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Abstract Industrial horticulture can release pesti-
cides and trace metals/metalloids to terrestrial and
aquatic environments. To assess long-term and more
recent land contamination from an expanding horti-
cultural region, we sampled soils from chemical
mixing, crop production, and drainage areas, as well
as retention reservoirs (dam) sediments, from 3
blueberry farms with varying land-use history in
subtropical Australia. Soils were analysed for 97
different pesticides and trace metal/metalloid con-
tents. The most recent farm had fungicides propicona-
zole and cyprodinil contents that may compromise soil
invertebrate survival and/or nutrient recycling
(5-125 mg kg~ "). A site previously used to cultivate
bananas had 6 dam sediment subsamples with arsenic
contents over sediment quality guidelines (SQGQG);
however, the soil content values were just below
Australian health investigation levels (100 mg kg™").
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Arsenic is suspected to originate from pesticide
application during previous banana cultivation in the
region. Dam sediment cores at all sites had mercury
contents over the SQG likely due to fungicides or
fertiliser impurities. Mean contents of mercury from
dam sediments (141 & 15.5 ug kg™") were greater
than terrestrial soils (78 + 6.5 pg kg™'), and sedi-
ment profiles suggest mercury retention in anoxic
sediments. Soils in chemical mixing areas at two sites
were contaminated with copper and zinc which were
above the national soil ecological investigation levels.
Based on toxicity data, distribution, persistence, and
mobility, we identified the fungicide cyprodinil,
mercury, and phosphorus as contaminants of the
greatest concern in this intensive horticulture area of
Australia. Additional sampling (spatial, chemical
speciation, biotic) is required to support mitigation
efforts of the emerging contamination in the rapidly
expanding blueberry farms of this region of Australia.

Keywords Pesticide - Trace metal - Soil pollution -
Sediment pollution - Arsenic

Introduction
Pesticides, fertilizers, and other products containing

contaminants are often applied directly to crops or
soils in which they grow. Since many contaminants

@ Springer


http://orcid.org/0000-0002-3851-5718
https://doi.org/10.1007/s10653-020-00803-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10653-020-00803-z&amp;domain=pdf
https://doi.org/10.1007/s10653-020-00803-z

3190

Environ Geochem Health (2021) 43:3189-3211

exhibit the affinity to bind to soil particles rapidly, the
accumulation of contaminants occurs in the soil
underlying the crops. Indeed, agricultural fields are
known sites of increased nutrient, metal, and pesticide
accumulation (He et al. 2005; Fang et al. 2007; Haynes
and Naidu 1998). While agricultural soils may be the
predominant (or first) sink for contaminants, these
substances may become mobile under changing envi-
ronmental conditions. For instance, rainfall leaches
contaminants from the soils to surface or groundwaters
and increases soil erosion from agricultural landscapes
(Santos et al. 2011; Brodie and Mitchell 2005). Areas
receiving runoff or sediment from agricultural lands,
such as engineered dams or estuaries, can also become
sinks of the drainage (Kreuger et al. 1999; Conrad
et al. 2019). Sampling crop production areas and
adjacent waterways can, therefore, provide an
improved understanding of the extent of environmen-
tal impact from industrial agriculture.

Pesticide residues may not undergo rapid degrada-
tion and can become persistent environmental pollu-
tants. Accumulation and overexposure of pesticides
within the natural environment can cause wildlife and
human health decline (Hernandez et al. 2011; Schéfer
et al. 2012). Examples of pesticides with long
environmental retention times include aldrin, dieldrin,
DDT, chlordane, endosulfan, heptachlor, and many
others. In addition to pesticides, some trace metals/
metalloids, such as lead (Pb), mercury (Hg), and
arsenic (As), as well as excess nutrients from fertil-
izers such as nitrogen (N) and phosphorus (P) are
associated with agricultural products. If present in
sufficient amounts, pesticides, trace metals, and
nutrients alter trophic interactions leading to
decreased biomass and biodiversity in terrestrial and
aquatic systems (Tilman 1999; He et al. 2005; Bennett
et al. 2001).

Unsustainable agricultural practices after World
War II, in combination with climate change and
export-oriented  production  mentalities, have
increased environmental and economic pressures on
Australian farmers (Lawrence et al. 2013). Australian
agricultural ideology has been described as “compet-
itive productivism- unsubsidised, highly productive
agriculture” (Dibden et al. 2009) driven by neoliber-
alist dogma (Lawrence et al. 2013). Productivism in
Australia can be characterised by the intensification of
production via increased use of external inputs, the
ownership of the majority of farmland by a minority of
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farmers, and specialisation of regions with particular
farm industries and expertise (Argent 2002).

Our study region is no exception to this rule.
Coastal northern New South Wales (NSW) has a long
history of intense banana cultivation. However, due to
the opportunity for increased profit margins, the
blueberry industry rapidly began to replace banana
horticulture in this region around the year 2000
(exemplified in Fig. 1). Australian blueberry industry
objectives focus on increasing domestic consumption,
exports, and yields per hectare by 10% each year, with
only a not-explicitly defined goal of increasing
sustainability (ABGA 2018). Blueberry industry fer-
tilisation guidelines are dated and based on data from
overseas (Doughty et al. 1988), while other recom-
mendations are relatively homogeneous strategies for
growth and disease control across various landscapes,
soil types, and hydrological regimes (Wilk and Ireland
2008; Simpson 2019). Additionally, many of the
farmers in this region have generational knowledge of
banana cultivation techniques, which may not be
applicable to current blueberry horticulture.

Here, we quantify contaminant levels in various
soil and sediment types on blueberry farms with
different land-use histories. We identify pesticide,
trace metal/metalloids, and nutrient contaminants of
concern in recently established, rapidly expanding
horticultural landscapes in the subtropical East coast
of Australia. Data derived from our sampling efforts
will further the knowledge of the extent of land
contamination from productivist-mentality horticul-
ture in Australia.

Materials and methods
Study site

Samples were collected from the Coffs Harbour region
in northern New South Wales, Australia. For
> 100 years, the predominant horticultural industry
in the region was banana cultivation, with the epicen-
tre being the town of Coffs Harbour (30.2986° S,
153.1094° E). The climate in this region is charac-
terised by mild summer and winter temperatures with
seasonal rains in spring and autumn. Banana planta-
tions were developed amongst subtropical rainforest
on nearly every steep, north-facing slope of the coastal
Great Dividing mountain range.
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Fig. 1 Aerial photography time series of the Sandy Beach
catchment (red line) and Hearnes Lake estuary in subtropical
northern NSW demonstrating the land-use percentage change in
banana to blueberry cultivation between 1956 and 2017. Sites 1
and 2 from this study are located in this catchment (pink).

After nearly a century of intense banana cultivation
in the region, public health concerns surrounding the
industry arose. In the 1980s, higher than average
congenital disabilities and cancer rates were attributed
to pesticide exposure from banana cultivation (Short
1994). Bloodborne concentrations of organochlorine
(OC) pesticides in Coffs Harbour children were higher
than other more populous cities in Australia and other
nations (Budd 1995). Despite these observations, data
on the extent of environmental contamination from
nearly a century of banana cultivation are lacking.
Conrad et al. (2017) reported sediment enrichments
with copper (Cu) coinciding with the beginning of
aerial spraying of fungicides on banana farms in 1956
(Hedditch 2014).

More recently, a large-scale land-use change from
banana to blueberry farms occurred in Coffs Harbour
(demonstrated in Fig. 1). Blueberry cultivation area
doubled between 2010 and 2012 (Brazelton 2013),

ArcGIS software used to quantify farm type. Banana farms:
yellow polygons and percentages; blueberry farms: blue
polygons and percentages. Images provided by New South
Wales DPI

with a > 400% increase in blueberry farms in the
Coffs Harbour region (White et al. 2018b). Due to a
lack of strict regulations and reporting mechanisms of
farm practices, many uncertainties remain regarding
the environmental impact of blueberry cultivation.
Recent studies identified high levels of dissolved N
and heavy metals in waterways draining blueberry
farms (White et al. 2018a, b; Conrad et al. 2020). The
land-use change from banana to blueberry farming
also increased sedimentation rates and trace metal and
P sediment pollution in a downstream estuary (Conrad
et al. 2019). Here, we sampled soil and dam sediment
cores from blueberry farms in the Coffs Harbour
region to better understand the extent of agricultural
contamination nearer to their source of potential
introduction. To our knowledge, these represent the
first pesticide observations in soil samples since the
expansion of the blueberry industry in this region.
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Sample collection

We sampled three farms (hereby referred to as Sites 1,
2, and 3). Sites 1 and 2 are located in the coastal Sandy
Beach catchment (Fig. 2) and have a history of banana
cultivation since the 1940s. Both sites have been
growing blueberries since ~ 2002. Site 3 is located
further inland in the Bucca Bucca Creek catchment
(Fig. 2) with cattle grazing as the previous land use. A
blueberry farm was constructed at Site 3 in 2013.
We sampled various locations within each site.
NSW state regulations require that all agricultural
chemicals are contained in a lockable indoor area
(Browne 2016). Local farms typically have a shed that
contains agricultural chemicals and a nearby area
specially designated for the mixing of chemicals. Due
to the increased chemical exposure at these ‘mixing
sheds’, greater accumulation of contaminants is
expected here. We took soil cores near chemical mix
sheds at each site (hereby termed ‘mix shed’ cores). To
assess soil quality in growing areas, we took soil cores
from crop production areas (hereby termed ‘field’
cores). Lastly, at Site 2, we took a soil core from a
steeply sloping ditch, which drained a mixing shed
that was used previously during banana cultivation.
This mixing shed has been out of use since 1980. All
terrestrial soil cores were 30 cm in length and taken
with a 10 cm diameter metal or PVC tube. We
collected a total of 7 terrestrial soil cores between 4
and 6 March 2019 (Fig. 2). The terrestrial soil cores
were sectioned into intervals from O to 7.5 cm, 7.5 to
15 cm, and 15 to 30 cm depths following the Envi-
ronmental Protection Authority (EPA) protocol (EPA
1997). Each subsection was frozen directly after
collection and then dried at 105 °C before analysis.
In addition to sampling terrestrial soils, we assessed
sediment quality in retention reservoirs (hereby
referred to as dams) that capture water for reuse on
the farms. Construction of dams at Sites 1 and 2 was
completed in 1976, while Site 3 dam was constructed
in 2013. Dam bottom sediments were collected from
each site (Fig. 2) on 4 March 2019 using a 6.8 cm
inner diameter Aquatic Research Instruments Univer-
sal weighted gravity corer. Dam cores were collected
from depths between 4.0 and 4.2 m. Maximum water
depths of the dams were ~ 6 m. Dam sediments were
extruded in 1 cm intervals using the provided extrud-
ing device from Aquatic Research Instruments.
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Fig. 2 Locations of dam sediment cores, mix shed, drainage »
ditch (Site 2 only), and field soil cores from coastal (Sites 1 and
2) and inland (Site 3) farms in subtropical northern New South
Wales

Sediments were frozen, freeze-dried, and weighed to
obtain dry bulk density (DBD) before further analyses.

Contaminant analysis

Soil organochlorine (OC) pesticide content was
determined by placing 10 g of sample into a tumbler
bottle. Anhydrous sodium sulphate (Na,SO,) was
added until the mixture was free-flowing. To assess
soil matrix effects on contaminant recovery, each
sample was spiked with dibromo-DDE universal
pesticide surrogate. Next, 30 mL of 1:1 dichloro-
methane (DCM): acetone solution was added. Bottles
were tumbled for 1 h. The resulting extract was
concentrated under N, gas to 1 mL and placed into a
1.5 mL vial. Samples were run on an Agilent 5975 Gas
Chromatograph/Mass Selective Detector (GC/MSD).
Limits of reporting (LOR) ranged from 0.05 to
0.2 mg kg~ '. Blank (free of contaminant) samples of
a similar soil matrix were performed before analysis.
Reference material was spiked with 0.5 mg kg~ of
each target OC pesticide. Spike recoveries ranged
from 77 to 108% recoveries. During analysis, a sample
with a representative array of target analytes was split
to assess potential matrix interference and homogene-
ity of samples. The sample was spiked with OC
pesticides at contents between 0.5 and 2 mg kg™ .
Spike recoveries ranged from 78.5 to 124% recovery.

Synthetic pyrethroids were extracted in the same
manner as the OC pesticides. Samples were run on an
Agilent 59,755 GC/MSD in selected ion monitoring
(SIM) mode. LOR was 0.05 mg kg~'. Blanks and
reference spikes were performed in the same manner
as the OC pesticides. Spike recoveries ranged from
80.5 to 115% recoveries. Representative samples were
split to test for homogeneity and matrix interference
and spiked at contents of 0.5 mg kg~'. One analyte
(bioresmethrin) had a recovery of 22.8% and was
therefore discarded from the analysis. All other spike
recoveries ranged from 81.4 to 115%.

To determine the organophosphate (OP) and car-
bamate pesticide, triazine, urea, chloroacetanilide
herbicide, aminopyrimidine, benzimidazole, and
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conazole fungicide soil contents, 5 g of sample was
placed into a 50 mL polypropylene centrifuge tube.
Four millilitres of acetonitrile (ACN) was added,
followed by 6 mL of methanol (MeOH). Centrifuge
tubes were vigorously hand shaken and vortexed to
mix contents. Tubes were then either sonicated for
15 min or tumbled for 1 h. Tubes were centrifuged at
3000 rpm for 5 min. Twenty-five microlitres of the
supernatant was pipetted into a 10 mL glass tube
containing 2 mL of Milli-Q water and 25 pL. MeOH.
Samples were briefly vortexed and filtered into 1.5 mL
microcentrifuge tubes. Samples were run on an
Applied Biosystems/MDS Sciex API 5000 Liquid
Chromatography/mass spectrometry/mass spectrome-
try (LC/MSMS) with Qjet ion guide. LORs ranged
from 0.001 to 1 mg kg™~ '. Blank samples of a similar
soil matrix were run before analysis. Reference
materials were spiked with standards to contents
between 0.01 and 4 mg kg~'. Reference material
spike recoveries ranged from 63.2 to 103%. Repre-
sentative samples were split and spiked with contents
of contaminants ranging from 0.01 mgkg™' to
4 mg kg~'. Recoveries ranged from 72.8 to 102%.

All samples (terrestrial soil and dam sediment
cores) were analysed for trace metals, metalloids,
phosphorous, and other major ions using the method-
ology outlined in Conrad et al. (2019) and references
therein. We used the Australian and New Zealand
Environment Conservation Council (ANZECC) sed-
iment quality guidelines (SQG) (Simpson et al. 2013)
as threshold values to assess the extent of trace metal/
metalloid contamination in dam sediments. The
ANZECC SQG have two levels of trigger values: a
default guideline value (DGV) and guideline value-
high (GV-high). The DGV represents a concentration
below which there is low probability of toxic effects.
The GV-high represents a concentration above which
there is a high probably of deleterious effects. Below
GV-high values, toxic effects are still possible. Where
no ANZECC SQG existed, we used values from the
literature. SQG for selenium (Se) and P were obtained
from Van Derveer and Canton (1997) and Persaud
et al. (1993), respectively. To compare geologic and
anthropogenic fractions of trace metals, metalloids,
and phosphorus in dam sediments, enrichment factors
were calculated using aluminium (Al) as the reference
material as outlined in Conrad et al. (2017).

Due to lack of stringent agricultural soil quality
guidelines, we adopted the Australian National
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Environment Protection Measures (NEPM) policy
framework to develop ecological investigation levels
(EIL) of contaminants in terrestrial soil (NEPC
2011e). The NEPM framework uses species specific
distribution toxicity data to protect a predetermined
percentage of terrestrial invertebrate, plant, and
microbial species (percentage of species protected
depends on land use) (NEPC 2011c). The NEPM
classifications lack specific EILs for agricultural lands,
but suggest adopting 80% species protection to ensure
the preservation of essential soil processes (nutrient
cycling, etc.) (NEPC 2011d). The urban and residen-
tial public space EIL values also protect 80% of
species, and therefore, we adopted the EIL values for
this land use as a surrogate for agricultural land use
(NEPC 2011d). The EIL values correspond to the
lowest observed effect concentrations (LOEC) and to
30% effective concentration (EC30) toxicity data
(NEPC 2011b). Where the current 2011 version of
the NEPM framework did not update the toxicity or
bioavailability data to yield soil specific EIL values,
we used the 1999 EIL values (NEPM 1999). Since the
NEPM framework lacked toxicity guidelines for Co,
we adopted the Co soil quality guidelines of Moen
et al. (1986).

The EIL for Zn, Pb, and Cu developed using the
2011 NEPM framework are soil specific (NEPC
2011e) based upon soil pH and/or cationic exchange
capacity (CEC). We used NSW eSPADE online soil
database to survey nearby average soil pH values. Soil
pH from samples on and nearby sites 1 and 2 was
between 5.0 and 6.0 in the surface (0-22 cm),
respectively, and 5.5-6.0 in the subsoil (eSPADE
2020). In samples near site 3, soil pH in topsoils
(0-20 cm) and subsoils (20-30 cm) ranged from 5.0
to 6.0 (eSPADE 2020). To be conservative and adopt
the highest degree of environmental protection, we
derived an EIL using a pH of 5.0. We calculated base
CEC by dividing the soil contents of Mg, K, Na, and
Ca by their milliequivalents per 100 g (mEq 100 g™ ')
of soil. To calculate mEq 100 g~', we calculated the
gram equivalent weight of each ion by dividing the
atomic mass by its valence charge. We then converted
equivalents to mEq 100 g~ of soil by multiplying by
a factor of 10. Since we did not obtain buffer pH or
NH>** soil contents, our estimates of CEC do not
include acidic cations. Therefore, our estimates of
CEC are underestimated, resulting in a generation of a
conservative EIL value. Mean base CEC in all
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terrestrial soil samples was 17.3 (sample specific CEC
values in supplemental materials), but we rounded the
CEC value to 20 to comply with the NEPM guidelines
(NEPC 2011d).

The NEPM framework also provides health inves-
tigation levels (HIL) to investigate potential human
health risks that may arise from chronic exposure to
certain contaminants. HIL are intentionally conserva-
tive, and exceedances of HIL signify further appro-
priate investigation to fully evaluate human health
risks from long-term soil exposure (NEPC 2011b). We
opted to use the HIL-A values from NEPC (201 1a) and
NEPM (1999) when more recent HIL were not
available. HIL-A values are guidelines for standard
residential garden/accessible soils and home grown
produce that comprises less than 10% of vegetable and
fruit intake. We assumed the consumers fruit intake
from produce of these farms would account for less
than 10% of their diet. The HIL-A provide the lowest
concentrations at which to investigate human health
risks further.

Results
Terrestrial soil cores
Pesticides

We detected ten out of 97 analysed pesticides in the
terrestrial soil cores (Table 1). By weight, 98% of the
pesticide mass we detected occurred in the Site 3 mix
shed core, with only small amounts of pesticides in the
other cores. Ethoprophos and dimethoate were the OP
pesticides detected. Ethoprophos was detected in low
contents at the Sites 1 and 2 mix sheds and Site 2
drainage ditch (Table 1). No ethoprophos was
detected at Site 3. Dimethoate was found exclusively
at Site 3 mix shed in low contents. Methomy!l content
was the greatest along the deeper sediments of the Site
3 mix shed core (0.074, 0.011, and 0.089 mg kg{1
with increasing depth). Bifenthrin was present in
relatively greater contents than the other pesticides.
Bifenthrin in the Site 3 mix shed core followed a trend
of decreasing content with depth (Table 1). Prometryn
was detected in the surface interval of the Site 3 mix
shed just above the detection limit (0.004 mg kg™ ").
Fungicides were the most abundant pesticides
detected. Propiconazole was found in mix shed and

field cores at Sites 2 and 3. Propiconazole in the Site 3
mix shed had the highest content of any pesticide we
detected (125 mg kg™ "). Cyprodinil had the highest
spatial distribution of any contaminant found in our
testing, being detected in the surface intervals all mix
shed and field cores (Table 1). Pyrimethanil contents
were < 0.10 mg kg™ in Site 1 field core. Carben-
dazim contents were low in all mix shed cores and Site
3 field cores.

The aryl urea herbicide diuron was detected in
small amounts in all Site 2 cores. Site 2 field core had
diuron contents of 0.010 and 0.014 mg kg~ at depths
7.5-15 and 15-30, respectively. Site 2 drainage ditch
cores had diuron contents of 0.02 and 0.012 mg kg™
in 0-7.5 and 7.5-15 cm, respectively.

Trace metals/metalloids and phosphorous

None of the soil As, Pb, Cd, Cr, Ni, Hg, or Co soil
contents exceeded the EIL (Table 2). No soil contents
from any sample exceeded the HIL. Eleven out of 12
samples from the Sites 1 and 2 mix shed and field cores
exceeded the EIL for Mn. Mean Mn contents in the
Sites 1 and 2 mix shed and Site 1 exceeded the EIL by
two- to threefold. All site 3 soil samples were below
the EIL for Mn. A sample at Site 2 was close to
exceeding EIL and HIL for As (Table 2). Two samples
from the Site 2 drainage ditch core would have
exceeded the EIL for As if we used the 95% species
protection (EIL value: 40 mg kg™ '). Cu contents in
the surface interval (100.3 mg kg™') of Site 3 mix
shed exceeded the EIL value of 85 mgkg™'. All
samples of Zn from the Site 2 mix shed core exceeded
the EIL (mean Zn content: 406 & 117 mg kg™ ). Site
1 mix shed had the highest mean P contents
(1273 + 507 mg kg™ '). The surface contents here
exceeded the EIL.

Dam sediment cores

The EFs of Pb, Cr, Cu, and Ni reflect natural variation
(Zhang and Liu 2002), and their contents did not
exceed the ANZECC DGV. In the Site 2 core, surface
sediment (0-5.5 cm depth) As contents exceeded the
ANZECC DGV of 20 mg kg~ ' (Table 3). Moderate
enrichments (2 < EF < 4) of As were observed in all
cores (Fig. 4, Zhang and Liu 2002). At Site 2, Cd
contents and EF were elevated from 2.5 to 5.5 cm
depth (EF: 6-12 at these depths). No Cd contents

@ Springer
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Table 2 Comparison of trace metal/metalloid and phospho-
rous soil contents against Australia’s National Environmental
Protection Measure ecological investigation levels (EIL) and
health investigation levels (HIL) from chemical mixing sheds,

horticultural production areas (field), and drainage ditch soil
cores from blueberry farms in subtropical northern New South
Wales

As Pb Cd Cr Cu Ni Se Zn Hg Co Mn Fe Al P
mgkg ! mgkg! pgkg! mgkg " mgkg!
Core Depth mgkg' mgkg' mgkg' pgkg' mgke' mgke' % % mg kg
075| 137 194 311 9.9 229 4.6 1.4 134.9 55 74 670 2.0 12 2272
_ } 7515 | 13.1 104 145 522 8.0 25 0.8 57.8 106 5.4 544 1.1 1.1 924
it 1 i S 1530 | 9.4 1.9 150 9.5 7.2 2.8 15 71.2 65 53 2172 22 12 623
Mean + 202 £ 33+ 1.3+ 75+ 6.1+ 1129 + 1.8+ 1.2+ 1273 +
SE| 12+1 14+3 55 2414 135 07 02 8824 16 0.7 523 0.4 0.03 507
075| 54 14.9 55 7.0 122 3.1 12 214 71 57 1014 15 12 432
- 7515| 7.6 172 54 79 11.1 38 0.9 21.0 109 103 2081 1.9 13 284
o I Bl 1530 | 114 175 199 75 9.5 56 1.1 334 60 12.3 2003 22 14 259
Mean+ | 8.2+ 103 + 7.5+ 42+ 1.1+ 80 + 94+ 1699 + 1.9+ 1.3+
SE| 17 171 48 03 1+l 08 0.1 2544 15 2.0 343 0.2 0.1  325+54
075| 258 187 112 10.5 26.6 6.3 0.4 638 67 6.6 457 1.7 13 576
; ) 7545 | 213 192 116 9.7 254 7.0 0.7 313 54 8.0 950 1.7 12 529
it 2 i S 1530 | 238 218 135 10.9 29.9 7.1 1.0 267 25 9.0 1033 2.1 15 584
Mean + 121+ 68+ 07+ 406+ 49+ 79+ | 813+ 19x 13
SE| 241 2041 7 10£04 27+£1 02 0.2 117 13 0.7 180 0.1 01  563+17
075| 218 160 82 11.0 249 6.4 0.7 89.8 112 75 1155 2.1 13 521
o 7515| 202 156 24 9.7 20.1 72 0.6 497 105 108 1869 2.0 14 333
Bitin 2 17l 1530 | 151 204 51 9.9 20.1 72 0.8 724 97 182 2653 24 1.6 414
Mean + 52+ 6.9+ 0.7+ 105 + 1893 + 2.1+ 1.5+
SE| 19+£2 172 17  10:04 222 02 01 7112 4 12£3 | 433 0.1 0.1  423%55
075| 680 173 146 8.5 12.4 6.1 15 523 79 10.1 391 13 1.4 545
) ; } 7515 | 992 206 80 13.8 10.0 6.6 1.1 503 53 10.6 430 38 15 467
Bfiin 2 Dy DM 1530 | 242 198 29 127 104 67 27 513 101 8.7 369 46 15 155
Mean=+ | 64+ 85+ 64+ 1.8+ 78+ 9.8+ 33+ 15+ 389+
SE| 22 19:1 34 1242 111+1 02 05 5101 14 06 397+18 1.0 0.1 119
07.5| 5.1 9.2 62 73 1003 | 23 0.5 73.9 28 1.6 383 14 1.0 1095
} } 7515 | 3.7 8.4 50 7.0 305 27 0.8 59.6 87 1.9 261 1.0 1.1 745
o 3 Wi Sl 1530 | 43 107 30 9.2 144 27 07 35.5 88 2.9 237 1.6 13 510
Mean= | 4.4+ 78+ 26+ 07+ 68+ 2.1+ 13+ L1+ 783 +
SE| 04 91 47£9 07 4826 0.1 01 5611 20 04 29445 02 0.1 170
075 97 10.5 30 25.1 4.0 33 0.7 14.5 67 0.7 105 53 13 270
7515 | 4.1 9.3 22 8.6 34 23 0.7 10.7 150 0.8 117 1.6 13 149
Site 3 Field
1530 | 47 9.0 30 73 8.7 23 0.6 14.8 64 0.9 180 12 12 270
Mean= | 62+ 54+ 26+ 07+ 94+ 08+ 27+ 13+
SE| 18 10+£1 28+3 1446 1.7 0.3 0.1 1341 28 01 13423 13 0.02 23040
NEPM EIL 100 1100  3000° 400 85 270 - 180 1000°  50° 500° - - 2000°
NEPM HIL 100 300 20000 120000° 7000 400  200° 8000 200000 - 3000° - - =
n>EIL | 0 0 0 0 1 0 0 3 0 - 11 - - 1
Total n=21 n>HL | 0 0 0 0 0 0 0 0 0 - - - - 0
:
values from NEPM Fighliphi= contents=EID
1999
®values from Moen et al. 1985 No samples > HIL

Highlighted cells are above EIL (> EIL = highlight; no samples were > HIL)

exceeded the ANZECC DGV (Table 3). Due to the
low Se contents in the bottom interval at Site 3, there
was high EF throughout this core (Fig. 4). Despite the
severe enrichments at Site 3, no Se contents exceeded
the Se sediment quality guideline from Van Derveer
and Canton (1997). There was no Zn enrichment, and
no Zn contents in the dam cores exceeded the
ANZECC DGV (Table 3). Mn contents were an order
of magnitude greater at Site 2 (Table 3). Mn was
enriched in surface sediments of Site 3 by a factor of

~ 9 (Fig. 4). Three samples from Site 1, six from Site
2, and four from Site 3 exceeded the DGV for Hg. The
highest Hg contents were at the bottom intervals of the
Site 2 core (Fig. 3) and exceeded ANZECC DGV
(Table 3).

Mean phosphorus (P) contents exceeded our proxy
sediment quality guidelines (from Persaud et al. 1993)
at Site 2 (Table 3) and were moderately enriched
(EF ~ 4, Fig. 4). At Site 1, P contents increased ~
fivefold from 25cm to the  surface
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Table 3 Trace metal soil quality guidelines (SQG) and contents from dam sediment cores

As Pb Cd Cr Cu Ni Se Zn Hg Co Mn Fe Al P
mgke T mg pgkg' mg mg mg mgkg' mgke' g mg mg kg !
Core Depth kg kg kg' kg' ke' mgkg' ke % %
Site 1 05| 94 132 16 106 57 24 0.9 184 171 16 02 27 14 287
15| s6 105 21 92 45 25 11 173 120 15 67 20 15 110
25| 53 110 22 92 34 24 1.0 167 86 15 49 23 15 46
350 60 121 19 105 36 27 1.0 194 112 13 44 2.7 17 40
45| 50 107 19 90 34 24 0.9 174 9% 13 40 24 15 42
55| 138 160 20 174 36 24 17 176 | 165 1.6 83 338 1.6 63
65| 62 110 12 99 37 27 10 184 111 14 38 2.7 1.6 35
75| 56 105 14 94 34 25 1.0 168 116 1.3 36 23 1.5 27
85| 143 279 15 162 46 34 17 260 112 21 75 63 1.9 93
95| 57 108 16 9.1 36 22 12 165 101 13 33 23 15 24
105 76 151 16 1Ll 39 26 13 197 121 15 37 3.1 17 36
1ns| 67 118 18 109 43 27 11 199 | 157 14 35 238 1.8 28
125 73 129 1 106 35 23 15 184 116 13 3 3.0 1.6 33
35| 52 125 15 99 37 26 12 176 116 14 31 2.1 1.6 32
145 58 134 15 109 41 27 13 197 126 15 35 23 17 39
155 57 117 13 98 38 26 13 187 69 13 31 25 1.7 33
165| 64 123 16 1.0 40 32 13 192 73 15 34 2.7 1.6 39
175 o1 142 15 122 38 27 13 193 52 16 41 33 1.6 55
185| 114 189 17 121 35 28 15 184 101 17 51 3.6 15 75
195 62 127 18 105 39 28 1.6 190 1115 34 27 17 34
205 67 107 18 99 35 22 1.0 181 63 14 348 28 15 28
215 132 155 17 145 37 30 14 202 39 17 476 4l 17 74
25| 72 16 13 110 34 24 15 184 74 14 365 30 1.6 37
235( 69 124 15 105 36 26 1.4 183 80 14 350 29 1.6 33
25| 89 155 21 129 43 34 16 223 84 21 489 35 18 62
255 110 152 18 132 43 27 14 202 9 17 485 35 17 53
25| 67 135 18 118 44 29 13 203 69 17 419 31 1.8 37
275 81 157 15 136 48 30 19 219 59 16 41 35 18 40
285 83 155 12 126 47 30 14 217 121 18 447 37 19 37
295| 61 140 17 112 44 28 1.4 183 98 16 388 26 17 27
305 77 149 19 126 52 32 s 210 78 16 404 28 20 42
77+ 14+ 1+ 40+ 27+ 13+ 19= 99 15+ 45+ 30+ 17+
Mean £ SE | 0.5 11651 04 0.1 0.1 0.1 04 6 0.04 3 02 003  53%9
ANZECC SQG DGV | 20 50 1500 80 65 21 25% 200 150 - - - — 600%*
GV-high |70 220 10000 370 270 52 4 410 1000 - - - ~ 20004
n>DGV | 6 0 0 0 0 0 0 0 13 - - - - 4
n>Gv-
Totaln = 58 high | 0 0 0 0 0 0 0 0 0 - - - - 1
Site 2 05| 201 173 94 127 376 83 09 854 119 107 4788 25 24 960
15| 206 214 143 115 267 93 08 692 143 128 5648 23 25 877
25| 288 158 143 108 247 76 07 722 133 125 6843 21 22 | 1002
35 438 171 280 124 272 86 09 745 106 135 8116 23 24 | 149
45| 270 187 168 121 270 86 10 705 107 150 711 23 25 915
55] 328 169 278 120 287 107 06 1115 98 131 6943 21 2.1 839
65| 184 186 214 116 259 97 08 936 | 155 137 6121 20 23 587
75( 159 163 165 119 267 105 08 8.7 92 145 5940 2.1 23 629
85| 136 169 166 108 220 118 10 740 95 151 5874 2.1 22 595
95| 167 188 152 121 238 92 05 651 145 159 8705 23 25 820
105 174 182 19 107 220 83 08 632 143 147 11367 21 23 814
15| 143 168 168 107 216 9.0 10 697 140 129 6827 19 22 533
125| 143 170 185 108 222 88 06 659 | 185 133 6936 2.0 2.1 542
135] 118 189 112 112 255 96 10 641 | 286 128 5769 2.1 2.1 440
145 112 206 80 115 275 98 06 608 391 117 5164 23 1.9 341
155| 105 294 31 143 345 122 07 694 | 595 143 5744 30 19 348
165 99 249 21 139 331 114 06 649 747 131 5069 28 18 303
Mean + 19+ 153+ 12+ 27+ 96+ 08+ 216+ 14+ 665+ 23+ 22+ [[708%
SE|19+2 1 17 03 1 03 004 74+3 | 46 03 39 0.1 0.1 74
Site 3 05| 178 100 58 86 351 36 08 433 115 28 3396 34 15 | 2161
15| 89 111 19 66 87 42 04 350 | 267 16 622 18 11 237
25 73 129 16 57 102 43 04 394 | 195 14 453 18 0.9 162
350 73 131 4 34 93 41 04 392 9% 08 169 14 0.4 116
45| 76 166 0 36 138 43 06 427 79 08 179 18 0.4 148
55( 115 247 2 41 217 55 07 488 103 0 191 25 0.4 224
65| 155 292 6 33 23 62 08 534 54 10 143 29 0.4 293
75| 101 203 8 22 138 46 04 406 124 08 9.8 17 04 203
85| 53 172 0 20 108 35 06 358 | 196 07 8.1 13 0.4 126
95| 37 166 3 24 126 35 00 354 | 180 07 9.4 0.9 0.4 112
95+ 17+ 42+ 16+ 44 05+ 4l 141+ 12+ S4= 20+ 0.6+ 378+
Mean + SE | 1.4 2 1246 07 3 03 0.1 29 21 0.2 32 0.2 0.1 199
ANZECC SQG DGV | 20 50 1500 80 65 21 25% 200 150 - - - ~ 600+*
GV-high |70 220 10000 370 270 52 4 410 1000 - - - ~ | 2000%*
n>DGV | 6 0 0 0 0 0 0 0 13 - - - - 4
n>GV-
Totaln = 58 high | 0 0 0 0 0 0 0 0 0 - - - - 1
* values from van Derveer and Canton
1997 Highlight = contents > SQG low
** values from Persaud et al. 1993 Bold+highlight = content > SQG high
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Table 3 continued

Highlighted cells are above SQG values (> SQG low = highlight only; > SQG high = highlight 4 bold)

(~ 50-250 mg kg~ ") and were moderate to severely
enriched (EF ~ 4-10). P contents in the surface
interval at Site 3 (2161 mg kg~') exceeded the SQG
high value (2000 mg kg™ "). Due to the relatively high
Al contents in this layer (1.54%), there was only
moderate enrichment of P (EF ~ 4), despite the high
P contents.

Discussion
Pesticide residues in terrestrial cores

Reports of blueberry fungal outbreak were greater in
subtropical than in temperate regions of Australia
(Waters et al. 2008), which may explain why the
highest contents of all pesticides were fungicides in
the Site 3 mix shed core (propiconazole and cypro-
dinil). However, complications with fungus may differ
at microclimate scales. Different fungal problems
persist in blueberries at inland and coastal farms in this
region (personal communication with landowners).
Proximity to the coast positively influences blueberry
water uptake and daily growing period (Hunt et al.
2009), which may allow improved fungal resilience at
coastal farms. Site 3 does not receive a sea breeze, as
do Sites 1 and 2. Seasonal droughts that persist inland
and constant reception of salt spray at coastal locations
may be responsible differences in fungal communities
between coastal and inland locations (Lowry et al.
2008). Therefore, these small-scale environmental
regimes may drive environmental contaminant
distribution.

Chemical mixing sheds seem to be hot spots for
pesticide accumulation and dispersal. 64% of all
detected residues were found in mixing sheds, and four
pesticides (bifenthrin, dimethoate, methomyl, and
prometryn) were found exclusively in the mixing
sheds. Further sampling of mixing sheds may reveal
contamination on other farms in this region. Because
pesticides do not occur naturally, their detection
signifies that horticultural activities have altered soil
composition. However, differences in degradation
rates, toxicity, and mobility within the environment
(discussed below) will create variable concerns over

the environmental impacts of each pesticide. More
widespread, repeated sampling of growth and other
use areas will lead to an improved understanding of the
spatial extent, the impact of degradation products, and
half-lives of pesticides from horticulture in this region.

Fungicides

Propiconazole found in the soils of the Site 3 mix shed
represented the highest pesticide content detected
(mean contents 58.2 & 38.9 mg kg~ '). At contents of
100 mg kg~ ", propiconazole reduces nitrogen miner-
alisation (Vasickova et al. 2019; Authority et al. 2017)
and agricultural soil phosphatase activity by 46%,
decreasing phosphate availability to plants (Kalam
et al. 2004). Propiconazole content in the surface
interval of the Site 3 mix shed (125 mgkg ")
exceeded this threshold. If propiconazole contents in
the horticultural areas reach levels similar to in the Site
3 mix shed, the uptake of nutrients by the crops may
become reduced. Propiconazole contents that we
observed were greater than the no observed effect
concentrations for annelid and arthropod species
(Vasickova et al. 2019), meaning soil invertebrate
health at Site 3 may be negatively affected. Propi-
conazole contents in Site 3 mix shed were higher than
observations from corn and soybean fields from the
Midwestern United States, while our field cores had
orders of magnitude lower or similar contents depend-
ing on the timing of propiconazole application
(Edwards et al. 2016).

The fungicide cyprodinil was the most widespread
of all pesticides, found in trace amounts in mix shed
and field cores at sites 1 and 2, and significant levels at
Site 3. The highest contents of cyprodinil (in the Site 3
mix shed) were above the 50% effective concentration
(ECso, 7.75 mg kg™') which reduced non-target
macrophyte growth by 50% (Azimonti et al. 2015).
Cyprodinil contents were reduced in the Site 3 field
core, signifying deleterious effects in crop production
areas are not likely; however, long-term contamina-
tion of mix shed land is possible as > 75% of
cyprodinil applications can be irreversibly bound to
soil organic material (Arias et al. 2005). As expected,
we would not find cyprodinil in the Site 2 drainage
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Fig. 3 Contents of trace metals with depth from dam sediment cores at Site 1 (black), Site 2 (white), and Site 3 (red). Dotted line

represents ANZECC sediment quality guidelines

ditch because the area upstream has been discontinued
as a chemical storage/mixing area since 1980 (per-
sonal communication with landowner) and cyprodinil
was introduced to the market in 1998 (USEPA 1998).
Cyprodinil was detected at higher contents in field
cores than mix shed cores at Sites 1 and 2 (Table 1),
perhaps indicating an additional mixing area or
increased accumulation in growing areas due to
repeated applications. Bermidez-Couso et al. (2007)
reported surface sediment contents of cyprodinil at
0.462 mg kg™' in a Spanish vineyard, orders of
magnitude lower than the mean contents found in the
Site 3 mix shed core (8.5 mgkg™"), but elevated
compared other soil contents (see Table 1). Cyprodinil
contents may decrease via chemical degradation over
3—4 months (Authority 2006); however, the toxicity of
the breakdown products can be greater than the parent
products (Nicol et al. 2016). Isolated contents which
may inhibit plant growth, the widespread spatial
distribution across our study sites, and the toxic
breakdown products make cyprodinil a pesticide to
monitor in the future.

Two other fungicides, pyrimethanil and carben-
dazim, were found in low contents
(0.006-0.044 mg kg™ ") at all three sites. These fungi-
cides degrade into their by-products within 4 weeks
(Agiiera et al. 2000; Baude et al. 1974). Carbendazim
detection may have resulted from direct application to
blueberries or from the degradation of benomyl
(Baude et al. 1974), a fungicide previously used in
banana cultivation, but discontinued since 2006
(APVMA 2020). Pyrimethanil degradation products
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have low toxicity (Sirtori et al. 2012) but may leach
into subsurface water under typical field conditions
(Komarek et al. 2010).

Propiconazole, cyprodinil, and carbendazim bind to
organic and clay particles and are generally immobile
in soil (Thorstensen et al. 2001; Komarek et al. 2010;
Ahmad 2018). Erosion could deliver soil-bound
fungicides into nearby waterways. Erosion of soils
from the Site 3 mix shed is of particular concern due to
the high contents of fungicides and the lack of
connectivity into the dam at Site 3 (Fig. 2). Soils
eroded from the Site 3 mix shed may therefore be
transported into a nearby natural waterway (Bucca
Bucca Creek).

Herbicides

Diuron is a water-soluble aryl urea herbicide com-
monly used in Australia, with regulations regarding
timing and concentrations of application (APVMA
2012). To mitigate aquatic ecosystem harm from
diuron runoff, the Australian Pesticides and Veteri-
nary Medicines Authority (APVMA) regulated diuron
use to a general use concentration of 450 g of active
constituent ha™! (Holmes 2014; APVMA 2012).
However, according to the APVMA, there is no
approval for the use of diuron on blueberries. Diuron at
Site 2 may be remnant from previous land use as a
banana farm. Alternatively, farmers in this region may
still be applying diuron on blueberry farms following
long-established habits practised during decades of
banana cultivation.
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Fig. 4 Enrichment factor (EF) depth profiles of trace metals
that were moderate to severely enriched in dam cores from each
site. EF > 1 signifies an anthropogenic portion of that element.

Our observed soil diuron contents of
0.01-0.02 mg kg~ were an order of magnitude below
soil invertebrate toxicity values (0.7 mg kg~ ECj,
Campiche et al. 2006) and lower than what was
reported in other soils. Soil diuron contents in grass
seed production areas in the Northwestern United
States were 0.38 mg kg™, estimated to be 46% of the
applied diuron (Field et al. 2003). A study of
Queensland sugarcane soils found that 267 days after
diuron application, the surface soil (0-15 cm depth)
content was 0.009 mg kg~ (Stork et al. 2008). These
diuron contents were slightly lower than our 0-15 cm
soil contents (0.010-0.020 mg kg™ ") from Site 2 mix
shed and drainage ditch cores, possibly indicating the
application of diuron at Site 2 over the last year. Stork

*Note the different scale of enrichment for each site and the
large increase in scale for Se at Site 3

et al. (2008) estimated their observed diuron contents
to be equivalent to 22 g of diuron applied ha~' year™"
based upon assumptions of time since application, soil
density, and depth. This application rate estimate falls
well below the 2012 AVPMA diuron general use
guideline of 450 g ha™', possibly signifying diuron
application rates at Site 2 could be similar. Our low,
but detectable, soil diuron content and the pesticide’s
water solubility may indicate that it has leached to
waterways, depleting the soil contents (Yang et al.
2006; Stork et al. 2008; Liu et al. 2010). Long soil
retention times (Moncada 2004) and its potential to be
transported long distances in surface waters (Saku-
gawa et al. 2010) lead us to suggest monitoring of
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diuron concentrations in the aquatic environment,
especially after rain events (Conrad et al. 2020).

Another herbicide, prometryn, was detected in the
surface interval of the Site 3 mix shed core
(0.004 mg kg™ '). Prometryn photodegrades rapidly
in the aqueous phase, especially with UV light (Jiang
et al. 2017). Prometryn is typically applied wet;
therefore, prometryn may quickly degrade in sunlight
before accumulation in soils occurs. We detected one
residue of prometryn just above the limit of detection.
Prometryn use is not likely widespread in blueberry
farms in this region.

Organophosphates

Ethoprophos in the Site 2 drainage ditch core may
have originated from previous land use. Ethoprophos
was a common pesticide used in banana cultivation
(Collins et al. 1991). Repeated applications of etho-
prophos promote an increased rate of biodegradation
by soil microbes, albeit with a reduction of the desired
pest control effect (Smelt et al. 1987). Populations of
some target pest species in this region are resistant to
ethoprophos treatments (Collins et al. 1991). The
combination of increased biodegradation rates after
repeated exposure and lowering of pest control effect
may lead to more frequent, less efficient applications
of ethoprophos.

Our observed ethoprophos contents are low when
compared to the literature, possibly due to rapid
biodegradation occurring after repeated treatments.
The ethoprophos contents we observed are below
NOEC concentrations for sensitive invertebrate spe-
cies (Leitao et al. 2014). Smelt et al. (1987) found
mean contents of 1.22 mg kg~ in the top 25 cm of
Dutch potato fields (compared to mean contents of
0.0085 mg kg~' from our cores). Ethoprophos resi-
dues disappeared completely below 25 cm depth after
474 days (Boesten and van der Pas 2000; Boesten and
Gottesbiiren 2000). Data on application and degrada-
tion rates of ethoprophos are not available but would
allow for more efficient ethoprophos use on blueberry
farms in northern NSW.

Dimethoate was present in the Site 3 mix shed core
at all depths. Dimethoate has low soil persistence and
is water-soluble, with risk for runoff into surface and
groundwaters (Van Scoy et al. 2016). Degradation
rates of dimethoate in soil vary, from between 4 days
to over 2 years, depending on soil organic material
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content (El Beit et al. 1981; Martikainen 1996; Bohn
1964). Runoff into groundwater or rapid degradation
may explain the low soil contents observed. The soil
contents we observed were not great enough to
indicate obvious toxicity. The literature reports con-
tents between 7 and 9 mg kg~ ' cause mortality in soil
invertebrates, while 3—4.5 mg kg~ was sufficient to
reduce invertebrate biomass (Martikainen 1996; Owo-
jori et al. 2019). Daily dimethoate intake between 2
and 18 mg kg~ ' is safe for human consumption
(Sanderson and Edson 1964). Soil dimethoate was
only found in the mixing shed of Site 3, meaning it
may not persist for long periods in the growing areas,
thus not permitting significant dimethoate assimilation
into the food chain.

Other pesticides

Site 3 mix shed was the only area where we detected
bifenthrin. Bifenthrin has low water solubility and
binds strongly to organic matter; therefore, it is
immobile in the soil column, has low groundwater
leaching potential, and can persist in the soil for years
(Kamble and Saran 2005). While bifenthrin contents
were greatest in the surface sediments of the Site 3 mix
shed, we detected residues, albeit decreasing, in the
lower sediment intervals of the Site 3 mix shed core. It
is unclear if soil bifenthrin contents are from a single
application or exist as residues from repeated appli-
cations. Bifenthrin application rates between 10 and
15 mg kg~ ' (11.4 mg kg~ in Site 3 surface soils) did
not reduce mycorrhizal colonisation in corn plants
(Corkidi et al. 2009). However, the effect of bifenthrin
on fungal recruitment in blueberry plants may differ
due to the ericoid mode of mycorrhizal symbiosis in
blueberries. While detrimental effects to fungal root
communities are not expected, further research can
confidently ascertain bifenthrin’s effects on blueberry
plant symbiotic relationships. Our detected soil con-
tents of bifenthrin are lower than other studies. Soils
from potato fields of western Canada had mean soil
bifenthrin contents of 872.25 + 62.98 mg kg~
329 days after application, equivalent to 35% of the
field application rate of 349 g active ingredient ha™'
(van Herk et al. 2013). While the application rate of
bifenthrin is unknown, our soil bifenthrin contents
were an order of magnitude lower than reported by van
Herk et al. (2013).
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Contents of methomyl were the greatest in the
bottom (15-30 cm) layer of the Site 3 mix shed core.
This result may be demonstrative of mobility in the
soil column due to methomyl’s high water solubility
and low soil retention affinity (Van Scoy et al. 2013).
Degradation of methomyl from field soils is typically
< 1 month and occurs via microbial breakdown (Van
Scoy et al. 2013; Harvey Jr and Pease 1973). Reported
methomyl soil contents from same-day applications
were 1.272 + 0.1 in soils of tomato plants (Malhat
et al. 2015) and 0.025-0.035 mg kg~ ' in sandy loam
soils (Bisht et al. 2015). Methomy1 disappeared within
15 days after application in both of these studies. Our
soil contents of methomyl are within this range (mean
contents 0.058 mg kg™ '). Our results suggest recent
environmental exposure to methomyl at the Site 3 mix
shed. More sampling is needed to investigate the
degradation rates and leaching potential of methomyl
in our blueberry horticultural setting.

Trace metals/metalloids and phosphorus

High contents of As in the surface sediments of the site
2 dam may be from recently deposited eroded soils
containing As, or result from the re-precipitation of As
released via reductive dissolution with Fe species from
deeper in the sediment column (Arsic et al. 2018; Sun
et al. 2016). Content of As in the terrestrial soils did
not exceed the EIL for 80% species protection, or the
HIL (both 100 mg kg~ "). However, As in the Site 2
drainage ditch core was just under this concentration
(99.2 mg kg~ in 7.5-15 cm). The NEPM guidelines
suggest adopting 95% species protection to protect
crop species (NEPC 2011d). We did not use this level
of protection as there was no obvious phytotoxicity
occurring on the blueberry plants at the time of
sampling. Instead, we adopted 80% species protection
which is designed to preserve soil nutrient recycling
processes essential to optimal growth (NEPC 2011d).
If health of the blueberry plants deteriorates, the 95%
species protection EIL may need to be adopted. The
As contents at the surface of the Site 2 drainage ditch
would exceed this 95%  protection EIL
(> 40 mg kg™ h).

We presume that the relatively high As contents
observed in soils and dam sediments at Site 2 are
remnant from As pesticides used in livestock and
banana cultivation as previously noted in this region
(Smith et al. 1998, 2003). The highest As contents

were observed in the steeply sloping drainage ditch,
probably due to its location downstream of the
chemical mixing shed used during times of banana
cultivation. Arsenic contamination is apparent in the
soils from previous land use, even over 15 years after
the change in the horticultural regime at Site 2. If plant
health or productivity becomes compromised at Site 2,
As should be considered a potential toxicant due to the
elevated contents and evidence of mobility through the
terrestrial and aquatic environments.

High levels of P at the chemical mixing sheds likely
evidence prolonged fertilizer exposure at these loca-
tions. High levels of P in terrestrial soils (such as what
we observed in the site 1 mix shed) could be expected
in a long-term horticultural setting (Mishra et al.
2017). Once the clay-rich kandosol soils of this region
saturate with phosphate ions, P availability in the soil
and leeching to ground or surface waters will increase
(Muukkonen et al. 2007), although P in the terrestrial
environment at Site 1 does not appear to have
contaminated dam sediments as is evident at Sites 2
and 3 (DGV exceeded in dam cores at these locations
and GV-high exceeded at Site 3 surface sediments).
Increased P accumulation in these sediments is likely
due to the deposition of nearby eroded fertilised soils
(Conrad et al. 2019). Content of P in the surface
sediment of the Site 3 dam core exceeded the SQG
high range value and was ninefold higher than the
sediment below. The high P contents in the top
sediment layer likely indicate rapid P accumulation
after blueberry cultivation began in 2013. Elevated P
in the sediments can cause eutrophication even after
extraneous inputs are ceased, due to persistent diffu-
sion of sediment P to the water column (Carpenter
2005). P inputs after surface runoff and dam overflow
events were sufficient to invert limiting nutrients and
cause algal blooms in a natural waterway downstream
of Sites 1 and 2 (White et al. 2018a).

Isolated contamination of Zn and Cu (Sites 2 and 3
mix shed, respectively) is probably introduced to soils
from agricultural treatment products. P fertilisers can
contain Zn impurities that can accumulate to undesir-
able levels in the environment after persistent appli-
cations (Nziguheba and Smolders 2008). Elevated Cu
in surface sediments may be from Cu containing
fungicides used on blueberry farms (Simpson 2019).
Surface sediments at Site 3 also had high contents of
other fungicides (propiconazole and cyprodinil,
Table 1). Background values of Zn and Cu from
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regional soils need to be established to confidently
determine the toxicity of the added concentrations of
these contaminants (NEPC 2011e). While we lack
exact knowledge of background concentrations of
these metals, it is likely observed Zn contents were
within the added concentration range that caused Zn
toxicity in wheat crops of Australia (Warne et al.
2008). Despite Cu concentrations exceeding the EIL,
our total Cu concentrations were less than added Cu
concentrations causing wheat toxicity in Australian
soils (Warne et al. 2008). Higher spatial resolution
sampling of farm soils and crop biomass (similar to
Brennan 2001 and/or Warne et al. 2008) is necessary
to reveal if Zn and Cu have accumulated to levels
detrimental to plant health or soil processes in the
growing areas. Zn and Cu are doubtful to be a risk to
human health at this time as contents were orders of
magnitude below HIL.

While Cd did not exceed any of our adopted
guidelines, there is reason to further investigate Cd
transport in this horticultural industry. Cd is typically
introduced to the soil environment as a fertiliser
impurity (Mortvedt and Osborn 1982). Moderate-to-
severe enrichments in dam sediments at Sites 1 and 2
demonstrate mobility of Cd from farm soils to the
aquatic environment. Health risk of Cd should be
further assessed due to its unique bioaccumulative
nature. Cd can exceed health guidelines in food at soil
contents < 1 mgkg™' (Jinadasa et al. 1997;
McLaughlin et al. 1994). Unlike other metals/metal-
loids (As, Cu, Cr, Hg, Ni, Pb, and Zn), Cd may reach
levels of concern in food products before phytotoxi-
city is observed. Tests of Cd contents in fertilisers and
blueberry plants need to be undertaken to exclude
potential Cd toxicity.

Contents of Mn similar to what we observed,
especially in the Site 1 and 2 field cores, caused lethal
and sublethal effects in regenerative (wheat and grass)
species used to remediate contaminated horticultural
land (Paschke et al. 2005). Mn in the slightly acidic
(pH 5.0-6.0) and anaerobic regions of the thick clay
soils at these sites may have increased bioavailability
(Paschke et al. 2005), which could, depending on
redox state of Mn, lead to increased uptake by the roots
and inhibiting the uptake of Ca and Mg, potentially
reducing blueberry growth (Langheinrich et al. 1992).
If horticulture is abandoned at these sites, Mn
contamination may cause mortality or inhibit growth
in potential restorative grass species (Paschke et al.
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2005). Mn accumulation in the crop production areas
of Site 1 and 2 is probably from organic fertiliser soil
amendments applied during decades of horticulture. If
Mn toxicity to blueberries becomes a concern, farmers
should consider growing the Mn-resistant Legacy or
Brigitta highbush blueberry (Vaccinium corymbosum)
cultivars (Millaleo et al. 2019). Due to relatively high
soil contents and uncertainties in the spatial extent and
biotic effects of Mn contamination, we suggest further
research on Mn uptake into blueberry and native
vegetation and Mn speciation in legacy horticultural
soils.

Dam cores contained 13 sediment subsamples that
exceeded the DGV for Hg. The elevated Hg in dam
bottom sediments, especially at Site 2 (Fig. 3), could
be from atmospheric Hg deposition during dry periods
or episodic rain events (Shanley and Bishop 2012;
Conrad et al. 2020). Mercury stored in the horticultural
soils (from fungicides or fertiliser impurities, AVPMA
2020) may also leach or erode with soils and flocculate
to dam sediments with organic material or sulphides
(Belzile et al. 2008). Due to the high clay content soils
of this region, soil saturation causes overland runoff
and flushing of chemicals from the shallow root zone
of soils when rainfall exceeds ~ 30 mm in 24 h
(White et al. 2020). Dams at sites 1 and 3 are
intersected by first order streams and may receive
eroded soils and surface runoff from the growing
areas. Dams at Sites 1 and 2 are supplied with treated
sewage wastewater which is pumped throughout the
farms for irrigation. The recycled wastewater has been
shown to be a significant source of Hg and other trace
metals in this area (Conrad et al. 2021).

The Hg profile in dam sediments suggests decreas-
ing Hg deposition in the more recent sediments
(Outridge and Wang 2015). Hg is mostly immobile
in sediments, and profiles of Hg in sediments typically
follow patterns of deposition (Lockhart et al. 2000;
Rydberg et al. 2008). Bioactive methyl-Hg production
in the anoxic Hg-rich layer may be low due to loss via
diagenetic processes (Rydberg et al. 2008). Terrestrial
soils had Hg contents below or within natural ranges
reported in the literature (50-350 pg kg™ ', Grigal
2003; Rundgren et al. 1992).

Contaminants of concern

To identify an overall concern for each specific
contaminant, we used multiple lines of evidence based
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on pesticide and metal/metalloid toxicity, the magni-
tude of soil/sediment contents (compared to toxicity
data or environmental guidelines), spatial distribution
among our study sites, as well as persistence and
mobility within the soil and sediment environments.
We generated a rating of overall concern (Table 4).
The conclusions presented in Table 4 represent con-
taminants of environmental concern. Only As was
present in levels that can indicate possible human
health risks. Pesticide toxicity was qualified based on
comparing our observed soil contents to toxicity data

from the literature. However, due to their inherent
aspects of toxicity and xenobiotic nature, we believe
that the detection of any pesticide represents a
potential risk. Data limitations, as well as uncertainties
and conflicts in the literature, have prevented us from
confidently qualifying the overall concern for some
pesticides. For instance, the literature reports variable
degradation rates and solubility/desorption behaviours
for cyprodinil, dimethoate, and propiconazole (for
example, cyprodinil: Ahmad 2018 and Rhodes and
Long 1974). This highlights our limited knowledge

Table 4 Summary of pesticide and trace metal/metalloid toxicity, detections, the magnitude of concentration (either ANZECC SQG,
NEPM EIL, toxicity data, or enrichment factors), spatial distribution, and persistence and mobility within the environment

Spatial Overall
Pesticides Toxicity  Detection  distribution  Persistence  Mobility | concern
Bifenthrin Low Detected Confined High Low Low
Carbendazim Low Detected Extensive Variable Low Low
Cypronodil High Detected Extensive Low Moderate High
Dimethoate Low Detected Confined Variable High Low
Diuron Low Detected Moderate High High Moderate
Ethoprophos Low Detected Moderate High Moderate Low
Methomy]l Low Detected Confined Low Moderate Low
Prometryn Low Detected Confined Low Moderate Low
Propiconazole High Detected Moderate Variable Low Moderate
Pyrimethanil Low Detected Confined Low High Low
Organochlorines N/A Undetected N/A High Low Uncertain
Triazine Herbicides N/A Undetected N/A Moderate Low Uncertain
Triazinone
Herbicides N/A Undetected N/A Moderate Low Uncertain
Exceeded
guideline
or
displayed Spatial Overall
Trace Metals Toxicity enrichment distribution  Persistence Mobility | concern
Arsenic High Yes Moderate High Moderate | Moderate
Lead High No Confined High Moderate Low
Cadmium High Yes Moderate High High Moderate
Chromium Moderate No Confined High Moderate Low
Copper Moderate Yes Confined High Moderate | Moderate
Nickel Moderate No Confined High Moderate Low
Selenium Moderate Yes Confined High Moderate Low
Zinc Moderate Yes Confined High Moderate | Moderate
Mercury High Yes Extensive High High High
Cobalt Moderate No Confined High Moderate Low
Manganese Moderate Yes Moderate High High Moderate
Phosphorus Low Yes Extensive High Moderate High

Contaminants evaluated with literature, data from this study, and our judgment to generate a rating of overall concern. Red, yellow,
and green text indicate high, moderate, and low risk, respectively. Literature cited presented in the reference list and supplementary

materials
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about the degradation and transport of pesticides and
the need for further research in order to refine our risk
assessment framework.

Overall, the contaminants of the greatest concern
were cyprodinil, Hg, and P (Table 4). Undetected
pesticides were classified as uncertain, as their absence
from our samples does not signify their absence from
other horticultural landscapes in the region. We classi-
fied propiconazole and diuron concern as moderate (due
to contents likely to interrupt soil nutrient recycling
processes and mobility into the aquatic phase). Con-
taminations of As, Mn, Cd, and Zn were localised and
were not clearly present in levels hazardous to human
health. For this reason, we classified As, Mn, Cd, and Zn
concern as moderate. These elements were enriched in
sediments downstream of Sites 1 and 2, suggesting their
mobility across terrestrial and aquatic environments
(Conrad et al. 2019). More extensive sampling will
reveal the full extent of trace metal, metalloid, and
pesticide contamination.

Conclusions

This work identified pesticides associated with blue-
berry and banana horticultural practices in subtropical
northern NSW, Australia. Results highlighted that:

(1) On-farm dams may provide a valuable contam-
inant retention service. Our data indicated dams
are an efficient sink for As, P, and Hg. Dam cores
from all three sites contained high contents of
these elements relative to terrestrial soils and/or
SQG and displayed various degrees of enrich-
ment with As and P. Anoxic dam sediments
seemed to be the predominant Hg sink.

(2) Land previously used for banana cultivation had
severe As contamination, likely from the his-
torical use of As pesticides on banana farms in
this region. Land historically used for cultivat-
ing bananas should be surveyed to assess if
exposure to soil contents is hazardous to farm
workers or accumulating in food products.

(3) Chemical mixing sheds were sites of increased
contaminant accumulation and need special
attention during their construction and when
designing contaminant monitoring programs.

(4) The fungicide cyprodinil, Hg, and P were
contaminants of greatest concern based upon
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their relatively high soil/sediment contents,
extensive distributions amongst our study sites,
potential for negative effects on biota, long
environmental retention times, and mobility
between the terrestrial/aquatic environment.

Although we collected 79 soil and sediment samples
that were analysed for over 110 trace metals and
pesticides, our sampling regime was restricted spa-
tially. To build confidence in broadly identifying
horticultural contaminants of regional concern, we
recommend more spatially and temporally extensive
sampling of farm soils and adjacent drainage basins.
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