani (r, < 0.05) inici.aciion of pH wiih Vision conceniraiion in all ciglii inodçls, such ihai the ioxiciiy of Vision 
was amplified by elevaied pH. l h e  surfacian1 is the mjo r  loxiç componeni of Vision and is hypoihrsized, in ihis siudy, IO be ihç 
source of ihe pH inlewclion. Larvue of R. aiicericnicu.r siid R. cianciia,~ wrre I .5 I O  3.8 iimçs more sensilive ihan rheircorrcsponding 
embiyos, whereas X. laevir and R. pipiriu lilrvile were 6.8 IO 8.9 limes morc sensitive. Ai pH valuçs above 7.5,  the Vision 
COnçCDInlions enpeçied Io kill  5 0 1  of ihc lesi lilrvae in 96-h (96-h Içrhal cimceniniion [LCSO]) were prïdicied I O  be bclow ihç 
CxpcCied environmenid ConCrnimion (EEC) us culculuied by Canadian rcgiiluiory auihoriiics. 'The EEC value represenis il worsi- 
case Sccnilrio for ilerial Vision upplicaiion and is çulculaied assumiiig an applicaiion of rhe maximum label raie (2.1 kg ucid 
cquivalrnis [u.e.l /ha) inlo a pond 1.; çm in dcpih. The BEC of 1.4 mg a.c.iL (4.5 mgiL Vision) was noi enceeded hy 96-h 1.C50 
villiics for ihe embiyo lcsi. Thc larwe of the foiir rpecies were comparable in  sensiii\,iiy. Field siudirs should be complcied iising 
ihe inore sensiiivc lilrval life siage I O  irsi for Visioii ioxiciiy ai ilciuill environmenid conççniruiions. 

Keywords-Vision Amphibians Aquaiiç ioniçiiy Lifc-siagc scnsiiiviiy Genervlized lincar models 

INTRODUCTION 

The glOhd1 phcnomcnon of localized amphibian population 
dcclincs [ I l ,  a high prrvalcncc o f  amphibian malformations 
[Z], and the inCrcasin& prcsence o f  amphibians on thrcatciied 
or endangered spccics lists [31 havc stimulated research in- 
vestigatiiig amphihian response 10 bath natural and anihro- 
pogcnic stressors. In addition 10 habitat dcsiruciion and frag- 
mcniation 131, stressors such ils ciihanced ultraviolet-B 141, 
pesticides [5] ,  acid dcposition [ 6 ] ,  diseasc [7] ,  and parasites 
[8] have hecn shown ta havc significant adverse cffects on 
amphihians. lit naiurill sciiinps. the likelihood of intcractivc 
and indirïcl effects of thcsc stressors on amphihians is "II -  

known. 
oi Cimad;i, ihc haine range for masi nativc amphihian spe- 

cies include forestcd Iandscapcs 191; howcrcr.thcrc is a knowl- 
cdge giip i ~ n  amphihian ccotoxicologicül suidies in this kcy 
coiiipoiicnt of thcir rangc. Hcrhicidci arc a major 1001 used in 
iniinaging coinpciiiig ucgetaiion io hastcn repencration of har- 
vesrcd ioreïts. Over thc l i ls t  decadc, Visionr" (Monsünto Can- 
ada. Winnipcg, MB, Canada). a glyphosate-hased hcrbicidc, 
has accoimicd for more than 80% ot.ihis use piitierii aiid ha\ 
hecn appliïd usiiig preddiminanlly ilcrial tcchiiiques [IO]. Vcg- 
criltive hiIffer m n c s  arc often requircd io niitigutc inputs from 

* 7'0 whoin çi>riespondençc may be iddrcssrd 
(hbiiermiln(di>rç.uoguelpli.ca). 

Presçnied al ihc 22nd Annual Meering of ihc Socieiy of Rnviron- 
inçnlal 'ïooniçoli>gy and Chemisiiy, Beliimim, Maryland, GSA, No- 
veinbcr 11-15, 2001 

aerial applications inlo watcr bodies ihat van bc idcntified on 
large-scale (1:20,000) topographical maps. Whilc buffer zones 
have provcn 10 be  effective for this purpose [11,121, small 
wïllands ihai arc ubiquitous componcnts of forested land- 
scapes are oftcn no1 visible eithcr on topographical maps or 
from ihc air Thcsc small waier hodics are typically not pro- 
tected hy but'fer zones. rcsulting in a subsraniially higher po- 
ieniial for these sysiems io receive direct ovcrspray. Small 
welliinds also show a wide range in physical and chemical 
variahles, including pH. For cxample, data availahle for small 
weilands in Northcin Ontario show ii 95th perceniile rangc of 
pH îrom 4.5 ta 8.5 1131. Well docuincntcd is the inhihition or 
dclay o f  hatchiiig in amphihian cinhryos cxposcd ta low p t l ,  
whcre the periuitelline membranc is prevcntcd from expanding 
with a resultaiit curling effcci of the growiiig cmhryo within 
[14]. Fiirther, lethal conccntrations appcar I O  Vary for Vision 
dcpcnding on the pH of the mcdiii. Wliilc the Iicrbicidai in- 
gredient of Vision, glyphosaic acid, becomcs more toxic to 
fish iind iiqi!atic iiivertchrates as pH is dccrcascd, Vision be- 
comcs more toxic ils pH is incrcascd [ 151. Amphihians that 
uiilize smnll tbiest wctlaiids for brccding ;uid foragiiip iiahitat 
iire potentially adverscly aïfccted hy hoth hci-hicide contami- 
niitioii from off-targct dcpoiition and pH stress. 

The harard for aniphibinn populations cxposed to eithcr 
Vision or pH stress, donc  or in conihination, is not wcll u n -  
derstood. Pesiicidc halard identitication is hased on the rcla- 
lion of the expecied environinental concentration (EEC) 10 
standard toxicological endpoints such as lcthal concentration 
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(1.C) cstimates. In accoi-dmcc with Canadian regulatory aii- 

thorities, the EEC was calculateù as the maximum conccntra- 
tiun of activc ingredient preùictcù to uccur in a body of water 
15 cm ùecp i f  directly ovci-spraycù with the maximum appli- 
cation rate [13,16]. This value is uscd to prcdict a worst-casc 
scenario in the assessineiit of hazard aiid was uscù herc as a 
basclinc valut of environmeiital conceiitriltions fur comparison 
with lahoratury iesults. The EEC for glyphosatc and its sur- 
factant, baseù on thc maximum application rate of Vision at 
2. I kg glyphosate aciù equivalciits (a.e.) a.c./ha, is I .4 mg a.e.1 
1. and 0.20 mgIL, rcspcctively. Acute toxicity testing of gly- 
phosatc and its formulatcd products usiiig aquatic organisms 
has becn vast [17]. Using the Frog Embryu Teratogenesis As- 
say-X<,nopus, Pcrkins et al. [ 181 estimated a 96-h LC50 value 
fur the chemically idcntical formulation, Roundup Original" 
(Munsanto) of 9.3 mg a.c.11.. Using the laivac of four Aus- 
tralian anurans. Mann and Bidwell [19j repurtcd a 48-h LC50 
range of 2.9 to 11.6 mg a.e.11.. Similarly, Folmar et al. [15] 
rcported a 96-h LC50 range for rainhow trout of 1.4 to 1.6 
mg a.e.11. at pll 9.5 and 6.5, respectively. In gcneral. toxicity 
values from the limiteù amphihian stuùics rcported are similai 
to thosc for othcr aquatic organisms [17,201. 

The three native Canadian anurans, Ouf0 aniei-icnnus, Ranci 
pipiens, and R. clnrnitniis 191, and the exotic, Xeiiopus Imvis, 
span varying life-history strategies. In Northern Ontario, B. 
anicricnnus brecùing sites are generally ephemeral ponds. 
shallow streams, or temporai-y ditches whcre egg laying uccuis 
in April to early May. Metamorphosis is rapid with a laival 
pcriod of ahout two months. Both R. pipirns and R. clorniInris 
seek pi-eùominantly permanent watei bodies as hrccding sites. 
Rnim pipiem breeds in late Apnl to early May arid R. rlnm- 
iraris frum May to August. Rann cl<iriiirans uverwinter as lar- 
m e  and i-equire two suminers to mctamorphose whcreas R. 
pipiciis metamoiphosCs in about three months. The completely 
aquatic anuran, X. Inevis, is native to Southern Africa. Xenopus 
Inwis is thc most widely stuùied anuian due to the easc o l  
aùult maintcnance and the opportunitics for breeding at any 
time of the year. Unfortunately, thc rclevance of this spccies 
to Canadian environments for predicting cffects on native an- 
uians is unknowii. 

To further OUI undcrstanùing of how the combination oï  
herbicides and other sticssors aïfect early life-stage amphib- 
ians. thc first pi-oject tiei was ùcsigned as a laboratory study 
and formed the basis of comparison for uppcr-tier studies 
[13,21]. Thc objectives of this tiei weie ( 1 )  to further char- 
acterizc thc cfi'ects oï pl i  on thc toxicity of Vision herbicide 
to early liïc-stage anurms; (2) to evaluate potential scnsitivity 
ùifferences bctwccii the emhryonic and Iarvd stages to treat- 
mcnts uï the combination of pi~i and herhicidc concentration; 
(3) to perfurin an interspecics comparison oï sensitiijity using 
four anuriln spccics, X. Inevir, R. pipiens, K. clninitafis, and 
II. nmericaiius incluùing an asscssment of X. lnevis as a SUI- 
rogatc: and (4) to comparc expccteù environmentil cunceii- 
traions to estiinateù toxicity values for thc purpooes of pre- 
liininary hazarù iùeiitificaiion. 

&ivirr»z. Tmir.ni. Chern. 23,  2004 

M t T E K I A I S  AND METIIODS 

??,sr substniiccs mid <indyrirnl rhrmistr? 
Vision herbicide xws ïormulatcù with a guarantec of 356 

g glyphosatc a.e.11, as thc isopropylaminc sait conlaining a 
15%, (weight:weight) polyethoxylateù tallow amine surfactant 
blcnd, MON O815 (Monsanto. lot PIT8903-301F). Thc con- 
centratioii of glyphosate and its primary degradation product, 

A.K. Bdginton et al. 

nmiiiomcthylphosphonic aciù, weie verifieù using validatcd 
gas chi-omatographic techniques [ 131. Cilyphosatc acid cquiv- 
alcnts weie useù as a basis of comparisoii. Ilowever. the test 
product was thc formulated product, Vision. To convert to mgl 
1. Vision, the convcision is I mg a.e./L = 3.226 ingll. Vision 
"71. 

Culrurr wnre: 

Water used in al1 brecdiiig tanks, contiols. and tretattncnts 
conformcd to the Americm Socicty fur Tcsting and Matcrials 
guiùcline Tor the pcrformance of thc Frog Embryu Teratogcn- 
esis Assay-Xmopus [22]. It was composeù of 625 mg NaCI, 
96 ing NaiHCO,. 30 mg KCI, 15 mg CaCI,, 60 mg CaSO+2iH20, 
and 75 mg MgSO,/L of dcionizcù watcr. To ensuie the main- 
tenmce of pll, il 0.01 M phosphate buffer was added. Prelim- 
iiiary cmbryonic stuùics, using al1 species but X .  n>nericntti<s, 
demonstrated that the presencc of the buffer did not altcr mor- 
tality, the prcvalence of malformations, or embryo length when 
compared with treatments containing no buffer (data not 
show"). Al1 solutions weie pH adjusted using I N NaOll or 
I N IICI. 

Animal cale 

Xenopus lnevis adults werc housed at the llagen Aqualab, 
University of Guelph (Guelph, ON, Canada). Thcse adults 
were maintained under flou-through conditions using filtcrcd, 
irraùiatcd well watei at 18-C under a 12: 12-h 1ight:dark cycle. 
A fceùing rotation of bcef liver and Frog Brittlea (Nasco, Fort 
Atkinson, WI, USA) was providcd biweckly. Xenopiis laevis 
matiiig was stiniulated by injection of 600 IU and 800 IC of 
human choriunic gunaùotrophin (Sigma-Aldrich Canada, Oak- 
ville, ON, Canada) iii the dorsal lyinph sac of males and fe- 
males, respectivcly. Amplexus, egg laying, and fcrtilization 
occurreù within 12 h in a 22°C. darkened ruom. Embryos of 
R. pipiens and B. nmericonus weie field collected from un- 
contaminated sites in Guelph from April to early May in 2001 
and 2002. Kano clnmirnns einbryos weie collected in Junc and 
July of 2000 and 2001. Field-collected embryos weic held in 
22°C culture water at a pH of 7.0 to 7.4 prior to testing. The 
gclatinous coating of al1 embryos was removed using a 2% 
(weight:volume) cysteinc solution prepared in culture water 
and pll aùjusted to 8.1 using I N NaOli [22J. Three clutches 
of cmbryos for B. amcricanus, X. laevis, and R. pipiens and 
two clutches o f  embryos for R. claniirnnr, each from dilferent 
parents, wcie poolcd within species and randomly allocatcd 
to cmbryo and laival test units to minimize parental eïfects 
in the definitive tests. 

7esi prnrcdure-Embryn resr 
The frog embryo teratogencsis asîay-Xeiiopus 1221 is a 

whule-cmhryo test inclusive of life stages Gosner 8 to 10 to 
Gosner 25 [231. Only normally cleaving eiiibryos at Gosner 8 
tu 10 wcic selected for the tests. Eacli cnperimcnial unit cun- 
sisteù of a 60. l j -mm plastic petri ùish containing 20 cmbryos 
i n  10 ml oï  treatmcnt solution. Each tiedtment solution rep- 
rcsentcù il speciîic combiiiation ofpl1 and Vision coiicentration 
(Fig. 1). Treatment solutions weic prcpared every 48 h using 
a 1,000 mg a.c.il. Vision stock solution. though the pli  of the 
treatmcnt solutions were testcù and aùjusted daily betwccn 
prcparations. Trentmwt and contiol solutions wcic rencwcù 
every 24 h. The cxperimcntal "nits weie incubated at 23 2 
2°C. At 24-h intervals, ùead embryos werc recordeù and re- 
movcù and thc number of einbryos that had hatcheù froin thc 
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Effecr of pH and Visim+ on IWO life stages of ïoui anurans biviron. T0xk:oi. Citeiii. 

'ïablc 2. Coniliaiarive sensiiiviiy of the embiyonic und laival stages (Cosnei 25) of foui muran spccies 
IO vinion@ (Monsanm Canada, Winnipeg, MB, Canada) ai rcprcsemarive pH levels of 6.0 und 7.5. Bascd 
on rhçst leihal conceniration (1.C) esrimaies. the einhiyo nrodelr produccd values gieaiei than those of 
the laivae and. in geneial, Vision W B S  more ioxic ai pH 7.5 than 81 pH 6.0. The vsiciisls dcnole a point 

esrimarc 81 or bclow the rxpecled enviionmenial conceniraiion of 1.4 mg acid equivalenls ( u . c . ) / L  
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96-h LClO 96-h LC50 
(mg a.c./l,) (mg a.e./I,) 

(95% confidence (95% alddt."cc 
Spicies Life stage' pH inrcival) inreival) 

6 0  
7 5  
6 0  
7 5  
6 0  
7 5  
6 0  
7 5  
60 
7 5  
6 0  
75 
6 0  
7 5  
6 0  
7 5  

6.2 (4.7. 7.4) 
4.0(3.I.  4.7) 
l.99(1.7.2.0) 
0.85 (0.55,0.87)* 
2.2 (O, 3.8) 
4,3 (O. 7.5) 
2.1 (1.8.3.9) 
1.2(1 O. 1.4)" 
2.6 (0, 6.0) 
2.8 (2.2. 3.8) 
2.1 (1.7,2.5) 
0.89(0.70, 1.1)" 
13.1 (12.3-13.3) 
6.7 (6.3-6.9) 
1.1 ( l .o- l .3* 

0.83 (0.71-0.92)' 

15.6 (12.7.23.0) 
7.9 (7.2.8.71 
2.1 (2.0, 2.7) 

4.8 (4.0, 5.7) 
6.4 (5.8,7.0) 
2.9 (2.3, 10.5) 
1.7(1.5, 1.9) 
5.3 (3.9.9.2) 
4.1 (3.4. 6.4) 
3 .5  (3.0.4.61 
1.4(1.2, 1.7)" 

15.1 (14.0-17.5) 
7.5 (7.0-9.0) 
1.8 (1.5-2.2) 
1.1 (0.96-1.14)' 

0.88 (0.84,0.92)* 

A Embryo = Gosnci 8 IO Cosner 25: lsrvae = Cosnei 25. 

similar. Al pH 6.0, LC50 estimates for X .  Eaevi,s and R. pipiens 
emhryos were similar, whereas B. <ii7ie>-icffnu5 and R. claini- 
fan5 emhryos were similar but aboui lhrce limes more sensilive 
lhan X .  laevis and R. pipiens. Thus, a l  low pH levels, ihe 
models of  lhese two groupings diverged. 

For ihe emhryo tests, X .  lnevis and O. oine>-ica,ru,s did not 
show il signihcant prevalence of  maiformaiions in nny ireal- 
meni coinhination when corrected for the prevalence oïconlrol 
malformalions using Abhott's formula [30]. Malformations oc- 
curred at levels above the conlrols for both R. pipiens and R. 
clninirairs embryos. They were dominaied hy laternlly bent 
tnils in R. pipicns embryos and ahnonnal face, eye, and gui 
dcvelopmenl in R. clamitnns 1241. The generated malformaiion 
model for R. pipieir.s did no1 allow for the allainment of  lhe 
cffcclive conceniraiion required 10 cause malformaiions in 
50%' of the lest organisms (ECSO) because total morlalily oc- 
curred hefore il 50% malformalion rale could he achieved 
(mode1 no1 shown). The model for R. clainitans embryos pro- 
duced EC50 eslimales l l ia l  were no1 diffcrcnl lhan lhe previ- 
ously eslimalcd LCSO values. The leralogcnic indcx was used 
as a measure O S  thc lcralogenicily polenlial of the pHiVision 
conrhinaiions. According 10 ihc American Socieiy for Tcsling 
and Malerials [22], il lcralogenic indcx grealer lhan 1.5 indi- 
cales ihal the les1 subsvance is a suspeci leralogen. This value, 
ohiained by dividing the I.CS0 hy ihe EC50, was cqual 10 or 
less Lhan I for R. clamirms embryos a l  both a pH of 6.0 and 
7.5, suggesiing ihat ihe trealmenls were no1 subslanlially ter- 
nlogenic. Data from concurrent tesls using only pH as il var- 
iahle in ihe rangc of pH 4.5 10 pH 8.5, showed background 
levels of malïormalioirs lhai were no1 pH dcpendcnl (data no1 
shown). No risible malïormalions were evidenl in the larval 
1es1. 

Hatching was >95%> complele hy 48 h for X .  Ioevis, 72 h 
for R. pipims and B. nine>-icoiriis, and 96 h for R. clmnitniis. 
The observalion ihat death rarcly occurred prior 10 halching 
\vas made and supported by the data such that thc nurnber of 
animals halched ai nny  one ohservalional point always ex- 
ceeded the nuinber of animals dend. Furlher, ihe combined 

dealh of al1 emhryo lesis was only 2 %  in ihe hrsl 24 h ,  a lime 
when few 10 no animills had halched. An cxccption was thal, 
in lhree trealmettl combinalions, al1 20 unhatched R. claniirans 
embryos were viable a l  48 h and dead at 72 h. Onc treatmenl 
combination caused ihe same result in X .  Iaevis, wilh denlh 
at48 h. Thrse treiltment combinalions represented those of the 
highest Vision concenlralions and pH and were consislenl 
among test replicalions. Time to hatching was similar belween 
conlrols and trealment combinalions for X .  Eaevis, B. ameri- 
canus, and R. pipicns. Dciayed hatching of R. clainirails oc- 
curred a l  pH 4.5 and pH 5 but wits postponed l e s  lhan 24 h 
in lhese experimenls. 

Lenglh meitsurcmenls for both cmhryos and larvae of  al1 
spccics were no l e s  lhan 61% of the conhol. The mean lenglh 
(millimeiers) and standard deviation for the conlrols al ihe end 
of ihe lesls are shown in Table 3. X .  1aevi.s. R. clamitairs, and 
R. p i p i m s  emhryos showed signilicanl growlh inhihilion 
where growlh was calculalcd as a percenlage relaiive 10 ihe 
controls (Table 3). Significanl growlh inhibilion did no1 occur 
in nny othcr tesls. Correlalion coeflicicnls were calculaied 10 
delcrmine if the factors regulating morlality, pH, and Vision 
concentration also regulaled growlh. Slrong relationships (Y < 
-0.70) were found in four of ihe eighl les ls  where increases 
in moilalily lend 10 a decrense in growlh (Tahlc 3). 

DISCUSSION AND CONCLWIONS 

Single-species Inboralory icsling was employed in an al- 
lempt to furlher characterize the relaiionship helween pH and 
chemical concentralion, 10 determine how species and life- 
stage differences affecled sensilivily, and 10 evdualc ihe po- 
teniinl hazard of Vision usc lo  carly liïe-slage anurans. Lnb- 
oraiory tesling occurred in il liighly controllcd cnvironmenl 
thal was pÿrlicularly advanlageous for lhcse compaiisons. Re- 
lating lahoratory loxicily 10 thal ohserved in the field is of  
uimosi importance for chernicd risk assesSmen1 wilh amphib- 
ians [35]. The information gained in lhese laboralory swdies 
wiis uliimalely ralidated by field sludies 12 l j .  

Thc ndvanlages of using muiliïaclorial lcsling and modeling 
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include the ability to characterire the extent of the interaction. 
the ability for prediction hased on point-estimate generation 
at any level of the variables used in the experiments, andior 
to predict a worst-case scenario. In this study, we used the 
generated models for predictive purposes hy estimating the 
toxicity of Vision at two representative pH values. An ex- 
amination of the 96-h LClO (8.0 mg a.e.iLi and LC50 (9.3 
mg a.e./L) estimates for X .  laevis embryos at a pH of 7.6 to 
7.9, by Perkins et al. [IS], demonstrated that OUT estimated 
values were consistent with the literature. The Mann and Bid- 
Weil [19] sNdy estimated 48-h LC50 values in the range of 
2.9 to 11.6 mg a.e./L for early l a v a i  stages of four Austraiian 
anuran species at a pH range of 5 . 1  to 8. Specific pH ranges 
for the individual tests were not reported. Nevertheless, an 
extension of this study to 96 h would have lead to lower LC 
values than those reported at 48  h. The models generated in 
this study produced toxicity estimates that were consistent with 
the current literature [i5,18,191. 

An increase in Vision toxicity with increased pH was dem- 
onstrated in hoth the embryo and the larval tests. Previous 
research in this area has demonstrated similar results with 
Vision. its agricultural counterpan Roundup Original, and their 
surfactant MON 0818, al1 showing greater toxicity at elevated 
pH levels to rainbow trout FI51 and X. laevis emhryos [281. 
The similarity in toxic profiles of MON 0818 and Vision 
[15.18,28] and the relatively low toxicity of the isopropylam- 
ine Salt of glyphosate "281 demonstrates that the surfactant is 
the major toxic component of the formulation. Because MON 
0818 is a tertiary amine blend with one fatty aikyl group and 
two polyoxyethylene groups attached to a nitrogen atom, we 
hypothesize that it is also responsible for the weak base in- 
teraction with pH. CiIl uptake of many surfactants occurs read- 
ily [361 and it is hypothesired that, at high alkalinities, gill 
accumulation is accelerated due to the high proportion of the 
nonionized form of MON 0818 (-N) as compared with the 
ionized form (-NH+i. A titration of a IO% and 1% solution of 
MON 0818 witha0.1 M andO.O1 M hydrochloricacidsolution 
demonstrated a pKa range for MON 0818 of 6.5 to 7.0 (data 
not shown). This is tangibly evident in the camparison of lethal 
concentration estimates such that, when the ionired form pre- 
dominated (pH 6.0), toxicity was lower than when the non- 
ionized form predominated (pH 7.5). Similarly with rainbow 
trout and bluegills, the toxicity of Roundup Original was low 

Fig. 2.  Combined ioiiciiy of ihe herbicide Vision" (MonsanioCanada, 
Winnipeg, MB. Cunada) and pH to Xr?iopu.r inrvb (A, momliiy = 
2.3 - 0 . 6 6 ~  - 1 0 . 3 ~  + 2 . 3 p  + 1.5-i and Rnnn cinmirmis (B: 
momli iy  = -4 .5 + 1.11 - 6 . 6 ~  - 0.16~' - 2. ly  + 2.2ry)ernbryos. 
Posiiive inieraction beiween Vision conc~ntraiion and pH indicaied 
ihai Vision ioxicity would be predicied 10 increase wiih increases in 
pH. Concenuaiion values are reported as log,,, uansformed. in  gly- 
phosaie acid equiva lenü  ( a . ~ . ;  1 mg a.e.lL = 3.226 mglL Vision). 
Generaied probit values were uansformed Io the probabiliiy scale for 
the standard normal distribution. The S-Plus" (S-Plus 2000 Profes- 
sional Release 2, MaihSofi. Cambridge, MA, USA) is capable of 
calculating predicied Y ~ I U C S  for the generaiion of a ihrre-dimensional 
circular graph. Howeuer. for illusiraiive pulpmrs. the graphed ponion 
of the mcdel lies wiihin the square outlined in  Figure 1 

Table 3. Lengihresulisfollowingthe eaposureoffouranuranspecies ai iwolife siagesiothecombinaiion 
of pH a n  Vision* (Monsanio Canada, Winnipeg. M E ,  Canada) conïenuaiion. Only animals surviving 
ai the tesi end were measured. An asiensk denoies significuni ip < 0,05) growth inhibition. where 
growih is calculaied as a perceniage relative IO ihe ~ ~ n i r o l s .  Correlaiion coefûcienis were calculaied I O  

deiermine ihr relaiionship between perceni momliw and [>erceni erowih 

Conelaiion 
Mean lengih coefficieni 

specirs Life stase' conuols (mm) inhibition % erowih> 
(SD) of Greaiesi growth (Pu momliiy: 

xenopio inevir Embryo 9.7 (0.52) n 3 w  -0.87 
1-W"E t 1.4 (1.2) 82% -0.94 

Bu/" noier imnu Embryo 7.8(1 .5)  61% -0 .45 
Larvae 11.3 (0.52) 82% -0.98 

Hom <-inniirnnr Embryo 8.5 (0.32) 861' -0.75 
Larvae 15.2 (1.6) 92% -0.43 

Xnm pipirar Embryo 10.6 (0.88) 87%- -0.t3 
Larme 13.2 (1.6) 6 8 1 D  -0.65 

'Embryo = Gosner 8 to Gosner 25: larvac = Gosner 25: SD = standard deviaiion. 
Only m e  remaining. 
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at pl i  6.5 but higher and stable at pl i  IevcIs at and above 7.5 
[15]. It follows that the major toxic cornpunent of Vision is 
its strfactant and that the surfactant is likely rcsponsible for 
thc weak basc interaction with pli .  Based on this information, 
future studies using Vision or Roundup Original may wish to 
focus on the mcasuremeiit of thc surfactaiit ils opposed to the 
glyphosatc-active ingrcdicnt. Currently, however, analytical 
techniques for MON O818 are unpublished. 

Larval amphihians. based on limitcd testing, have been 
found to be more sensitive to chemical contaminants tlian eni- 
bryos 137-401, newly hatchcd embryos at Gosner 18 to 20 
[39j, or juvenileladult amphibians [14,40]. In the studies re- 
purted herein, the Gosner stage 25 Iarvae oî d l  four specics 
werc more sensitive to the trcatments than their embryonic 
cuuntci-paris, alheit in varying ratios. Onc possible reason for 
this disparity is a lack or insensitivity of target orgÿns in the 
cmhryonic stages compared with Gosner 25, leading to dif- 
fereiitial exposure tiines of sensitive target organs in thcse 
tests. Anothcr possible reason is the exclusion of the cheiiiicd 
by embryonic membranes. The target organs for Visioii and 
its components are currcntly unknown in amphihians. How- 
cvcr, surfactants have been demonstrated to cause lysis of gill 
epithelial cells in rainbow trout [41]. Full development of the 
gills occurs betwecit Gosner 21 to 23 [231. In thcse tests, the 
exposure of fuiictional gilled stages to Vision was shortcr for 
the ciiibryonic experimeitts (2-3 d depending on species) in 
comparison with ihe larval experiments (4  dj.  As is known 
that surfactants affect the ability of the gills to maintain os- 
motic balance, thdt exposure times of fuiictional gills differed, 
and thc observation that dcath in the embryo test predomi- 
nantly occurred following hatching, we coiicluded ihat the 
significaiit upiake and effccts caused by Vision oçcurrcd during 
exposurc of those stages containing functional gills. Thus. the 
lack of functional gills during most of the early embryonic 
exposurc may partly explain the increased tolerance of  em- 
bryos IO Vision as compared with thcir Iarval countcrparts. In 
addition to a lack offunctioiiiil gills, it appcmed, in mostcases, 
that the pcrivitelline membraiie uffered protection to the em- 
bryo, a hypotliesis that has been advanccd by other rcsearchers 
[38,391. It was apparent that, wheii thc concentrations ofMON 
O818 in the nonionized îorm werc extremely high at elevated 
pli, dcath of the entire cxperimental unit occurred despitc the 
perivitelline mcmbrancs of al1 animals remÿining intact. In 
these casCs. any protectioii uffered hy the perivitcllinc mem- 
hraiie m u t  have been overcomc, leadiiig to increased accu- 
mulation of Vision rcsulting in death. Life-stage sensitivity 
differences have implications for animiils i i i  the field. For many 
native Canadian amphihians, thc Gosner 25 stage is the longest 
larval stagc in their dcvclopmeiit. It is grcatly protracted in R. 
clrr~iiiinns and K. cafcsbeinnn. where the ovcrwintcring stage 
is Gosner stage 25. Vision herbicide is applied in latc spring, 
consequently uverlapping with larval stages of amphibians that 
Iay thcir cggs i i i  early spring (e.g.. H. niriericnnus, R. pipirns).  
The hcrhicide is alsu sprayed periodically throughout the sum- 
mer iiionths, uverlapping many spccies larval pcriods. Life- 
stage seiisitivity differences ~ I S O  havc implications for animal 
fidd testing. Bascd ou the evideiice provided hcrc, further 
limnocurral 1211 and in situ [13] bioassay work included the 
Gosner 25 stagc. 

The case of iiiaintiiining and brcediiig adults .uid ihç case 
of culturing carly life stagcs of X .  Iaeiis miike this amphihian 
modcl a popular lahoratory aiiimal. Based on a comparison of 
1,CIO and LC50 estimates, the sensitivities of the rour larval 
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anuran specics wcre comparahlc wherezs thc embryoiiic tests 
showed X .  lnevis and R. pipicns embryos three times less 
sensitive than thc K. clnrnifonr and ü. nniericnnus embryos. 
This study parallels another study using the Rclease herbicide 
at varyiiig pH lcvcls [381. In that study, the larvitl stages of 
thc samc spccies wcrc cquiseiisitivc whcreas the R. pipielis 
embryos were slightly l e s  seiisitive (1.3-1.8X) than the em- 
bryos of the other species. A comparison ofspecies scnsitivity 
hased on the endpoint of growth was inconclusivc. Three of 
the four embryo tests and nonc of thc larval tests showcd 
sigiiificarit growth inhibition. The treatments didn't consis- 
tcntly cause growth inhibition and/ur the tests wcre not long 
enough to ohserve such inhibiiion. Spccies responded similarly 
with respect to hatching and malformations. Although the time 
to hatching was variablc, depcndiiig on the species. this end- 
point was not dependent on eiiher the conccntration of Vision 
uscd or the pt? of the treatment (cxcluding the minor exception 
of the 24-h delayed hatching of R. clnniiians in low pli treat- 
ments relativc to the controls). For malformations, although 
the Ranid spccies were the only ones that showed malformation 
rates greater than the contiols, al1 specics demonstratcd that 
the treatments were not teratogenic. Although using X .  laevis 
as a surrogate speçies for the three natives seems appropriate 
here, the authors caution agdiiist using X .  Ineiis as a surrogate 
i i i  al1 anuran toxicity tests. Amphibian ecotoxicology contam- 
inant studies, surveyed from 1972 to 1998, constituted only 
2.9% of al1 vertebrate ecotoxicology citations. When based on 
their relative class s i x ,  amphibian studies should be repre- 
sciited hy at least 1 1.4% of the ecotoxicological literature base 
[42]. The infancy of amphihian ecotoxicology and the rela- 
tively few contilminant studies in the litcrature make it difficult 
to deterinine if the biological responses of X .  lnevis are similar 
to native anurÿn responscs for other chcmicals and endpoints. 

The importance of determining a worst-case scenario may 
allow for a more coiiiprehensive approach to hazard identifi- 
cation. For this situation. the worst-case scenario would iii- 

clude a highly alkaliiic wetlaiid ovcrsprayed with Vision during 
cdriy iarvai anuran stages. Ldburatory tests, such as those con- 
ductcd here, justify the need for higher tier testing because, 
using a hazard quotient aiialysis to risk characterization (EEC/ 
LC50) 1431, three timcs out of four, the quotient was greater 
than one whcn larval toxicity estimates at pl i  7.5 werc uscd. 
Based on this information. wc concludcd that, at EEC levels. 
there was an appreçiable concern of advcrse cffects to larval 
amphihians in neutral to alkdline wctlands. Thc finding that 
the mean pH of Northcrn Ontario wetlands is 7.0 [13] further 
compounds this conccrn. To undcrstand thc risks associatcd 
witli Vision in forcstry situations, actual cnviruiimcntdl con- 
centrztions following a spray cvent m u t  bc determined 
I13.431. The higher level tiers in this project link exposure 
assesment and anuran toxicity, lcading to an uiiderstanding 
oftlie risk associatcd with this herhicide to native anuran larvae 
in Northern Ontario forests [13,211. 

A<-kiio>i.leii~enie,ii---Fimdin% v a s  provided hy ihc 'Toxiç Subsianccs 
Rcscafch Iniiiaivç of Healili and Environmeni Canada and the Natural 
Sciences and Rnginccring Kcsearch Council, 'The vuthos wish IO 

ihank Shnna Truani, Rohcri Braham. and John Holt. 
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