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Imidacloprid is a systemic insecticide eff ective in controlling the 
exotic pest Adelges tsugae (hemlock woolly adelgid) in eastern  
hemlock (Tsuga canadensis) trees. Concerns o ver imidacloprid 
impacts on nontarget species hav e limited its application in  
southern Appalachian ecosystems. We quantifi ed the movement 
and adsorption of imidacloprid in forest soils after soil injection 
in two sites at Co weeta Hydrologic Laboratory in w estern 
North Carolina. Soils diff ered in profi le depth, total carbon and 
nitrogen content, and eff  ective cation ex change capacity. We 
injected imidacloprid 5 cm into mineral soil, 1.5 m from infested 
trees, using a Kioritz soil injector. We tracked the horizontal and 
vertical movement of imidacloprid b y collecting soil solution  
and soil samples at 1 m, 2 m, and at the drip line from each tree 
periodically for 1 yr. Soil solution was collected 20 cm below the 
surface and just above the saprolite, and acetonitrile-extractable 
imidacloprid was determined thr ough the profi le. Soil solution 
and extractable imidacloprid concentrations w ere determined 
by high-performance liquid chr omatography. Soil solution 
and extractable imidacloprid concentrations w ere greater in 
the site with greater soil organic matter. Imidacloprid moved 
vertically and horizontally in both sites; concentrations generally 
declined downward in the soil profi le, but preferential fl ow paths 
allowed rapid v ertical movement. Horizontal movement was 
limited, and imidacloprid did not mo ve to the tr ee drip line.  
We found a negative relationship between adsorbed imidacloprid 
concentrations and soil micr oarthropod populations largely in  
the low-organic-matter site; ho wever, population counts w ere 
similar to other studies at Coweeta.
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Eastern heml ock  [Tsuga canadensis (L.) Carr.] is a  
major component of riparian for ests in the southern  
Appalachian Mountains. As the dominant conifer in  

riparian areas, this species plays an impor tant role in r egu-
lating nutrient cycling processes and climatic conditions in  
terrestrial and aquatic environments (Ellison et al., 2005). In 
the 1950s, an exotic pest, the hemlock woolly adelgid (Adelges 
tsugae Annand [Homoptera: Adelgidae])(HWA), was intr o-
duced to the mid-A tlantic region of N orth America fr om 
Asia. Hemlock woolly adelgid has spread throughout most of 
the range of eastern hemlock, mo ving north toward Canada 
and to the southern A ppalachians. Hemlock woolly adelgid 
infestation results in slow defoliation and can result in hem-
lock death in 4 to 5 yr ( Young et al., 1995) or up to 10 yr  
(Pontius et al., 2006) after infestation.

Imidacloprid (N-[1-[(6-Chloro-3-pyridyl)methyl]-4,5-di-
hydroimidazol-2-yl]nitramide) was the fi rst commercially avail-
able chloronicotinyl insecticide. It was synthesized in 1985 and 
registered for use in 1994 (S ilcox, 2002) and has pr oven to be 
an eff ective control of HWA in eastern hemlock trees (Steward 
and Horner, 1994). Imidacloprid application methods include 
stem injection and soil applications. Soil injection or soil drench 
application methods appear to be most eff ective in the control 
of HWA; however, eastern hemlock often occurs in riparian 
areas where stem injection is used to prevent movement of imi-
dacloprid into nearby streams (Cowles et al., 2006). Questions 
remain concerning the movement of imidacloprid through 
forest soils in situ, especially in the high rainfall r egion of the 
southern Appalachians.

Imidacloprid is water soluble (510 mg L −1), making it sus-
ceptible to leaching in soils (Gupta et al., 2002) and movement 
into surface waters, wher e signifi cant impacts on nontarget 
insects are possible. For example, Kreutzweiser et al. (2008a) 
tested imidacloprid impacts on aquatic systems and found 
reduced survival of stonefl y and lower leaf decomposition b y 
leaf shredding insects. Imidacloprid can aff ect terrestrial organ-
isms as well. In another study, Kreutzweiser et al. (2008b) 
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examined the eff ects of imidacloprid applied b y soil dr ench 
and found that a sensitiv e species of ear thworm had an L C50
at litter lay er concentrations of 5.7 mg kg −1 and weight loss 
at 3 mg kg−1. Th ese concentrations are typical for soil-applied 
imidacloprid and are well below the soil sorption coeffi  cient 
for imidacloprid, which ranged fr om 15 to 40 mg kg −1 in 
unamended sandy soil and soils with added organic materials, 
respectively (Cox et al., 2004). Co x et al. (2004) determined 
the half-life of imidacloprid in soil and found that, with or 
without organic matter additions, t1/2 was approximately 62 d 
in dark incubations and less than 90 h in light conditions.

Imidacloprid movement and retention by soils is attributed 
to preferential fl ow path movement and adsorption to soil largely 
controlled by soil organic matter and clay content, follo wed 
by mass fl ow movement (Cox et al., 2004; Co x et al., 1998b;  
Fernandez-Perez et al., 1998; Papiernik et al., 2006). Felsot et al. 
(1998) studied the movement of imidacloprid through a very fi ne 
sandy loam soil using subsur face drip irrigation application and  
found that initial movement of imidacloprid was along pr eferen-
tial fl owpaths in the soil; imidacloprid was found throughout the 
105-cm profi le within 7 d of application. At 60 d after application, 
imidacloprid concentrations were more homogeneous through-
out the profi le (Felsot et al., 1998). Gonzalez-Pradas et al. (2002) 
examined imidacloprid movement after surface spray application 
to a greenhouse soil, made up of a 10-cm sand lay er, above a clay 
layer on top of the nativ e soil. Imidacloprid was detected in the  
sandy surface soil 1 d after application. M ovement through the 
soil to all layers (down to 40 cm) occurred by Day 28. Application 
of imidacloprid using chemical irrigation methods r esulted in 
detection in all soil layers by Day 7.

Forest soils typically have greater total C content and spatial 
variability in surface horizons compared with agricultural soils. 
Soils in the southern Appalachians typically are coarse textured 
and have well developed soil profi les with clay accumulation 
horizons in the lo wer profi le. Th ese factors should limit the 
vertical and horizontal movement of imidacloprid; however, it 
is unknown whether they can off set the potential impacts of 
high rainfall (1800–2500 mm annually) and movement along 
preferential fl owpaths in the southern Appalachians.

Understanding soil adsorption capacity is also important for 
assessing the effi  cacy of imidacloprid application. For example, 
Fernandez-Perez et al. (1998) suggested that formulation of 
imidacloprid with lignin compounds slowed the release of the 
insecticide, increasing the eff ectiveness of the soil treatments 
by allowing continued uptake of the insecticide b y the tr ee. 
Th e long-term availability and uptake of imidacloprid from the 
soil is evident in data presented by Cowles et al. (2006), where 
foliar concentrations of imidacloprid were signifi cant 2 yr after 
soil application.

Th e objectives of this study w ere (i) to examine the mo ve-
ment and adsorption of imidacloprid in forest soils after appli-
cation with the soil injection method and (ii) to quantify the 
impacts of imidacloprid on soil microarthropod populations.

Materials and Methods
Site Description

Study sites were located at the Coweeta Hydrologic 
Laboratory, a USDA F orest Service experimental forest. One 

of the sites was located in a low-elevation (731 m) riparian area 
and the other in a high-elevation (1097 m) side slope. Th e low-
elevation site receives an average annual rainfall of 1794 mm. 
Soils are in the E vard series, fi ne-loamy, oxidic, mesic Typic 
Hapludults (Th omas, 1996); depth to saprolite was 50 cm. Th e 
high-elevation site receives an average annual rainfall of 2235 
mm. Soils are in the Plott series, coarse-loamy, mixed, mesic 
Typic Haplumbrepts; depth to sapr olite was greater than 90 
cm. Within each site w e selected fi ve eastern hemlock tr ees. 
Four trees were treated with imidacloprid using soil injection 
application; they were 10 to 15 m apart and greater than 10 
m from any stream. We selected study tr ees of a similar siz e 
(22–35 cm diam. at br east height) to ensur e consistent water 
uptake patterns (Ford et al., 2007). O ne tree served as a r ef-
erence within the same ar ea, approximately 25 m fr om any 
treated tree.

Imidacloprid application methods for each tr ee followed 
the recommendation of the F orest Service, USDA (R usty 
Rhea, personal communication 2008). Five feet (1.5 m) from 
the base of the tr ee, 29.5 mL of M erit solution (1.5 g activ e 
ingredient) per inch (2.54 cm) diameter at br east height was 
injected 5 cm into the mineral soil using a Kioritz soil injec-
tor. Th e cove soils in these sites had a shallow O horizon, with 
negligible Oa accumulation. Th e injection depth was 5 cm 
beneath the O horiz on, into the high-organic-matter sur face 
A horizon. All sample collections and lysimeter installations 
(described below) use the sur face of the A horiz on as a r ef-
erence point. S oil water sample collection began 1 wk after 
imidacloprid application and continued for 1 yr. Around each 
tree, we established a circular grid to sample soil and soil water 
(Fig. 1). Sample collection points were located 1.0 m from the 
tree (inside the 1.5-m imidacloprid application cir cle), 2.0 m 
from the tree (outside the application circle), and beneath the 
drip line of each tree. Th e dripline averaged 3.4 m from the tree 
in the low-elevation site and 4.3 m in the high-elev ation site. 
In each of thr ee compass dir ections (120°, 240°, and 360°), 
lysimeter transects were installed. At each sample point, two 
lysimeters were installed, 20 cm into the soil and at the bottom 
of the B horiz on, just above the saprolite layer, for a total of 
18 lysimeters per tree. Th e 20-cm depth was within the major 
rooting zone, just below the A horizon in the low-elevation site 
and in the A horizon at the high-elevation site; the bottom of 
the B horizon was 50 cm in the lo w-elevation site and 90 cm 
in the high-elevation site. We used Tefl on PRENART lysim-
eters (Prenart Equipment) to pr event lysimeter/imidacloprid 
interactions. Lysimeters were installed to depth at a 45° angle 
using a 2.54-cm soil pr obe. Lysimeters were connected, via 
Tefl on tubing (covered with aluminum foil), to amber bottles 
to protect the imidacloprid in solution from light. Tension was 
applied (−0.05 MPa) to the amber bottle thr ee times during 
the week of soil solution collection. Soil solution was collected 
each week for 6 wk after soil injection tr eatment; all samples 
were analyzed to determine imidacloprid concentration (up to 
288 samples). Extreme drought made 2007 the driest y ear on 
record at the Coweeta Hydrologic Laboratory; this resulted in 
many missing samples during the fi rst 6 wk after imidacloprid 
application. Soil solution samples w ere also collected during 
Months 3, 6, 9, and 12 after imidacloprid application (up to 
576 samples). Each month, samples were collected weekly for 4 
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wk as described above and frozen until analysis. We established 
one set of lysimeters (one shallo w and one deep) beneath the 
reference tree (not treated with imidacloprid) at each low- and 
high-elevation site. Sample collection intervals and procedures 
were the same as described abo ve, resulting in four r eference 
sample collections per week. Imidacloprid concentration was 
determined in soil solution with high-per formance liquid 
chromatography with UV detector (Th ermo Fisher Scientifi c, 
Inc.) using a P henomenex Luna column (150 × 4.6 mm; 
C8(2); 5 µm) (P henomenex Inc.) with a 1.0 mL min −1 fl ow 
rate at 40°C, UV detection at 270 nm, and a 100-μL injection 
volume. Sample dilutions were made as necessary to eliminate 
matrix interference. Detection limits were 1 μg L−1 in solution.

Near each lysimeter installation, soil envir onmental mea-
surements were made w eekly during each soil solution 
collection. We measured soil moisture coincident with lysim-
eter sampling using time-domain r efl ectometry (Topp et al., 
1980) in surface soils (0–20 cm) using a Campbell Scientifi c 
Hydrosense, and soil temperature was measured at 10 cm using 
a digital temperature probe. Within each site, w e also made 
continuous measurement of deep soil moisture at four locations 
using refl ectometers (Campbell Scientifi c) installed at locations 
selected to characterize changes in subsoil moisture within the 
area of the tr eated trees. Each refl ectometer is comprised of a 
pair of 30-cm stainless steel r ods inserted vertically into the 
soil. We installed the soil moisture probes at 20 to 50 cm at 
low elevation and 60 to 90 cm at high elevation. Measurement 
of volumetric soil water content (%) is integrated acr oss the 
30-cm depth. Soil moisture measurements were made hourly, 
and data were stored in an automated data logger.

To examine soil adsorption of imidacloprid, we collected 
soil samples 2 wk, 6 mo, and 12 mo after imidacloprid applica-
tion. At each sample date, we sampled soil from two randomly 
selected compass dir ections on the cir cular plots ar ound the 
tree at each distance (−0.5 m, 0.5 m, dripline) from the imida-
cloprid application line as described above. Soils were collected 
by depth (0–20 cm, 20–50 cm, and 50+ cm [high elev ation 
only]), composited by tree, and analyzed for adsorbed imida-
cloprid concentration using acetonitrile extraction (5 g soil in 
20 mL acetonitrile) (Ying and Kookana, 2004) (216 samples) 
followed by evaporation and dissolution in 10% methanol. 
Th is method has a reported extraction effi  ciency of 99% (Ying 
and Kookana, 2004). Soils beneath reference trees were sam-
pled during the fi rst sample collection only; extraction of these 
soils was included as a blank during extraction of each col-
lection set. Imidacloprid concentrations in soil extracts w ere 
determined by high-performance liquid chr omatography as 
described above; detection limits were 1 µg kg−1 soil.

To characterize soils at each site, w e analyzed the 2-wk 
soil sample collection composited for each tr ee and each soil 
depth (24 samples). After air-dr ying and sieving to <2 mm, 
we determined total carbon and nitr ogen by combustion 
using a Flash EA 1112 (Th ermo Scientifi c), 1 mol L−1 NH4Cl-
extractable base cations (Ca, Mg, K, and Na) using a JY Ultima 
Inductively Coupled Plasma Spectrophotometer (Horiba Jobin 
Yvon) to determine eff ective cation exchange capacity (eCEC) 
and calculated % base saturation, and 0.01 mol L −1 CaCl2 soil 
pH (Brown et al., 2009).

We determined soil physical characteristics, including par-
ticle analysis on the <2 mm fraction, bulk density, saturated 
hydraulic conductivity, and water retention characteristics. 
Particle analysis was conducted on the composited soil samples 
described above using the method of G ee and Bauder (1986) 
as modifi ed by the Coweeta Analytical Lab (Deal et al., 1996). 
Saturated hydraulic conductivity was determined in situ (after 
conclusion of the study and removal of the lysimeter network) 
at a random location 2 m fr om each treated tree at each site 
using a Compact Constant Head Permeameter (Amoozemeter, 
Ksat, Inc.) as described in Amoozegar and Warrick (1986). To 
examine the water retention characteristics of each site, we col-
lected intact soil cor es (4.8 cm diameter b y 5 cm long) fr om 
each soil layer corresponding to soil collection depths (one core 
per depth, per tree, per site) of 10 to 15 cm and 30 to 35 cm at 
both the low- and high-elevation sites plus 70 to 75 cm at the 
high-elevation site only. We measured water r etention using 
−0.1 and −1.5 MPa ceramic plates (Soil Moisture), for low and 
high pressure, respectively, in a pressure plate extractor follow-
ing the method of Klute (1986). Th e soil cores were used to 
determine bulk density for each soil layer at each site. After 
oven drying (105°C), total soil weight and the <2 mm fraction 
were recorded.

Soil microarthropod populations w ere surveyed within 1 
wk of each soil sample collection for imidacloprid adsorption 
determinations beneath three treated trees and one r eference 
tree on each site. Th ree random sample locations were chosen 
along the 1-m, 2-m, and drip line cir cular transects for col-
lection; mineral soil was collected in cor es 5 cm in diameter 
and 5 cm deep (9 samples per tree). Microarthropods were 
immediately extracted from the soil cores using a modifi ed 
Tullgren funnel apparatus (M allow and Crossley, 1984). Soil 
microarthropods were collected in 200-mL vials fi  lled with 
70% ethanol and later sor ted under a ster eo microscope into 

Fig. 1. Diagram showing imidacloprid a pplication circle (thin line), tran-
sects with lysimeter locations (X), and soil sample collection distances 
(thick line) for each tree (n = 4) on the high and low elevation sites.
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the following categories: oribatid, pr ostigmatid, and meso-
stigmatid mites; Collembola; and others. O ribatid mites were 
further sorted into matur e and immatur e categories; matur e 
oribatids have greater sclerotization and thus gr eater protec-
tion from predators (Walter and Proctor, 1999). In addition, 
the adult and immature forms of some oribatid species feed on 
entirely diff erent litter (or fungal) material (Schneider et al., 
2004). Microarthropod abundances are reported as the mean 
number of microarthropods per soil core.

Statistics
Diff erences between high- and low-elevation sites in soil phys-

ical and chemical characteristics were determined using ANOVA 
with the GLM P rocedure of SAS (SAS I nstitute, 2000). Data 
were analyzed as a split plot with sites r epresenting the whole  
plot; we used Tree(Site) as the error term. Signifi cant diff erences 
among mean v alues were determined using Tukey adjusted 
LSMeans. We used the Mixed Procedure of SAS (SAS Institute, 
2008) to examine imidacloprid concentrations in soil solu-
tion (movement) and soil extractions (adsorbed). Imidacloprid 
concentration and soil microarthropod data were not normally 
distributed; we transformed the data (concentration plus one, 
microarthropod group plus one) using a log-normal distribu-
tion. We used Site(Tree) as the covariate term with Repeated time 
(either week or month). Signifi cant diff erences (p ≤ 0.10) among 
means were determined using Tukey adjusted LSMeans. We ana-
lyzed all data together to determine diff erences between sites and 
sites alone to examine imidacloprid mo vement and adsorption. 
We also determined the signifi cant diff erence between treated 
and reference trees using the tree means at each collection date 
for microarthropod data. We used only data from the treatment 
hemlock trees to determine diff erences in imidacloprid response 
between sites and among distances from the tree. We examined 
the relationship between microarthropod populations and soil  
imidacloprid concentrations using the CORR procedure in SAS 
on log-transformed data (SAS Institute, 2008).

Results
Site and Soil Characteristics

High- and low-elevation sites diff ered signifi cantly in surface 
soil temperature and moisture; soils at the high-elev ation site 

were cooler and wetter. Th ere were no signifi cant diff erences in 
temperature or moisture among the thr ee distances from the 
tree. Soil chemical properties diff ered signifi cantly between the 
two sites (Table 1). High-elevation soils had greater percent 
total C and total N in the surface 0- to 20-cm and the 20- to 
50-cm depths. Eff ective cation exchange capacity also diff ered, 
with greater eCEC in the high-elev ation sites. Th ere were no 
signifi cant diff erences in soil pH or % base saturation between 
the high- and low-elevation sites. Textural analysis categorized 
soils from both sites, at all depths, as loamy sand, with 75 to 
79% sand and 4 to 7% clay (Table 2). Saturated hydraulic con-
ductivity did not diff er between sites; however, both locations 
showed greater conductivity v alues in sur face soils, with the 
lowest value in the deepest soil lay er sampled (30 cm at the 
low-elevation site and 70 cm at the high-elevation site).

Water retention characteristics diff ered signifi cantly between 
sites (Table 2). Total pore space was greater in the high-eleva-
tion soils in surface (0–20 cm) and subsurface (20–50 cm) soil. 
Soil water content at fi eld capacity (−0.03 MPa) was more than 
two times greater in the high-elevation site compared with the 
low-elevation site. Th e 20- to 50-cm soil layer also diff ered, 
with water retention at −0.03 MPa being almost thr ee times 
greater in the high-elevation site. Water content at permanent 
wilting point (−1.5 MPa) also diff ered between sites and was 
greater in both 0- to 20-cm and 20- to 50-cm soils of the high-
elevation site compared with the low-elevation site. Hydraulic 
conductivity did not diff er between the high- and lo w-eleva-
tion sites due to high within-site variability. Total bulk density 
(g cm−3) and density of particles <2 mm (Table 2) were signifi -
cantly greater in the low-elevation sites.

Imidacloprid Movement in Soil Solution
We examined soil solution imidacloprid concentrations 

in samples collected during the fi  rst 6 wk after imidacloprid 
injections (Fig. 2) and found no signifi cant diff erences between 
sites (F = 1.07; p = 0.34). I midacloprid concentrations were 
greatest closest to the tr ee (1 m), signifi cantly diff erent from 
the drip line; concentrations at the 2-m distance did not diff er 
from either 1 m or the drip line. Th e Site × Depth interac-
tion term was signifi cant (F = 11.36; p = 0.001), with gr eater 
imidacloprid concentrations in soil solutions collected fr om 
shallow lysimeters in the high-elevation site compared with the 

Table 1. Soil chemical characteristics for high- and low-elevation sites. Values presented are means of soil samples collected from three distances for 
the four treated trees for each site (n = 12).

Depth C N pH eCEC† %BS‡

—————— g kg−1 —————— cmolc kg−1

High elevation
0–20 cm 81.1§ (5.4)¶ 4.4§ (0.02) 4.46 (0.06) 7.21§ (0.43) 34.6 (5.56)
20–50 cm 43.0§ (4.0) 2.1§ (0.2) 4.63 (0.04) 7.93§ (0.44) 32.9§ (3.09)
50–95 cm 23.7 (3.1) 1.2 (0.1) 4.65 (0.06) 6.65 (0.28) 27.3 (1.75)

Low elevation
0–20 cm 32.7 (2.1) 2.0 (0.1) 4.37 (0.07) 4.47 (0.18) 44.45 (6.46)
20–50 cm 18.4 (2.3) 1.1 (0.1) 4.64 (0.07) 4.57 (0.28) 47.32 (5.92)

† Eff ective cation exchange capacity.

‡ Base saturation.

§ Signifi cant diff erence between the high and low elevation for that depth as determined using the PDIFF option with a TUKEY adjustment in the 
LSMEANS statement in the GLM procedure of SAS.

¶ Values in parentheses are SEM.
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low-elevation site. Within a site, there were no signifi cant dif-
ferences among distance, depth, or w eek. Variability in solu-
tion concentrations was very high, as noted b y the maximum 
concentrations measured and the frequent zero values in each 
collection as shown in Fig. 2. Movement of imidacloprid along 
preferential fl ow paths was evident in the high-elevation site in 
the fi rst soil solution sample collection that occurred 1 wk after 
application (Fig. 2). Mean soil solution concentration in the 
deep lysimeter (90 cm below the surface) is 0.7 μg L−1, and the 
maximum concentration was 6.6 μg L−1.

Analysis of monthly soil solution imidacloprid concentra-
tions found no signifi cant diff erences between the high- and 
low-elevation sites or between shallow and deep lysimeter solu-
tions (Fig. 3); however, distance from the tree and imidacloprid 
injection was signifi cant (F = 7.24; p = 0.001), with gr eater 
concentrations at the 1 and 2 m distances compar ed with the 
drip line. Th ere were also signifi cant diff erences among sample 
collection months (F = 4.34; p = 0.002) at either the high- or 
low-elevation sites. S oil solution concentrations in M onth 1 
were signifi cantly greater than in Months 3 and 6 but did not 
diff er from Months 9 and 12. Although there were signifi cant 

Table 2. Soil physical characteristics for high and low elevation sites. Soil particle analysis values presented are means of soil samples collected from 
three distances for the four treated trees for each site (n = 12). 

Depth Sand Clay Ksat† Pore space FC‡ PWP§ BD¶ (total) BD (<2 mm)

—— g kg−1 —— cm h−1 cm3 cm−3 —— g H2O g soil−1 —— ——— g cm−3 ———
High elevation

0–20 cm 780 (42)# 40 (7) 18.6 (4.9) 0.71 (0.03)†† 0.69 (0.07)†† 0.57 (0.06)†† 0.69 (0.08)†† 0.28 (0.02)††
20–50 cm 780 (59) 60 (15) 23.4 (10.8) 0.68 (0.02)†† 0.65 (0.13)†† 0.54 (0.11)†† 0.74 (0.03)†† 0.48 (0.04)††
50–95 cm 750 (68) 70 (15) 8.2 (2.3) 0.63 (0.01) 0.44 (0.08) 0.37 (0.08) 0.92 (0.08) 0.58 (0.07)

Low elevation
0–20 cm 790 (37) 40 (7) 36.5 (8.6) 0.63 (0.02) 0.32 (0.04) 0.23 (0.03) 1.02 (0.07) 0.61 (0.05)
20–50 cm 790 (57) 60 (9) 8.7 (4.5) 0.51 (0.02) 0.24 (0.04) 0.18 (0.03) 1.29 (0.08) 0.77 (0.04)

† Saturated hydraulic conductivity measured in the fi eld, with four measurements for each site at each soil depth.

‡ Field capacity, representing gravimetric water content at −0.03 MPa.

§ Permanent wilting point (−1.5 MPa). Water potential values were determined on 2.5-cm-diameter by 5-cm-length intact soil cores.

¶ Bulk density determined on 2.5-cm-diameter by 5-cm-length intact soil cores.

# Values in parentheses are SEM.

†† Signifi cant diff erence between the high and low elevation for that depth as determined using the PDIFF option with a TUKEY adjustment in the 
LSMEANS statement in the GLM procedure of SAS.

Fig. 2. High (A and B) and low (C and D) elevation soil solution imidacloprid concentrations (µg L−1) for samples collected 1 to 6 wk after soil injec-
tion in lysimeters located 1 m, 2 m, and at the tree drip line, 20 cm (A and C) and 50 or 90 cm (B and D) in the soil profi le. Bars represent the mean 
concentrations for each site (four trees per site) each week of collection. Also shown is the maximum solution concentration for each collection 
week. Note the diff erent scales for mean and maximum concentrations in the 20-cm lysimeter at high- and low-elevation sites.
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Site × Depth and Site × Depth × Distance interactions, mean 
separation tests did not identify any diff erences.

Soil Imidacloprid Concentration
Soil samples were collected 2 wk, 6 mo, and 12 mo after 

soil injection of imidacloprid to measur e extractable soil con-
centrations (Fig. 4). We propose that imidacloprid pr esent in 
soil samples collected 2 wk after soil injection mo ved by pref-
erential fl ow, whereas subsequent collections r epresent imida-
cloprid moving in solution by mass fl ow. To compare sites for 
the extent of imidacloprid mo vement within the soil pr ofi le, 
we used the deepest soil lay er sampled, 20 to 50 cm for the 
low elevation and 50 to 90 cm for the high elevation site. Sites 
diff ered signifi cantly in extractable imidacloprid concentration 
(F = 21.6; p = 0.004), with concentrations being greater in the 
high-elevation site (Fig. 4). Distance from the tree was signifi -
cant (F = 16.13; p < 0.001), with distances 1 m and 2 m being 
equal with concentrations of imidacloprid signifi cantly greater 
than soils collected fr om the drip line. D ue to high v ariabil-
ity, there was no signifi cant diff erence in mean concentrations 
among depths of sample collection betw een sites or within a 
site (Fig. 4). Sample collection dates diff ered (F = 13.06; p < 
0.001), with imidacloprid concentrations in soil samples col-
lected 2 wk after application being the lo west compared with 
the 6- and 12-mo collections; the 6-mo collection was also 
greater than M onth 12. S oil imidacloprid concentrations in 
samples collected 2 wk after injection indicate preferential fl ow 
of imidacloprid at the high-elev ation site. Th e deep soil layer 
(50–90 cm) at 2 m from the tree (0.5 m from the application 

area) had a mean concentration of 46 μg kg−1 with a maxi-
mum concentration of 185 μg kg−1, suggesting movement of 
imidacloprid along a preferential fl ow path. All other soil imi-
dacloprid concentrations, 2 wk after application, at high- and 
low-elevation sites, at all soil depths, and at all distances fr om 
the tree (and imidacloprid injection site) were below detection 
limits (<1 μg kg soil−1).

Impacts on Soil Microarthropods
High- and low-elevation sites diff ered signifi cantly in total 

microarthropod population density but did not diff er between 
treated and r eference trees. Populations in the low-elevation 
site were generally greater for all soil microarthropod groups 
examined (oribatid mites [F = 15.21; p = 0.02], prostigmatid 
mites [F = 4.3; p = 0.11], and mesostigmatid mites [F = 20.6; 
p = 0.02]) as well as Collembola (F = 5.2; p = 0.08) and total 
average populations per soil core (F = 10.9; p = 0.03) (Fig. 5). 
Populations tended to vary with distance from the tree but not 
for all groups examined, and samples collected 2 m fr om the 
tree had the greatest populations (oribatid [F = 1.1; p = 0.34], 
prostigmatid [F = 2.5; p = 0.09], and mesostigmatid [F = 1.2; 
p = 0.32] mites and Collembola [F = 2.5; p = 0.09] and total 
populations per soil core [F = 2.3; p = 0.11]).

Although microarthropod populations did not diff  er 
between imidacloprid-treated and untreated reference samples 
for any group or sample collection month at either the low- or 
high-elevation site, we did fi nd a signifi cant negative correla-
tion between imidacloprid and microarthropod populations in 
the low-elevation site. We examined the corr elation between 

Fig. 3. High (A and B) and low (C and D) elevation soil solution imidacloprid concentrations (µg L−1) for samples collected 1 to 12 mo after soil injection 
in lysimeters located 1 m, 2 m, and at the tree drip line 20 cm (A and C) and 50 or 90 cm (B and D) in the soil profi le. Bars represent the mean concen-
trations for each site (four trees per site) each week of solution collection. Also shown is the maximum concentration in solution for each collection 
month. Note the diff erent scales for mean and maximum concentrations in 20 cm and 50 or 90 cm lysimeter at high- and low-elevation sites.
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microarthropod populations and soil imidacloprid concentra-
tions at all depths using data from the 6- and 12-mo collections 
(imidacloprid concentrations w ere zero in the 1-mo sample 
collection) (Table 3). I n the lo w-elevation site, imidacloprid 
concentrations at the 20- to 50-cm soil depth w ere negatively 
correlated with Collembola, oribatid, and mesostigmatid mites 
and with the total number of micr oarthropods per soil cor e 
(Table 3). In the high-elevation site, imidacloprid concentra-
tions at 20 to 50 cm were negatively correlated with Collembola 
only. Th ere were no signifi cant correlations with imidacloprid 
concentrations in surface soil (0–20 cm) in either site or in the 
deep soil (50–95 cm) of the high-elevation site. Examining the 
relationships between soil solution imidacloprid and micr o-
arthropod populations showed no signifi cant relationships at 
either site for shallow or deep lysimeters (data not shown).

Discussion
Soil Adsorption and Movement

Most studies of imidacloprid additions and mo vement 
in soils have been conducted in the laboratory using recon-

structed soil columns or in soils beneath greenhouses. Th ese 
studies found that movement of imidacloprid was determined 
by soil adsorption capacity, which is largely dependent on soil 
organic matter. However, leaching rates and depth of leach-
ate movement vary greatly among studies due to diff  erences 
in soil, pr ecipitation, and imidacloprid formulation. S tudies 
examining the r elationship between imidacloprid adsorption 
and movement in soils have examined both soil chemical and 
physical properties. Th ese studies suggest that clay par ticle 
content and soil organic matter ar e the two main soil char-
acteristics related to imidacloprid adsorption, its subsequent 
availability to plants, and its movement (Cox et al., 2004; Cox 
et al., 1998b; F ernandez-Perez et al., 1998; P apiernik et al., 
2006). A study by Flores-Cespedes et al. (2002) found that the 
presence of dissolved organic carbon in soil solution incr eased 
imidacloprid mobility and decr eased soil adsorption thr ough 
competition for sorption sites. Although our study sites w ere 
initially selected to maximize variability in soil characteristics, 
the only signifi cant diff erence between sites was for soil organic 

Fig. 4. High (A–C) and low (D and E) elevation acetonitrile-extractable soil imidacloprid concentrations (µg kg−1) for samples collected 2 wk, 6 mo, 
and 12 mo after soil injection 1 m, 2 m, and at the tree drip line at soil depths of 0 to 20 cm (A and D), 20 to 50 cm (B and E), and 50 to 95 cm (C) in 
the soil profi le. Bars represent the mean concentrations for each site from composite samples collected from four trees per site. Also shown is the 
maximum soil concentration for each collection month. Note the diff erent scales for mean and maximum concentrations in the 20-cm and 20- to 
50-cm soil depths at high and low elevation sites.
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matter (i.e., the high-elev ation site has mor e than two times 
the organic matter content of the low-elevation site) (Table 1).

We found that in soil samples collected 6 and 12 mo after 
soil injection, extractable imidacloprid concentrations were 
greatest in the high-elev ation site, despite the fact that the 
high-elevation site receives more than 400 mm greater annual 
rainfall than the low-elevation site. Gupta et al. (2002) found 
that more than 60% of the imidacloprid applied was adsorbed 
by the soil, wher eas 29 to 40% mo ved 25 cm thr ough the 
soil column in leachate after the addition of 65 cm of water . 
On average, this is the equiv alent of 3 or 4 mo of rainfall at 

high- and lo w-elevation sites, r espectively, in the southern 
Appalachians. We attribute diff erences in soil concentra-
tions between our study sites primarily to the r ole of organic 
matter in regulating imidacloprid adsorption and movement. 
Similarly, Cox et al. (1998a) found that imidacloprid adsorp-
tion was maximized about 8 wk after application, largely by soil 
organic matter. In batch adsorption laboratory studies, Oliver 
et al. (2005) examined soil characteristics and their r ole in the 
adsorption of several pesticides, including imidacloprid, using 
temperate and tropical soils from Australia and the Philippines. 
Th ey found that land use (i.e., agriculture versus pasture) had 

Fig. 5. Microarthropod populations of collembola (A and E), orabatid mites (B and F), mesostigmatid mites (C and G), and total populations (D and H) 
(number organisms soil core−1) at high-elevation (A–D) and low-elevation (E–H) sites. Core samples were collected 2 wk, 6 mo, and 12 mo after imida-
cloprid application. Vertical bars represent means for each distance from the tree as well as mean populations at the reference tree for all distances.

Table 3. Correlation coeffi  cients for ranked values of Imidacloprid concentration (mg kg−1) and microarthropod populations (number soil core−1). 

Collembola Oribatid mite Prostigmatid Mesostigmatid Total count

High elevation
0–20 cm NS† NS NS NS NS
20–50 cm 0.21 (0.01)‡ NS NS NS NS
50–90 cm NS NS NS NS NS

Low elevation
0–20 cm NS NS NS NS NS
20–50 cm 0.20 (<0.01) 0.33 (<0.01) NS 0.30 (<0.01) 0.33 (<0.01)

† Nonsignifi cant relationship (regressions with r2 <0.20 are shown as not signifi cant).

‡ Values in parentheses are probability of signifi cance (p value).
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a signifi cant impact on adsorption and, within a land use type, 
on total organic carbon content. Th eir fi ndings, supported by 
the fi ndings of Papiernik et al. (2006), suggest that the natur e 
of the organic matter may be more important in its adsorptive 
capacity than the total organic matter content.

We found that imidacloprid moved over a greater distance 
than suggested b y previous laboratory studies. F elsot et al. 
(1998) detected imidacloprid up to 105 cm depth in the soil 
profi le, with the greatest imidacloprid concentration at 45 cm 
depth, and concluded that initial mo vement of imidacloprid 
was along pr eferential fl ow paths. E xamining imidacloprid 
movement in drained D utch clay soils, Scor za Júnior et al. 
(2004) found the greatest concentrations in drainage solution 
after the fi rst rain ev ent. Similarly, we detected high imida-
cloprid concentrations in soil solution and soil imidacloprid 
extractions in deep samples 1 and 2 wk, r espectively, after 
imidacloprid injection 5 cm beneath the mineral soil sur face 
(Fig. 2). Th is rapid mo vement is most likely attributable to 
preferential fl ow, a phenomenon not likely obser ved in labo-
ratory studies or in w ell mixed agricultural soils. O i (1999) 
examined imidacloprid adsorption and mo vement and found 
that the amount adsorbed increased with time while there was 
a decrease in soil solution concentrations. We observed a simi-
lar temporal pattern in which lysimeter concentrations decline 
more rapidly than adsorbed soil imidacloprid concentrations.

Concerns about the movement of imidacloprid to str eams 
were addressed by Churchel et al. (2011) in sev eral southern 
Appalachians streams. Th ey examined imidacloprid concen-
trations in streams after riparian z one hemlock treatment by 
stem and soil injection and macr oinvertebrate populations in 
adjacent streams. Only a trace amount of imidacloprid (<1 µg 
L−1 720 d after application) was detected in one water sample, 
and no eff ects on aquatic macroinvertebrates were observed. 
Negative eff ects on aquatic organisms hav e been obser ved 
at much gr eater imidacloprid concentrations. F or example, 
Kreutzweiser et al. (2008a) found r educed survival of stone-
fl y at concentrations of 48 and 96 μg L−1. Tisler et al. (2009) 
found that of the species they tested most were not very sensi-
tive to imidacloprid; the most sensitive was the water fl ea, with 
an EC50 for 48 h of 56.6 mg L−1.

Impacts on Soil Microarthropods
Soil microarthropods are of great importance in forest fl oor 

and soil organic matter decomposition and nutrient cy cling 
(Coleman et al., 2004); hence, understanding (and limiting)  
the impacts of imidacloprid on soil micr oarthropods is criti-
cal for maintaining nutrient cy cling processes. Some studies 
have observed little or no eff  ect on soil micr oarthropods. 
For example, Peck (2009) and Kunkel et al. (1999) observed 
no eff ect of imidacloprid on any Acari in studies conducted  
on turf grass. Elbert et al. (1991) r eported no imidacloprid 
eff ects on spider mites, wher eas other studies hav e shown 
pronounced increases in Tetranychid populations r elated to 
imidacloprid exposure, for which sev eral mechanisms hav e 
been proposed (James and Price, 2002). In contrast, Peck 
(2009) reported reductions in one family of Collembola, the 
Entomobryomorpha, which he posits may r esult from their 
association with the rooting zone, where uptake of imidaclo-
prid occurs. Although w e found no diff erence in total soil  

microarthropod populations between treated and reference 
trees, we found w eak but signifi cant negative correlations 
between adsorbed soil imidacloprid and soil microarthropod 
populations (Table 3) on the tr eated sites. Th ese results sug-
gest that adsorption of imidacloprid b y soil organic matter  
in southern Appalachian soils may play an impor tant role in 
localizing, and hence minimizing, the impacts of soil injec-
tion applications on soil microarthropod populations.

Our study examined in situ mo vement and adsorption of 
imidacloprid after soil injection in two hemlock for est sites. 
We found that imidacloprid moved to the deepest soil solution 
lysimeters (90 cm) within 1 wk of application, pr obably by 
preferential fl ow paths. High organic matter content wor ked 
to adsorb imidacloprid, making it av ailable to hemlock tr ees 
for a longer period of time. At the site with low organic matter, 
there was a w eak but signifi cant negative correlation between 
soil microarthropod numbers and imidacloprid concentra-
tion; however, populations did not diff  er signifi cantly from 
untreated reference samples. Because there is considerable vari-
ability in riparian zone soils and their organic matter content, 
it is diffi  cult to make generalizations concerning the movement 
and adsorption of imidacloprid.
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