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ABSTRACT 

The environmental persistence and behavior of glyphosate and its major metabolite -
aminomethylphosphonic acid (AMPA). were in"Vestigated in terrestrial components of a Canadian 
coastal forest watershed, fOllowing aerial application of ROUNDUP herbicide. The uniformity of 
herbicide deposition resulting from rotary-wing application with a MICROFOIL BOOM was assessed 
through analyses of deposit collectors and initial soil residues at three sampling sites located 
in the upper, middle and lower sections of the watershed. Samples of soil frol11 three depth-layers 
were analyzed to determine the persistence and leaching of glyphosate and AMPA in both seasonally 
flooded and well-drained soils. In addition. foliage and leaf litter of two brush species. 
salmonberry (Rubus spec/Qbilis) and red alder (Alnlls mura Bong) were monitored to determine 
initial foliage residue, residues associated with leaf litter and to estimate the degree of 
residue input via leaf fall. 

Both the deposit collector and soil residue methods pro\'ided average estimates of initial 
deposit rates (2.52 and 1.85 kg/ha. respectively). which were reasonably close to the .nomi nal 
application rate of 2.0 kg/ha. Both data sets also indicated that deposition rates varied greatly 
between different sites. ranging from a low of 0.60 kg/ha to a high of 3.42 kg/ha. Time of appli
cation. meteorological conditions and individual site characteristics may all ha\'e contributed to 
variable chemical deposit. 

Analyses of initial foliage samples also indicated highly variable chemical deposition. 
Residue levels in both salmonberry and leaf litter collected 15 days post-application were signif
icantly lower (P >0.05) than initial foliage residues. Subsequently. leaf litter residues of 
glyphosate and AMPA in both species declined over time and less than 17< remained 29 days 
post-application. The significant difference between initial foliage residues and the first leaf 
litter residues was attributed to wash-off resulting frol11 a rainfall event \\'hich occurred I day 
post-application. The results indicate that while leaf-litter residues would be an unimportant 
transient source of chemical contamination. wash-off of unabsorbed foliage residues may provide ali 
important non-point source input. if rainfall occurs shortly after application. 

Soil residue determinations showed that both glyphosate and AMPA were retaincd primarily 
in the upper, organic-rich soil layer. 0-15 CI11. Of 6.1 determinations of mean glyphoqtc diqri
bution, only 10 data points indicated greater than 107c of total soil core rcsidue in thc 15-30 cm 
layer. No quantifiable residues were detected in samples taken from the 30-35 (Ill lan:r. Re5i
dues of glyphosate declined with time at all locations so that onlv 6-18<-; of initial b'~ls 
remained after 360 days. Declining glyphosate residucs coupled with tr;lnsicnt incrcascs in AMrA 
residues were indicative of microbial degradation. Insufficient replication. high \ariabilitv in 
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soil residues and site location effects on chemical behavior prohibited accurate derivation of 
persistence endpoints by regression analysis. However. pooling of the data provided an 
approximate time to 50% dissipation of glyphosate from watershed soils of 45-60 days. The results 
of this one-year monitoring study indicate that glyphosate and its major metabolite AMPA are 
non-persistent in terrestrial components (soil and leaf-litter) of a Canadian coastal rainforest 
watershed. In addition, the data clearly showed that neither glyphosate nor AMPA are susceptible 
to leaching under the conditions studied. The data provide no evidence of potential for long-term 
groundwater or surface water contamination as a result of inputs from terrestrial substrates. 

INTRODUCTION 

The herbicide ROUNDUP I (active ingredient - glyphosate). received federal registration for 
silvicultural use in 1984. Since that time. use of this chemical in Canada has been steadily in
creasing. The environmental fate and persistence of glyphosate in soils has been extensively in
vestigated by a number of researchers (Rueppel et al. 1977: Edwards et al. 1980; Hance 1976; 
Sprankle et al. 1975; Muller et al. 1981; }'foshi~rand Penner 1976).-However, the majority of this 
research haS-been conducted In the United States and pertains primarily to persistence and adsorp
tion in agricultural soils. The environmental behavior of glyphosate in other terrestrial eco-
systems has been less thoroughly studied. Newton ~~. (1984) and Torstensson and Stark (1981). 
have both reported on the fate and behavior of glyphosate in forest soils: both studies indicating 
that glyphosate is relatively non-persistent. Torstensson (1985) indicated that the persistence 
of glyphosate in soils is affected by a multiplicity of factors that mediate microbial activity. 
the primary mechanism by which this herbicide is degraded. 

In the coastal area of British Columbia. typical climatic conditions include frequent 
autumn and winter rainstorms with annual rainfall often exceeding 2000 mm annually. The results 
of such a precipitation pattern are: areas of high water table. seasonally saturated soils and 
frequent surface runoff events following major storms. Typically. soil profiles in the floodplain 
of coastal forest watersheds are highly stratified into organic-rich (30% or greater organic 
matter content) upper horizons, underlain by coarse-textured mineral soils, low in organic matter. 
Th us, from a purely physical standpoint. terrestrial forest ecosystems are vastly different than 
the more homogeneous agricultural soil systems that are traditionally studied. The potential for 
vertical leaching, loss through surface runoff and persistence of glyphosate under such soil and 
climatic conditions is unknown. 

A relatively large amount of information is available with respect to the fate and be
havior of glyphosate in plants. However. most of these studies have been conducted on agricul
tural crops or specific weed species. which may have little relevance to typical crop and weed 
species in forest environments. Newton ~~. (1984) monitored the persistence of glyphosate in 
red alder (Alnlls rubra Bong.) and other forest hardwood species. Lund-Hoie (1976) reported on the 
uptake, distribution and metabolism of this herbicide in spruce (l'icco obics) and later in two 
brush species - ash (Fraxilllls excclsiOl) and hi rch (//Clli/o \'crruCOS(l) (Lu nd- Hoie 1979). Putnam 
(1976) studied the translocation and persistence of glyphosate in various deciduous fruit tree 
species following basal bark applications. During aerial application of herbicides. chell1ical is 
intercepted primarily by the broad leaf-target species. The herbicide may persist in or on the 
leaf tissue until senescence and leaf fall during autull1n. In this way. chemical may be trans-
ported to the forest floor in the form of leaf-litter residue. The degree to which foliar inter-
ception and deposition (via subsequent leaf fall) occurs has not been adequately quantified. 

I Registered trademark of Monsanto Agricultural Products Co .. St. Louis. Missouri. 



67 

Although an extensive data base exists with respect to the environmental fate and be
havior of glyphosate in terrestrial ecosystems" little is pertinent to the conditions typical of 
the western coastal forest region where glyphosate receives widespread use for conifer release and 
site preparation. Federal and provincial regulatory agencies require further information on the 
fate and persistence of glyphosate relevant to its operational use under local geological and 
climatic conditions. 

The research described in the following manuscript was undertaken to provide data rele\'ant 
to the concerns of federal and regional regulatory agencies in Canada and to address questions 
that are inadequately dealt with in the current literature. 

The specific objectives of the study were: 

a) To assess the uniformity of de\fsition of glyphosate following a rotary-wing. aeri:11 applica-
tion with a MICROFOIL BOOM . under near-operational conditions in :1 coastal British Columbia 
watershed. 

b) To monitor the persistence of glyphosate and its major degradation prGducl. A~!PA. in l'Oth 
well-drained and seasonally flooded soils over a one year period following aerial application. 

c) To determine the leaching potential of glyphosate and AMPA in soil s\stems typical of a 
coastal British Columbia watershed. 

d) To determine the initial residue levels associated with the major target species and to moni
tor the degree to which residues are transported to the forest floor as leaf-litter residue. 

MATERIALS AND METHODS 

Site Description 

The experimental study site is located in the Carnation Creek watershed on the west coast 
of Vancouver Island, British Columbia (48°50·N. 125°2'W). about 200 kl1l west of Victoria (Fig. Il. 
The 10-km watershed is within a coastal hemlock and cedar ecozone (Krajina 1969). Annu;t\ precipi
tation ranges from 2500 to 3800 mm and occurs primarily from October through ~!:trch (Hetherington 
1982). The study site was clear-cut in 1975 and site-prepared and planted in 1976 (Drybur~ 1982). 
At the time of chemical application (September 1984). thick vegetation dominated lw salmonberry 
(f?,ubus spcctabilis Pursh) and red alder (Ahws rubra Bong.) covered the area. rangi~~ in heifht f~-
om 1.5-2.5 m and 7-10 m respectively. Characteristics of soils within the watershed (Table I) 

were determined from samples taken immediately prior to herbicide application. 

Site Preparation 

Three soil sampling sites ,",'ere chosen within the watcrshed as indicated in Figure I and 
Table 2. Soil sites were selected in both the upper (stations I-J) and lower (statioll5 7-9) 
sections of the watershed to monitor persistence and leaching in well-drained soils. The mid
watershed soil site (stations 4-6) was established in a low-lying area kllowil 10 be se;lsonalh 
flooded. At each site. three 5 x 5 m areas were c1earcd hy rcmoving aho\'c-grollnd \cgctali01l. 

2Rcgistered trademark of Union Carbide IIlc.. Ambler. Pcnll5vlvania. 
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Table I. Soil characteristics of the Carnation Creek Wltershed study ~ite 
-----------------------------------------------------------------------------
Soi I 
I:epth OM ar: N P K III Sand Si It Clay 
(an) (%) (%) (ppn) (%) (%) (%) (%) 

-----------------------------------------------------------------------------
Stat ions 1-3 

0-5 30.39 45.85 0.60 17.05 
5-15 19.47 51.33 0.50 15.18 
15-35 9.28 26.37 0.21 1.47 

Stations 7-9 
0-5 30.90 50.47 0.12 54.04 
5-\5 14.88 48.13 0.84 10.55 
15-35 10.21 27.44 0.07 1.03 

CEC=Cation exchange capacity 
N = Ni trogen P = Phosphorous 

0.03 4.94 55.85 23.70 
0.02 4.55 55.79 23.73 
0.01 5.28 62.01 17.50 

0.03 4.49 62.02 24.99 
0.02 4.20 54.68 24.90 
0.01 4.65 65.80 16.23 

OM=Organic nutter 
K= PotassiUll 

20.46 
20.48 
20.49 

12.99 
20.42 
17.97 

Table 2. Herbicide appl icat ion data for the Carnat ion Creek Wltershed study 
s i te** 

.Appl icat ion speci fics 

Sarpl ing 
stat ions 

Soil (1.2.3) 
Leaf-litter (A-l*) 

Soi I (4.5.6) 
Leaf-litter (S-I*) 

Leaf-litter (A-2.S-2*) 

Soi 1 (7.8.9) 

Dlte Tin-e 

06-09-84 1935-2005 

14-09-84 1430-1539 

14-09-84 1730-1814 

06-09-84 1900-1925 

* A-I/A-2 =Alder - stations \ and 2. respectively. 

N:minal rate 
kg/ha 

2.0 

2.1 

2.1 

2.0 

S-I/S-2 =Sa1nonberry - stations I and 2. respectively 
** Reynolds et al. 1989 + --

Trea!n-ent areas as shOJ-fl in Figure 1. 

Trea tn~nt 
area 

I I I 

I I I 

large debris and slash. with minimal disturbance to the forest floor. Three replicate sampling 
stations were created. At each site. a total of eight deposit plates. each with a surface area of 
400 cm 2 . were placed around the periphery of the sampling stations. The deposit collectors were 
used to provide an estimate of the initial residue deposited on the soil surface and to allow 
assessment of the uniformity of chemical application llsing the MICROFOIL 1300\1. 

Duplicate leaf-litter sampling stations were established in each of two separate 3reas 
dominated by salmonberry and red alder respectively (Fig. I and Table 2). Sampling plots for 
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interception Cjtimates were at sites removed from those used 10 determine leaf-litter residues. A 
total of 20 m surface area of nylon mesh was placed under appropriate species to trap leaf
litter, thus providing a sample substrate for leaf-litter residue determinations. 

Herbicide Application 

ROUNDUP (isopropylamine salt of glyphosate) was applied at a nominal rate of 2 kg:ha 
active ingredient with a 8ell-47 helicopter and a MICROFOIL BOOM equipped with 1.5 mm hayrad 
nozzles (Reynolds et at. 1989). The volume application rate was calibrated to be 258.25 Llha. 
Due to inclement ;-eather conditions. chemical applications were made O\'er a 9-day period on II 
spray blocks (Fig. I and Table 2). During application to the pertinent areas. meteorological 
conditions monitored by the weather station established near the mouth of Carnation Creek were as 
follows: relative humidity - 61 %, air temperature - 24°C. windspeed - 11 km/h. 

Sampling Methodology 

Soil samples were obtained from each sampling station with a Campbell soil coring de\ice. 
as described elsewhere (Feng and Klassen 1986). Soil cores were taken to a depth of 30 cm and 
each core was sliced into three sections corresponding to soil depths of 0-5 CIll. 5-15 CIll and 15-30 
cm layers respectively. Volume. fresh weight and air dry weight were determined for each layer. 
These determinations allowed computation of moisture content. bulk density and residue concentra
tion on both an area and dry weight basis. Soil samples were collected before and immediately 
after chemical application and thereafter on an increased temporal spacing (i.e. 3 day intenals 
for the first month, weekly during the second month. biweekly for the third month and monthly 
between the fourth and twelfth months). The exact times of soil sampling are presented in 
Appendix I. 

Aluminum foil sheets (400 cm
2

) on corrugated cardboard plates were used to provide initial 
deposit samples. Deposit sampling sheets were collected immediately following chemical applica
tion, packaged. stored and shipped according to procedures as described by Feng and Klassen 
(1986). 

Fresh leaves were collected immediately following treatment by felling a representative 
tree (red alder) or clipping brush (salmonberry). Individual leaves were then harvested to 
provide a composite sample for each species at each sampling site. Leaf senescence began in mid
September 1984, and leaf-litter samples were collected from nylon mesh traps between 0 I October 
and 30 November. Samples of leaf-litter were collected biweekly generally and on a weekly 
schedule during the peak leaf fall period. Details of sampling methodologies for all substrates 
are reported by Feng and Klassen (1986). 

Residue Analysis 

Formulation analysis 

Samples of ROUNDUP formulation 056 g a.i./L) were collected before mixing for arplication 
and kept at ambient temperature. Quadruplicate I mL aliquot, were serially diluted (105 Xl with 
K~2PO 4 buffer solution as describe~ in Table J. The diluents were filtered with Millipore filter 
unIts (Mlilex HV, 0.45 flm) and subjected to high performance liquid chromatographic (HPLC) 
analysis for glyphosate and its major degradation product - aminolllethviphosphonic acid (AMPA). 
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Table 3. Speci ficat ions of HPI..C instnnentat ion 

Carponent 

m.c System: 
D!tector: 
D!rivatization System: 

Analytical (blum: 
OJard Colum: 
lvDbi Ie Phase: 
F\o.v Rate: 
Colum Temperature: 

Tank mix analysis 

Speci ficat ion 

Varian Mxlel 5560 Ternary HPI..C. Mxlel 8085 Autosarpler 
UV-200 variable wavelength detector set at 570 rrn 
Ninhydrin post colum reactor (loo°C) 
System VMxlel 5000 (Varian Inc.) 
Bio-Rad lminex A-9 IO ern X 4.6 nm i .d. 
Bio-Rad lminex A-9 (K+ form cartridge) 
0.005 M~ro4 buffer in 4% nethanol If! = 1.9 
0.5 nUmin (iso-crat ic) 
50°C 

Tank-mix samples (400 mL) collected immediately prior to application to 1;reatment Area 
III. were stored frozen until analyzed. Duplicate I mL aliquots were diluted (loj X) in buffer 
solution. filtered and analyzed for both glyphosate and AMPA, as described above. 

Deposit collector sample analysis 

Residues of glyphosate and AMPA were extracted from the deposit collecting sheet by a mul
tiple rinsing/shaking and sonicating procedure using 0.1 N HCI as the extraction solvent (Feng and 
Klassen 1986). The extracts were then subjected to cation and anion exchange column cleanup prior 
to quantification by HPLC analysis. Herbicide quantities (glyphosate plus M1PA as glyphosate 
equivalent) on the deposit plates. were converted to kg/ha rates using the equation: kg/ha = 2.5 X 
IO -4 x R where R = total residue (Ilg) per deposit collector (400 cnf. ). 

Leaf-litter and foliage sample analysis 

Whole samples of foliage and leaf-litter were air-dried and macerated by passage through a 
Hobart chopper. Finely chopped particles were mixed in large. inflated. plastic bags, to provide 
a homogeneous sample. From the homogenized samples, two subsamples (5 g) were taken and used for 
determination of oven-dry weight and for residue content, respectively. The anal:1ical procedures 
used for leaf litter and foliage sample analyses are detailed in Thompson ~ ~. (1989). Briefly, 
the method involves triplicate extraction with 0.5 M NH

4
0H. pre-concentration on an anion exchange 

column, cleanup via cation exchange, evaporation, solvatIon in mobile phase solution and HPLC 
analysis (Table 3). Results were corrected for recovery efficiency of the analytical method 
(Table 4) and reported as /lg per g of oven-dried leaf tissue. 
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Table 4. Val idat ion data for analyt ical rrethods 

Fort if. N Analyte % Recovery lQ)i' lCQ"* 
Substrate ----------------------------

level M!an :±" s. d. (cV70) 
-----------------------------------------------------------------------------
Leposit Collector + + 

Hums Soi Is 0.1-6.0 132 G.YHi 77.7 + 8.9 (11.56) 0.05 0.10 
.025-1.5 132 JM>A 67.7 ± 10.9 (16.09) 0.01 0.03 

Mineral Soi Is 0.1-6.0 30 G..mI 73.5 + 7.7 (l0.53) 0.02 0.05 
.025-1.5 30 JM>A 58.2 ± 10.9 (12.77) 0.02 0.05 

Leaf Litter (5) 0.5-5.0 4 G..mI 84.4 + 5.3 (6.25) 0.10 0.30 
0.1-1.0 4 JM>A 54.7 + 1.7 (3.21 ) 0.03 0.08 

Leaf Li t ter (a) 0.5-5.0 4 amI 81.3 + 7.7 (9.47) 0.10 0.30 
0.1-1.0 4 JM>A 60.9 ± 12.2 (20.03) 0.03 0.08 

All values presented in terms of ppn = J.1g/g dry nms (for sol ids). 
* I.Q) = I imi ts of detect ion = detector response equivalent to 2X S:J'l" rat io. 
**lD:>= limits of quantification = detector response 6XS:N ratio; 
+UJD and UJQ values for deposit collectors equate to 2.5 X 10-5 and 1.25 X 

10-4 kg/ha respectively. 

Soil sample analysis 

Soil samples obtained from the Carnation Creek study site were immediately frozen, shipped 
and stored under cold (-10°C), dark conditions until analysis. Owing to the large number of sam
ples of various substrates taken during the course of the study and the requirement for priority 
on aquatic substrates. soil samples were not analyzed until 2 years after the study was initiated. 

Subsamples (5 g) of air-dried and homogenized soils were extracted three times with 0.5 M 
NH4 0H. Extracts were diluted to 1800 mL. concentrated on an anion exchange column and processed 
as described above for leaf-litter and foliage samples. Aliquots (100 J.1L) of the final solutions 
were analyzed by HPLC (Table 3). Results were corrected for recovery efficiency of the analytical 
method (Table 4) and reported as J.1g of glyphosate per g of air-dried soil. For samples taken at 
O-time. soil residues (glyphosate + AMPA as glyphosate equivalent) were converted from total 
micrograms found to initial deposit in terms of kg/ha. using the following equation: 

RlNI0 = kg/ha 

where R = initial residue (total J.1g of glyphosate and AMPA) 

A = cross-sectional surface area of soil auger (78.54) 
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High Performance Liquid Chromatography (HPLC) 

Determination of glyphosate residues in environmental 5unstrates continues to be one of 
the more difficult aspects of herbicide analytical chemistry. :-\ \ariery of methods are described 
in the literature, with some validation data also available (Lund~ren 1986: Monsanto 1986: Seiber 
et al. 1984; Glass 1983; Edwards et al. 1980: Moye and St. John 1980: Monsanto 1977). The analy
tical methods used for determination of AMPA and glyphosate in soil and leaf litter samples were 
modifications of the Monsanto (1986. personal communication i method. supplied courtesy of Dr. J. 
Cowell, Monsanto Co. Inc .• St. Louis. Missouri. A detailed description of the method is given in 
Thompson!:!~. (1989). Briefly, the method employs cation nchangc - HPLC. coupled with a post
column ninhydrin derivatization to separate glyphosate and A\!PA analytes from co-extractive inter
ferences and provide derivatization products capable of ansorbin~ in the \isible portion of the 
spectrum. Characteristics of the HPLC system are described in Table 3. 

Preliminary validation tests of the analytical method indl(ated that the determination of 
glyphosate and AMPA in fortified substrates derived from the Carnation Creek study site were rela
tively accurate and precise. with no co-extractive interference;. :,t the retention times of the two 
analytes. Throughout the course of analytical determinations a ,walit\· control (QC) program was 
conducted. Results of the QC samples. which were processed Jnd anal\zed dail\' in conjunction \\ith 
field samples, confirmed that the accuracy and precision of the method (TJbk 4). While not 
ideal, these data were similar to reported values in the J\'ailable literature. The QC data were 
subsequently used to correct the field sample dJta for reco\en edicienC\' of the allJlytical 
method. 

RESULTS AND DISCUSSION 

Formulation Analysis 

Analysis of the ROUNDUP formulation utilized for the herbicide Jpplication in this study 
indicated that the amount of active ingredient (glyphosate) \\as _~63 giL + 2<;( c\. approxil11ately 2'1 
in excess of the label concentration (356 giL). No A\lPA \\a5 detected in the fo'l11ulation. which 
had been stored at ambient temperature for 3 months. 

Tank Mix Analysis 

Results of the analyses conducted on the tank mix sho\\ed concentration" of 7RR9 and 58 JIlL 

of glyphosate and AMPA respectively. There was a 6'l \-;\. contJ!1lillJtion of the tJnk-mix frOIll J ~ix
day old mixture used to spray adjacent areas of the \\·ater~hed. The alllOll nt of 1\),1 PA detected (0. 7 ~ 
of glyphosate concentration in the tank mix) indicated a I-,~ de~rJd;ltion of glypho~Jte in the pre
\'ious mixture after six days of storage at ambient telllperJtllre. The initi;J1 concentration of the 
tank mix was corrected by converting the AMPA concentration TO J glvpho~Jte eqllivJlence. The cor
rected value was 103% of the concentration required to Yield an JpplicJtion rJte of 2 kg J.i/ha. 

Deposit Collector Analysis 

Analysis of deposit collectors placed arou nd the peri phen of the ~;Jlllpl i ng ~tations 
allowed empirical estimation of the initial deposit rJte Jnd ~lIbseqllent cOIllPJri~on with similJ!" 
estimates based on soil residues. Thus variability of inili;-li chemiCJI depo<;itioll hoth within and 
among site locations could be determined. The resulTS indicZlte Iktt tile deposit (;ollectors (;on-
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sistently estimated higher deposition rates with greater precision than estimates from soil 
residues. Differences in rate estimates derived from deposit collectors and soil residues 
were significant (P >0.05) for the upper and middle sampling locations. This discrepancy may be 
due in part to differences in replication (n= 3 for soil samples per location: n=8 for deposit 
collector samples per location) and to interception of chemical by ground vegetation. Analysis of 
variance (AN OVA) and multiple comparison procedures (LSD and Bonferroni). indicated that mean rate 
estimates as determined by deposit collectors. were significantly different for each of the three 
locations (P >0.05). Mean rate estimates at the three different sites as derived from soil resi-
dues were not significantly different due to greater variation in these samples. 

The average empirical rate estimates of 2.52 and 1.85 kg/ha. as determined by deposit col
lector analysis and by soil residue analysis respectively. were reasonably close to the nominal 
value of 2.0 kg/ha (Table 5). However. significant differences between deposition rates at vari
ous sites, as previously noted. indicate extreme variability in chemical deposition to different 
areas of the watershed (section on Herbicide Application and Table 5). Both methods of empirical 
estimation indicated that application rates for the lower portion of the watershed were higher 
than for the upper watershed. The mid-watershed site (Treatment Area III) received the least 
chemical deposition, probably owing to the gusty wind conditions prevailing during the 
mid-afternoon application (Table 2). The high mean value in soil residues recorded for the lower 
sampling location, resulted from one station (station 8) with a reported initial deposit 
equivalent to 5.67 kg/ha. No explanation could be found for this anomalous result. Initial levels 
of AMPA were less than 2 % of corresponding glyphosate residues for all deposit collector samples. 
but varied between 4 and 13% for initial deposit as determined from soil sample residues. The 
higher levels of AMPA in O-time soil samples. when compared with deposit collector samples. may be 
indicative of minor degradation of glyphosate during the 2-year storage period for soil samples. 

Table 5. On-parison of ncminal and ell-pirical estilmtes of initial glyphosate 
deposition at Carnation Creek Wltershed study sites 

Initial deposition rate estinutes (kg/ha) 
Sal-pl ing 
locat ion 

Stat ions 1-3 
~per \\atershed) 

Sta t ions 4-6 
(Mid Wltershed) 

Stat ions 7-9 
(LcMer \\atershed) 

o,'era II Average 

Treat. 
area 

I 

III 

* ceposit collector** 

2.0 2.54 + 0.32 (IR cv)A -

2.1 1.62+0.24 (15k cv)B -

2.0 3.42 i" 0.46 (14k cv)C 

2.0 2.52 i" 0.90 (W<. c v ) 

* ~minal rates as reported by Reynolds et al. (1989). 

Soil residue** 

1.72 + 0.31 (l87ccv) -

0.60 + 0.09 (1tJ7c. cv) -

3.23 i" 2.30 (71% cv) 

1.85 i" 1.32 (71'7" cv) 

** Values based on total residue (glyphosateplus /t-PA) with n=8 for deposit 
collectors and n=J for soi I res idues. 

ceposit collector values follCMed by different letters are significantly dif
ferent (P >0.05) as detennined by UD and Bonferroni 11l1ltiple coqlarisOIl 
procedures. 
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Within each sampling location (i.e. amongst replicates). the variability (as denoted by the co
efficient of variation) was similar for deposit collectors and soil residue estimates. with the 
exception of the lower location. The higher variation at this location is also the result of one 
anomalous data point as described previously. 

Results of the quality control program. comprising over 160 samples analyzed in conjunc
tion with field samples throughout the 8-month analysis period. indicated that analytical vari
ability (coefficient of variation) for soil residue determinations was less than 12% for gly
phosate and less than 16% for AMPA. These results indicate that significant differences exist ill 
deposition between various locations. however. the average deposition for the entire watershed is 
reasonably close to the nominal rate. The differences observed may be atlributed to variable 
meteorological and application parameters for different spray blocks. The data also indicate that 
greater replication in soil residue sampling would be required to achieve precision equivalent to 
the deposit collector method for estimating initial deposit. 

Leaf-Litter and Foliage Sample Analysis 

Results of the leaf litler and foliage sample analyses are presented in Tahle 6. In 
general. the data show that residues decline o\·er time in both salmonberry and alder leaf litter. 
Statistical analysis (ANOYA) of the results indicated that the decline in glyphosate residues is 
significant for both alder and salmonberry (P >0.0589 and P >0.0001 respectively). This rapid 
dissipation from foliage may be attributed to wash-off caused by the rainfall e\·ent (39 mJ11) that 
occurred 23 h post-application. Residues continued to decline throughout the observation period 
to the extent that less than 0.1 % of initial levels remained 75 days post-application. 

Table 6. Residues of glyphosate and AvPA associated with leaf litter of tv.o 

target species fran the Carnat ion Creek* 

Thys 
(post-spray) 

0 

15 

29 

45 

58 

75 

Alder 

GI yphosa t e Al.l'A 

261.0 + 153.0 2.9 + 2.5 -

12.5 + 9.8 0.3 + 0.1 

1.2 + 1.2 0.1 + 0.1 
-

0.5 + 0.3 0.1 + 0.0 

0.2 + 0.0 0.0 + 0.0 -

0.2 ± 0.1 

Sa hmnberry 

Glyphosate AvPA 

447.6 + 117.7 6.2 + 0.1 -

19.2 + 10.6 1.2 + 0.0 - -

I. 9 + 0.9 0.1 + 0.0 - -

0.9 + 0.4 0.1 + 0.0 - -

0.3 + 0.1 0.1 + 0.0 
- -

0 . .:1 + 0.1 0.1 + 0.0 - -------- -------------------------------------------------------------- --------

*Residue values are m~ans of tv.o repl icat ions in Ilg per gran dry tissue. 

Residues of AMPA found on either type of foliage immediately after application were less 
than 2% of glyphosate residues. a result that is in good agreement with both the tank mix analvsis 
and deposit collector results. No transient increase in A:-fPA residue was observed for either' 
foliage type after leaf fall. 
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The results of leaf tissue analyses indicate that both target species intercepted a rela-
tively large amount of chemical and that leaf-liner contained much less residue. which dissipated 
slowly with time. In genera\. these results support those of Lund-Hoie (1979). who found that 
only 20% of the glyphosate initially applied was absorbed in ash and birch foliage and that 35% of 
the absorbed amount was decomposed within 2 months. little being recovered as AMPA. 

The data derived from this experiment suggest that glyphosate residue levels in leaf
litter of major brush species would present an insignificant. transient source of chemical input 
onto forest floor or into streams. One may hypothesize that foliage residues present a major 
source for ecosystem contamination only through wash-off of unabsorbed chemical. with con, ..... na
tion via leaf-fall being relatively minor. Further research is required on the aspect of binding 
and subsequent wash-off of glyphosate from treated leaf surfaces. 

Soil Sample Analysis 

Leaching potential 

Residue analyses were conducted on each of three individual layers - 0-5 cm (organic). 
5-\5 cm (organic). 15-30 cm (organic and mineral) - from each soil core. In addition. at sampling 
dates beyond 150 days post·application. a fourth layer [30-35 cm (mineral)] was obtained and anal
yzed. Results of these analyses are presented in terms of means for replicate samples taken 
throughout the observation period at each of the soil sampling locations (upper. middle and lower 
watershed). The histograms and tabular data indicate the percent of total residue distributed 
throughout the various layers (Fig. 3 & Appendices). Quantifiable residues of glyphosate were 
found in only one of the 30-35 cm layer samples. the residue (0.46 ppm) being equivalent to 11.5% 
of the total found in the core. This anomalous result was attributed to mislabeling during the 
air-drying process. however. positive proof of this could not be obtained from available labora-
tory records. In general terms. virtually all ( >90%) of the residue was associated with the 0-5 
cm organic layer. Two anomalous values were observed at day 60 for glyphosate in the lower water
shed site (30.28% of total glyphosate in layer C) and at day 360 for AMPA in the lower watershed 
(27.28% of total AMPA in layer C). Although of little practical importance. higher mean residue 
levels in layer C from stations 7-9 relative to other sites indicated a slightly greater tendency 
towards leaching in these soils. No differences in leaching potential between the seasonally 
flooded and well-drained soil sites was apparent. 

Results of the vertical distribution determinations indicate that neither glyphosate nor 
AMPA are susceptible to leaching. The findings are consistent with the general literature 
(Helling 1971; Sprankle et al. 1975; Rueppel et al. 1977: Damanakis 1976: and Edwards et al. 1980) 
and support the conclusi~ 'Of Torstensson (1985). who stated that glyphosate is practically-
immobile in soil. 

The majority of research conducted on the adsorption of glyphosate to soils or soil 
fractions (i.e. mineral components). suggests that glyphosate is bound to soils through the 
phosphonic acid moiety and that sorption is positively correlated with c1a~' content. cation ex
change capacity and unoccupied phosphate sorption capacity (Sprankle ~~. 1975: Hance 1976: 
Glass 1987). Since Carnation Creek soils are characterized by a relati\ely high cation-exchange 
capacity and organic matter content. especially in the upper 15 Clll layers (Table I). we suggest 
that the lack of vertical mobility exhibited by glyphosate in these soils is due to strong adsorp· 
tion to cation saturated clays and/or organic matter in the upper soil horizons. An essentially 
identical leaching pattern was exhibited by Atv!PA in this study. 
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Figure 2. Persistence and distribution of glyphosate and AMrA in Carn:Hion Creek \Vater~hed Stud, 
soils. 



78 

Persistence 

Computation of mean soil residues of glyphosate and AMPA in the 0-30 cm soil layer was 
done at each sampling time to allow determination of persistence in each sampling location -
upper, middle and lower watershed. (Figure 2 and Appendices). 

Although the data clearly show that residues decline over time (Fig. 2). variability with
in replicates resulted in poor regression coefficients for both linear and log transformed data 
(.17 < r > .46), which prohibited the use of regression equations for estimation of time to 50% 
and 90% dissipation (DT 50 and DT

90
. respectively). In addition, no statistically valid compar

isons could be made with respect to persistence of glyphosate or AMPA in seasonally flooded soils 
or in well-drained soils. Quantifiable residues of both glyphosate and AMPA did remain after 360 
days. In terms of percent of initial residues. these values ranged from 6-18 % and 16-27 '7c for 
glyphosate and AMPA. respectively. AMPA residues. which were initially very low (4-13% of 
glyphosate residues), followed a pattern of transient increase and subsequent decline at all samp
ling locations (Appendices 2.1-2.3). Peak residue means were less than 40% of mean initial 
glyphosate residues for the respective sites. 

The general decline in glyphosate residues over time at all three sampling locations. 
coupled with transient increase in AMPA residues is indicative of microbial degradation of gly
phosate in the soils studied. Although accurate estimates of DT 50 and DT 90 could not be made 
from regression analysis. averaging glyphosate residues for all sample locations indicated that 
glyphosate residues were consistently less than 50% of initial residues after 45-60 days post
application. At the end of the observation period. both glyphosate and AMPA residues were lowest 
in the middle watershed site. Due to the nature of this site (low-lying and seasonally flooded). 
it is pr.obable that reduced residue levels could be attributed to movement of chemical away from 
the sampling with surface water present at time of application. 

Laboratory experiments conducted by Torstensson and Stark (1981). showed that the time to 
50% degradation of glyphosate in a number of different forest soils was quite variable. ranging 
from 6 days in an iron podsol to 200 days in a pOOsol with ashes. Torstensson (1985) noted that 
the variable rate of degradation of glyphosate cannot be correlated to a single soil factor. but 
reflects the general microbial activity of the soils being investigated. which in turn is affected 
by a mutiplicity of environmental factors. Since the influencing factors may v~ry from soil to 
soil and/or from year to year. prediction or comparison of glyphosate persistence. based on either 
laboratory studies or field studies. should be avoided unless most of the important influencing 
variables are quantified or controlled. Newton ~~. (1984) estimated time to 50% dissipation of 
glyphosate as 40.2 days based on the results of a study conducted in a semi-arid Oregon forest 
watershed. However. owing to the differences between the two studies. especially with respect to 
the method by which the persistence estimates were derived. no valid conclusion can be drawn re
garding glyphosate persistence esti mates (similarity or lack thereof). I n general terms. however. 
the results of Oregon study and the Carnation Creek study are in agreement. In short. the 
Carnation Creek study provides no evidence of extraordinary soil persistence of either glyphosate 
or AMPA. 
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APfH'DIX 1.1 CA1N\TICN am< SJIL Ie)IIlE ImA - G..YIH::'&aE 
&MLINJ raxrrrn - I.O\fR v.AlFRHD (SfATI<NS 7.8.9) 

------------------------------------------------------------------------------
Total res i due (pgs) Distribution of residues (%) 

Tim: -------------------------- ------------------------------
(days) (0-30 an core) 0-5 an 5-15 an 15-30 an 
------------------------------------------------------------------------------

0 2469.11 + 1763.37 (71.4) 98.33 1.67 0.00 -

3 1413.61 + 749.08 (52.9) 72.30 8.46 19.23 -

6 1889.74 + 1061.57 (56.1) 99.63 0.37 0.00 -

9 2391. 87 + 760.40 (31.7) 86.64 7.85 5.51 -

12 2408.22 + 1488.79 (61.8) 95.82 4.18 0.00 -

15 1491.85 + 838.63 (56.2) 90.62 6.92 2.46 -

18 1156.54 + 575.29 (49.7) 85.69 9.78 4.53 -

21 1586.90 + 1%.94 (12.4) 81.68 5.87 12.45 -

24 1197.29 + 840.91 (70.2) 92.21 7.79 0.00 -

27 1430.13 + 552.84 (38.6) 68.26 6.23 25.51 -

30 1456.88 .+ 574.10 (39.4) 89.28 3.98 6.73 -

37 989.57 + 376.70 (38.0) 99.33 0.67 0.00 -

45 1414.60 + 20%.59 (148.2) 100.00 0.00 0.00 -

60 1248.91 + - 1478.50 (118.3) 59.14 10.58 30.28 

75 1129.65 + 687.63 - (60.8) 98.9 1.03 0.00 

90 814.29 + 532.17 (65.3) 86.12 6.41 7.46 -

120 752.69 + 518.08 (68.8) 97.64 2.36 0.00 -

150 467.88 + 425.77 (91.0) 79.55 3.33 17 .13 -

180 525.04 + 244.47 (46.5) 69.16 5.27 25.57 -

270 260.19 + 154.83 (59.5) 74.15 10.58 15.27 -

360 436.75 + 177.72 (40.6) 68.32 6.14 25.54 -

--------------------------- ----------------------------------- ----------------
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APffN)IX 1.2 ~CN aeK s)IL ffiSlllE D\Th - a..~ 
&M?I..INJ I.CCATICN - MIll1E W>J:ffi<lE) (SW1CNS 4.6) 

------------------------------------------------------------------------------
Total res idue (ugs) Distribution of residues (%) 

Tirre -------------------------- ------------------------------
(days) (0-30 an core) 0-5 an 5-15 an 15-30 an 
------------------------------------------------------------------------------

0 484.00 91.05 9.95 0.00 

3 379.76 100.00 0.00 0.00 

6 172.18 ± 217.39 (126.2) 88.97 11.03 0.00 

9 369.65 + 370.68 (100.2) 94.65 5.35 0.00 

12 147.01 + %.94 (65.9) 87.61 12.39 0.00 

15 125.97 + 2.45 (1. 9) 50.00 50.00 0.00 

18 113.93 + 73.58 (64.5) 100.00 0.00 0.00 

21 182.32 + 126.05 (69.1 ) 100.00 0.00 0.00 

30 92.40 + 60.28 (65.2) 100.00 0.00 0.00 

37 56.79 + 6.57 (11.5) 100.00 0.00 0.00 

45 57.82 + 32.02 (55.3) 100.00 0.00 0.00 

60 70.25 + 4.94 (7.0) 85.50 0.00 20.50 

75 82.71 + 44.68 (54.0) 100.00 0.00 0.00 

90 102.21 + 36.71 (35.9) 100.00 0.00 0.00 

120 54.70 + 59.69 (109.1) 100.00 0.00 0.00 

150 34.08 + 14.40 (42.2) 100.00 0.00 0.00 

180 35.10 + 2.84 (8.1) 100.00 0.00 0.00 

270 8.29 + 1 J. 73 (\41.4) 100.00 0.00 0.00 -

360 28.98 + 4.22 (\4.5) 100.00 0.00 0.00 -

-------------------------------------------------------------------------
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APHNJIX 1.3 CAlN\I1CN am< SJIL R:SIIIE rnrA - a.mL&J:E 
~ liXATI<N - lHFR \\l>JlRHD (SfATI<NS 1,2,3) 

------------------------------------------------------------------------------
Total res idue (J.lgs) Distribution of residues (%) 

Tirre -------------------------- ------------------------------
(days) (0-30 an core) 0-5 an 5-15 an 15-30 an 
------------------------------------------------------------------------------

0 1476.% + 376.25 (25.5) 89.02 7.97 2.01 

3 878.16 + 567.78 (64.6) %.oo 3.91 0.00 

6 1410.93 + 1238.64 (87.7) %.21 3.79 0.00 

9 926.39 + 983.53 (106.1) 81.82 18.18 0.00 

12 992.08 ± 1552.66 (156.5) 61.17 38.83 0.00 

15 8oo .63 + 882.92 (loo.0) %.00 4.00 0.00 

18 1140.02 + 1048.37 (91.9) 89.79 6.06 4.16 

21 7oo.89 + 472.23 (66.5) 86.37 9.65 3.99 

24 1313.89 + 1048.25 (79.7) 91.15 8.85 0.00 

27 669.76 + 560.39 (83.6) 93.94 6.06 0.00 

30 668.25 + 226.16 (33.8) 97.44 0.00 2.56 

37 408.28 + 282.19 (69.1) 84.08 15.92 0.00 

45 1004.85 ± 1182.40 (117.6) 99.58 0.42 0.00 

60 238.99 + 174.70 (73.1) 100.00 0.00 0.00 

75 483.30 + 44.22 (9.1 ) 95.89 4.11 0.00 -

90 522.29 + 130.66 (25.0) 97.68 2.32 0.00 

120 533.29 + 486.51 (91.2) 83.45 16.55 0.00 

150 782.87 + 523.55 (66.8) 73.40 15.56 11.04 -

180 157.71 + 82.23 (52.1) 87.29 12.71 0.00 -

270 394.36 + 332.45 (84.3) 80.95 19.05 0.00 

360 198.07 + 116.21 (58.6) 100.00 0.00 0.00 -

---------------------------------------------------------------------------
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APffi'DIX 2. 1 CNNtmCN CHH( SJIL I£SIIJ.E rnI.<\ - AYPA 
StMLJN] I.CVmCN - IO\ER ~ (SIAJ1CN> 7,8,9) 

------------------------------------------------------------------------------
Total residue (jigs) Distribution of residues (%) 

Tine -------------------------- ------------------------------
(days) (0-30 an core) 0-5 an 5-15 an 15-30 an 
------------------------------------------------------------------------------
0 101.24 + 68.52 (67.68) 100.00 0.00 0.00 -
3 181.44 + 78.25 (43.13) 95.28 2.51 2.20 -
6 163.56 + 70.24 (42.95) 100.00 0.00 0.00 -
9 238.59 + 20.68 ( 8.67) 92.72 7.28 0.00 -
12 342.58 + 213.01 (62.18) 92.76 7.24 0.00 -
15 274.70 + 130.11 (47.36) %.02 3.98 0.00 -
18 334.51 + 197.41 (59.02) 84.75 12.48 2.78 -
21 299.13 + 119.41 (39.92) 81. 99 8.59 9.42 -
24 391.22 + 66.67 (17.04) 91.87 6.36 1.78 -
27 588.42 + 47.93 ( 8.15) 78.94 10.10 10.% -
28 561.67 + 0.00 ( 0.(0) 69.15 14.43 16.43 -
30 350.53 + 56.84 (16.22) 94.07 5.93 0.00 

-
37 186.30 + 56.53 (30.34) 100.00 0.00 0.00 -
45 369.53 + 201.56 (54.55) 100.00 0.00 0.00 -
60 389.49 + 199.36 (51.19) 90.30 9.70 0.00 -
75 474.77 + 370.03 (77.94) 100.00 0.00 0.00 -
90 530.51 + 183.35 (34.56) 87.94 6.13 5.92 -
120 281.64 + 154.54 (54.87) %.77 3.23 0.00 -
150 342.28 + 106.88 (31. 23) 87.06 7.22 5.73 -
180 470.50 + 308.24 (65.51) 73.66 15.45 10.89 -
270 614.% + 304.59 (49.53) 81.02 12.16 6.82 -
360 583.37 + 372.03 (63.77) 66.99 5.83 27.18 -
---------------------------------------------------------------------------
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APHNJIX 2.2 O\IN\TICN am<: 3)IL m:sillE INA - iM'A. 

~ IITAIlCN - MIIJl.E VA1ffi<IH) (SfATIOS 4,6) 

---------------------------------------------------------------------------
TTh£ 10fAL ~illE (lGS) DISIRlHJITCN CF RESIU.ES (%) 

(D\YS) (0 - 30 CM <J:re) 0-5 CM 5-15 CM 15-30 CM 

---------------------------------------------------------------------------

0 62.13 + 37.56 (60.46) 100.00 0.00 0.00 -
6 77.13 + 34.09 (44.20) 100.00 0.00 0.00 -
9 139.04 + 5.36 ( 3.86) 93.41 6.59 0.00 -
12 166.33 + 235.23 (141.42) 64.18 22.75 13.07 -
15 121.07 + 115.06 (95.04) 50.00 50.00 0.00 -
18 122.12 + 80.43 (65.86) 92.63 7.37 0.00 -
21 95.59 + 16.28 (17.03) 100.00 0.00 0.00 -
30 87.31 + 63.95 (73.25) 100.00 0.00 0.00 -
37 73.31 + 68.09 (92.88) 100.00 0.00 0.00 -
45 82.94 + 42.98 (51.82) 100.00 0.00 0.00 -
60 83.49 + 78.58 (94.12) 100.00 0.00 0.00 -
75 126.41 + 51.23 (40.52) 100.00 0.00 0.00 -
90 167.46 + 21.71 (12.%) 100.00 0.00 0.00 -
120 64.93 + 63.11 (97.20) 100.00 0.00 0.00 -
150 113.09 + 40.87 (36.14) 100.00 0.00 0.00 -
180 107.52 + 66.24 (61.60) 100.00 0.00 0.00 -
270 38.86 + 32.07 (82.53) 100.00 0.00 0.00 -
360 144.84 + 204.84 (141.42) 77.41 22.59 0.00 -
---------------------------------------------------------------------------
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Af'PIN)IX 2.3 O\IN\TICN CREIK 3JIL RESIIJ.E INA - :M>A 

SMLINJ I.!X'AI1CN - UPPfR~ (SOO'IOS 1,2.3) 

---------------------------------------------------------------------------
TINE 1OW.. RESIIlE (l.{E) DISIRIHJTICN CF RESIIl..fS (%) 

(OO'S) (0 - 30 eM~) 0-5 G.\f 5-15 eM 15-30 eM 

---------------------------------------------------------------------------

0 64.98 + 59.49 (91.55) 87.16 12.84 0.00 -
3 148.03 + 99.% (67.53) 90.60 9.40 0.00 

-
6 239.82 + 23.98 (10.00) %.97 3.03 0.00 -
9 236.97 + 214.26 (90.42) 85.99 14.01 0.00 -
12 145.99 + 153.54 (105.18) 56.58 43.42 0.00 -
15 320.34 + 123.41 (38.52) 93.27 6.73 0.00 -
18 369.90 + 176.29 (47.66) 85.80 14.20 0.00 -
21 448.62 + 270.28 (60.25) 82.08 12.51 5.40 -
24 391.57 + 187.21 (47.81) 87.74 11.01 1.26 -
27 363.23 + 252.'3 (69.63) 90.59 9.41 0.00 -
30 307.27 + 128.93 (41.%) 98.73 1.27 0.00 -
37 426.39 + 136.46 (32.00) 88.64 11.36 0.00 -
45 255.44 + 42.02 (16.45) 94.12 5.88 0.00 -
60 240.43 + 40.75 (16.95) 92.69 7.31 0.00 -
75 359.93 + 233.64 (64.91) %.55 3.45 0.00 -
90 320.98 + 80.12 (24. %) 92.71 7.29 0.00 -
120 347.99 + 38.65 (11. 11) 61.66 38.34 0.00 -ISO 588.14 + 230.23 (39.15) 76.28 17.02 6.70 -
180 359.84 + 140.37 (39.01) 77.87 22.13 0.00 -
270 284.75 + 221.38 (77.75) 68.71 18.05 13.24 -
360 248.% + 100.47 (40.36) 98.03 1.97 0.00 -
---------------------------------------------------------------------
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